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| 1. Introduction

Increasing the understanding of carcinogenesis has allowed the delineation of crucial signaling pathways, which have
shown essential roles in the regulation of stem cell functions M2, Accurate and appropriate regulation is doubtless critical
for biological activity. However, many of these pathways are dysregulated in cancer, becoming part of oncogenic
transformation @Bl These transformations involve amplification or overexpression of oncogenes, along with loss or lack
of expression of tumor suppressor genes [, Therefore, to perceive the logic behind the therapeutic options in gliomas, it
is pertinent to understand the different signaling pathways and the transformations in glioma cells outlined in Figure 1 and

detailed below.
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Figure 1. Malignant glioma signaling pathways. Figure drawn with smart.servier.com.



| 2. Tyrosine Kinase Receptor Pathways

Brain tumors cells oversecrete growth factors and overexpress their receptors, creating paracrine and autocrine
stimulatory loops, wherein tyrosine kinase is the leading actor I3l These growth factors include epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor
(IGF). They are correlated with tyrosine kinase and share common mechanisms and intracellular signaling activation
[, EGFR gene amplification is the most frequent alteration in GBM, and leads to EGFR protein overexpression, EGFRvIII
being the most common mutation Bl This mutation serves as a strong tumor-restricted antigen, as it is expressed in 30-
40% of human GBM tumors to enhance glioma cell proliferation, angiogenesis and invasiveness, but is not expressed in
healthy tissue [. As previously explained, malignant gliomas need extensive vascularity, so they commonly feature high
expression of VEGF to allow new blood vessel formation, whereas tumor-associated endothelial cells express the
corresponding receptor, vascular endothelial growth factor receptor 2 (VEGFR-2) €. Moreover, platelet derived growth
factor receptor (PDGFR) overexpression has been observed in gliomas and associated with tumor growth and
angiogenesis, leading to malignant progression B8, GBM cell lines exhibit upregulation of insulin-like growth factor-1
receptor (IGF-1R), resulting in proliferative, antiapoptotic and proinvasive effects [&l.

| 3. Intracellular Downstream Pathways

Most intracellular effectors are serine or threonine kinases, such as rat sarcoma (Ras), phosphoinositide 3-kinase (PI13K)
or phospholipase C (PLC), which are recruited to the cell membrane after activation of tyrosine kinase receptor (TKR) and
rely on adaptor proteins such as growth factor receptor-bound protein 2 (Grb2) to relay the signals from the cell
membrane B8, Gliomas are correlated with either activation of these effector molecules or inactivating mutations of the
negative regulators of these kinases, leading in both cases to accentuated effects and dysregulation [€l. Gliomas barely
express oncogenic Ras mutations, but they often have increased Ras activity due to a mutation or amplification of
upstream positive regulators, such as EGFR and PDGFR RIEl, The mitogen-activated protein kinase (MAPK) pathway is
initiated due to the farnesylation of Ras that is then catalyzed by farnesyltransferase enzyme to activate the rapidly
accelerated fibrosarcoma (RAF), mitogen-activated protein extracellular regulated kinase (MEK), extracellular signal-
regulated kinases (ERK) to induce the translocation of proteins to the nucleus in order to promote cell cycle progression
and anti-apoptosis genes 219, The phosphatidylinositol (3,4,5)-trisphosphate (PIP3)/ protein kinase B (AKT)/ mechanistic
target of rapamycin (MmTOR) pathway involves TKR and the loss of phosphatase and tensin homolog (PTEN), a negative
regulator of these kinases, culminating in deregulation of proliferation, growth, apoptosis, and cytoskeletal rearrangement
(B8, protein kinase C (PKC) regulates cell proliferation, invasion and angiogenesis €. It is located at the crossroads of
multiple signaling pathways and acts like a relay station for signals to the nucleus. PKC is activated by phospholipase-C
(PLC), as well as by PI3K, and then transmits signal to the nucleus via the MAPK pathway (mainly) and via the PISK/AKT
pathway (&,

| 4. Histones

Histones are basic proteins that order and package DNA into nucleosomes, playing a crucial role in the regulation of gene
expression. Histone deacetylases (HDAC) are enzymes responsible for catalyzing the removal of acetyl functional groups
from the lysine groups of both histone and nonhistone proteins. Changes in histones affect transcription, repair, and
replication, leading to alterations in cell proliferation, survival and differentiation. This is the reason why they have been
considered a key target for cancer therapeutics. Some studies have revealed that both genetic and epigenetic
mechanisms are significantly deregulated in glioma cells. In particular, modifications in sequence or expression of gene
coding for HDACs may contribute to GBM pathogenesis and progression 121113

| 5. Integrins

Integrins represent a family of transmembrane adhesion receptors that integrate signals between cells and the
surrounding stroma. They lack intrinsic catalytic activity, implying the presence of external signals for them to be effective.
Their effectiveness occurs throughout the activation of integrin-associated proteins and binding of focal adhesions with
non-receptor tyrosine kinases, such as focal adhesion kinase (FAK) and Src. Once integrin dimers are formed,
downstream signaling pathways are activated, regulating migration, invasion, angiogenesis, and survival. Integrin-
encoding genes are rarely mutated in cancers, but deregulation of integrin signaling is quite frequent. Glioma cells invade
brain parenchyma preferably along higher rigidity tracts, such as the vascular basement membrane that contains various
integrin ligands (14115,



| 6. Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) is a complex and universal protein degradation pathway essential to ensure the
balance between cell proliferation and apoptosis €. High grade tumors have an inherent potential of escaping cell cycle
control mechanisms such as UPS, which results in uncontrolled cell division B14 Hence the importance of these
mechanisms being in constant balance and making this a great therapeutic target.

| 7. Gene Fusions

Gene fusions are hybrid genes constituted by the combination of the DNA sequences of two genes known to be
oncogenic drivers in multiple malignancies. They have the potential to form chimeric proteins with altered functions, and
remain an active area of research LA8l The Janus kinase (JAK)-STAT pathway initiates transcription of regions of the
genome, inducing the expression of anti-apoptotic proteins and other cell cycle regulators, which leads to cellular growth
and proliferation 29. The incidence of gene fusions has been increasingly recognized in GBM, occurring in up to 50% of
tumors, with targetable fusions involving a tyrosine kinase domain in approximately 10%. These predominantly
include neurotrophic tyrosine receptor kinase (NTRK), fibroblast growth factor receptor (FGFR) and mesenchymal-
epithelial transition factor (MET) fusions 24, NTRK are encoded by three different genes, NTRK1, NTRK2 and NTRK3.
Genomic rearrangements in NTRK genes result in gene fusions and trigger activation of oncogenic TRK signaling
14 FGFR is the most common fusion expressed in GBM, specifically fibroblast growth factor receptor 3—transforming
acidic coiled coil-containing protein 3 (FGFR3:TACC3), which is the fusion with relevance as a potential target in multiple
cancers, including GBM 4. MET encodes the receptor for hepatocyte growth factor (HGF) and has great importance in
the migration and invasiveness of glioma cells, such as in response to irradiation, inhibition of angiogenesis and hypoxia,
and has a critical role in therapeutic resistance and recurrence of GBM [=41121],

| 8. Isocitrate Dehydrogenase

IDH enzymes play essential roles in the Krebs cycle and cellular homeostasis by catalyzing the oxidative decarboxylation
of isocitrate. There are three isoforms, with IDH1 in the cytoplasm and peroxisomes and IDH2 and IDH3 in the
mitochondrial matrix. Advances in cancer genetics revealed that the genes encoding IDHs are prevalent in human
malignancies, including gliomas. One of the consequences of IDH mutation is the alteration of enzymatic activity, which
leads to the synthesis of 2-hydroxyglutarate (2-HG) and has been implicated in epigenetic mechanisms of oncogenesis. 2-
HG elevation suppresses the electron transport chain, interfering with cellular metabolism and epigenetic regulation.
However, the tumor-initiating and progressing capacity of 2-HG had not been fully demonstrated [22[23]1241[25]

| 9. Transmembrane Monocarboxylate Transporters

A common phenomenon that characterizes the adaptation of tumor cells is the shift from oxidative phosphorylation to
aerobic glycolysis as a main source of ATP. A high rate of glycolysis leads to the overproduction of lactic acid, which is
associated with poor prognosis. Glucose enters the cell through the glucose transporter and is converted into pyruvate,
which turns into lactate due to lactate dehydrogenase activity [28l. Monocarboxylate metabolites such as I|-lactate are
transported by the monocarboxylate transporters (MCTs) family members MCT1, MCT2, MCT3 and MCT4 (&, Therefore,
these transporters allow glycolysis to operate at a high speed by mediating the efflux of lactic acid into the extracellular
environment, which also helps preventing acidosis, thus playing an important role in pH regulation 4. Among these
MCTs, MCT1 and MCT4 are present in astrocytes and stand out in glioma cells, playing a pivotal role in tumor cell survival
by promoting lactate efflux 2828 MCT2 is the primary isoform expressed in human GBM and glioma-derived cell lines
and is expressed in the neurons [ which use the lactate produced by astrocytes. In the brain, glycolytic
oligodendrocytes and astrocytes export lactate through MCT1 and MCT4 to fuel oxidative neurons expressing MCT2 &,
It was hypothesized that carbonic anhydrases (CAII/CAIX) functions as a proton-collecting antenna, thereby enhancing
the activity of proton-coupled MCTs, while CD147 acts as a chaperone facilitating membrane trafficking of MCT1/4 BA[E1],
Accordingly, the plasma membrane localization of MCT1 and MCT4 was shown to be regulated by coexpression with the

chaperone protein CD147, which was also upregulated in GBM compared to diffuse astrocytomas and nonneoplastic
brain (28],
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