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Abstract: Glioblastoma multiforme (GBM) is amongst the deadliest of human cancers, with a median
survival rate of just over one year following diagnosis. Characterized by rapid proliferation and
diffuse infiltration into the brain, GBM is notoriously difficult to treat, with tumor cells showing
limited response to existing therapies and eventually developing resistance to these interventions.
As such, there is intense interest in better understanding the molecular alterations in GBM to guide the
development of more efficient targeted therapies. GBM tumors can be classified into several molecular
subtypes which have distinct genetic signatures, and they show aberrant activation of numerous
signal transduction pathways, particularly those connected to receptor tyrosine kinases (RTKs) which
control glioma cell growth, survival, migration, invasion, and angiogenesis. There are also non-
canonical modes of RTK signaling found in GBM, which involve G-protein-coupled receptors and
calcium channels. This review uses The Cancer Genome Atlas (TCGA) GBM dataset in combination
with a data-mining approach to summarize disease characteristics, with a focus on select molecular
pathways that drive GBM pathogenesis. We also present a unique genomic survey of RTKs that
are frequently altered in GBM subtypes, as well as catalog the GBM disease association scores for
all RTKs. Lastly, we discuss current RTK targeted therapies and highlight emerging directions in
GBM research.
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1. Introduction
1.1. Gliomas

Amongst all causes of death worldwide, cancer is in the top ten, with an estimated ten mil-
lion deaths globally in the year 2018 alone [1]. With regard to malignant neoplasms, those origi-
nating in the central nervous system (CNS) are particularly lethal. Approximately 30% of brain
and CNS tumors, and over 80% of malignant tumors, are gliomas [2], with glioblastoma multi-
forme (GBM) being the most frequent and aggressive of all gliomas [3–5]. The incidence rate of
CNS tumors is higher in populations with European ancestry [1] and shows a predominance
in males (Figure 1) [6,7].

Gliomas originate from the non-neuronal or glial portion of the brain, namely as-
trocytes, oligodendroglial, microglial, or ependymal cells [8]. While low-grade gliomas
are typically confined to a region, which makes surgical resection possible, higher-grade,
diffuse gliomas such as GBM are often infiltrative in nature and near impossible to elim-
inate [9]. Notwithstanding their initial innocuous façade, some low-grade tumors have
the propensity to become more aggressive over time [5,10]. Based on such characteristics
as mitotic activity, proliferation, and degree of necrosis, the World Health Organization
(WHO, Geneva, Switzerland) classifies gliomas into four distinct grades (Figure 2).

• Grade I: Low-grade benign lesions such as pilocytic astrocytomas that exhibit limited
proliferation and are frequently seen in children;
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• Grade II: Low-grade but infiltrative lesions with a tendency to show higher recurrence
after surgical resection;

• Grade III: Intermediate–high-grade lesions with relatively higher mitotic activity and
evidence of malignancy;

• Grade IV: High-grade malignant lesions that possess higher mitotic activity, microvas-
cular proliferation, high degree of necrosis, and worst prognosis [3,5]. Grade IV
astrocytoma is classified by WHO as GBM [3,5,8].
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Figure 1. Global CNS tumor incidence rates. Age-adjusted global CNS tumor incidence rates (per 100,000 persons) and
the proportions of diagnosed males (blue) and females (red) across all major continents. Number of people represents
proportions of males and females in the overall population (downloaded from www.population.un.org, accessed on 10
December 2020). World map and incidence rate charts were plotted using R packages rworldmap and ggplot2, respectively.

1.2. Glioblastoma Multiforme (GBM)

GBMs are broadly categorized as primary (de novo) and secondary types (Figure 2).
The majority of diagnosed cases (90%) are primary, rapidly growing GBMs that lack pre-
existing lesions [10]. They are classified as Grade IV tumors at the outset and they occur in
older patients (mean age: ~60 years). By contrast, secondary GBMs are more frequently
seen in younger cohorts (mean age: <45 years) [3,8,11] and they develop as a result of
malignant progression from lower-grade gliomas. For instance, diffuse astrocytomas
(Grade II) transform into malignant Grade III/IV gliomas within a decade of initial diag-
nosis [10,11]. Despite their diverse clinical histories, the two classes of GBM are virtually
indistinguishable from each other and show equally poor prognoses.

As implied by the term “multiforme”, GBMs exhibit significant intratumoral het-
erogeneity. They are characterized by high mitotic activity, microvascular proliferation,
genomic aberrations, resistance to apoptosis, necrosis, and invasion into adjacent brain
tissue [3,5,8]. Together with cancer stem cell subpopulations driving recurrence as well
as varied genetic and epigenetic alterations (discussed below), these features have given
notoriety to GBM as one of the most aggressive and difficult-to-treat tumors [3]. The cur-
rent standard treatment for GBM patients involves neurosurgical resection of the tumor
followed by extensive radiotherapy, in combination with the chemotherapeutic agent
temozolomide (TMZ), an orally administered alkylating agent that induces DNA lesions in
actively proliferating cells [12]. A landmark study by Stupp et al. (2005) examined the effi-
cacy of combining this pharmacological treatment protocol with radiotherapy and reported
prolonged overall survival of patients from 12.1 to 14.6 months in addition to a median
progression-free survival from 5.0 to 6.9 months when compared to radiotherapy alone [13].

www.population.un.org
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Furthermore, an extended 5-year follow-up study by the same group in 2009 revealed
survival for combined therapy to be 9.8% versus 1.9% for radiotherapy alone [14]. This ben-
efit has also been shown by other studies included in a more recent meta-analysis [15].
As long-term survival rates for patients with GBM remain dismal, there is intense interest
in using molecular profiling approaches to develop better targeted therapies.

Despite decades of research, long-term survival rates for patients with GBM remain
dismal, though limited treatment options do exist. As such, significant efforts are under
way to profile the molecular and cellular pathways that are disrupted in GBM to identify
targets for novel therapies and ultimately improve the prognosis of this devastating disease.Figure 2
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Figure 2. The four glioma grades and their cells of origin as defined by the World Health Organization (WHO, Geneva,
Switzerland). Gliomas are characterized on the basis of glial cell types present in the tumor. Tumors arising from astrocytes
are called astrocytomas and those originating from oligodendrocytes are called oligodendrogliomas. Tumors consisting of
both astrocytes and oligodendrocytes are called oligoastrocytomas. Primary glioblastomas arise mainly from astrocytes and
lower-grade gliomas may transform into more aggressive, secondary GBMs.

2. Molecular Classification of GBM
2.1. Molecular Subtypes

The lack of clinical advancement with respect to GBM therapy is partly due to limited
understanding of its underlying biology. Gene expression profiling studies conducted by
various groups during the past two decades have helped to further characterize GBM into
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several subclasses reflecting survival outcomes [16–18]. More specifically, Philips et al.
(2006) [17] identified three discrete subclasses of high-grade gliomas: proliferative based
on increased tumor-cell Ki-67 labeling index and overexpression of proliferation marker
genes PCNA and TOP2A, as well as mesenchymal and proneural based on increased ex-
pression of mesenchymal and proneural marker genes, respectively [17]. A study later
conducted by Verhaak et al. (2010) [18] utilized then newly generated data by The Cancer
Genome Atlas (TCGA) consortium and identified four molecular subtypes—classical (CL),
mesenchymal (ME), proneural (PN), and neural (NE)—on the basis of distinct gene expres-
sion signatures of astrocytic, astroglial, oligodendrocytic, and neural origins, respectively
(Figure 3), whose characteristics strongly paralleled those observed in the earlier study.
The NE subtype has since been proposed to have originated from normal neural tissue at
the tumor margin [19].

The CL subtype is strongly associated with amplification and mutation of epidermal
growth factor receptor (EGFR), along with deletion of cyclin-dependent kinase inhibitors
(CDKN2A/2B) and gain of chromosome 7, concomitant with loss of chromosome 10, and
its overexpression correlates strongly with an astrocytic signature (Figure 3). The ME
subtype is associated with mutation and deletion of neurofibromin (NF1) and phosphatase
and tensin homolog (PTEN), as previously concluded [17]. Interestingly, this subtype
correlates equally with neural, astrocytic, and oligodendrocytic gene signatures. The PN
subtype, featuring an oligodendrocytic signature, is associated with younger age and
prolonged survival on account of platelet-derived growth factor receptor α (PDGFRA)
abnormalities and isocitrate dehydrogenase (IDH1) and tumor suppressor TP53 mutations,
all of which are characteristics of secondary GBMs [23]. Lastly, the contested NE subtype
is associated with amplification of EGFR and deletion of PTEN but correlates with neural
gene signatures. In addition to EGFR and PDGFRα, several other receptor tyrosine kinases
(RTKs) are frequently altered in the various subtypes and will be discussed in more detail
below.

Along with genetic and phenotypic differences in GBM subgroups, ongoing refine-
ments in GBM classification have also revealed distinct epigenetic alterations. Of particular
importance is the identification of a cluster of GBM tumors characterized by high copy
number alterations and altered methylation patterns, referred to as the glioma-CpG island
methylator phenotype (G-CIMP) [24]. This subset of tumors is strongly associated with mu-
tations in IDH (detailed below) and TP53 and is more often found in younger patients [24].
Of note, G-CIMP+ tumors are also enriched in the PN subtype and typically portray a
favorable outcome [24]. As with IDH mutation, the G-CIMP phenotype is also closely
associated with methylation of the O6-methylguanine-DNA methyltransferase (MGMT)
promoter, irrespective of glioma grade [25]. MGMT reverses DNA damage induced by
alkylating agents such as TMZ. Methylation of the MGMT promoter silences the gene,
thereby resulting in inefficient DNA repair [26,27]. However, there is evidence that over-
expression of MGMT is a determinant in resistance to TMZ therapy [28], which poses a
challenge to currently approved GBM therapies.
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Figure 3
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Figure 3. Molecular classification of GBM. GBM tumors in TCGA-GBM dataset originally classified into three
(Phillips et al.) [16] or four (Verhaak et al.) [17] distinct subtypes, CL (n = 146), ME (n = 157), NE (n = 83), PN (n = 99), as well
as the glioma-CpG island methylator phenotype (G-CIMP)-positive subset (GC; n = 39), with isocitrate dehydrogenase 1
(IDH1) mutation status, proportion of males and females, and prognosis shown. Top genomic alterations include highly
altered genes, i.e., high mRNA expression (magenta), mutation (green), and/or copy number alterations (red: copy number
gain; blue: copy number loss), within each subtype and are sorted according to their overall alteration frequencies. Data were
generated by the TCGA Analysis Working Group [20], retrieved from cBioPortal for Cancer Genomics (http://cbioportal.org,
accessed on 10 August 2020) [21], and donut charts were plotted using the ggplot2 R package [22].

http://cbioportal.org
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2.2. Biomarkers

An additional outcome of the TCGA Analysis Working Group examination of 543 cases
of GBM [20] is identification of core pathway alterations responsible for glioma occurrence
and progression. The following well-known oncogenes and tumor suppressors were found
to be significantly mutated in GBM: EGFR, IDH1, NF1, PDGFRA, PIK3R1, PIK3CA, PTEN,
RB1, and TP53 [20]. Of these genes, the IDH family has recently emerged as an important
biomarker. The status of isocitrate dehydrogenase 1 and 2 (IDH1/2) enzymes is a major
highlight of the recent WHO classification system [11], with IDH1 now being considered
a key reference gene for the classification of GBM tumors. Mutations in IDH1 appear to
preferentially occur in younger glioblastoma patients (mean age: 33 or 41 years) as opposed
to wild-type carriers (mean age: 53 or 56 years) and are mostly detected in patients with
secondary GBM [8,29]. Curiously, these patients had a longer median survival rate of
3.8 years, compared to 1.1 years for patients with wild-type IDH1 [8]. Over 90% of IDH1
mutations reflect an amino acid substitution at an evolutionarily conserved residue (R132H)
located within the enzyme’s binding site [30], akin to well-known activating alterations
in BRAF, KRAS, and PIK3CA [8,31,32]. Additional studies investigating the functional
impact of IDH1 mutations proposed that IDH1 may function as a tumor suppressor that,
when inactivated by a mutation, likely contributes to tumorigenesis [33]. The prognostic
role of MGMT has been demonstrated by several studies and therefore serves as an excellent
biomarker with respect to its methylation status and expression levels, which can be used
independently to predict patient survival and treatment response [34]. In fact, integration of
IDH mutation and MGMT promoter methylation status, together with application of
molecular information derived from several “-omics” approaches, may have the potential
to substantially improve the classification and prognostication of gliomas.

Nonetheless, historically, immunohistochemistry (IHC) has dominated the field of
cancer classification and diagnostics. The glial fibrillary acidic protein (GFAP) and oligo-
dendrocyte lineage transcription factor 2 (OLIG2) are two such examples of glioma markers
routinely assessed by IHC during diagnosis [3]. GFAP is universally expressed in astrocytic
and ependymal tumors [35,36], while OLIG2 is both an oligodendroglial and a stem cell
marker highly expressed in diffuse gliomas [37,38]. Over the past decade, CD133 and other
such stem cell markers as Nestin, Musashi, and sex-determining region y-box 2 (SOX2)
have been investigated as potential targets for GBM therapy [39–42]. Interestingly, IHC
can even be used to determine patient IDH1 mutation status using IDH1-specific antibody
recognizing the R132H mutation [43–45].

3. Key Cellular Hallmarks of GBM
3.1. Uncontrolled Proliferation

One of the many factors responsible for GBM malignancy is the rapid proliferation of
GBM cells [46], which can be driven by mutations resulting in uncontrolled activation of sig-
naling pathways such as those downstream of EGFR. Glial cells are known to exhibit a “go
or grow” state [47], a phenomenon which highlights the proliferation/invasion dichotomy
and ultimately decides a cell’s fate to either proliferate or invade [48]. Tumor progres-
sion is largely determined by phenotypic switching between these states, which, in turn,
is influenced by microenvironmental changes such as hypoxia, matrix composition, and cy-
toskeletal dynamics [49,50].

3.2. Invasion and Metastasis

While most gliomas are amenable to neurosurgical resection, it is the cells at the inva-
sive front in GBM that often extend beyond the edge of the tumor, thereby evading removal
and subsequently contributing to recurrence and poor prognosis. Although metastasis
beyond the CNS is rare, localized spread within the CNS is more common. An important
aspect of GBM invasion is the production of a thick extracellular matrix (ECM)—a complex
proteinaceous network which occupies the space between neurons and glial cells and
comprises roughly 20% of the total brain volume. It facilitates invasion by regulating
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the activity of proteolytic enzymes. One mechanism by which invasive glioma cells in-
filtrate into the brain parenchyma is through formation of dynamic actin-rich structures
called invadopodia that not only provide GBM cells with the ability to adhere to the ECM
but also allow degradation of the surrounding tissue through proteolytic activity [51].
A parallel process promoting invasion involves epithelial–mesenchymal transition (EMT),
wherein cells acquire a motile phenotype. In GBM, this is achieved through upregulation
of transcription factors such as ZEB1/2, SNAIL, SLUG, and TWIST [52]. It is widely be-
lieved that the acquisition of mesenchymal features is associated with stemness and that
the co-expression of EMT markers with stem cell markers produces a migratory cancer
stem cell [53].

3.3. Cellular Heterogeneity

GBMs are often composed of multiple different cell populations arising due to clonal
evolution and differences in cell plasticity/stemness [54,55]. This intratumoral hetero-
geneity is driven by the tumor microenvironment, which is composed of several distinct
components, such as the aforementioned ECM, as well as perivascular [56], hypoxic [57],
and immune niches [58]. In essence, this complex organization is where glioma stem
cells (GSCs) reside and interplay with the ECM to stimulate tumor progression, recur-
rence, and drug resistance [59,60]. In recent years, GSCs have emerged as promising
therapeutic targets given their similarity to neural stem cells in terms of self-renewal,
proliferative potential, capacity to differentiate into multiple cell lineages, and the presence
of cell surface markers [61,62]. Interestingly, GSCs have an elevated invasive potential
compared to non-stem tumor cells [63] and are thought to be more resistant to radiother-
apy and chemotherapy than differentiated bulk tumor cells [64]. These subpopulations
reflect a variety of cellular states that are dynamic in nature and overlap with cell cycle
and neurodevelopmental programs [65]. Indeed, it has been shown that GBM tumors,
despite exhibiting a dominant subtype, also contain heterogenous mixtures of cells corre-
sponding to different GBM subtypes and hybrid states (cells that score highly for more than
one subtype) which parallel cellular diversity in the developing brain [66]. For instance,
cells which scored highly for classical and proneural subtypes exist in progenitor states
with enhanced stemness signatures, while cells which scored highly for mesenchymal and
neural subtypes exist in differentiated states [66]. In other words, cells conforming to each
of the four GBM subtypes portray distinct stemness signatures [67].

3.4. Angiogenesis

A notable difference between GBM and lower-grade gliomas is the high degree of
microvascular proliferation in GBM. Neovascularization occurs through multiple strategies
employed by GBM cells, including vascular co-option and angiogenesis [68]. Angiogenesis
drives the formation of new blood vessels from pre-existing ones and generally follows
vessel co-option via both hypoxia-dependent and -independent pathways [68]. It involves
the secretion of pro-angiogenic factors such as angiopoietin (Ang)-1, which, in concert
with vascular endothelial growth factor (VEGF)-A, has been shown to induce angiogenesis
in xenograft models [69], and Ang-2, which can mediate tumor angiogenesis in astrocy-
tomas [70]. Transdifferentiation of GSCs into endothelial cells is yet another strategy that
enhances neovascularization [71] and VEGF-A has been shown to be secreted by GSCs in
extracellular vesicles [72].

The establishment of sufficient and suitable vasculature is necessary for tumor cell
growth and proliferation. Normally, vasculature is a neatly organized network of evenly
distributed arteries, veins, and capillaries [73]. In GBM (and other cancers), however,
the vasculature is disorganized and chaotic, and the lack of pericytes in the periphery
results in hyperpermeability or leakiness of blood vessels, leading to edema, which even-
tually serves as a platform for GBM and endothelial cell migration [74]. The most potent
stimulator of endothelial cell migration and proliferation and subsequent angiogenesis
is hypoxia. Under hypoxic (1–2% O2) conditions, hypoxia inducible factor-1α (HIF-1α)
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is upregulated and binds to and activates hypoxia response elements (HREs) present on
the promoters of genes implicated in angiogenesis, such as VEGF-A [75], which is itself
upregulated in tumor as well as stromal cells in GBM [76].

3.5. Deregulated Cell Energetics

The nutrient-restricted conditions which stimulate vascular proliferation in GBM are
also associated with altered cell energetics. In fact, metabolic complications such as type II
diabetes (characterized by hyperglycemia) as well as obesity are independent risk factors
for poor survival in GBM [77]. In addition to insulin-signaling-related mechanisms that
mediate tumor growth and survival [78], a link between epigenetics and cell metabolism
exists and is best highlighted by IDH1 mutations (see Section 2.2), which likely impact
metabolism via altered metabolic flux of α-ketogluterate and NAPDH, thereby impairing
normal biosynthetic pathways [79,80].

3.6. Mutation and Genome Instability

Diverse transcriptional programs also contribute to the extensive variability within
GBMs [66]. Tumor development and progression are responsive to genetic (i.e., loss of
heterozygosity, mutation, chromosome rearrangement) and epigenetic (i.e., promoter
methylation) changes [20]. The most frequently altered genes in GBM encode for signaling
proteins which participate in various pathways to maintain the malignant GBM phenotype.
Not surprisingly, the predominant mechanism of GBM pathogenicity occurs through
dysregulation of cell surface RTKs [81].

4. Receptor Tyrosine Kinase (RTK) Pathways Altered in GBM
4.1. RTK Regulation and Oncogenic Activation

RTKs are transmembrane proteins comprising a unique extracellular ligand-binding
domain, a transmembrane helix, an intracellular tyrosine kinase domain, and a series of
tyrosine residues which serve as docking sites for cytoplasmic signaling effectors once
phosphorylated [82,83]. In normal cells, receptor activity is tightly controlled and RTK sig-
naling regulates cellular processes such as growth, survival, differentiation, and migration
through activation of mitogen-activated protein kinase (Ras/MAPK) and phosphotidyli-
nositol 3-kinase (PI3K/Akt/mTOR) pathways (detailed below in Section 4.2). However,
in cancer, RTKs are aberrantly activated and thus contribute to the oncogenic phenotype ei-
ther by (1) stimulating overproduction of growth factors by cancer cells; (2) overexpression
and/or amplification of the RTK itself, enabling hypersensitivity to low ligand concen-
trations; (3) acquiring mutations in their ligand-binding or kinase domains; (4) fusion of
kinase domains with motifs of other, unrelated proteins; or (5) chromosomal translocation,
giving rise to a chimeric product with enhanced kinase activity [84–88].

In humans, 58 RTKs have been identified so far that are categorized into 20 distinct
classes based on sequence and structural similarities in their extracellular regions [89].
Of these, a number of RTKs are in the TCGA-GBM dataset. As shown in Figure 4B, we used
the Open Targets Platform [90] to highlight disease association scores for RTKs in GBM as
well as catalog RTKs that are frequently altered (either in expression, mutation, or copy
number changes) in the various subtypes of GBM (Figure 4). RTKs that appear in multiple
subtypes or with high association scores are discussed in detail below.
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Figure 4. The human kinome and top altered receptor tyrosine kinases (RTKs) in GBM. (A) Kinome
tree showing human protein kinases grouped on the basis of their sequence similarity. (B) Kinases
in the tyrosine kinase (TK) group are further classified based on their unique extracellular domain
arrangements (not shown). Kinome image, originally conceived by Cell Signaling Technology, Inc.
(www.cellsignal.com, accessed on 25 May 2020), based on Manning et al. [91], was accessed and
downloaded via the CORAL web application for kinome data visualization [92] and disease associ-
ation scores for GBM were retrieved from www.targetvalidation.org, accessed on 25 May 2020 [90].
Disease association scores (ranging from 0 to 1) are presented as red circles at the end of each branch,
where larger circles represent a higher degree of association. Abbreviations: TK, Tyrosine kinase; TKL,
Tyrosine kinase-like; STE, Sterile serine/threonine kinases (STE20, STE11, and STE7-related); CK1,
Casein kinases; AGC,Protein A/G/C-related;CAMK, Ca2+/calmodulin-dependent kinases; RGC,
Receptor guanylate cyclases; CMGC, CDK/MAPK/GSK-3/CDK-like kinases. (C) Subtype-specific

www.cellsignal.com
www.targetvalidation.org


Int. J. Mol. Sci. 2021, 22, 1831 10 of 35

RTK alterations in TCGA-GBM cohort. Analysis was performed on complete samples, i.e., only sam-
ples with RNA-Seq, mutation, and copy number aberrations (CNA) information (total n = 141) were
selected for analysis. mRNA expression (magenta) was determined, and mutation (green) and CNA
(red: amplification; blue: loss) frequencies were then calculated for all RTKs in each of the four GBM
subtypes as well as in the G-CIMP subset (NE, n = 24; CL, n = 38; ME, n = 47; PN, n = 25; GC, n = 7).
RTKs are ordered based on their overall alteration frequencies within the dataset and numbers inside
squares indicate percentage of total samples altered. RTKs with supporting protein evidence from
Reverse Phase Protein Array are indicated with a “P”. Data were generated by the TCGA Analysis
Working Group [20] and retrieved from cBioPortal for Cancer Genomics (http://cbioportal.org,
accessed on 10 August 2020) [21].

4.1.1. EGF Receptors

The EGFR family is composed of four structurally related transmembrane receptors:
EGFR, ErbB2/HER2, ErbB3/HER3, and ErbB4, encoded by (EGFR, ERBB2, ERBB3, ERBB4,
respectively) [93–96]. With more than ten ligands and different binding preferences for
intracellular adaptors, they generate a complex signaling network and play a pivotal role
in developmental processes as well as homeostasis and cancer [97]. EGFR (also known as
ErbB1) is a well-characterized RTK in studies pertaining to signal transduction [98] as well
as cancer initiation and progression [99]. Dysregulation, particularly that of EGFR, is known
to be associated with a variety of human cancers. Specifically, in GBM, EGFR is amplified
in approximately 40–50% of tumors and overexpressed in over 60% of patients [23,100],
suggesting a causal role. In the TCGA-GBM dataset that we analyzed, overall, 55% of
patients presented with EGFR alterations. Specifically, 44.7% of samples representing the
CL subtype were mutated, and 23.4% of ME were mutated. EGFR amplification frequencies
are the highest in CL (97.4%), NE (95.8%), and ME (93.6%), followed by the PN subtype
(84%). EGFR amplification is only minimal in the G-CIMP subset (14.3%). Interestingly,
protein expression data from Reverse Phase Protein Array (RPPA) shows that EGFR and its
phosphorylated variants (pY992, pY1068, and pY1173) are significantly enriched in the CL
subtype (Figure 4). A notable and commonly occurring mutation is the EGFRvIII variant,
which lacks a portion of the extracellular receptor domain, is activated independent of
its ligand, and is constitutively phosphorylated [101]. Interestingly, the variant is only
expressed in a subset of GBM tumor cells [102] and co-expression of EGFRvIII with EGFR
leads to its phosphorylation by the latter and subsequently activates the STAT3/5 pathway,
leading to malignant progression [103].

ErbB2 is particularly well-characterized in breast cancer, where its expression is
considered a prognostic factor [104]. In GBM, elevated expression levels of the receptor
have been reported [105,106]. ErbB3 is normally implicated in cell division and survival and
has also been reported to be upregulated in some high-grade gliomas [107], whereas ErbB4
is crucial in cardiac muscle differentiation, axon guidance, and neuronal migration during
development [108]. Despite its low mRNA expression in GBM, activation of the receptor
is associated with increased proliferation, angiogenesis, tumorigenicity, and decreased
sensitivity to anti-EGFR therapy [109]. In the TCGA-GBM dataset, while ERBB2-4 are not
mutated in any of the four subtypes, there was notable copy number loss for ERBB2 in
ME samples (23.4%) and ERBB3 in NE and PN samples (12.5% and 20.0%, respectively),
suggesting that these receptors may play a more secondary role in GBM compared to
EGFR. RPPA data shows significant enrichment for ErbB2 in the NE subtype, and for its
phosphorylated variant pY1248 in the CL subtype, in contrast to phosphorylated ErbB3
protein (pY1298), which is significantly enriched in the PN subtype (data not shown).

4.1.2. Insulin Receptors

The insulin receptor (INSR), INSR-related receptor (INSRR), and insulin-like growth
factor (IGF) receptors (IGF1R and IGF2R) play crucial roles in prenatal and postnatal
development [110]. INSR, through its two developmentally regulated isoforms, the fetal
variant INSR-A and the adult variant INSR-B, regulates key processes such as glucose
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metabolism and glycogen synthesis [111,112], while IGF1R regulates cell proliferation and
differentiation in the developing brain, where it is highly expressed [113]. INSRR works
as an extracellular pH sensor—a property defined by its extracellular region, which plays
a crucial role in pH homeostasis [114]. In GBM, IGF1R is overexpressed compared to
normal tissue [115] and is necessary for neoplastic transformation [113,116]. Moreover,
high IGF1R expression is associated with chemoresistance to TMZ as well as reduced
survival, suggesting that the receptor may be used as a biomarker [115]. Apart from IGF1R
overexpression, IGF1R mutations are rarely observed in GBMs, and in the TCGA-GBM
dataset that we analyzed, IGF1R is only minimally mutated in the CL subtype (2.5%)
but a significant portion of samples show deletion of the gene in the PN subtype (40%).
Interestingly, RPPA data shows IGF1R to be significantly enriched in GC, suggesting that
the receptor may be strongly regulated. On the other hand, no mutations in INSR are
detected but the gene is amplified in all subtypes apart from NE. In contrast, INSRR is both
mutated and amplified (29.8%) in ME, suggesting that the receptors may have subtype-
specific roles in GBM.

4.1.3. PDGF Receptors

The PDGF family of receptors consisting of PDGFRα and PDGFRβ normally play
critical roles in embryo development. For instance, PDGFRα is crucial for oligodendrocyte
development [117] while PDGFRβ is important for blood vessel formation [118]. De-
spite structural similarities, PDGFRα and PDGFRβ contribute to GBM development in
different capacities. For instance, in the TCGA dataset, PDGFRα is among the most ampli-
fied receptors in GBM, second only to EGFR and preferentially upregulated in proneural
GBMs, which harbor oligodendrocytic signatures [18]. PDGFRA rearrangements such as the
PDGFRA-KDR gene fusion have also been detected [119]. On the other hand, PDGFRβ is
preferentially expressed in glioma stem cells and regulates levels of stem cell markers such
as SOX2 [120]. In the TCGA-GBM dataset, PDGFRA is highly amplified (40%) and mutated
(20%) in the PN subtype, whereas PDGFRB is mutated to a small extent in the CL (2.6%)
and PN (4.0%) subtypes, with copy number loss (57.1%) prominent in the G-CIMP subset.

The PDGFR family also comprises other well-known receptors such as c-KIT and FLT3,
which are implicated in GBM. c-KIT (also known as stem cell factor (SCF) receptor/CD117)
is normally expressed in different regions of the CNS during normal brain development as
well as endothelial and mast cell progenitors and promotes angiogenesis [121]. In GBM,
KIT overexpression and amplification has been reported, and amplification as opposed to
mutation appears to be the common mechanism underlying its expression [122]. In the
TCGA-GBM dataset, KIT is mutated in ME (4.3%) and is amplified (32%) and mutated (4%)
with significantly elevated mRNA as well as protein expression in the PN subtype.

Fms-like tyrosine kinase 3 (FLT3) is normally expressed by hematopoietic stem or pro-
genitor cells and plays an important role in the early stages of both myeloid and lymphoid
lineage development [123]. In GBM, mRNA expression of FLT3 and its natural ligand
FLT3L is detected in astrocytic tumors as well as GBM cell lines [124]; however, the exact
mechanism by which FLT3 contributes to GBM occurrence/progression remains unknown.
In the TCGA-GBM dataset, FLT3 has copy number loss in all subtypes (29.2–36.8%), in-
cluding in the G-CIMP (57.1%) tumor subset, and is mutated in the CL (2.6%) and ME
(2.1%) subtypes.

4.1.4. VEGF Receptors

The VEGF receptor (VEGFR) family contains three RTKs, VEGFR1, VEGFR2, and VEGFR3
(encoded by FLT1, KDR, and FLT4, respectively) [125–127], which modulate vasculogen-
esis and angiogenesis [128], as well as lymphangiogenesis, in the case of VEGFR3 [129].
GBMs express high levels of VEGF and its receptors [130], and the increased angiogenesis
and dysfunctional vasculature in these tumors is attributed mostly to aberrant VEGFR2
signaling, which regulates survival, proliferation, migration, and vessel permeability [131].
Furthermore, the hypoxic environment of GBM triggers the “angiogenic switch” [132],
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wherein the production of HIF-1α induces transcription of VEGF itself [133]. In the TCGA-
GBM dataset, VEGFR1 is enriched (but not significantly) in the CL subtype. It is minimally
mutated in the ME subtype (2.1%) and deleted in all subtypes, including the G-CIMP
subset. VEGFR2 protein expression is significantly upregulated in ME, and the RTK is
mutated in the CL (2.6%) and NE (4.2%) subtypes and deleted in PN (28%) as well as the
G-CIMP subset (28.6%), while VEGFR3 is not mutated but a considerable proportion of
samples have the gene deleted in the G-CIMP subset (42.9%).

4.1.5. FGF Receptors

The fibroblast growth factor receptor (FGFR) family consists of four receptors (FGFR1–
4) which activate signaling cascades via an intermediary FGFR substrate 2 (FRS2) [134].
FGFR signaling is crucial for normal CNS development [135] as well as for adult neuron
and astrocyte survival [136]. Some FGFR aberrations commonly found in GBM are FGFR1
(and FGFR3) translocations that create fusion genes with transforming acidic coiled-coil
genes (FGFR-TACC), leading to constitutive receptor activation and aberrant nuclear local-
ization/aneuploidy [137]. FGFR3 mRNA is significantly elevated in the classical subtype,
and a recent single-cell RNA-Seq study revealed its expression to be five times higher in
infiltrating GBM cells at the migrating front compared to the tumor core [138]. FGFR2,
on the other hand, is expressed in glial cells, where its expression is inversely correlated
with increasing tumor grade [114]. In the TCGA-GBM dataset, FGFR1 and FGFR2 are
not mutated at all but FGFR3 is mutated in ME (4.3%) and FGFR4 is highly mutated in
the G-CIMP subset (14.3%). In terms of copy number alterations, FGFR2 is deleted in all
subtypes—100% of patients representing the CL subtype have this gene deleted and 93.6%
of ME samples have this gene deleted. The other three receptors are deleted in G-CIMP
and other subtypes but in a very small proportion of samples.

4.1.6. Neurotrophin Receptors

The neurotrophic tropomyosin receptor kinase (NTRK) genes (NTRK1, NTRK2, and
NTRK3) encode for three tyrosine receptor kinases (TRKs), TrkA, TrkB, and TrkC, that play
central roles in mammalian nervous system development and control of synaptic plas-
ticity [139,140]. Through their diverse and variable binding affinities to neurotrophin
ligands [141], Trk receptors generate distinct biological responses. For instance, TrkA binds
to nerve growth factor (NGF) with incredibly high affinity [142], and it activates prolifera-
tive pathways in GBM cells [143]. TrkB, via its activating ligand brain-derived neurotrophic
factor (BDNF), plays a pivotal role in neuronal survival [144,145], and increasing evi-
dence also supports a role for TrkB signaling in glioma cell growth [146,147]. Intriguingly,
there is a strong link between Trk receptor fusions and gliomagenesis in vivo, particu-
larly in pediatric high-grade gliomas, where Trk receptor fusions are reported in diffuse
intrinsic pontine gliomas (DIPGs) and non-brainstem tumors [148]. In the TCGA-GBM
dataset, none of the three receptors are mutated, though NTRK1 is amplified in ME (29.8%).
NTRK2 has comparable levels of copy number amplification and loss across all subtypes,
whereas NTRK3 has notable copy number loss (40%) in PN.

4.1.7. MET (HGF) Receptor

MET (also known as MNNG-HOS transforming gene/hepatocyte growth factor/HGF/c-
MET) receptor is a well-characterized proto-oncogene stimulated by its ligand, the hepa-
tocyte growth factor (HGF) [149]. During embryonic development, MET is important for
skeletal muscle growth [150] and epithelial remodeling [149]. In GBM, MET is not only
involved in proliferation, migration, invasion, and angiogenesis [151], but also maintenance
of stemness [152]. In the TCGA-GBM cohort, MET is found to be amplified, with elevated
mRNA levels in the ME subtype [23] and copy number alterations in all other subtypes.
A notable feature of this receptor is its ability to colocalize with the cytoskeletal protein
cortactin and induce its phosphorylation in the absence of Src to facilitate invadopodia
dynamics [153]. Dysregulation of MET is associated with increased invasion and poor prog-
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nosis [154], making it an excellent prognostic indicator [155]. In the TCGA-GBM dataset,
although no MET mutations are found, over 80% of samples within each subtype show
amplification of the gene and 42.9% of samples in the G-CIMP subset have amplified MET.

4.1.8. Eph Receptors

The large erythropoietin-producing human hepatocellular (Eph) receptor family com-
prises 14 members that are categorized into two structural subclasses, EphA1-8 and EphB1-
6 [156]. They associate with membrane-bound ephrin ligands to induce bi-directional
signaling [157] and regulate neuronal and neuronal–glial communication [158]. Dur-
ing development, Eph receptors play critical roles in axon guidance and migration of
neural crest cells [159,160]. In contrast to normal brain tissue, GBM cells express elevated
levels of EphA2 and EphA3 [161]. EphA2 expression is highly correlated with the tumor-
propagating potential of GBM cells with stem-like properties [162] while elevated levels of
EphA3 help to maintain tumorigenicity in tumor-initiating cells [163]. For other Eph recep-
tors, their altered expression can be observed in all GBM subtypes, and expression of select
Eph receptors parallels poor survival in GBM patients [164]. In the TCGA-GBM dataset,
EPHA1, EPHB4, and EPHB6 are mutated in the ME subtype (all 2.1%) and amplified in all
subtypes, whereas EPHA7 is mutated in the NE subtype (4.2%) and deleted in all subtypes.
Most of the other Eph receptors are not mutated and are mostly deleted in the G-CIMP
subset (range of alteration frequencies: 28.6–42.9%).

4.1.9. Tie Receptors

The Tie receptor family consists of two members, Tie1 and Tie2 (encoded by TIE1
and TEK respectively), which are intricately regulated by angiopoietin ligands Ang-1 and
Ang-2. Originally discovered in endothelial cells [165,166] and initially thought to be
found almost exclusively at the surfaces of endothelial and hematopoietic cells, Tie2 has
recently received attention for its presence in the nonvascular compartments of gliomas,
and its expression in neoplastic glial cells coincides with glioma progression from lower
to higher grades [167,168]. Considerable evidence generated over the last two decades
suggests that Tie2 signaling may regulate crosstalk between glioma cells and vascular
endothelial cells of the tumor microenvironment [168]. Ang-1 and Ang-2 also impact
glioma occurrence. For instance, Ang-2, which functions as a context-dependent Tie2
agonist [169,170], is overexpressed in gliomas, where it can promote invasion through
activation of matrix metalloprotease 2 (MMP2) [171,172]. Moreover, it has also been shown
to act as a chemoattractant for Tie2-expressing monocytes/macrophages (TEMs), which are
a subset of pro-angiogenic cells appearing in response to anti-angiogenesis therapy [173].
These cells are mostly found at the tumor periphery and are associated with an invasive
phenotype in gliomas [174,175]. In the TCGA-GBM dataset, Tie2 alterations primarily
manifest as copy number losses in the NE, CL, and ME subtypes, the gene is upregulated
(but not significantly) in CL and mutated in ME (4.3%), and it is deleted in all subtypes,
including the G-CIMP subset. TIE1 is not mutated in any subtype but is deleted in the
G-CIMP subset (42.9%).

4.1.10. DDR Receptors

The discoidin domain receptors (DDR1 and DDR2) bind collagen in the surrounding
matrix rather than classical ligands [176] and they exhibit delayed/sustained signaling
in contrast to other RTKs [177]. DDRs normally function to orchestrate important cell be-
haviors, such as proliferation, migration, adhesion, and ECM remodeling [178]. In glioma,
collagen levels are elevated, leading to changes in DDR signaling, as well as alterations
in ECM stiffness, which may further influence tumor progression [179]. DDR1 is highly
expressed in pediatric high-grade gliomas [180] as well as adult gliomas, irrespective of
grades [181], where cells overexpressing the receptor show enhanced invasion and migra-
tion, likely as a result of activation of MMP2 [182]. Upregulation of DDR1 has also been
shown to be associated with poor clinical outcomes [183]. Only one case of DDR2-mutated
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GBM has been reported thus far and the authors speculate that the mutation contributes
to invasion by enhancing tumor cell–ECM interactions [184]. In the TCGA-GBM dataset,
while neither receptor is found to be mutated, DDR2 is significantly elevated in G-CIMP
subset and amplified in ME (29.8%), with comparable frequencies of copy number gain
and loss observed in other subtypes.

4.1.11. RET Receptor

The RET oncogene is stimulated by GDNF-family ligands [185]. It is highly expressed
during early embryogenesis [186] and plays an important role as a guidance co-receptor
during axon growth [187] and neuronal survival [188]. Dysregulation of RET contributes
to several forms of cancer, including gliomas, where it has been shown to be highly
expressed [189]. Specifically, in GBM, however, RET is not considered a mutational driver
owing to lower mutation rates [190] as observed in the TCGA-GBM dataset, where RET
is only slightly mutated in the PN subtype (4%). However, RET is significantly elevated
in the CL subtype, and a significant portion of samples (upwards of 80%) of all subtypes
show copy number loss and 57.1% of G-CIMP samples show deletion of the gene.

4.1.12. ROS Receptors

The ROS1 gene encodes an orphan RTK that has been characterized as a proto-
oncogene [191]. During embryonic development, its expression profile is typically re-
stricted to epithelial cells, where it plays a role in their differentiation [192]. In normal brain
tissues, ROS1 is expressed at low levels. However, it is highly expressed in some GBM cell
lines [191,193] as well as in surgical GBM samples, where its expression parallels increasing
tumor grade and is associated with hypomethylation of a CpG island in the promoter re-
gion [194]. This differential expression in glioma grades suggests a role in tumor initiation
as opposed to progression. In the TCGA-GBM dataset, ROS1 is only slightly mutated in
the ME subtype (2.1%) and deleted in all subtypes, including the G-CIMP subset.

4.2. RTK Downstream Signaling Pathways

RTK signal propagation requires interaction with intracellular signaling components
such as adaptor proteins that function primarily to bridge RTKs and downstream effector
proteins (Figure 5). Adaptor proteins inducibly bind to the phosphorylated receptor to
activate enzymes such as kinases and GTPases that, in turn, phosphorylate and activate
other kinases in well-characterized signaling pathways. RTK signaling ultimately affects
such cellular functions as proliferation, survival, and differentiation by altering the expres-
sion of target genes in the nucleus [195,196]. Oncogenic changes in RTK signaling lead to
uncontrolled cell proliferation and invasion. Three of the most prominently altered RTK
pathways in gliomas include the Ras/MAPK, PI3K/Akt/PTEN, and FAK/Src pathways,
all of which rely on adaptor proteins such as Grb2 and Shc to relay the signals from the
cell membrane.

4.2.1. Ras/MAPK Pathway

The Ras/MAPK pathway is frequently dysregulated in GBM. Ras functions as a
guanosine-binding protein (G protein) that cycles between inactive (bound to GDP) and
active (bound to GTP) states [197]. Activated Ras (Ras-GTP) promotes GBM progression
by mediating cell cycle progression, survival, and migration of GBM cells. Despite in-
creased Ras activity, Ras mutations are rarely encountered in GBM and increased pathway
activation may be attributed to other factors such as hyperactivation of RTKs [198].

4.2.2. PI3K/Akt/PTEN Pathway

The PI3K/Akt pathway is a major cell signaling pathway that regulates cell prolifer-
ation, survival, growth, and glucose metabolism, amongst other processes [199]. Under
normal conditions, the phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway is ac-
tivated by survival factors through RTKs such as EGFR and Tie2 [200,201]. However, in
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GBM, the pathway is constitutively active due to PTEN alterations, mutations within the
gene encoding the p110 catalytic subunit of PI3K (PIK3CA), or Akt amplification [23,202].
Inhibition of the PI3K pathway, therefore, is a promising intervention point for GBM.
Furthermore, several studies indicate that there is crosstalk between PI3K and Ras/MAPK
pathways [203–205], leading to activation of the latter.
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Figure 5. Simplified schematic illustration of common RTK signaling pathways in normal and cancer cells. In normal cells,
ligand binding (or integrin-mediated adhesion signals) induces receptor dimerization and tyrosine phosphorylation (red
asterisks). Activated RTKs in turn initiate signaling cascades such as the RAS/MAPK, PI3K/Akt/mTOR, or FAK/Src
pathways through recruitment of adaptor proteins Grb2 and Shc. This results in cellular responses such as survival,
growth, proliferation, differentiation, and migration (left; depicted in green). In cancer cells, overexpression, mutation,
or amplification of RTKs can lead to an oncogenic phenotype by activation of invasion pathways as well as uncontrolled
proliferation (right; shown in red).

Signaling through PI3K/Akt leads to activation of mammalian target of rapamycin
(mTOR), an important serine–threonine kinase that forms two distinct multiprotein com-
plexes and modulates cellular processes such as growth response (through mTORC1) [206]
and cytoskeletal reorganization (through mTORC2 and Akt) [207]. Since these processes
are highly altered in GBM, the PI3K/Akt/mTOR pathway plays a key role in gliomagenesis
and progression [208].

4.2.3. FAK/Src Pathway

Numerous studies centering on complex interactions of glioma cells and the mi-
croenvironment have highlighted the role of two key mediators, focal adhesion kinase
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(FAK) [209] and the original oncogene Src [210,211], both of which participate in signal-
ing pathways triggered by integrins or indirectly by RTKs. Of note, overexpression of
FAK and the parallel increase in its autophosphorylation make it an active therapeutic
target [212]. Inhibitors such as Y15, which functions to inhibit FAK autophosphorylation at
Y397, have been shown to successfully reduce GBM cell growth, especially in combination
with TMZ [213].

4.2.4. Shc Adaptor Proteins

Adaptor proteins known to participate in the above-described signaling cascades
include Grb2 and members of the Shc family (ShcA-D). These adaptors are recruited to EGF,
Trk, as well as Tie2 receptors [214–217] and are upregulated in gliomas. Notably, ShcD is
unique in its ability to further activate RTKs, presumably through blocking phosphatase-
mediated dephosphorylation of the cytoplasmic tail [218,219]. For instance, ShcD can
bind and promote ligand-independent activation of EGFR, and its expression parallels
EGFR hyperphosphorylation in malignant gliomas [220]. ShcD also binds and induces
hyperphosphorylation of Tie2 in glioma cells, and it regulates invadopodia formation,
FAK signaling, and invasion [221]. ShcD therefore serves as a novel signaling molecule of
interest in glioma.

5. Non-Canonical Modes of RTK Activation in GBM

As presented above, dysregulation of RTK-dependent Ras/MAPK, PI3K/Akt/PTEN,
and FAK/Src signaling pathways promotes GBM malignancy. However, accumulating
evidence suggests that other molecular events connected to RTKs can also influence the
migration, proliferation, treatment resistance, and/or survival of these cancer cells. Fur-
ther understanding of these phenomena could help us to identify novel targets for treat-
ment intervention.

5.1. G-Protein-Coupled Receptor-RTK Signaling

G-protein-coupled receptors (GPCRs) represent a diverse group of cell surface re-
ceptors that mediate the transduction of extracellular signals to a variety of intracellular
pathways. Each GPCR has a related heterotrimeric G protein, which comprises three
subunits: Gα, Gβ, and Gγ. Ligand-binding activates GPCRs and causes dissociation of the
Gα and Gβγ subunits followed by modulation of downstream effectors [222]. A seminal
study 25 years ago made the discovery that application of the GPCR agonists endothelin-1,
lysophosphatidic acid, or thrombin to cultured Rat-1 fibroblast cells results in EGFR activa-
tion and downstream phosphorylation of MAPK [223]. This finding helped to elucidate
non-canonical interactions between GPCRs and RTKs that can be as influential as those
following canonical receptor activation (reviewed in [224]). There are two modes of RTK
transactivation by GPCRs. In ligand-dependent transactivation, membrane-bound RTK
pro-ligands are released by MMPs as a result of GPCR signaling [225,226], resulting in both
autocrine and paracrine RTK activation. In ligand-independent transactivation, heterore-
ceptor complexes are formed between GPCRs and RTKs [227], or GPCR second messengers
can interact with the intracellular domain of RTKs [228,229]. Ultimately, both scenarios
cause tyrosine phosphorylation of unliganded RTKs that can subsequently stimulate pro-
oncogenic cellular processes such as cell proliferation and migration. Notably, evidence of
RTK transactivation by GPCR has been collected for different glioma cell types. For in-
stance, µ-opioid receptor activity stimulates ERK signaling downstream of FGFR1 in rat
C6 glioma cells [230]. Other examples include enhanced chemotaxis and proliferation of
human U87 GBM cells resulting from EGFR signaling mediated by formylpeptide receptor
(FPR) activation [231], and increased migration due to GPCR CXC chemokine receptor
4 (CXCR4) activation of PDGFRβ in human GL15 GBM cells [232]. Interestingly, RTKs can
inversely transactivate GPCRs by ligand-dependent or ligand-independent mechanisms
under certain circumstances [233]; however, evidence of this specific interplay remains to
be found in GBM cells.
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5.2. Calcium Signaling

Calcium (Ca2+) is a second messenger that plays a pivotal role in almost every aspect
of cellular function [234]. In glioma, Ca2+ signaling may even be linked to metastasis and
treatment outcomes. Details about these relationships have been extensively reviewed in
recent years [235,236]. Here, we focus on two points hinting at relationships between Ca2+

homeostasis and specific RTK activity in GBM.

5.2.1. Inositol 1,4,5-trisphosphate (IP3) Receptor-Mediated Calcium Signaling

In recent years, several studies have established that targeting IP3R-derived Ca2+ sig-
naling or related pathways downstream of RTK signaling can achieve desirable outcomes
against GBM (Figure 6). For example, inhibition of IP3Rs with caffeine not only impairs
the migration and invasion of GBM cells but also promotes the survival of xenografted
mice [237]. An independent study found that trifluoperazine (TFP), an FDA-approved
typical antipsychotic drug used to treat schizophrenia, also limits GBM motility and tumor
growth by affecting IP3Rs [238]. TFP produces disinhibition of the IP3R channels indirectly
through interaction with the Ca2+-binding calmodulin subtype-2 to irreversibly deplete the
endoplasmic reticulum (ER) of its Ca2+ content. One particular implication of this finding
is that disrupting the mobilization of Ca2+ stored in the ER appears to be a central factor
affecting GBM. This scenario is consistent with promising preclinical results found with
mipsagargin (also known as G-202) against solid tumors [239]. Mipsagargin is a SERCA
pump inhibitor whose therapeutic effect is attributed to the depletion of ER Ca2+ levels
due to reuptake failure (Figure 6). Of note, mipsagargin has been successfully shown to
promote disease stabilization in patients with advanced hepatocellular carcinoma [240],
and a Phase II clinical trial for recurrent or progressive GBM (NCT02067156) was completed
in 2017, with results awaiting publication.
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Figure 6. G-protein-coupled receptor (GPCR) and RTK regulation of phospholipase C (PLC) and calcium signaling. GPCRs
activate PLCβ while RTKs phosphorylate and activate PLCγ, and these subunits work together to cleave phosphatidyli-
nositol 4,5-bisphosphate (PIP2), found in the cell membrane, into diacylglycerol (DAG) and inositol 1,4,5-trisphospate
(IP3). IP3 receptors (IP3R) line the endoplasmic reticulum (ER) membrane, and IP3 binding opens calcium ion (Ca2+)
channels to allow Ca2+ to flow into the cytoplasm. Sarcoendoplasmic reticular Ca2+ ATPase (SERCA) transporters maintain
stored calcium in the ER. When ER calcium is depleted, stromal interaction molecule (STIM) proteins form multimers that
translocate to ER–plasma membrane junctions and recruit Orai channels to initiate calcium entry into the cell. Subsequently,
homeostasis is maintained by plasma membrane Ca2+ ATPase (PMCA), which transfers Ca2+ from the cytosol out of the cell
to maintain its gradient against the extracellular environment (~100 nM vs. ~1–1.5 mM, respectively).

5.2.2. Store-Operated Calcium Entry

Sustained depletion of Ca2+ stored in the ER promotes the activity of a mechanism
called store-operated Ca2+ entry (SOCE), which is the primary route by which extracellular
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calcium can enter non-excitable cells to control processes such as store refilling, exocytosis,
enzyme function, cell proliferation, and gene expression (Figure 6) [241]. With a better
understanding of the molecular underpinnings of SOCE, there has been increased interest
in the contribution of this pathway to cancer biology. Efforts to date have helped to uncover
several connections between dysregulation of SOCE and different types of cancer [242,243].

In GBM, increased Orai1 protein levels have been detected alongside higher SOCE
activity in patient-derived primary tumor cells [244] and immortalized cell lines [245],
while bioinformatic analyses conducted with deposited transcriptomic datasets found
evidence of higher expression of ORAI2 in GBM samples compared to both lower-grade
gliomas and normal brain samples [246]. Furthermore, pharmacological inhibition of SOCE
with the small molecule SKF96365 or ORAI1 downregulation by RNA interference were
both linked to decreased migration and invasion in GBM cells [156,158]. The reduction
in SOCE activity was also found to prevent phosphorylation of the proline-rich tyrosine
kinase 2 (PYK2) [245], a FAK family kinase that plays a role in focal adhesion turnover
and epithelial-to-mesenchymal transition of glioma cells [247]. While SOCE interplay with
RTK activity has not been examined in GBM, work performed with a variety of other
cancer cell lines offered the tantalizing result that disruption of EGFR/ErbB2 signaling
produces an important decrease in SOCE signal amplitude—a finding suggesting that the
anticancer effects of RTK inhibitors may be mediated by inhibition of SOCE [248]. Overall,
these studies support the need for further examination of SOCE in GBM biology and an
in-depth, systematic evaluation of targeting this pathway to attack these tumor cells.

6. RTK Inhibitors and Antagonists with Anti-GBM Properties

GBM treatment is difficult because not only are multiple steps involved in malignant
transformation, but the blood–brain barrier presents a challenge in restricting the delivery
of crucial chemotherapeutic agents [249]. Given the critical roles of RTK-mediated signaling
in glioma occurrence and progression, tyrosine kinase inhibitors (TKIs) have garnered
prime interest in recent clinical investigations because of their ability to target one or several
of these pathways. Some select molecules and respective antagonists that have attracted
the most interest are highlighted below.

6.1. EGFR: Erlotinib, Gefitinib, and Afatinib; EGFRvIII: Rindopepimut

Increased EGFR amplification and/or expression [250] as well as structural mutations
within the gene [251] correlate with poor clinical outcome and chemoresistance in GBM
patients. As such, EGFR may be used as a potential biomarker of prognosis, as evidenced
by a recent meta-analysis [252]. Numerous TKIs targeting EGFR have been examined
in relation to GBM. First-generation reversible small-molecule inhibitors, Erlotinib and
Gefitinib, which have been shown to be effective in treating non-small cell lung cancer [253],
have also been extensively researched as therapeutic options for GBM [254]. In fact,
early preclinical studies of Erlotinib and Gefitinib presented promising results when tested
against GBM cell lines [255,256], but subsequent clinical studies of these ATP-competitive
small molecules as monotherapeutic agents [257] or in combination therapy [258,259] were
disappointing. Of note, Erlotinib is highly effective in inhibiting EGFR with kinase domain
mutations that are prevalent in lung cancer [260] as opposed to its low efficacy in blocking
EGFR with extracellular domain mutations that are characteristic of GBM [261,262].

The second-generation irreversible blocker, Afatinib, showed limited activity when
used as monotherapy in unselected recurrent GBM patients [263]. However, combination
therapy consisting of Afatinib plus TMZ showed a significant reduction in the proliferation
and invasion potencies in U87 and U251 cells as well as GSCs isolated from U87 and
U87-EGFRvIII cells in addition to reduced tumor burden in preclinical mouse models [264].
Despite numerous setbacks, efforts to attack GBM via EGFR targeting persist with the third-
generation irreversible inhibitor AZD9291 (Osimertinib) that presents excellent blood–brain
barrier penetration and promising efficacy in preclinical tests [265].
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Interestingly, for the EGFRvIII variant, the prospect, efficacy, and safety of a peptide
vaccine, Rindopepimut (CDX-110), in GBM have been tested. Rindopepimut is a 14-mer
which spans the EGFRvIII mutation site and exerts tumor-specific activity [266]. While it
showed considerable efficacy in Phase II clinical trials by demonstrating enhancement of OS,
the study was terminated in Phase III due to failure to meet its primary OS endpoint [266].
However, further longitudinal analyses will help to reveal its clinical role in the treatment
of GBM.

6.2. IGF1R: BMS-754807, KW-2450, and Picropodophyllin

RTK inhibitors have been used as an approach to target IGF1R signaling. Initially de-
veloped for anti-IGF1R therapy, inhibitors such as BMS-754807 [267] and KW-2450 [268]
showed promising activity but they often cross-react with INSR and are thus described as
dual IGF1R/INSR inhibitors [269]. Another IGF1R inhibitor, picropodophyllin, showed strong
efficacy by potently inhibiting IGF1R phosphorylation and signaling in addition to promoting
downregulation and degradation of the receptor [270].

6.3. Abl/PDGFR/c-KIT: Imatinib (Gleevec/Glivec)

Imatinib (also known as Gleevec in USA or Glivec in Europe/Australia) is a small-
molecule TKI developed to target Abl that was first used for the treatment of chronic
myeloid leukemia [271]. This 2-phenyl amino pyrimidine derivative prevents the activation
and function of other related tyrosine kinases (e.g., BCR-ABL, c-KIT, and PDGFR) by
binding close to their ATP-binding site [271]. Several trials have searched for possible
therapeutic effect of Imatinib alone against GBM but repeatedly failed to achieve significant
results in reducing tumor growth or prolonging survival [272,273]. Further, one study
showed that combination therapy of Imatinib and Nilotinib—a second-generation TKI
that also targets PDGFR and c-KIT—did not damage GBM cells as anticipated but rather
enhanced their migration and invasion via increased tyrosine phosphorylation of p130Cas,
FAK, and the downstream adaptor protein paxillin [274]. Despite these disappointments,
other work suggests that Imatinib can increase the radiosensitivity of human glioblastoma
cells in vitro and can delay tumor growth in vivo, providing support for combination
treatment with fractionated radiotherapy [275]. In sum, although effective under certain
circumstances, these results clearly illustrate the limited therapeutic window of Imatinib
against GBM tumors.

A Phase II trial examining the effects of combined inhibition of VEGFRs, PDGFRs,
and c-KIT looked at simultaneous administration of Bevacizumab (detailed below) and
Tandutinib in patients with recurrent GBM [276]. Tandutinib is an orally administered
drug that safely crosses the blood–brain barrier [277]. However, the combined therapy
failed to show an improved response compared to Bevacizumab alone and was associated
with neuromuscular junction toxicity [276].

6.4. VEGFs: Bevacizumab; VEGFRs: Axitinib, Cedarinib, Suritinib, and Sorafenib

Because GBMs are some of the most vascularized tumors, the VEGF receptors and their
ligands play a central role as potential therapeutic targets. In fact, therapeutic intervention
through VEGF inhibition by Bevacizumab (Avastin®) is well known. This FDA-approved
recombinant humanized monoclonal antibody containing human immunoglobulin and
murine complementarity-determining regions inhibits VEGF–VEGFR interactions and sub-
sequent VEGF-mediated signaling [278]. Numerous studies have now been conducted to
investigate the efficacies of small-molecular TKIs which target the VEGFR family. One such
inhibitor is Axitinib (AG-013736), a selective inhibitor of VEGFR1-3 that functions by in-
hibiting the autophosphorylation of VEGFRs at picomolar concentrations [279], though it
does inhibit PDGFRs and c-KIT as well. In a randomized Phase II study, the activity of
Axitinib was compared to Bevacizumab or Lomustin, and Axitinib was determined to
have good single-agent efficacy with manageable toxicity levels in patients with recurrent
GBM [280]. Another pan-VEGFR inhibitor, Cediranib, (AZD2171) is a potent, orally ad-
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ministered small-molecule inhibitor that normalizes tumor blood vessels, leading to an
improvement in cerebral edema [164]. Sorafenib [281] and Sunitinib (SU-11248) [282] are
multi-kinase inhibitors which inhibit VEGFRs, PDGFRs, KIT, FLT3, and RET. However,
Phase I studies combining Sorafenib with TMZ and radiotherapy did not substantially
improve progression-free survival in GBM patients [283] and Sunitinib showed limited
single-agent activity in patients with recurrent GBM [284].

6.5. FGFRs: AZD4547, Dovitinib, JNJ-42756493, Ponatinib, and Infigratinib

FGFRs are amongst the most altered RTKs in GBM, with many of them altered in more
than one subtype in the TCGA-GBM data that we analyzed. Among FGFR1-3 inhibitors
are Infigratinib (BGJ398), AZD4547, and Dovitinib, which have been investigated for their
efficacies in other cancer types. AZD4547 is currently undergoing Phase I/II clinical trials
(NCT02824133) in GBM patients expressing the FGFR–TACC fusion gene. BLU9931 is
an FGFR4-specific inhibitor. JNJ-42756493 and Ponatinib are pan-FGFR inhibitors but
show severe adverse effects [285]. A multicenter Phase II study investigating Infigratinib
in FGFR-altered recurrent GBM patients revealed that Infigratinib was able to elicit a
partial response or stable disease in a third of the cohort, with reversible and manageable
adverse effects [286].

6.6. TrkB: ANA-12; Pan-Trk: Entrectinib and Larotrectinib

Beyond the importance of TrkB in normal neurobiology, recent studies have re-
ported connections between aberrant BDNF/TrkB activity and various aspects of GBM.
For instance, increased TrkB expression was detected in low-grade astrocytoma and
GBM [287,288], while BDNF-induced activation of TrkB was found to increase the vi-
ability of tumor-initiating cells isolated from GBM [146]. Intriguingly, the ability of GBMs
to make less invasive cancer cells around them more aggressive appears to be linked to the
transfer of TrkB-containing exosomes, revealing a mechanism by which GBM tumors can
influence their environment to promote disease progression and aggressiveness [289]. Inhi-
bition of TrkB-associated signaling with ANA-12, which is a selective, small-molecule non-
competitive TrkB antagonist that can cross the blood–brain barrier [290], has been found
to limit the formation of astrocytomas [291] and the survival of GBM cancer cells [147].
These results suggest that precise TrkB inhibition might prove to be an effective strategy,
possibly with fewer off-target toxicities compared with multitarget drugs in patients with
GBM tumors harboring oncogenic TrkB. Discovery of more potent agents interfering with
TrkB function will be necessary to fully evaluate this scenario.

Chromosomal rearrangements causing pathological activation of NTRK family mem-
bers (NTRK2, NTRK3) can confer oncogenic properties to cells by promoting proliferation,
survival, and tumorigenesis (reviewed in [292]). NTRK oncogenic fusions with different
partners have been detected with variable frequencies in many types of pediatric and
adult cancers, including GBM [293], and targeting of these constitutively active chimeric
receptors has been shown to provide therapeutic benefits. To date, two first-generation
ATP-competitive TKIs have received FDA approval to counteract solid tumors with NTRK
fusions: Entrectinib (also known as RXDX-101), which acts as a pan-TRK, ROS1, and ALK
TKI [294], and Larotrectinib (also known as LOXO-101), which is a highly selective and
potent pan-Trk inhibitor [295]. Trials for both small molecules have demonstrated efficacy
against primary and secondary CNS tumors [296–298]. The encouraging results obtained
with these two TKIs support the ongoing development of second-generation NTRK in-
hibitors (e.g., LOXO-195-BAY2731954, Repotrectinib-TPX-0005) with lower tendencies to
elicit tumor resistance [299,300].

6.7. Tie2: Rebastinib, Bay-826, and Altiratinib

Because Ang-2 is overexpressed in GBM and also functions as a chemoattractant
for TEMs that drive tumor vessel formation and metastasis, targeting the Ang-2/Tie2
signaling pathway has been shown to inhibit tumor growth and invasion in GBM [301].
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Notably, the use of soluble Tie2 [302] inhibits the Ang-2/Tie2 pathway, prevents TEM
recruitment to the tumor, and abrogates the heightened invasive phenotype induced by
anti-VEGF therapy [175]. Selective Tie2 inhibitors such as Rebastinib have also been
demonstrated to inhibit the growth, invasion, and metastasis of breast cancer cells by an
“allosteric switch control” mechanism [303]. In relation to GBM, Rebastinib can successfully
inhibit tumor growth and prolong survival by targeting an N-terminal truncated form
of p75 (∆Np73), which transcriptionally regulates both Tie2 and Ang-2 in concert with
ETS2 proteins [304]. Another highly potent small-molecule inhibitor, Bay-826, inhibits
Tie2 phosphorylation both in vitro and in murine glioma models [305]. Lastly, Altiratinib,
a balanced MET/Tie2/VEGFR2 inhibitor, has been shown to substantially reduce tumor
size, microvessel density, TEM infiltration, and the invasion potential of GBM cells in
combination with Bevacizumab [306].

6.8. Other Inhibitors

A more extensive description of TKIs as well as inhibitors that target downstream
signaling components is well-covered elsewhere [307]. It is worthwhile to note that the list
of inhibitors mentioned above is by no means exhaustive, and as technological progress
takes place, more chemotherapeutic agents may be discovered to treat GBM.

7. Emerging Areas of GBM Investigation

Despite decades of research, the prognosis for GBM remains dismal, and new strategies
are needed to improve disease management and treatment. Studies have revealed that the
different GBM molecular subtypes show distinct responses to treatment protocols, and the
integration of expression-based profiling with clinical data may further inform high-impact
precision therapeutics. Indeed, in the TCGA study, patients representing the CL subtype
showed the strongest response towards aggressive therapy (combination of concomitant
and adjuvant TMZ with radiotherapy) compared to patients representing the ME subtype,
which showed a reduced (though positive) response. On the other hand, patients with
the PN subtype failed to show a significant survival advantage in response to the same
treatment protocol [18]. In many ways, this can be attributed to the activation of different
pathways, such as EGFR-induced Ras/MAPK. Because downstream effectors of RTKs are
also prone to alterations in GBM, simultaneous targeting of multiple components of such
signaling pathways will be essential to avoid drug resistance.

In recent years, the focus of GBM research has rapidly expanded to consider, with more
attention, the influence of the brain environment on tumor growth [308]. An important
finding which can be placed at the intersection of neuroscience and cancer biology is
how the synaptic protein neuroligin-3, released in an activity-dependent manner from
neurons, can act as a mitogen to stimulate the growth of malignant cells [309]. In the
footsteps of this result, other studies have characterized functional glutamatergic synaptic
structures between presynaptic neurons and postsynaptic tumor cells [310,311]. The most
remarkable aspect from a group of separate studies that were published at the same time is
the comprehensive electrophysiological, imaging, and transcriptomic evidence confirming
the broad expression of synaptic effectors, including TrkB (NTRK2), in a variety of glioma
cells, and how those components can respond to the activity of surrounding neurons to
promote the progression of both primary and secondary gliomas [310–312]. Whether neuro-
gliomal signaling could be exploited in one way or another as an attack point against GBM
is an exciting possibility that will be examined closely for years to come.

A promising new development in GBM research is the use of human organoid tech-
nology adapted to cancer modeling [313]. Notably, several publications have made clear
the potential of using brain-like cerebral organoids prepared from human pluripotent stem
cells to study GBM tumor formation and invasion in real time [314,315]. Indeed, our groups
have recently adopted this system to demonstrate how Tie2 signaling via ShcD promotes
the infiltration of GBM tumor cells [221]. Such cerebral organoid and GBM co-culture
assays could be easily adapted to search for novel pharmacological agents targeting RTK
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signaling, such as those effective at limiting the migration of cells from GBM tumorspheres
into organoids, or those able to reverse cases where the cancer cells have been allowed to
penetrate deep into the organoid model prior to beginning treatment.

8. Conclusions and Future Perspectives

GBM remains a disease with poor prognosis and limited therapies. Given the chal-
lenges in finding effective treatments for GBM, and the propensity for tumor cells to
develop resistance, future research should involve the development of inhibitors targeting
non-kinase intervention points of oncogenic signaling pathways. As well, new preclinical
organoid-based models should be leveraged in the next decade for enhanced testing of
potential therapeutics targeting brain cancer.
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