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A defining hallmark of glioblastoma is altered tumor metabolism. The metabolic shift towards aerobic glycolysis with reprogram-
ming of mitochondrial oxidative phosphorylation, regardless of oxygen availability, is a phenomenon known as the Warburg effect.
In addition to the Warburg effect, glioblastoma tumor cells also utilize the tricarboxylic acid cycle/oxidative phosphorylation in a
different capacity than normal tissue. Altered metabolic enzymes and their metabolites are oncogenic and not simply a product of
tumor proliferation. Here we highlight the advantages of why tumor cells, including glioblastoma cells, require metabolic repro-

gramming and how tumor metabolism can converge on tumor epigenetics and unanswered questions in the field.
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Aerobic Glycolysis in the Brain: Normal and
Cancer Cells

All living cells rely on the uptake of nutrients, which are then di-
rected into several metabolic pathways to produce energy in
order to maintain cellular homeostasis. In normal cells, glucose
is metabolized during glycolysis into pyruvate, which then en-
ters the tricarboxylic acid (TCA) cycle to generate ATP through
the process of oxidative phosphorylation (Fig. 1). In normal
nonproliferating cells, the net equation of aerobic respiration
is CgH1206 + 6CO,; — 6CO5 4+ 6H,0 + 36 ATP. ATP is the energy
currency of the cell and is considered the main desired output
for cellular metabolism because ATP hydrolysis, when coupled
with enzymatic reactions, releases necessary free energy to
drive thermodynamically unfavorable (a reaction that requires
energy to proceed) biological processes forward that are essen-
tial for cell survival.

The brain, despite being 2% of total body weight, is highly
respiratory and utilizes approximately 20% of the body’s total
oxygen consumption as well as 60% of our daily glucose in-
take."? Furthermore, the brain requires a constant supply of
glucose because it lacks fuel stores and cannot store glyco-
gen."? At the cellular level, neurons have a high rate of oxida-
tive metabolism compared with astrocytes, as reviewed by
Belanger et al 2011.% Conversely, astrocytes have higher rates
of glycolysis compared with neurons and readily produce

lactate for proper neuronal function. Surprisingly, activation of
glycolysis in neurons leads to excessive oxidative stress and ap-
optosis, suggesting that they are predominantly restricted to
oxidative phosphorylation.” At the molecular level, differential
expression of metabolic genes between neurons and astro-
cytes may explain the basal differences in glycolysis and oxida-
tive phosphorylation rates. In mice, for example, Pfkfb3
(6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase-3) is
higher in mouse astrocytes than neurons due to proteosomal
degradation in neurons.” Activation of Pfkfb3 in neurons en-
hances glycolysis but ultimately leads to cell death as neurons
lose their ability to generate glutathione, which is essential for
managing oxidative stress. Neurons, unlike astrocytes, utilize
glucose to maintain their antioxidant status and not for bioen-
ergetic purposes.®*

In addition to ATP, proliferating cells and proliferating cancer
cells also require fundamental building blocks for nucleotide
synthesis, lipids synthesis, protein synthesis, and reducing
equivalents to manage oxidative stress during anabolism.>~’
In the absence of oxygen, pyruvate can be metabolized into
lactate, a process known as glucose fermentation or anaerobic
glycolysis. Rapidly proliferating cells also have the ability to fer-
ment glucose into lactate, even in the presence of abundant
oxygen; this process is called aerobic glycolysis. Furthermore,
tumor cells have glycolytic rates that are up to 200 times higher
than normal. This was first described in 1930 by Otto Warburg
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Fig. 1. Nonproliferating versus proliferating metabolism. Normal cells: glucose enters the cell through a glucose transporter and undergoes
glycolysis, which generates pyruvate. Pyruvate then enters the mitochondria and undergoes the tricarboxylic acid (TCA) cycle to generate a net
of 36 ATP through the process of oxidative phosphorylation. ATP in normal cells is the energy currency of the cell as many biological reactions are
coupled to ATP hydrolysis, releasing the free energy to allow for essential reactions to occur. Cancer Cells: cancer cells ferment glucose into lactate,
even in the presence of abundant oxygen, and this process is called aerobic glycolysis or the Warburg effect. Although, ATP production is less
efficient in aerobic glycolysis compared with complete oxidative metabolism of glucose as in normal cells, tumor cells use aerobic glycolysis to
generate precursors for anabolism to grow and generate enough ATP to maintain cell function. By modulating glycolysis and altering mitochondrial
metabolism, tumor cells can divert glycolytic/ tricarboxylic acid (TCA) intermediates to generate biomass, namely nucleotides, lipids, proteins, and
NADPH to combat oxidative stress. These cells also generate large amounts of lactate for several protumor growth functions, as described in this

review.

and is referred to as the Warburg effect.®° The Warburg hy-
pothesis claims that cancer is caused by dysfunctional and
damaged mitochondria, not because of uncontrolled cell
growth. In essence, increased glycolysis—rather than the re-
verse—causes the malignant change. Although Warburg was
correct in describing the metabolic phenotype of proliferating
cancer cells, damaged mitochondria are not at the root of
the aerobic glycolysis because tumor mitochondria are not de-
fective in their ability to carry out oxidative phosphorylation and
actively participate in tumor growth, as reviewed here. ATP

production is less efficient in aerobic glycolysis than in the com-
plete oxidative metabolism of glucose. This apparent paradox is
challenging to address but raises several promising hypotheses
outlined in this review. The current, most appealing hypothesis
is that proliferating tumor cells use aerobic glycolysis to gener-
ate precursors for anabolism in order to grow and generate
enough ATP to maintain cell homeostasis (Fig. 1).>’

The Warburg effect is well evidenced in glioblastoma (GB),
which is the most common and malignant primary brain
tumor. Despite surgery, radiation, and chemotherapy, GBs are
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incurable and have a median survival of 12-16 months.1

Similar to other tumor cells, GBs ultimately gain oncogenic sig-
naling pathways that regulate cell survival, cell proliferations,
and aerobic glycolysis.*? Over the last several years, there has
been renewed interest in GB metabolism. Previous research in-
terests in GB were focused on the identification of novel onco-
gene or tumor suppressor genes. These landmark studies have
led to the identification of mutations in metabolic enzymes or
signaling pathways directly regulating glucose and mitochon-
drial metabolism.*®>~*° The cell of origin remains controversial
for GB but is often thought to be of astrocytic/glial origin. It
may be of interest to note that normal glial cells have a higher
glycolytic capacity than neurons, which may explain the predi-
lection of GB for favoring higher rates of glycolysis (several folds
higher when compared with a normal brain).*® Cellular ener-
getics is now an emerging hallmark of cancer, and the current
insights into tumor metabolism are leading to promising new
therapeutic interventions in GB.*#7~20

Advantages of Metabolic Reprogramming in
Glioblastoma: Lipid and Nucleotide Synthesis

Under nonstressful conditions when resources are not restrict-
ed, normal nonproliferating cells efficiently generate ATP by ox-
idative phosphorylation rather than aerobic glycolysis.
However, GB cells grow in harsh, nutrient-restricted conditions,
so how do they meet their energy demands and still continue
to proliferate? One would hypothesize that a central advantage
of enhanced glycolytic flux is faster production of ATP per mole
of glucose. This process ensures that cancer cells meet their ATP
demands even in harsh hypoxic environments. Evidence calls
this hypothesis into question as tumor cells have been found
to maintain a high ATP-to-ADP ratio and adequate NADH/
NAD+ ratios, and ATP is rarely limiting in these cells.?*?? The
advantages of the Warburg effect must then extend beyond
generation of large pools of ATP. One such advantage includes
alterations in cancer metabolism that assist in the synthesis of
macromolecules essential for tumor cell proliferation, including
nucleotides, fatty acids, and proteins.> %2324 Two essential
biosynthetic activities for proliferating tumor cells are the pro-
duction of fatty acids for lipid synthesis and ribose-5-phosphate
(R5P) for nucleotide biosynthesis. The Warburg effect is thereby
critical because it allows proliferating cells and proliferating
tumor cells to divert carbon from glucose into biosynthetic
pathways (namely, nucleic acid and fatty acid generation).

A. Lipid Synthesis

In normal cells, pyruvate enters the mitochondria and is oxidized
into acetyl-coA during the pyruvate dehydrogenase reaction. In
the first step of the TCA cycle, citrate synthase then catalyzes the
formation of citrate through a condensation reaction from oxa-
loacetate and acetyl-coA.?> Normal nonproliferating cells would
then shuttle citrate through the TCA cycle for ATP generation.
However, citrate and acetyl-coA are also key intermediates for
lipid synthesis, which is essential for both proliferating normal
and tumor cells, including GB. In addition to elevated glycolysis,
functional mitochondria for tumor cells are required to shuttle
citrate and acetyl-coA into lipid synthesis. Evidence now sug-
gests that targeting enzymes involved in lipid synthesis that

utilize TCA intermediates inhibit tumor growth.?®2” Depletion of
ATP citrate lyase (ACL), the enzyme that converts citrate (a TCA
intermediate) into the key cytosolic lipid precursor acetyl-coA,
can result in diminishing GB growth.?® Acetyl-coA carboxylase
(ACACA) and fatty acid synthase are also upregulated in many
cancers, including GB, and play a role in tumorigenesis.?®*° The
first committed step of lipid biosynthesis is catalyzed by ACACA.
Inhibition of ACACA disrupts cancer stem cell self-renewal and
growth and as such holds promise as a novel way of targeting
tumor cells.®! In breast cancer, the antifungal polyketide sora-
phen is shown to be a specific inhibitor of ACACA and may be a
novel therapeutic for GB.3! Likewise, inhibition of fatty acid syn-
thase, an enzyme that catalyzes the synthesis of the fatty acid
palmitate from acetyl-CoA in the presence of NADPH, inhibits
growth or induces apoptosis in several cancers.*>>

GB cells also utilize mitochondrial glucose oxidation in addi-
tion to elevated glycolysis for aggressive in vivo growth, although
few studies have actually examined the metabolic fate of glu-
cose in vivo in GB. One study, which utilized a (13) C-labeled glu-
cose infusion technique in orthotopic mouse models observed
that, in addition to elevated glycolysis, glucose is readily oxidized
in the TCA cycle to fuel anaplerosis and biosynthetic activities.**
However, not all acetyl-CoA in GB can be accounted for by glu-
cose trocing35; another fuel source feeding into the mitochon-
dria could also be providing carbon and the necessary building
blocks for tumor growth. Surprisingly, by tracing acetate in GB,
as much as half of the acetyl-coA pool in GB is acetate-derived
compared with only 10% acetate-derived intermediates in a
normal brain.?® At the molecular level, acyl-CoA synthetase
short-chain family member 2 (ACSS2) controls acetate conver-
sion into acetyl-CoA for lipid synthesis. ACSS2 is highly expressed
in GB patients and is associated with poor overall survival. Knock-
down of ACSS2 in GB cells and transgenic mouse models sup-
pressed tumor growth in vivo.® Since glucose and acetate are
major sources of acetyl-CoA, targeting ACSS2 or related pathway
members, in addition to glycolytic enzymes, could deplete
tumor cells of their acetyl-CoA pools, an essential building
block for lipid synthesis.

B. Nucleotide Biosynthesis

In the second step of glycolysis, glucose phosphorylation into
glucose-6-phosphate (G6P) is carried out by hexokinase,
which is then converted into fructose-6-phosphate by the en-
zyme phosphoglucose isomerase. However, in addition to ele-
vated glycolysis, proliferating and tumor cells must also divert
carbon from glycolysis into the pentose phosphate pathway
(PPP) for nucleotide synthesis and combating oxidative
stress.>”*8 For tumor cells to achieve this, G6P is shunted
from the glycolytic pathway into the PPP, which consists of 2
phases. The primary role of PPP is the generation of reducing
equivalents (oxidative phase) and the production of ribose
5-phosphate for nucleotide generation (nonoxidative phase).
The oxidative arm utilizes G6P as the substrate and occurs at
the beginning of the pathway to generate NADPH. The nonox-
idative reactions of the PPP are primarily designed to generate
ribose-5-phosphate (R5P) for nucleotide biosynthesis. Glycolyt-
ic enzymes including phosphofructokinase 1, phosphoglycerate
mutase, and pyruvate kinase M2 (PKM2) are tightly controlled
by tumor cells. Regulation of these glycolytic enzymes can
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result in accumulation of substrates leading into diversion of
carbon towards R5P for nucleotide synthesis. The nonoxidative
arm of PPP is also important for tumor cells, based on higher
expression and activity of transketolase, which correlates with
the rate of tumor growth in some cancers, including GBs.>”*8 A
further level of regulation for R5P synthesis is the ratio of
NADP+/NADPH in cells through the oxidative arm of PPP. The
reversible reduction of glucose-6-phosphase (G6P) by GEP de-
hydrogenase is associated with reduction of NADP to NADPH,
a critical reducing agent for several reactions including fatty
acid and glutathione synthesis, for building biomass and con-
trolling oxidative stress.

The way GB rewires some of these biological processes
through oncogenic signaling is highlighted below.

Signaling Networks of Metabolic
Reprogramming

A. HIF-1a, HK2 Activation, and Lactate Production: Its
Contribution to Warburg

Metabolic adaptation to preferentially undergo aerobic glycoly-
sis is influenced by several environmental and genetic factors.
Unlike normal brain cells, GB cells are exposed to varying oxy-
gen gradients that directly influence their metabolism. The
transcription factors HIF-1a and HIF-2a are activated and sta-
bilized in hypoxiq, resulting in a shift towards glycolysis and an-
giogenesis.>?*° Hypoxia coordinates the adaptation of tumor
cells to metabolic stress by induction of several glycolytic en-
zymes and glucose transporters (GLUT1 and GLUT3) as well
as lactate exporters and pH regulators (monocarboxylate
transporters [MCTs], carbonic anhydrases).“! Stability of the
HIF-1a transcription factor in hypoxia promotes the expression
of multiple metabolic proteins such as hexokinase 2 (HK2), a
key contributor to the Warburg effect. GB preferentially express-
es HK2, which is the first enzyme of glycolysis and a critical me-
diator of metabolic reprogramming in GB, as compared with
low grade astrocytomas and normal brain tissue. In vitro HK2
depletion, but not HK1 depletion, inhibits aerobic glycolysis, in-
creases normal oxidative respiration, and induces apoptosis,
thus conferring a better survival advantage in GB xenograft
models.**? This phenotype is also more pronounced under
hypoxic conditions. Additionally, HIF-1a can activate aldolase,
glyceraldehyde-3-phosphate dehydrogenase, lactate dehydro-
genase, plasma membrane lactate transporters (MCT4), and
carbonic anhydrases 9 and 12, all of which stimulate the glyco-
lytic flux to promote lactate shuttling into the extracellular
space.*34®

Both hypoxia and increases in aerobic glycolysis ultimately
lead to increases of lactate production. Originally thought to
be a waste product, lactate serves roles in tumor progression
and maintenance. Export of lactate, which acidifies the tumor
environment, provokes a local inflammatory response that at-
tracts immune cells including macrophages. Macrophages, in
turn, secrete cytokines and growth factors that drive tumor
cell growth, invasion, and metastasis.*”*® Moreover, lactate in
the microenvironment can impair the immune response, dis-
abling immune surveillance.**~>! Lactate also appears to pro-
mote tumorigenesis. Lactate can function as a signaling
molecule where, following import via MCT1, lactate induces

endothelial cell migration, tube formation, and tumor angio-
genesis.>? >

HIF-1a also limits mitochondrial oxidative metabolism and
suppresses pyruvate entry to the tricarboxylic acid (TCA) cycle.
This is primarily mediated through activation of its downstream
target, pyruvate dehydrogenase kinase 1 (PDK1)—a kinase inhib-
itor of mitochondrial pyruvate dehydrogenase activity—thus at-
tenuating pyruvate oxidation in the TCA cycle and in turn
increasing lactate buildup in the cytosol.*”*! Paradoxically, by di-
verting pyruvate into lactate, HIF-1a blocks carbon incorporation
into mitochondrial citrate, which is essential for lipid biogenesis
leading to growth suppression.® In support of this argument,
this antiproliferative effect of HIF-1a is observed in hematopoiet-
ic and renal cells and fits with recent genetic evidence of HIF-1a
acting as a tumor suppressor in some cancers.”>~>’ In GB, inva-
sive cells surrounding the zones of hypoxia, otherwise known as
pseudopalisading cells, show nuclear expression of HIF-1a con-
sistent with their hypoxic nature and also show that these pseu-
dopalisading cells are less proliferative than adjacent glioma
cells. In this study, HIF-1a promoted migration and invasion,
supporting the concept that HIF-1a in this regional context
may be restricting cell growth in favor of triggering cells to es-
cape the harsh necrotic and hypoxic zones.>®

B. PI3K/AKT/mTOR Driving Anabolic Metabolism

PI3K/AKT/mTOR signaling pathways are frequently activated in
all malignant cancers, including GB. PI3K/AKT/mTOR activation
of HK2, ACL, and HIF1a stabilization allows proliferating tumor
cells to directly meet energy demands by regulating cellular
REDOX reactions, nucleotide metabolism, lipid synthesis, and
protein synthesis. These pathways directly regulate several key
steps in glycolysis and TCA for metabolic reprograming to
occur (Fig. 2). Many key molecules in this signaling pathway
are attractive therapeutic drug targets. More importantly in
this review, we discuss how this interconnected pathway regu-
lates tumor metabolism. AKT specifically induces glycolysis and
promotes aerobic glycolysis and glucose dependence in GB.>®
Although infrequently mutated in GB, AKT activation in GB re-
mains high through loss of PTEN or through aberrant activation
of the receptor tyrosine kinases epidermal growth factor recep-
tor (EGFR), PDGFRa, and MET.*>'* Glucose enters the cell via the
cell surface glucose transporter and is then phosphorylated by
hexokinase (particularly HK2 in GB). Of interest is that HK2 is re-
cruited to the mitochondria upon AKT activation®®~%? (Fig. 2). In
addition to its hexokinase function, HK2 attachment to the mi-
tochondria provides 2 additional benefits to a cancer cell. Firstly,
mitochondrial-bound hexokinase couples glucose metabolism
to oxidative phosphorylation by using intramitochondrial ATP
to catalyze the first committed step in glycolysis, converting glu-
cose to glucose-6-phosphate. Secondly, mitochondrial-bound
hexokinase prevents apoptosis by suppressing cytochrome c
release.®>3 Pharmacological inhibition of the AKT-mTORC1-
mediated translation pathway in prostate cancer (PC3 cells)
with the dual PI3K-mTOR inhibitor BEZ235 significantly reduces
protein expression of HK2 but not HK1. This leads to a reduction
of lactate production in PTEN null cells.® Rapamycin, a predom-
inant MTORC1 inhibitor, does not lead to reduced levels of HK2,
suggesting that dual targeting of the PI3 K/AKT/mTOR pathway
is essential for HK2 inhibition.®* How much of the tumorigenic

Neuro-Oncology

163



Agnihotri and Zadeh: Metabolic reprogramming in glioblastoma

Growth Factor: EGF/PDGF/HGF/FGF RTK Activation

Protein Translation
Cell Growth

Glucose Transporter

' %@@m ) P

Lactate Transporter

NADPH

Glucose-6P l

REDOX Pathways
Nucleotide Metabolism
Pentose Phosphate Pathway

/

I
I
¥

Lactate -

\

O =,
&

¥
Acetyl CoA

!

Lipid Synthesis

Fig. 2. Molecular signaling and the advantages of Warburg. The PI3K-AKT-mTOR signaling pathway, which is highly deregulated in glioblastoma,
directly regulates glycolysis and the tricarboxylic acid (TCA) cycle at numerous steps. AKT can promote aerobic glycolysis by promoting increases in
glucose transport and hexokinase activity (HK2). Increased AKT activity can also promote ACL-dependent conversion of citrate to cytosolic
acetyl-CoA for fatty acid synthesis. Increased glycolysis can promote nucleotide synthesis and generate NADH-reducing equivalents for REDOX.
Inactive PKM2 can slow the rate of glycolysis diverting intermediate metabolites to anabolic pathways. mTORC1 stabilization of HIF1a can promote

PDK1 activity, diverting pyruvate into lactate generation.

potential of the PI3K/AKT/mTOR pathway is driven by increased
glycolysis? BEZ235 is entering clinical trials for patients with sev-
eral advanced solid tumors. Its specific antimetabolic role will be
important to address in future studies.

In addition to glycolysis, PI3K and AKT promote carbon flux
of glucose into mitochondrial-dependent biosynthetic path-
ways. Most importantly, fatty acid and cholesterol synthesis
all require acetyl-CoA,** as elegantly reviewed by Ward and

Thompson.'® Of therapeutic interest is that mitochondrial
acetyl-CoA cannot be exported into the cytoplasm for fatty
acid metabolism. Acetyl-CoA must be condensed with oxaloac-
etate to form citrate mediated through the mitochondrial en-
zyme citrate synthase. Citrate is then exported to the cytosol,
where it is reconverted into cytoplasmic acetyl-CoA by ACL, an-
other key enzyme regulated by AKT®®®” (Fig. 2). Therapeutic
targeting of these metabolic enzymes is of great interest
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because ACL inhibition leads to increased cytoplasmic pools of
citrate, a negative allosteric regulator of glycolysis.®?” ACL in-
hibitors can prove to be an invaluable tool for investigating the
preclinical efficacy in both in vitro models and in vivo models of
GB. To date, several putative ACL inhibitors have been charac-
terized as reviewed in Zu et al.°® Of interest is hydroxycitrate,
a competitive inhibitor of ACL with a Ki of 300 uM in GB
cells.?®®® Inhibition of ACL with hydroxycitrate diminishes GB
cell migration and invasion and proves that these effects are
additive when combined with a Met inhibitor (SU11274).28

Downstream of the PI3K/AKT signaling pathway is the cell
growth regulator mTORC1. mTORC1’s primary function is pro-
moting protein and lipid synthesis (Fig. 2). mTORC1 activation
by growth factors, cascades, and intracellular amino acid levels
in cancer is well characterized.®®~7* In GB, mTORC1 activation is
also highly relevant and predominantly activated through NF1
loss or deregulated receptor tyrosine kinase signaling.'1% 72
Although response to growth signals and growth factors is
well understood for mTORC1 activation in GB, the mechanism
by which mTOR senses nutrient deprivation or response to
amino acids for protein synthesis remains unclear.

Cancer Metabolism and Epigenetics: Novel
Therapeutic Paradigms

In addition to signaling mechanisms that alter or drive tumor
metabolism, a link between the impact of metabolism on epi-
genetics (and vice versa) is beginning to emerge. The conver-
gence of these 2 fields may be best characterized in glioma/
GB research. Two metabolic enzymes, namely isocitrate dehy-
drogenase 1 (IDH1) and PKM2, are providing links between
tumor metabolism’s impact and epigenetics. Specifically,
both IDH1 and PKM2 directly influence DNA hypermethylation
and histone modification, as outlined below.

The Role of IDH1 and 2-hydroxyglutarate in Glioma
Patients

IDH1 and IDH2 mutations are frequently found in diffuse, WHO
grades I1-I11 gliomas at a frequency ranging from 75%-80%. "3
These gliomas ultimately progress to secondary GB.

IDH1 mutations are independent predictors for improved
survival and tend to occur in younger patients (mean age
~45 y).”*7> IDH mutations serve as an excellent marker for dis-
tinguishing primary from low-grade gliomas and secondary GB.”*
Mutations in IDH1 and IDH2 are gain of function, and result in the
production of an oncometabolite, 2-hydroxyglutaric acid (2-HG)
from alpha ketoglutarate (a-KG).”® 2-HG correlates with and pro-
motes a hypermethylator phenotype in gliomas and secondary
GB (Figure 3A)’””8 IDH1 mutations are associated with a CpG is-
land hypermethylator phenotype (CIMP). In a genome -wide
methylation profile of astrocytomas and GB, IDH1 mutations
result in a unique CpG island methylation pattern compared
with non-IDH1 mutant and primary GB.”””® Mechanistically,
one study demonstrates that 2-HG is a competitive inhibitor of
multiple a-KG-dependent dioxygenases that includes histone
demethylases and the TET (ten-eleven translocation) family of
5-methlycytosine (5mC) hydroxylases.”® 8% Recently, a selective
R132H-IDH1 inhibitor (AGI-5198) has been identified through a

high-throughput drug screen. In a dose-dependent manner,
AGI-5198 inhibits the ability of the mutant enzyme (mIDH1) to
produce R-2-hydroxyglutarate (R-2HG) and induces demethyla-
tion of histone H3K9me3, promoting glioma-genic differentiation
and reduced tumor cell viability in vitro and in vivo.8* IDH1 mu-
tation is an early driver event that appears to be maintained at
tumor recurrence, unlike other mutations that are private to
the initial or recurrent glioma.®? This makes mutant IDH1 an
ideal therapeutic target. Several compounds that target both
mutant IDH1 (AG-120) and IDH2 (AG-221) have been developed
and are in preclinical and clinical testing. Preliminary data from a
phase 1 clinical trial with AG-120 in patients with advanced acute
myeloid leukemia (AML) presented encouraging results [26th
EORTC-NCI-AACR Symposium on Molecular Targets and Cancer
Therapeutics in Barcelona (Abstract LBA1)].8% To date, 7 of 14 pa-
tients with advanced AML have responded to AG-120, and 4 pa-
tients have exhibited complete remission. Furthermore, AG-120is
well tolerated by patients. Whether this compound crosses the
blood-brain barrier and can be used for glioma patients remains
to be seen, but it does raise hope that this inhibitor may prevent
progression of tumors to a malignant grade and potentially a be-
come first-line therapy for IDH-mutated patients.

The Role of PKM2 in Glioblastoma and its Impact on
Epigenetics

PPKM2 is a key enzyme in the glycolytic pathway that catalyzes
the conversion of phosphoenolpyruvate (PEP) to pyruvate. PKM1
and PKM2 arise through alternative splicing (exon 9 for PKM1 and
exon 10 for PKM2) and differ in only 23 amino acids.®*#° PKM2 is
the predominant splice variant during brain development in mice
and humans, while the major isoform in the adult brain is
PKM1.“2 PKM1 forms a highly active tetramer in normal cells
and favors glycolysis coupled with oxidative phosphorylation
and generating of ATP.2¢ In contrast, PKM2 can form active tet-
ramers or, more commonly, inactive dimers in cancer when
phosphorylated at amino acids unique from PKM1.2122 Cysteine
residues involved in the catalytic activity of PKM2 can also
be readily oxidized by reactive oxygen species inhibiting its
function.®” Furthermore, the mitochondrial serine hydroxyme-
thyltransferase (SHMT2) enzyme is highly expressed in pseudo-
palisading cells, and this SHMT2 activity can also downregulate
PKM2 activity, conferring a survival advantage in poorly vascular-
ized tumor regions in GB.%® Evidence strongly supports PKM2 as
the predominant isoform in GB and its important role in regulat-
ing anabolic metabolism.??#9~9! Inactivated PKM2 provides an
advantage to cancer cells because it slows down the rate of gly-
colysis, allowing carbohydrate metabolites to enter other path-
ways for generation of macromolecules essential for tumor
growth.>? Israelsen et al®® directly queried the role of PKM2 iso-
form in regulating anabolic metabolism. They generated mice
with a conditional allele that abolishes PKM2 without disrupting
PKM1. Surprisingly, in a Brca-1 breast cancer mouse model, PKM2
deletion accelerated mammary tumor formation.”® PKM1 ex-
pression is restricted to nonproliferating tumor cells with no
detectable pyruvate kinase expression in proliferating cells.
Thus, PKM2 is not necessary for tumor cell proliferation; rather,
loss of PKM activity in general may be required for tumor growth.
In contrast, 2 studies in GB revealed that ablation of PKM2 pro-
tein expression also reduces GB growth and may have additional
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Fig. 3. Impact of IDH1 and PKM2 on tumor epigenetics. (A) Mutant IDH1 generates 2-hydroxyglutarate (2HG), an oncometabolite that contributes
to HIF1a stabilization and a CpG island methylator phenotype (CIMP) through chromatin remodeling and DNA methylation. (B) A novel role for the
metabolic enzyme PKM2 in cancer epigenetics. EGFR activation and translocation of PKM2 promote oncogene activation by HDAC dissociation.

uncharacterized roles.®*%* Like IDH1, PKM2 modulates the tumor
epigenome. Epidermal growth factor receptor (EGFR) activation
is the most common receptor amplified in GB and promotes a
novel PKM2 function. EGFR-mediated phosphorylation of PKM2
initiates PKM2 translocation to the nucleus, allowing it to inter-
act and phosphorylate histone 3 at threonine 11 (H3-T11),%°
Fig. 3B. Additionally, PKM2 has been shown to directly interact
with JMJD5, a Jumoniji C domain-containing dioxygenase and
prolylhydroxylase 3 (PHD3). These interactions inhibit PKM2 ac-
tivity and promote translocation of PKM2 into the nucleus, medi-
ating a prohypoxia-inducible factor, HIF-1a gene signature.”>®

Given its role in metabolism and epigenetics, PKM2 also serves
as an attractive therapeutic target. It must be noted and clarified
that, unlike most drug targets, PKM activation—not inhibition—is
the desired clinical outcome. High pyruvate kinase activity in tu-
mors caused by expression of PKM1 or activation of PKM2 by
small molecule activators can suppress tumor growth and inhibit
the Warburg effect.® PKM2 small molecule activators promote
an enzyme state that is constitutively active and also prevent in-
hibition of PKM activity by oncogenic tyrosine receptor kinas-
es.228689 PKM2 activators may be highly promising in clinic for
GB if preclinical in vitro and animal model results prove
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promising, for several reasons. Firstly, pharmacological activation
of PKM2 recapitulates the previous genetic experiments whereby
PKM1 overexpression reduced tumor growth in vivo and attenu-
ated the Warburg effect. Secondly, PKM2 inactivation and its nu-
clear/epigenetic function may be inhibited through the use of
PKM activators, although this has not been fully evaluated. Last-
ly, GB patients with EGFR overexpression, amplification, or ex-
pression of the EGFRVIII mutant may benefit from combined
EGFR inhibition and PKM2 activation, as EGFR is important to nu-
clear PKM2 function.

Perspective and Summary: Unanswered
Questions and the Future of Metabolism
Research in Glioblastoma

Metabolism and Tumor Heterogeneity

GB is a heterogeneous disease with a complex tumor microen-
vironment comprising many layers of tumor cells and normal
inflammatory cells.®” Within the heterogeneity lie the bulk
tumor, proliferating cells, cancer stem cells/brain tumor
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Fig. 4. Tumor microenvironment. Glioblastoma comprises vast cellular and spatial heterogeneity. In addition to bulk tumor, several tumor cell
types, including brain tumor-initiating cells and progenitor cells are also present. In addition to tumor cells, glioblastoma tumors also contain

nontumor resident microglia and infiltrating immune cells.
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initiating cells (BTICs), rare clones, resident micro glia, and bone
marrow-infiltrating immune cells®*°7~%9(Fig. 4). Are all tumor
cells undergoing similar metabolic adaptions, or do subgroups
of tumor cells have varying metabolic requirements? One study
demonstrated that BTICs consume less glucose and produce
less lactate than their differentiated progeny.’°! Compared
with differentiated tumor cells, BTICs are more radio-resistant
with a higher mitochondrial reserve capacity.*? This study
and others support the idea that BTICs may rely mainly on ox-
idative phosphorylation.'®* Anti-Warburg therapeutics in clinic
may only reduce viability of proliferating cells, allowing these
cancer stem cells/BTICs to repopulate the tumor; inhibition of
tumor-specific mitochondrial proteins, in combination with aer-
obic glycolytic inhibitors, will be required for full efficacy. GB
comprises several molecular subtypes, each with distinguishing
hallmark mutations, copy number alterations, epigenetic alter-
ations, and clinical features.'®%3 The underlying metabolic dif-
ferences between subtypes of GB are largely unanswered.
Addressing subgroup-specific metabolic requirements of GB
may lead to more personalized therapies.

Preclinical Testing of Tumor Metabolism: Animal Models,
Therapeutics, and Biomarkers

Several unanswered questions in the field of GB have been
raised, and further research into these questions is integral
for developing new therapeutics for GB patients. Transgenic
mouse models of GB have been invaluable tools for modeling
GB, allowing greater understanding about the cell of origin,
tumor heterogeneity, and genetic interactions.'®*~ %" The gen-
eration of 2 key conditional knockout mice targeting metabolic
genes, namely HK2 and PKM2, will provide additional insights
into their role in GB. Using the PKM-engineered mice in combi-
nation with well-established mouse models of GB may help ad-
dress the unanswered role of PKM2s in vivo function in GB.
Similarly, HK2-conditional loss of function mice prevent tumor
growth in mouse models of KRas-driven lung cancer and ErbB2-
driven breast cancer, despite continued expression of HK1.'
Crossing these conditional loss of function mice into well-
established models of GB will help ascertain the role of HK2
and PKM2 in tumor initiation, formation, and maintenance.
There is emerging data from preliminary clinical and preclin-
ical data coming forward, suggesting that targeting tumor me-
tabolism is a sound rationale. However, preclinical testing of
therapeutics targeting tumor metabolism in vivo also leaves
much to be further interrogated. Most novel therapeutics enter-
ing clinical trials will be “add-ons” to the current standard of
care, namely the alkylating agent temozolomide and radia-
tion.?>199 In vivo experiments using a standard-of care-arm
versus a standard-of care-arm plus metabolic drug X in appro-
priate animal models of GB will be essential to fully evaluate
the therapeutic potential of these findings. This information is
critical and may help eliminate drugs that have no benefit and
salvage some drugs that have no effect by themselves but work
in synergy with current treatments. Current clinical trials of
IDH1 in AML may be of promise for patients with glioma and
secondary GB, but 85%-90% of GBs do not harbor IDH muta-
tions. Which targeted metabolic therapeutics would benefit
these patients? As mentioned throughout this review, several
glycolytic and mitochondrial therapeutics have shown

promising preclinical data. 2-deoxy-D-glucose, which targets
all hexokinases, demonstrates toxicity at high doses.'*%11?
However, the preclinical data strongly support the generation
of a selective HK2 inhibitor that may reduce toxicity. PKM2 ac-
tivators have shown promising results in preclinical animal
models.®®# PKM2 activators in GB in combination with the
standard treatment of care or other co-occurring alterations
may also be of promise. Lastly, dichloroacetate (DCA) is a
drug in clinical trial with a mechanism to target abnormal
tumor-cell metabolism by inhibiting mitochondrial PDK and
shifting metabolism from glycolysis to glucose oxidation.*!?~114
Although promising, the clinical data remain incomplete for
DCA. Metabolites may also function as predictors of tumor out-
come in GB. Analysis of >2000 metabolites using high-
throughput liquid chromatography-mass spectrometry can
readily identify the expression of >300 metabolites in glio-
mas.**> Unbiased hierarchical clustering of these metabolites
results in 3 metabolic subclasses. In this study, subclass C en-
riches for GB and correlates with poor patient outcome. Inter-
estingly, subgroup C harbors elevated levels of diverted
glycolytic intermediates and anabolic metabolism, a Warburg-
type signature.'*® In support, profiling grade II glioma versus
GB cell lines by nuclear magnetic resonance metabolomic anal-
ysis also demonstrates that higher-grade glioma cell lines have
increases in amino acids, lactate, and glycerophosphocholine, a
choline-derived metabolite.'*® Lastly, lactate is an indicator of
poor tissue perfusion and is utilized as a biomarker in patients
for several diseases. Studies of elevated serum lactate A as a
potential biomarker in in brain tumor patients are unclear.
One study provides initial evidence that a rise in serum lactate
can be used as a noninvasive biomarker that correlates with
brain tumor grade with the highest serum lactate levels in
GB.*” The results from these studies provide promising evi-
dence that metabolites and metabolic signatures themselves
can be utilized for prognosis, diagnosis, and theranostic
purposes.

The advancement of cancer metabolism research has shift-
ed the attention on tumor metabolism from simply being an
indirect consequence of tumor growth to being an integral
driver of oncogenic phenotype. Refining these ideas, developing
preclinical models of tumor metabolism, and testing therapeu-
tic targets of inhibiting aberrant glucose metabolism will un-
doubtedly become a mainstay of treatment for GB.
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