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Glioblastoma Multiforme (GBM) is an aggressive, lethal brain tumor. Cellular metabolism

is the major process affected during tumorigenesis. It is recently revealed that oncogenic
signaling pathways are unswervingly involved in metabolic reprogramming of tumors. In
GBM, metabolic pathways are reprogrammed and the underlying mechanisms causing
these changes are yet to be unraveled. Interestingly, the pentose phosphate pathway in
GBM shows differential association with glycolysis. This review discusses about the key
metabolic enzymes and their association with several pathways in GBM highlighting the

potential therapeutic targets.
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Introduction

GBM, the most aggressive of the gliomas, is a collection
of tumors arising from glial cells or their precursors
within the brain. The most common grading system
uses the scale of I to IV, of which grade, grade I is
benign, grade IT is low grade glioma whereas, grade III
and IV are considered to be high grade and malignant.
GBMs draw significance because of their poor prognosis
(less than a year). The histological features that
distinguish GBM from other grades are the presence
of necrosis and increased vasculature around the
tumor. GBM is characterized by a heterogeneous cell
population which makes it genetically unstable, highly
infiltrative, angiogenic and resistant to chemotherapy
!. Moreover, GBMs show altered cell metabolism.
In recent years, the understanding of the regulation
of tumor metabolism has much improved. Evidence
show that tumor cells reprogram their metabolism to
meet high energy demands which markedly elevate
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biosynthetic processed and energy production, which in
turn promote rapid tumor growth and division (Figure
1). Thus, targeting metabolism has become a promising
strategy for cancer treatment °.
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Figure 1: GBM metabolism in a nutshell
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Glycolysis

The most popular metabolic remodeling described
in tumor cells is an increase in glucose uptake, the
enhancement of glycolytic capacity and the high lactate
production, along with the almost ineflicient oxidative
phosphorylation even in the presence of high oxygen
tension (Warburg effect)’. GBMs upregulate glycolysis
more than three times that of normal brain tissue as
measured by increased lactate: pyruvate ratio. Several
in vitro studies have demonstrated large variability in
mitochondrial respiration and glucose dependency in
cell lines derived from GBM tissues and xenografts.
The ability to modulate mitochondrial respiration is
an important component to tumor cell survival under
hypoxic conditions®®. In addition to enhanced glucose
uptake and aerobic glycolysis, GBM cells also exhibit
altered glutamine catabolism, particularly within myc
expressing cells” .

Hexokinase

Hexokinase (HK) catalyzes the first rate limiting step
in glycolysis. HK has four isoforms I-IV showing
differential tissue expression. In normal human brain and
in low-grade gliomas HK-I is predominantly expressed,
whereas in high grade gliomas, HK-II is highly
expressed” '°. Regional variation in HK-II expression
is observed in GBMs, showing higher expression in the
highly proliferating and apoptosis-resistant perinecrotic
central regions, suggesting HK-II may provide a survival
and proliferative advantage in vivo, especially within
tumor microenvironments. The depletion of HK-II 7z
vitro showed potential inhibition of aerobic glycolysis
and promoted normal oxidative glucose metabolism
followed by decreased lactate production and increased
expression of Oxidative Phosphorylation (OXPHOS)
proteins with enhanced O, consumption. The high
afinity kinases HK1 and HK-II are inhibited by
excess Glyceraldehyde-6- Phosphate (GGP). They are
associated with the mitochondria, are partly responsible
for the increased glycolytic tumor activity and are
implicated in cell survival. Many inhibitors of HK
affecting the glycolytic flux like 2-deoxy-D-glucose
(2DG), 3-bromopyruvate and Ionidamine have shown
promising effects in preclinical studies.

Pyruvate Kinase
Pyruvate Kinase (PK) catalyzes the final step of glycolysis

converting the phosphoenolpyruvate (PEP) to pyruvate
and generating ATP. Four PK forms are identified PKL
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& PKR, PKM1 & PKM2. M1 and M2 isoforms are
produced by alternative splicing containing exon 9
and exon 10 and exhibit different functional activities.
PKM1 is constitutively expressed whereas, PKM2 can
be regulated by fructose-1,6-bisphosphate. PKM1
expression is down-regulated by the splicing repressors
while PKM?2 is mainly expressed in cancer cells'!, and is
involved in EGFR signaling pathway in GBM'*. Upon
its activation by EGFR via phosphorylation at Ser37
by ERK1/2, PKM2 was shown to translocate from the
cytoplasm to the nucleus where it binds to importin
5. After entering into the nucleus, PKM2 promotes
the transcription of C-MYC which further upregulates
glucose transporters (GLUT) and HK-II expression to
promote glycolysis'’. In GBM cells, activation of EGFR
by EGF induces PKCE monoubiquitylation that recruits
and phosphorylates IKKP, to promote the interaction
of activated Rel A with HIF-10. This complex binds
to the PKM2 promoter and transcribes it'*. It was
observed that the PKM1 expressed in normal brain
samples exhibited high levels of PK activity whereas
a significantly lower activity level was observed in all
gliomas including GBMs". Recently; it was shown that
in adult glioma spheroids, PKM2-Oct4 interaction
inhibited the stemness property, promoted differentiation
and enhanced the sensitivity to cell death'.

Lsocitrate Debydrogenase

Isocitrate dehydrogenase (IDH) catalyzes the oxidative
decarboxylation of isocitrate to produce [@-Keto
Glutarate, generating NADH in mitochondria or
NADPH in cytoplasm. Five IDH genes have been
identified. IDH1 and IDH2 mutations were first reported
in low grade gliomas and secondary GBMs. IDH1
mutation occur 80% and 85% of diffuse astrocytomas
and secondary GBMs respectively. IDH1/2 mutants
gain new enzyme activity, which catalyzes B-KG to
2-hydroxyglutarate (2-HG), a metabolite mostly
produced by error during normal metabolism and leads
to its accumulation in GBM patients with IDH1/2
mutations. These mutations led to a hypermethylation
phenotype and alteration in cellular metabolism in
response to hypoxic and oxidative stress'’. However, as
of now, the ability to target GBMs with IDH mutations
remains limited, and more investigations are necessary
to optimize the therapeutic strategies targeting IDH
mutant subsets of GBMs.

Glutamine metabolism

In addition to glucose, amino acids can also act as a fuel
for cancer cells and funnel into the tricarboxylic acid
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cycle (TCA)'®. Glutamine is hydrolyzed to glutamate
by glutaminase (GLS) and is further converted to -
ketoglutarate (3-KG) that finally enters the TCA cycle.
In the presence of mutant IDH1, @ ketoglutarate
is converted to D-2-hydroxyglutarate (2-HG) thus
affecting the TCA cycle'. The NMR spectra showed
that the glutamine concentration was significantly
higher in GBM patients than in control subjects®. The
conversion of glutamate to glutamine by glutamine
synthetase (GS) is compromised in GBM patients that
improved their survival rate *'. In GBM cell cultures,
it has been reported that around 60% of the glutamine
is converted to alanine”. Glutaminolysis also generates
NADPH which is used for fatty acid biosynthesis via
the activity of malate dehydrogenase.

Glutaminase

Phosphate-activated glutaminase, the enzyme
converting glutamine to glutamate plays a remarkable
role in tumor biology. There are two genes encoding for
GLS: the GLS encoding kidney-type (K-type) isozymes
and GLS2 encoding liver-type (L-type) isozymes.
The L-type is expressed in brain. Brain tumors show
differential expression of GLS transcripts depending
on their cellular origin. GLS isoforms play opposite
roles in tumorigenesis, as the expression of K-type is
correlated with greater cell proliferation while that of
L-type with low proliferation and quiescent/resting
cells. Knocking down GLS in GBM cells led to the
reversion of the transformed phenotype. The similar
effects were obtained by the overexpression of GLS2
gene in GBM *.

Lipid metabolism

Lipids, such as fatty acids, cholesterol, triglycerides,
cholesterol esters, phospholipids and spingolipids are
the important component of biological membranes.
Other than their role as structural component, they
also function as energy resource and as signaling
molecules to maintain cell growth. Lipid metabolism
is largely impaired in cancers. In GBM, higher levels
of unsaturated fatty acids are observed compared
with normal brain. Key proteins such as SREBP-1,
Acetyl-CoA carboxylase (ACC), Fatty acid synthase
(FAS) and low-density lipoprotein receptor (LDLR)
are up-regulated in GBMs. The oncogenic signaling
pathway EGFR/PI3K/Akt regulates the lipid metabolic
reprogramming. Recent studies have shown that fatty
acyl-CoA synthetase VL3 (ACSVL3) is involved in
maintenance of GBM stem cell and in their tumor-
initiating capacity in neurospheres.
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Sterol Regulatory Element-Binding Protein 1 (SREBP-1)

SREBP-1 is the transcription factor that regulates de
novo fatty acid synthesis. It has three isoforms SREBP-
la, -1c and -2 that play differential role in regulation of
lipid metabolism. SREBP-1 plays a major role in energy
metabolism including fatty acid and glucose metabolism
while, SREBP-2 activates cholesterol synthesis. SREBPs
are synthesized in inactive form bound to ER. These are
activated by sequential proteolytic cleavage and translocate
to Golgi complex. Eventually, their N-terminal domain is
released into the nucleus where it activates the target genes.
It was observed that SREBP-1 is highly up-regulated in
GBM cell lines and its N-terminal domain is present in the
nucleus of tumor cells in patients’ tissues”. Inhibition or
reduction of SREBP-1 by pharmacologic agents significantly
induced GBM cell death %°. Thus, SREBP-1 is considered a
promising molecular target for GBM therapy.

Low-density lipoprotein receptor (LDLR):

Cholesterol is the major component in cell membranes.
Extra cholesterol is esterified to form cholesterol esters.
Maintenance of cholesterol levels is important for cell
morphology and its function. In human blood, cholesterol is
transported from liver to the rest of the body by lipoproteins
such as low density lipoproteins (LDL). The LDLR is a cell
surface protein that binds LDL and transports it inside the
cell. LDLR is found to be highly expressed in GBM ensures
that tumor cells obtain sufficient cholesterol for their rapid
growth and division. Its upregulation could explain the
accumulation of cholesterol esters in GBM. LDLR is shown
to be upregulated by EGFR/PI3K/Akt pathway which was
found to be mediated by SREBP-1 and not -2 in GBM cells®.

Pentose Phosphate Pathway (PPP)

Glucose is a common fuel entering cells through a glucose
transporter and being phosphorylated to form glucose-
6-phosphate (G-6-P), which can be further metabolized
by both glycolysis and the PPP. PPP has oxidative and
the non-oxidative pathway with G6PD, transketolase
and transaldolase catalyzing their rate limiting steps.
Glycolysis and Gluconeogenesis coordinate with the
PPP to control the production of NADPH and Ribose
5-Phosphate (R-5-P), which determines whether the
oxidative or non-oxidative pathway of PPP would be
activated. GBM shows a pentose phosphate flux rate of
approximately 4% of the total glucose flux. Both the
activity and the regulation of glucose-6-phosphate
dehydrogenase (G6PDH) are altered in GBMs?. It
was recently reported that the PPP enzyme expression
increased in rapidly dividing GBM cells, whereas
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glycolytic enzymes were elevated in migrating cells®. It
was also reported that the knockdown of GOPD reduced
GBM cell proliferation while that of ALDOC (encoding
Aldolase ¢) knockdown decreased migration®.

Conclusion

Metabolic reprogramming is a key feature of oncogenesis
and the recent studies have revealed that the glucose,

glutamine and lipid metabolism are largely impaired in
GBM facilitating malignancy while the role of PPP still
remains obscured. Targeting molecules and enzymes that
metabolically reprogram GBM can be a novel and potential
therapeutic approach. Further understanding of the metabolic
alterations in GBM will helps in developing more promising
approaches to abrogate GBM malignancy and to overcome
GBM resistance to current therapeutic approaches.
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