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Simple Summary: Drug resistance is a major issue in brain tumor therapy. Despite novel promising
therapeutic approaches, glioblastoma (GBM) remains refractory in showing beneficial responses to
anticancer agents, as demonstrated by the failure in clinical trials of small kinase inhibitors. One of
the reasons may lie in the development of different types of drug resistance mechanisms derived from
the intrinsic heterogeneous nature of GBM. Obtaining insights into these mechanisms could improve
the management of the clinical intervention and monitoring. Such insights could be achieved with
the improvement of preclinical in vitro models for studying drug resistance.

Abstract: Despite clinical intervention, glioblastoma (GBM) remains the deadliest brain tumor in
adults. Its incurability is partly related to the establishment of drug resistance, both to standard and
novel treatments. In fact, even though small kinase inhibitors have changed the standard clinical
practice for several solid cancers, in GBM, they did not fulfill this promise. Drug resistance is thought
to arise from the heterogeneity of GBM, which leads the development of several different mechanisms.
A better understanding of the evolution and characteristics of drug resistance is of utmost importance
to improve the current clinical practice. Therefore, the development of clinically relevant preclinical
in vitro models which allow careful dissection of these processes is crucial to gain insights that can
be translated to improved therapeutic approaches. In this review, we first discuss the heterogeneity
of GBM, which is reflected in the development of several resistance mechanisms. In particular, we
address the potential role of drug resistance mechanisms in the failure of small kinase inhibitors in
clinical trials. Finally, we discuss strategies to overcome therapy resistance, particularly focusing on
the importance of developing in vitro models, and the possible approaches that could be applied to
the clinic to manage drug resistance.

Keywords: drug resistance; small kinase inhibitors; glioblastoma; cell culture models; overcoming
resistance

1. Introduction

Glioblastoma (GBM) is a deadly brain cancer, classified by WHO as a grade IV astrocy-
toma, which remains one of the most challenging cancers to treat [1]. In fact, despite clinical
intervention consisting of surgery and chemoradiation, the median overall survival ranges
between 14.6 and 16.7 months [2,3]. Only recently, the addition of tumor-treating fields
(TTF) has been associated with improvement in the median survival up to 20.9 months [4].
The reason of this fatal outcome resides for a great part in therapy resistance. Cancer
chemotherapy resistance comprises several aspects of the innate and acquired ability of the
tumor to evade the effects of therapy and it is described as a multifactorial phenomenon.

Up to now, GBM has displayed the ability to resist both conventional and novel
targeted treatments. This is also the case for small kinase inhibitors which have shown
great advances in many other types of cancer. These compounds act on protein kinases
which promote cell proliferation, survival, and migration, constituting key players in tumor

Cancers 2022, 14, 600. https://doi.org/10.3390/cancers14030600 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14030600
https://doi.org/10.3390/cancers14030600
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-7839-3612
https://orcid.org/0000-0001-7745-9029
https://doi.org/10.3390/cancers14030600
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14030600?type=check_update&version=2


Cancers 2022, 14, 600 2 of 22

development and potential targets for anticancer therapy [5–7]. Despite being beneficial for
various malignancies such as chronic myeloid leukemia (CML), non-small-cell lung cancer
(NSCLC), renal cell carcinoma (RCC), breast cancer, hepatocellular carcinoma, colorectal
cancer, gastrointestinal stromal tumors (GIST), thyroid cancer, and melanoma, none of
these compounds has been approved for GBM treatment [8–10].

The development of strategies that tackle resistance is of utmost importance to improve
the efficacy of the therapies. Due to the large molecular heterogeneity among tumors and
the complexity of tumor progression, identifying the best strategy to overcome drug
resistance is particularly challenging [11]. Therefore, understanding the underlying cause
of resistance is the initial step to overcome this challenge. The development of in vitro
models that accurately recapitulate the GBM biology is the first important step to better
predict clinical behavior and drug response, including resistance [12].

With this review, we aimed to (I) explore the heterogenous resistance mechanisms in
GBM, primarily for small kinase inhibitors, which are the most exploited targeted therapy
in cancer; (II) address the relevance of designing preclinical in vitro drug resistance models;
(III) discuss the possible clinical strategies in overcoming the problem of drug resistance.

2. Heterogeneity of GBM

Glioblastoma was formerly known as glioblastoma multiforme. As the word “mul-
tiforme” implies, glioblastoma has multiple forms, and its diversity is evident at various
levels. Macroscopically, it presents with areas of necrosis, abnormal vascularization, and
thrombi. Histologically, it is possible to distinguish presence of microvascular proliferation
and necrotic foci surrounded by pseudopalisading cells. Moreover, tumor cells show great
pleomorphism, some containing intranuclear inclusions and others resembling adipocytes
due to the presence of lipomatous vacuoles [13,14]. At the molecular level, the range of
genetic alterations is wide. Three molecular defined subtypes based on gene expression pro-
files have been described: classical, mesenchymal, and proneural [15,16]. Classifying GBM
into subgroups has been an attempt to first describe its heterogeneous nature. However,
the heterogeneity that underlies GBM is deeper and more complex. Subsequent studies
demonstrated the presence of multiple subtypes within the same tumor, introducing the
concept of intratumoral heterogeneity. As a matter of fact, Sottoriva et al. observed not
only different subpopulations within the same tumor, but also their divergent evolution in
time, which is likely to be at the root of therapy failure [17]. With the advent of the single
cell sequencing technology, the intratumoral heterogeneity has reached another level of
investigation. The GBM subtype classifiers are variably expressed across individual cells
within a tumor [18]. In addition, four dynamic and interchangeable cellular states (OPC-
like, NPC-like, AC-like, and MES-like) have been identified, which recapitulate distinct
neural progenitor cell types and are linked to specific genetic drivers [19].

Studies on paired primary and recurrent gliomas reveal that intratumoral heterogene-
ity also drives the genomic evolution of the tumor toward recurrence after treatment [20–22].
Of relevance, the genomic profiles of GBMs recurring at a distance of the primary tumor
shared only a minority (33%) of the initial tumor mutations, in contrast with locally recur-
ring tumors which shared a majority (57%) of the initial mutations [21].

Another source of complexity influencing heterogeneity is given by the tumor microen-
vironment (TME) [23]. TME is not constituted only by cancerous cells, but also by different
populations of immune cells, stromal cells, endothelial cells, and pericytes, creating differ-
ent types of niches within the tumor [24]. There is growing evidence that in these niches,
different tumor cell types (proliferating, infiltrating, cancer stem cell (CSC)-like) and differ-
ent noncancerous cells (astrocytes, microglia, macrophages, dendritic cells, lymphocytes)
dynamically reshape different parts of the tumor [25]. In particular, astrocytes represent
the most abundant glial cell population in contact with GBM. These cells display a reactive
phenotype when in contact with tumor cells, expressing a high level of GFAP [26]. This
population has been demonstrated to augment GBM malignancy by causing aberrant cell
proliferation and enhancing migration [26]. In addition, this interaction could also promote
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a release of anti-inflammatory cytokines such as TGF-β, IL-10, and G-CSF, contributing
to anti-inflammatory responses and creation of an immunosuppressive environment [27].
Brain tumor endothelial cells (ECs) have a major role in tumor growth and invasion as evi-
dence reports the functional crosstalk between the tumor and ECs [28,29]. GBM orchestrate
vascular niches that maintain the cancer stem cells (CSC) pool which, in turn, produces
VEGF to promote tumor angiogenesis [30,31]. Tumor microenvironment is also character-
ized by the presence of immune cells. Particularly, tumor-associated macrophages (TAMs)
are the dominant infiltrating immune cell population [32]. TAMs display a heterogeneous
spectrum of phenotypes, of which extremes exert either antitumor (M1-like) or protumor
functions (M2-like) [33].

Heterogeneity is one of the main issues that make GBM treatment challenging and
it is also the key to understand the complexity of therapy resistance to standard and
experimental therapies.

3. Temozolomide Resistance

The standard-of-care therapy for GBM includes surgery followed by radiotherapy
as well as concomitant and maintenance temozolomide (TMZ) chemotherapy [34]. TMZ
is a small (194 Da) and lipophilic antineoplastic agent that alkylates DNA. Its stability
at low pH and lipophilicity allow it to have high oral bioavailability and the important
ability to cross the blood–brain barrier [35,36]. At the molecular level, its cytotoxic effect is
mediated by the addition of methyl groups on the DNA. Specifically, the most common
lesions are the formation of N7-methylguanine (7meG, 70%), 3-methyladenine (3meA, 10%),
and O6-methylguanine (O6meG, 7%) [37]. Even though the O6meG mutation is accounted
only for a small proportion, it is considered to be the most cytotoxic and mutagenic lesion
caused by TMZ [38]. During DNA replication, mispairs arise, leading to the activation
of the mismatch repair (MMR) system. However, the MMR complex is not capable of
resolving the lesion correctly, leading to a futile MMR cycle [39]. This generates additional
mutations and DNA damage, such as double strand breaks (DSBs), causing the ultimate
cytotoxic and apoptotic effects [40,41].

As it is an alkylating agent, the primary damage of TMZ occurs at the DNA level, but
the subsequent effects reverberate on a wide range of cellular events. The same concept can
also be applied to resistance mechanisms. GBM, in fact, can escape TMZ toxicity through
a broad range of different processes (Figure 1). The most direct mechanism of resistance
is the activation of DNA repair [42]. In particular, O6-methylguanine-DNA methyltrans-
ferase (MGMT) is an essential enzyme that removes O6meG adducts induced by TMZ and
neutralizes its cytotoxic effects [43,44]. Furthermore, GBM is intrinsically equipped with
the plasticity necessary to develop and acquire enhanced survival features [45]. At the
intracellular level, the mechanisms by which GBM resists TMZ include drug efflux through
ABC transporters, blockade of apoptosis and concomitant activation of autophagy, intracel-
lular signaling cascade adaptation, epigenetic modulation (including microRNA, histone
modifications, and methylation), and metabolic reprogramming through the reduction of
reactive oxygen species (ROS) and the activation of biosynthetic processes. The presence
of glioma stem cells (GSCs), which are considered intrinsically resistant to therapies, also
influences the tumor response to the therapy. At the TME level, cellular components such
as astrocytes, endothelial cells, and immune cells modulate the surrounding environment
through the production of pro-survival signals. In parallel, noncellular factors like extra-
cellular matrix (ECM) rearrangements, release of extracellular vesicles (EVs), and hypoxia
contribute to the protumoral environment and support adaptation to the drug. We have
summarized these main findings in Figure 1, which are extensively discussed in other
recent reviews [46,47].
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Figure 1. Summary of temozolomide resistance mechanisms in GBM. The main mecha-
nisms can be grouped as follows: DNA repair, drug efflux, autophagy, molecular path-
ways, epigenetics, metabolism, glioma stem cells (GSC), and tumor microenvironment (TME).
O6meG: O6-methylguanine, N7meG: N7-methylguanine, N3meG: N3-methylguanine, MGMT: O6-
methylguanine-DNA methyltransferase, MMR: mismatch repair, BER: base excision repair, ABC
transporter: ATP-binding cassette transporter, RTK: tyrosine kinase receptor, TGF-β: tumor growth
factor β, Wnt: wingless-related integration site, JAK: Janus kinase, STAT: signal transducer and acti-
vator of transcription; PI3K: phosphoinositide-3-kinase, Akt: protein kinase B (PKB), Ras: rat sarcoma
virus, MAPK: mitogen-activated protein kinases, NF-κB: nuclear factor kappa-light-chain-enhancer
of activated B cells, miR: microRNA, ROS: reactive oxygen species, GSH: glutathione, CD133: cluster
of differentiation 133, CD44: cluster of differentiation 44, SOX2: (sex-determining region Y)-box 2,
VEGF: vascular endothelial growth factor, TAM: tumor-associated macrophages, ECM: extracellular
matrix, TMZ: temozolomide.

The identification of this large variety of mechanisms points out the important role of
heterogeneity as a driving factor in the generation of distinct resistance profiles. To make
the situation more complex, resistance heterogeneity has been found to also take place
within tumor subpopulations, potentially signifying the need for combinatorial therapy
approaches to target different tumor cell populations [48,49].

4. Kinases in GBM

Kinases are crucial regulatory enzymes that maintain the signal transduction home-
ostasis in normal cells. However, when disrupted, they give rise to several diseases,
including cancer [50]. Cellular functions such as proliferation, survival, apoptosis, motility,
angiogenesis, metabolism, and evasion of immune response are all regulated by kinases
and are frequently disrupted in tumors, including GBM [51,52]. GBM harbors a broad and
diverse genomic landscape of mutations that often target kinases, leading to a variety of
critical signaling disruptions [53]. For this reason, several small kinase inhibitors were
tested as potential novel therapies [54]. The most disrupted kinases in GBM include re-
ceptor tyrosine kinases (RTK) such as epidermal growth factor (EGFR), platelet-derived
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growth factor (PDGFR), hepatocyte growth factor (MET), fibroblast growth factor (FGFR),
vascular endothelial growth factor (VEGFR), and insulin-like growth factor 1 receptor
(IGF1R). A multitude of downstream signaling cascades have been reported to be activated
by these different RTKs. We will discuss the most common and dysregulated kinases
involved in the downstream intracellular signaling pathways in GBM which comprise the
RAS–RAF–MEK–ERK, PI3K–AKT–mTOR, PKC, JAK/STAT3, p53, and Rb pathways.

4.1. RTKs
4.1.1. EGFR

The analysis of The Cancer Genome Atlas (TCGA) data demonstrated that genetic
alterations in the epidermal growth factor receptor (EGFR) are the most frequent receptor
tyrosine kinase (RTK) lesions in primary glioblastoma, occurring overall in 57% of these
tumors [53]. Amplification of EGFR and an active mutant EGFRvIII also occur frequently
in GBM and are mainly associated with the classical subtype [16]. Increased expression
or alterations of EGFR have been associated with autocrine and paracrine loops which
constitutively stimulate survival and proliferation signals [55–57]. EGFR mediates different
pathways based on its localization. When EGFR is bound to the membrane, it propagates
its signal through traditional pathways such as RAS/MAPK/ERK, PI3K/AKT, JAK/STAT,
and phospholipase C (PLC)/PKC [58]. However, EGFR can also localize in the nucleus
where it acts as a cofactor for transcription and in the mitochondria, leading to respiratory
inhibition [59–61]. The mutant variant EGFRvIII shares the common signaling pathways
with EGFR, but it also has a lower-level constitutive kinase activity and phosphorylates
other kinases and receptors [62].

4.1.2. PDGFR

Platelet-derived growth factor receptor (PDGFR) is the second most altered RTK in
GBM, comprising 10–13% of tumors [53,63]. Amplification is the most common alter-
ation, but other alterations like deletions, point mutations, and rearrangements are also
found [64,65]. Similar to EGFR, PDGFR has a mutated ectopic form that is activated
in the absence of the ligand. This mutant is termed PDGFR-α (∆8,9) which presents a
deletion of exons 8 and 9, coding for a portion of the extracellular domain [66]. Of note,
another ligand-independent conformation derives from the fusion between PDGFRA and
VEGFR2/KDR named KP fusion, predominantly localized in the cytoplasm and harboring
elevated tyrosine kinase activity [64].

4.1.3. MET

The hepatocyte growth factor receptor MET is highly expressed in GBM. Its genetic
alterations have been found in 1.6–4% of the tumors [53,63]. Similarly to other RTKs, this
receptor is involved in autocrine and paracrine loops which contribute to the sustainment
of the cancer cells [67]. Through its signaling cascades, MET influences different and
important cell functions: cell proliferation, invasion, cell survival, and angiogenesis [67,68].
A long list of different abnormalities has been found in GBM which include amplifications,
overexpression, fusion genes, and specific mutations [69]. Navis et al. described an
autoactivated variant characterized by the deletion of exons 7 and 8 (MET∆7−8), which
encode for a portion of the Ig-like domain [70]. Fusion genes have been found only in
secondary or pediatric GBMs [71,72].

4.1.4. FGFR

According to the TCGA data, the fibroblast growth factor receptor (FGFR) is found
altered in 3.2% of GBMs with a great variability in FGFR family expression [53,73]. Its signal
cascade regulates important cell functions such as proliferation, survival, and cytoskeletal
reorganization. Apart from FGF, its activity can be modulated by other cell surface proteins
such as G-protein-coupled receptors (GPCRs), cell adhesion molecules (CAMs), and other
RTKs [73]. Oncogenic chromosomal translocations that fuse the in-frame tyrosine kinase
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domains of the FGFR family genes to the transforming acidic coiled-coil (TACC) domains
were reported as clonal events [74]. The FGFR–TACC fusion protein displays constitutive
kinase activity with growth-promoting effects and induces mitotic and chromosomal
segregation defects, causing more genomic instability [74,75].

4.1.5. VEGF

Vascular endothelial growth factor (VEGF) is one of the most important angiogenic
factors, and through the signaling mediated by its receptor VEGFR, it stimulates angio-
genesis in tumors [76]. GBM is highly vascularized and expresses VEGFR1/FLT1 and
VEGFR2/KDR on the cell surface. VEGFR2 is preferentially expressed on the cell surface of
glioma stem-like cells (GSCs), conferring resistance to therapy and inducing proliferation
of the tumor [77–79].

4.1.6. IGF-1R

Overexpression of insulin-like growth factor 1 receptor (IGF1R) in GBM has been
shown to be a poor prognostic factor. Its activity protects tumor cells against apoptosis and
promotes their survival [80,81]. Thus far, inhibitors targeting IGF1R have advanced only to
preclinical stage.

4.2. Downstream Intracellular Signaling
4.2.1. RAS–RAF–MEK–ERK Pathway

The cascade events of this pathway result in the modulation of fundamental cellular
functions such as proliferation, cellular growth, motility, and apoptosis. In high-grade
gliomas, its upregulation takes part in the amplification of mitogenic stimuli [82,83]. In
GBM, the signal is hyperactivated due to overexpression or increased activity of its up-
stream regulators, but rarely due to somatic mutations of the RAS and BRAF genes [84–86].
In line with these observations, the TCGA data reported 1% and 2% mutation rates of
RAS and BRAF, respectively [53]. The most common active mutation is harbored by BRAF,
named BRAF-V600E, which results in an activated protein that signals to MEK–ERK consti-
tutively, thereby stimulating cell proliferation and survival [87]. The downstream activation
of ERK is associated with poor outcomes and hence targeting the RAS–RAF–MEK–ERK
pathway has been seen as a potential therapy for GBM patients [88].

4.2.2. PI3K–AKT–mTOR Pathway

The PI3K network is a complex cascade of signals regulating different cellular pro-
cesses, including proliferation, motility, differentiation, metabolism, and survival [89].
Around 90% of GBM are characterized by activation of the PI3K pathway which, inter-
estingly, seems to have distinct roles in genetically identical cell populations but with
different states of differentiation [90]. PI3K activity is blocked by PTEN, the loss of which
is a hallmark of GBM and a very frequent event, with deletions occurring in over 90% of
primary glioblastomas [16]. The activation of PI3K signaling is mostly triggered by PTEN
loss or inactivation, but also activating mutations in PI3K have been found [91–93]. Muta-
tions in AKT and mTOR are rare in GBM. Nevertheless, their increased activation through
upstream activators make them a very attractive target for therapeutic intervention [94].

4.2.3. PKC Pathway

Activation of protein kinase C (PKC) is one of the earliest events in a cascade that
controls a variety of cellular responses depending on the isoform that is activated. PKCα
exerts a pro-mitotic and prosurvival effect, while PKCβ is involved in glioma angiogenesis,
proliferation, and resistance to apoptosis [95,96]. The role of the isoform PKCδ in gliomas
depends on the phosphorylation site, leading to the activation of invasion or apoptosis
processes [97]. Overexpression of PKCε in GBM is a marker of poor prognosis and it
participates in cell-to-cell adhesion processes [97]. PKCη also contributes to increased GBM
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cells proliferation while PKCι promotes motility and invasion [97]. Finally, it seems that
PKCζ plays a very important role in gliomagenesis [97].

4.2.4. JAK/STAT Pathway

Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling
is known to drive growth, invasion, treatment resistance, stemness maintenance and im-
munosuppression in gliomas [98]. Among the STAT family, STAT3 is the best characterized
in GBM. Its aberrant signaling is mainly the result of dysregulated upstream events and
not of gain-of-function mutations [98]. Upstream regulators include not only JAK, but
also RTKs such as EGFR, FGFR, and PDGFR [98,99]. Depending on the mutational profile
of the tumor, STAT3 could play a dual tumor-suppressive or oncogenic role [100]. As
a consequence, inhibition of STAT3 should be considered only in specific cases. More
specifically, STAT3 inhibitors may be useful in the treatment of EGFRvIII-expressing GBMs,
but not in the treatment of PTEN-deficient tumors [100].

4.2.5. P53 Pathway

The p53 pathway is activated in response to carcinogenesis events such as DNA
damage, genotoxicity, and aberrant growth signals, and it is frequently deregulated in
GBM [101,102]. The most common mutations are missense mutations in TP53, deletions
of CDKN2A/ARF, and/or amplifications of MDM2 and MDM4 [102]. According to the
TCGA data, the deregulation of the p53 pathway was found in 86% of GBMs [53]. Loss of
p53 results in uncontrolled cell proliferation and tumor progression [103]. However, it is
still unclear whether the mutated p53 results in the same oncogenic functions as loss of
p53 [102,103].

4.2.6. Rb Pathway

The Rb pathway is involved in the regulation of the cell cycle and, similarly to the
p53 pathway, its deregulation leads to tumor progression [104]. Overall, genetic alterations
were found in approximately 80% of GBMs [53]. The most frequently altered genes are
CDKN2A and CDKN2B, deletions or mutations whereof were detected in 61% of the GBMs.
Amplification or mutations in CDK4 or CDK6 could also be detected in approximately
14% and 2% of GBMs, respectively [53]. However, RB alterations were accounted only for
7.6% of the tumors [53]. In fact, it appears that the Rb pathway is preferentially altered
at components that lead to RB inactivation by hyperphosphorylation, which leads to
suppression of its cell cycle blocker function and sustainment of proliferative signaling [105].
As a matter of fact, CDK inhibitors have being investigated as a novel treatment option for
GBM patients [106].

5. Small Kinase Inhibitors: Mechanisms of Resistance

Protein kinases have been pursued as potential drug targets for the treatment of
cancer, and most of the approved kinase drugs are active against more than one type of
tumor [107]. Many of the currently known kinase inhibitors target the ATP binding site
with the kinase activation loop in the active (type 1) or inactive (type 2) conformation [108].
Type 3 inhibitors are non-ATP site (allosteric) kinase inhibitors that show the highest degree
of selectivity by exploiting binding sites and regulatory mechanisms that are unique to
a particular kinase [109]. Several protein kinases are highly disrupted, thus representing
attractive therapeutic targets in GBM [110] (Table 1). However, in clinical trials, they have
demonstrated very limited efficacy in unselected GBM populations [54].
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Table 1. Summary of the kinases and their small inhibitors evaluated in clinical trials for GBM.

Target Kinase Small Kinase Inhibitors Reference

EGFR Gefitinib, erlotinib, lapatinib, afatinib, dacomitinib, neratinib [111]

PDGFR Imatinib, tandutinib, lenvatinib, nintedanib, thyrophostin [112]

MET Crizotinib, volitinib, cabozantinib, altiratinib, SGX523, INCB28060, PLB-1001 [69]

FGFR Dovitinib, nintedanib, lenvatinib, brivanib, orantinib, ponatinib, E3810, ENMD-2076,
AZD4547, BGJ398, LY2874455 [73]

VEGFR Imatinib, cediranib, pazopanib, sorafenib, sunitinib, vandetanib, vatalanib, AEE788,
CT-322, XL184 [113,114]

BRAF Sorafenib, vemurafenib, dabrafenib, encorafenib [115,116]

MEK Combimetinib, trametinib, binimetinib [116]

PI3K Pictilisib, buparlisib, pilaralisib, sonolisib, dactolisib, voxtalisib, PQR309 [117]

AKT Perofisine, MK2206 [118,119]

mTOR Sirolimus, everolimus, temsirolimus, ridaforolimus, onatasertib, dactolisib,
voxtalisib, PQR309, gedatolisib, sapanisertib [117,118]

PKCβ Enzastaurin [97]

One of the reasons behind the failure of the therapeutic intervention using small kinase
inhibitors may reside in resistance. Not many studies have been conducted on GBM to
investigate this hypothesis. Nevertheless, in the next paragraphs, we tried to summarize
the major findings supporting the role of resistance in the inefficacy of these treatments.

Small kinase inhibitors target very specifically one or multiple kinases. As such, the
mechanisms in place that overcome their effect are more limited compared to the broad
range of TMZ resistance mechanisms. With targeted therapies, four main categories of
escape can be identified: the presence of specific mutations, coactivation, adaptation, and
activation of alternative routes (Figure 2).

Figure 2. Summary of small kinase inhibitor resistance mechanisms. The mechanisms can be grouped
as follows: mutations on the extracellular domain of RTKs, coactivation and transactivation of RTKs,
adaption, and alternative routes. SKI: small kinase inhibitor, EGFR: epidermal growth factor receptor,
PDGFR: platelet-derived growth factor receptor, c-KIT: stem cell factor receptor, c-MET: mesenchymal
epithelial transition factor, RTK: tyrosine kinase receptor, PTEN: phosphatase and tensin homolog,
FGFR: fibroblast growth factor receptor, IGF-1R: insulin-like growth factor 1 receptor, NF-κB: nuclear
factor kappa-light-chain-enhancer of activated B cells, ERK: extracellular signal-regulated kinase.
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5.1. Mutations

Specific mutations in the drug target and other signaling genes are among the main
causes of primary resistance. What can be observed when comparing gliomas to other types
of tumors, like lung and gastrointestinal (GI) cancers, in terms of efficacy is the presence
of a different distribution of mutations in specific gene regions. An example is given by
EGFR and its inhibitors. EGFR kinase inhibitors are already FDA-approved drugs for the
treatment of lung cancers, but results in GBM have been disappointing [54,120]. Looking
at the mutational profile of these two types of tumors, it is worth noting that the EGFR
gene in lung cancer harbors alterations at the kinase domain level, while in GBM, they
are found predominantly on the extracellular domain [121,122]. Similarly, PDGFR and
KIT, the inhibitors whereof are more effective in gastrointestinal stromal tumors (GIST),
are frequently characterized by activating mutations in intracellular domains [123,124]. In
GBM, however, point mutations have been found in the extracellular region, resulting in
an outcome that has not been beneficial [16]. On the other hand, the FGFR–TACC fusion
gene has displayed high sensitivity to FGFR inhibitors, and clinical trials are ongoing in
recurrent GBMs harboring this mutation [125]. However, even though the necessity of a
more personalized therapy and stratification of patients has been widely discussed and
assessed, the identification of markers of response still needs to be optimized. Based on
the current knowledge on GBM and other types of tumors, it appears that there may be a
relationship between the poor efficacy of small kinase inhibitors and mutations restrained
on the extracellular domain which may partially explain the primary resistance encountered
in GBM.

5.2. Coactivation or Transactivation of Other RTKs

Intrinsic resistance can also derive from coactivation of other cellular signals. Con-
comitant activation of RTKs within individual tumors is commonly found in GBMs, and
it has been hypothesized as a crucial mechanism for the maintenance of the tumor, thus
rendering GBM refractory to single-agent inhibition [126]. The presence of three or more
activated RTKs has been described in individual tumors, including EGFR, ERBB3, PDGFRα,
and MET [127]. When labeling multiple RTKs, Szerlip et al. observed that in most cases,
distinct tumor cell subpopulations were amplified for only one RTK, while only a small
part was amplified for more than one [128]. These findings are in line with the characteristic
intratumoral heterogeneity and support the hypothesis of its contribution to the poor
response to kinase inhibitor monotherapies. An analysis of the TCGA GBM dataset has
revealed a tight relationship of PDGFR with three other RTKs (ERBB3, IGF1R, TGFBR2),
the copresence whereof not only enhanced imatinib tolerance, but also promoted migration
and invasion [129]. Other results derived from the analysis of EGFR/EGFRvIII and PTEN
in recurrent malignant gliomas from patients who received EGFR kinase inhibitors revealed
that co-expression of EGFRvIII and PTEN was associated with responsiveness [130]. It was
subsequently discovered that the loss of PTEN triggered the opposite effect, promoting
resistance to EGFR kinase inhibitors by dissociating EGFR signaling from downstream
inhibition [131]. However, PTEN is not the only player linked to EGFR; c-Met could be
transactivated by EGFRvIII, involving formation of an EGFRvIII–MET heterodimer with
the support of FAK, playing a key role in supporting kinase inhibitor resistance [132].
Moreover, c-Met could induce EGFR activation, creating an important autocrine signal
loop that promoted tumor growth and resistance [133–136]. Therefore, it is not surprising
that MET gene amplification is also involved in the EGFR kinase inhibitor resistance in
non-small-cell lung cancer (NSCLC) and colon cancer [137,138].

5.3. Adaptation

Most tumors, despite initial efficacy, experience the development of drug resistance.
In fact, tumors acquire the ability to adapt and escape from the damaging effects of treat-
ments. This type of resistance is remarkably diverse and complex and, for kinase inhibitors
in GBM, has not been fully understood or characterized yet. Among the most studied
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kinases in GBM, EGFR is frequently mutated, giving rise to constitutively active variant
EGFRvIII. Nathanson et al. observed an interesting adaptive phenomenon occurring in
EGFRvIII-positive GBM cells. By creating erlotinib-resistant GBM cell lines through contin-
uous treatment with the compound, they found that GBM cells suppress EGFRvIII protein
expression. Moreover, withdrawal of the drug restored extrachromosomal EGFRvIII DNA
and resensitized the tumor cells [139]. EGFRvIII appears to be a plastic player in the
adaption to drugs. A persistent active EGFRvIII has been shown to suppress PDGFRβ
expression through mTORC1 and ERK signaling. However, its inhibition by erlotinib
reactivated PDGFRβ transcription, thus sustaining tumor survival [140]. Additional mech-
anisms, such as secondary mutations, additional amplifications, extracellular sequestration
of drugs, and drug efflux have been proposed mainly for other cancers, but most of them
still need to be investigated in GBM [141].

5.4. Alternative Routes (Bypass)

Activation of alternative routes subsequent to the administration of a drug is also com-
monly observed. The acquisition of a bypass signal has been investigated for GBM for both
mono- and combinational therapies. As an initial response to combined EGFR and MET
inhibition, the NF-κB pathway has been activated. Its activation promoted an autocrine
activation of FGFR and reactivation of ERK, driving SPRY2 expression and cellular survival
response [142]. Induced resistance with a PDGFR inhibitor on proneural GBM tumors was
shown to induce distinct types of RTK bypass activation. Pastorino et al. presented a study
on the enhancement of c-Met activation in nilotinib-induced resistant tumors, while a study
conducted by Bonnin et al. demonstrated the association of developed resistance to PDGFR
inhibition with IR/IGF-1R activation [143,144]. IGF-1R seems to play a significant role in
the development of escape routes to targeted therapies in GBM. In fact, it has also been
described as a protector against apoptosis and a mediator for resistance to EGFR inhibitors
through constant activation of PI3K and AKT signaling [81,145,146]. However, tackling
MET or IGF-1R also leads to obstacles. In fact, MET inhibitors have not been effective due
to the activation of bypassing signals that included the involvement of mTOR, FGFR1,
EGFR, STAT3, and COX-2 [147]. Instead, IGF-1R inhibitors have shown limited efficacy as
they give an appropriate response only in combination with other inhibitors, but not as a
monotherapy [148–150].

5.5. Glioblastoma Stem Cells (GSC)

A special mention in chemoresistance should be attributed to a subpopulation of GBM
cells characterized by stem cell-like properties with the ability to self-renew and differenti-
ate, constituting the diverse hierarchy of cells composing the tumor [151]. Glioblastoma
stem cells (GSCs) are considered to be at the top of the hierarchy of cellular differentiation,
characterized by the highest entropy and capacity for adaptation. In this context, it has
been hypothesized that therapy resistance of the cancer stem cell population derives from
their plasticity, both intrinsically from variations in gene expression and extrinsically from
interactions with a variety of external factors such as the TME [152,153]. One of the states
characterizing GSCs is the entrance into quiescence. The quiescent state protects these cells,
particularly from antiproliferative agents, and is thus an important factor of therapy resis-
tance [154,155]. The quiescent aspect has been investigated in chronic myeloid leukemia
(CML) where the integrin-linked kinase (ILK) was pointed out as a survivor mediator
critical to tyrosine kinase inhibitors and quiescent stem cells [156]. Other mechanisms, in-
cluding the ones mentioned in the previous paragraphs, epigenetic modifications, increased
drug efflux, epithelial-to-mesenchymal transition, lncRNA, and exosome-mediated cell–cell
communications, were suggested to be characteristic of the tumor stem cell-like population
in lung and thyroid cancers resistant to kinase inhibitors [157,158]. Therefore, similar
aspects could be employed by GSC to circumvent the toxic effects of small kinase inhibitors.
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6. Overcoming Drug Resistance
6.1. In Vitro Models for Drug Resistance

A critical factor that affects the progress in GBM treatment is the establishment of
clinically relevant in vitro models to study drug resistance. A better understanding of
the processes that drive GBM progression under the current treatment would enable the
development of more efficient tackling strategies. On the one hand, in vitro systems allow
rapid screening of cells for drug sensitivity and resistance, which could be translated
into adjustments to the therapy. On the other hand, they may also provide a source of
potential biomarkers that could be used to monitor the evolution of resistance. The crucial
variables to consider when developing drug resistance models in vitro are the architecture,
the heterogeneity, the microenvironment, and the drug delivery to the tumor cells.

Regarding the architecture, standard 2D cell cultures have been the most used in vitro
model. In the past twenty years, the amount of 3D cell culture models used in scientific
research has increased exponentially [159]. Nowadays, it is widely accepted that cell
responses in 3D cultures are more representative of the in vivo conditions [160]. In fact, the
study of cells in a 3D context can provide insights not observed in traditional 2D monolayers,
such as cell–cell interaction and exchange of nutrients and metabolites between the core
and the periphery of the tumor. Several reviews have already investigated the differences
in 2D versus 3D characteristics in terms of morphology, proliferation, gene expression,
adhesion, differentiation, apoptosis, and response to stimuli [159–164]. In relation to drug
response, 3D cultures are characterized by higher resistance and provide a more accurate
representation of drug effects than monolayers. In a recent study, response to the treatment
of Stupp-treated 2D and 3D GBM cultures showed a higher general resistance in the 3D
organoids than in the cells in monolayer [165]. In addition, resistance to multikinase
inhibitors was also mediated differently in 3D GBM cell cultures. In particular, the MEK–
ERK and PI3K–Akt pathways, but not PDGFR, mediated the dimensionality-dependent
chemoresistance [166].

As for the second aspect, as GBM is a highly heterogeneous tumor, it is important to
recapitulate its specific characteristics. The use of patient-derived cancer cell cultures brings
about a superior advantage in preclinical models over immortalized cancer cell lines. For
decades, immortalized cancer cell lines have been the mainstay of cancer research as they
offer advantages such as being cost-effective, easy to use, and provide a consistent sample
with reproducible results [167]. However, their clinical value as a representative model
is being questioned with growing concern as they may not adequately represent primary
cells [167,168]. The use of low-passage, serum-free, and patient-derived GBM cell cultures
has now been widely accepted as the gold standard for in vitro models as they recapitulate
specific genetic features and tumor heterogeneity [169]. In fact, the use of patient-derived
cell cultures allows the integration of genomic data with drug sensitivity data, which may
lead to identification of predictive signatures and enable future stratification of patients to
more effective therapy regimens [170]. In particular, patient-derived orthotopic xenograft
(PDOX) models have been proposed as a model for testing therapeutics aimed at preventing
GBM recurrence as they allow the recreation of the genetic, histologic, and morphologic
profiles of human GBM [171,172]. However, they are still limited by the lack of human
stromal and immunological components, which may be partially solved in the future with
the use of “humanized” mice [171].

Another important factor in in vitro cancer modeling is the tumor microenvironment,
particularly the tumoral niche and the extracellular matrix (ECM) [173]. The components
that form the TME in GBM are comprised of different types of cells, such as normal
astrocytes and tumor-associated macrophages (TAMs). The incorporation of nonneoplastic
astrocytes into coculture systems has already provided insights into their supportive role
in GBM resistance [174,175]. Coculture systems with GBM cells and macrophages also
demonstrated their crucial role in the modulation of the immunosuppressive environment
in the presence of TMZ. In fact, it was observed that chemoresistant glioma cells were more
effective than TMZ-sensitive cells in inducing a strong immunosuppressive macrophage M2
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polarization, mainly characterized by high IL-10 release, CD206 expression, and arginase
activity [176]. ECM composition also plays a major role in GBM behavior. As a matter
of fact, GBMs have been found to synthesize and utilize many ECM components, such
as tenascin, vitronectin, laminin, fibronectin, and collagen type IV [177]. Tenascin-C is
indispensable for the growth of GSCs as well as GBM invasion, which are phenotypes
largely contributing to chemotherapy resistance [178]. In a recent study, a bioengineered
scaffold for 3D cultures was created to investigate the role of ECM components in promoting
chemoresistance in GBM. The cooperative engagement of CD44 through hyaluronic acid
(HA) and integrin αV facilitated resistance to alkylating agents by inhibiting the expression
of proapoptotic factors [179]. Similarly, GBM cultures on chitosan–hyaluronic acid (CHA)
scaffolds enhanced stem cell marker expression and drug resistance [180].

While the previous two variables could be applied for several cell culture model
applications, the selection of drug doses and duration of exposure are more specific for the
investigation of drug resistance. In fact, the use of high drug concentrations on cell cultures
more likely selects for clones that are intrinsically resistant to the therapeutic agent. This
approach is useful when investigating the primary type of resistance. However, it excludes
the population of cells that acquire resistance during the treatment. A common approach
to model-acquired resistance has been by exposing sensitive cancer cells to gradually
increasing concentrations of the drug over an extended period of time [181]. Regarding the
dose and time of exposure, the method of choice depends on the specific scientific question.
However, if working with patient-derived material, it may be important to consider the
specific drug sensitivity of each sample in order to use a consistent approach personalized
to the patient material. In a recent study on breast cancer, they investigated the effect
of different treatment scheduling on drug resistance by tracking clonal dynamics using
DNA-integrated barcodes and single-cell RNA sequencing. What their results suggested
is that longer formats of treatment schedules for in vitro screening assays are required to
understand the effects of resistance [182].

Overall, all these variables need to be taken into account when developing in vitro
drug resistance models. In the scientific literature, there is great variability within the
identified resistance mechanisms in GBM. Part of this variability could derive from the
application of numerous different models and strategies, raising the issue of using more
standardized approaches to investigate a multifactorial phenomenon like drug resistance.

6.2. Clinical Strategies

In the clinical setting, drug resistance could potentially be tackled in different ways.
Vasan et al. proposed various approaches which include (1) earlier detection and cancer
interception, (2) deepening therapeutic response, and (3) therapeutic monitoring with
adaptive interventions (Figure 3) [183].

In the first case, intercepting cancers at an early stage when the clonal diversity is still
low would be more effective in tumor eradication and prevention of resistance (Figure 3A).
However, in order to apply this approach, the availability of diagnostic biomarkers and
the implementation of screening are essential. In GBM, the detection of biomarkers is of
great interest and an advancing research field. In particular, the use of liquid biopsies is
appealing as it would provide a minimally invasive method which could be frequently
repeated. Liquid biopsies of tumor-specific components include circulating tumor cells
(CTCs), circulating tumor DNA (ctDNA) and RNA (ctRNA), circulating microRNAs, pro-
teins, tumor-educated platelets (TEPs), and extracellular vesicles (EVs) [184]. Recently,
metabolomics has also been of increased interest and proposes interesting new leads for the
development of diagnostic tools. Serum biomarkers reported in the literature are related
to vascular proliferation, cell growth, inflammation, immune system, coagulation, and
nutrition [185]. The panel of potential diagnostic biomarkers in GBM is rapidly expanding
for blood and in particular for cerebrospinal fluid (CSF), as reviewed by Verheul et al. [186].
However, knowledge about the early stages of GBM is still limited and there are no standard
diagnostic or therapeutic strategies for this stage at present [184,187]. Currently, screening
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for GBM has no clinical relevance due to low incidence, lack of sensitive biomarkers, and
the apparently de novo development of these tumors within a few weeks or months [185].

Figure 3. Three strategies to approach drug resistance in GBM. (A) Detection of the tumor at early
stages would allow a more effective eradication of the tumor and prevention of drug resistance.
(B) Deepening the drug response by optimizing the chemosensitivity prediction would bring about a
more effective and safe therapeutic effect. (C) Constant monitoring of the therapy would allow the
early detection of resistance which can subsequently be tackled by a second therapy intervention.

The second approach aims to prevent the development of drug resistance by deep-
ening the response to the therapy (Figure 3B). This approach requires the optimization of
chemosensitivity prediction to select the most effective treatment. The knowledge of the
genomic background becomes essential to identify potential therapeutic targets as well as
the implementation of drug screening on the primary material. The utilization of improved
and standardized patient-derived cell culture models could provide more physiologically
relevant data. As reported by Lippert et al., it has been certified that pretreatment testing of
drugs on short-term cultures is useful in the rapid recognition of sensitivity and resistance
as it allows treatment decisions or adjustments shortly after [188–190]. As previously
discussed, the use of an appropriate in vitro model could bring about a great advantage in
the understanding of drug resistance mechanisms.

The third approach implies constant monitoring of response to the therapy in order to
quickly detect markers of resistance and adjust the current treatment to a more effective
second-line intervention (Figure 3C). Identification of molecules that play a role in drug
resistance mechanisms is highly attractive as these components could be used as potential
biomarkers for the prediction of drug response and to monitor tumor progression. An
early diagnosis of drug resistance would in fact improve treatment by enabling earlier
modifications in dose, schedules, and therapeutic regimens. Furthermore, in this case,
identification of the therapeutic response through liquid biopsies would be ideal. A panel
of identified molecules in liquid biopsies of GBM patients in relation to therapy response
has been widely documented by Saenz-Antoñanzas et al. They reported MGMT, miR-128,
miR-342, miR-205, GAS5, PD-L1, TGM2, CD44, and CD133 as therapy response biomarkers
identified in blood samples [184]. In addition, a group of microRNAs consisting of miR125b,
miR-223, miR-451, miR-711, miR-935, miR-21, miR-218, miR-193b, miR-331, miR374a,
miR548c, miR520f, miR27b, miR-30b miR-10b, and miR-15b was listed in samples derived
from cerebrospinal fluid (CSF) [184]. However, these markers are not frequently detected.
In a comprehensive study analyzing a cohort of 222 GBM patients, ctDNA alterations were
detected only in 55% of the cases [191]. Indeed, identification of biomarkers to monitor
tumor evolution and therapeutic response has an enormous potential to improve the clinical
management of GBM. However, validation of these discoveries is still necessary.
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Regardless of the abovementioned scenarios, the necessity to develop more effective
therapies for GBM is of greater urgency. Innovative therapies are being investigated and
include many refinements as well as new approaches such as novel tumor growth inhibitors,
drug repurposing, tumor-treating fields (TTF), immunotherapy, cell and gene therapy [192].
As there are great interindividual differences in response to treatment, a personalized
approach to the management of GBM may be the way forward. With the advent of
precision medicine, personalized therapies in clinical practice would in fact suggest a more
beneficial outcome for patients. However, a multimodal therapy would probably also be
required as no single-agent treatment has thus far been adequate. This raises questions of
what the most appropriate therapeutic regimens are and selecting between combinational
or sequential application in order to counteract drug resistance. Due to the molecular
heterogeneity and redundancy that characterize GBM, the combination of drugs targeting
multiple pathways is frequently sought. In preclinical models, many drug combinations
are effective and act synergistically for therapeutic benefits; however, the utility of this
approach has generally been limited due to overlapping toxicity profiles [193]. On the
other hand, a sequential therapy approach may provide for greater dose intensity and
treatment time and potentially does not allow treatment-specific side effects to build up.
As such, this approach could be more appropriate for frail patients who may not be able
to tolerate the toxicity of combinatorial therapy. Furthermore, a second genomic analysis
or drug screening of the recurrent tumor may provide relevant information to adjust the
therapy with a more appropriate treatment, achieving more effective results. Overall, there
is an urgency to investigate further novel combinational and sequential treatments with
the goal of achieving a greater therapeutic response while minimizing the toxicity and the
occurrence of resistance.

7. Conclusions

A considerable effort has been dedicated to understanding the mechanisms of drug
resistance in GBM. The well-known intratumoral heterogeneity of GBM is also reflected
in the intrinsic and acquired display of therapy resistance. This is particularly true for
the standard-of-care chemotherapy compound temozolomide as resistance is mediated
by a wide variety of molecular processes which do not comprise only the involvement
of tumor cells, but also include a complex network of interactions with its environment
as well. Nowadays, cancer treatments are pursuing a more targeted and personalized
approach. Nevertheless, these approaches have also shown lacking efficacy in GBM.
This is particularly the case of small kinase inhibitors. Their failure in clinical trials has
demonstrated once more the strong variety, redundancy, and plasticity of the pathways
characterizing this tumor. Due to its multifaceted characteristics, it is comprehensible that
a single targeted approach cannot be highly effective.

A more complete understanding of the resistance mechanisms is still necessary to
obtain relevant information that could be translated to the clinic. Therefore, it is imperative
to push forward with the research aimed at characterizing and overcoming drug resistance.
The first step would be the optimization and implementation of improved preclinical
resistance models that could provide the first insight on resistance biomarkers. In fact, the
detection of resistance at the initial stages is of utmost importance as it could lead to fast
therapy adjustments and improved benefits for the patients. In parallel, more sensitive
and robust biomarker detection techniques should also be developed and validated in the
clinic. Finally, further investigations should also be conducted on alternative personalized
therapeutic approaches, such as sequential treatment, as new means to avoid or control the
development of drug resistance.
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14. Urbańska, K.; Sokołowska, J.; Szmidt, M.; Sysa, P. Glioblastoma multiforme—An overview. Contemp. Oncol. 2014, 18, 307–312.

[CrossRef]
15. Wang, Q.; Hu, B.; Hu, X.; Kim, H.; Squatrito, M.; Scarpace, L.; Decarvalho, A.C.; Lyu, S.; Li, P.; Li, Y.; et al. Tumor Evolution of

Glioma-Intrinsic Gene Expression Subtypes Associates with Immunological Changes in the Microenvironment. Cancer Cell 2017,
32, 42–56. [CrossRef]

16. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.; et al.
Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA,
IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

17. Sottoriva, A.; Spiteri, I.; Piccirillo, S.G.M.; Touloumis, A.; Collins, V.P.; Marioni, J.C.; Curtis, C.; Watts, C.; Tavaré, S. Intratumor
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc. Natl. Acad. Sci. USA 2013, 110, 4009–4014.
[CrossRef]

18. Patel, A.P.; Tirosh, I.; Trombetta, J.J.; Shalek, A.K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P.; Nahed, B.V.; Curry, W.T.; Martuza,
R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344, 1396–1401.
[CrossRef]

19. Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.J.; Richman, A.R.; Silverbush, D.; Shaw, M.L.; Hebert, C.M.; et al.
An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell 2019, 178, 835–849.e21. [CrossRef]

20. Kim, H.; Zheng, S.; Amini, S.S.; Virk, S.M.; Mikkelsen, T.; Brat, D.J.; Grimsby, J.; Sougnez, C.; Muller, F.; Hu, J.; et al. Whole-genome
and multisector exome sequencing of primary and post-treatment glioblastoma reveals patterns of tumor evolution. Genome Res.
2015, 25, 316–327. [CrossRef]

21. Kim, J.; Lee, I.-H.; Cho, H.J.; Park, C.-K.; Jung, Y.-S.; Kim, Y.; Nam, S.H.; Kim, B.S.; Johnson, M.D.; Kong, D.-S.; et al. Spatiotemporal
Evolution of the Primary Glioblastoma Genome. Cancer Cell 2015, 28, 318–328. [CrossRef] [PubMed]

22. Johnson, B.E.; Mazor, T.; Hong, C.; Barnes, M.; Aihara, K.; McLean, C.Y.; Fouse, S.D.; Yamamoto, S.; Ueda, H.; Tatsuno, K.; et al.
Mutational Analysis Reveals the Origin and Therapy-Driven Evolution of Recurrent Glioma. Science 2014, 343, 189–193. [CrossRef]
[PubMed]

23. White, K.; Meylan, M.; Bougoüin, A.; Connor, K.; Salvucci, M.; Bielle, F.; Prehn, J.H.M.; Verreault, M.; Idbaih, A.;
Sautès-Fridman, C.; et al. TAMI-51. Identifying new tumor microenvironment (tme) contexts of vulnerability in glioblas-
toma. Neuro-Oncology 2020, 22 (Suppl. 2), ii224. [CrossRef]

24. Hambardzumyan, D.; Bergers, G. Glioblastoma: Defining Tumor Niches. Trends Cancer 2015, 1, 252–265. [CrossRef]
25. De Vleeschouwer, S.; Bergers, G. Glioblastoma: To Target the Tumor Cell or the Microenvironment? Glioblastoma 2017, 315–340.

[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/28239999
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1200/JCO.2013.49.6968
http://www.ncbi.nlm.nih.gov/pubmed/24101040
http://doi.org/10.1001/jama.2017.18718
http://doi.org/10.1186/s12943-018-0804-2
http://doi.org/10.1038/nrd773
http://doi.org/10.1016/S0304-419X(97)00022-X
http://doi.org/10.1007/s12272-020-01232-3
http://doi.org/10.3390/cancers12030731
http://doi.org/10.1016/j.phrs.2019.104609
http://doi.org/10.20517/cdr.2019.10
http://www.ncbi.nlm.nih.gov/pubmed/34322663
http://doi.org/10.1038/s41571-019-0177-5
http://www.ncbi.nlm.nih.gov/pubmed/30733593
http://doi.org/10.1073/pnas.97.12.6242
http://doi.org/10.5114/wo.2014.40559
http://doi.org/10.1016/j.ccell.2017.06.003
http://doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://doi.org/10.1073/pnas.1219747110
http://doi.org/10.1126/science.1254257
http://doi.org/10.1016/j.cell.2019.06.024
http://doi.org/10.1101/gr.180612.114
http://doi.org/10.1016/j.ccell.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26373279
http://doi.org/10.1126/science.1239947
http://www.ncbi.nlm.nih.gov/pubmed/24336570
http://doi.org/10.1093/neuonc/noaa215.938
http://doi.org/10.1016/j.trecan.2015.10.009
http://doi.org/10.15586/codon.glioblastoma.2017.ch16


Cancers 2022, 14, 600 16 of 22

26. Guan, X.; Hasan, N.; Maniar, S.; Jia, W.; Sun, D. Reactive Astrocytes in Glioblastoma Multiforme. Mol. Neurobiol. 2018, 55,
6927–6938. [CrossRef]

27. Heiland, D.H.; Ravi, V.M.; Behringer, S.P.; Frenking, J.H.; Wurm, J.; Joseph, K.; Garrelfs, N.W.C.; Strähle, J.; Heynckes, S.;
Grauvogel, J.; et al. Tumor-associated reactive astrocytes aid the evolution of immunosuppressive environment in glioblastoma.
Nat. Commun. 2019, 10, 2541. [CrossRef]

28. Kenig, S.; Alonso, M.B.D.; Mueller, M.M.; Lah, T.T. Glioblastoma and endothelial cells cross-talk, mediated by SDF-1, enhances
tumour invasion and endothelial proliferation by increasing expression of cathepsins B, S, and MMP-9. Cancer Lett. 2010, 289,
53–61. [CrossRef]

29. Hadi, L.A.; Anelli, V.; Guarnaccia, L.; Navone, S.; Beretta, M.; Moccia, F.; Tringali, C.; Urechie, V.; Campanella, R.; Marfia, G.; et al.
A bidirectional crosstalk between glioblastoma and brain endothelial cells potentiates the angiogenic and proliferative signaling
of sphingosine-1-phosphate in the glioblastoma microenvironment. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2018, 1863,
1179–1192. [CrossRef]

30. Bao, S.; Wu, Q.; Sathornsumetee, S.; Hao, Y.; Li, Z.; Hjelmeland, A.B.; Shi, Q.; McLendon, R.E.; Bigner, D.D.; Rich, J.N. Stem
Cell–like Glioma Cells Promote Tumor Angiogenesis through Vascular Endothelial Growth Factor. Cancer Res. 2006, 66, 7843–7848.
[CrossRef]

31. Folkins, C.; Shaked, Y.; Man, S.; Tang, T.; Lee, C.R.; Zhu, Z.; Hoffman, R.M.; Kerbel, R.S. Glioma Tumor Stem-Like Cells Promote
Tumor Angiogenesis and Vasculogenesis via Vascular Endothelial Growth Factor and Stromal-Derived Factor 1. Cancer Res. 2009,
69, 7243–7251, Correction in Cancer Res. 2009, 69, 8216. [CrossRef]

32. Tong, N.; He, Z.; Ma, Y.; Wang, Z.; Huang, Z.; Cao, H.; Xu, L.; Zou, Y.; Wang, W.; Yi, C.; et al. Tumor Associated Macrophages, as
the Dominant Immune Cells, Are an Indispensable Target for Immunologically Cold Tumor—Glioma Therapy? Front. Cell Dev.
Biol. 2021, 9, 706286. [CrossRef]

33. Andersen, R.S.; Anand, A.; Harwood, D.S.L.; Kristensen, B.W. Tumor-Associated Microglia and Macrophages in the Glioblastoma
Microenvironment and Their Implications for Therapy. Cancers 2021, 13, 4255. [CrossRef]

34. Fernandes, C.; Costa, A.; Osório, L.; Lago, R.C.; Linhares, P.; Carvalho, B.; Caeiro, C. Current Standards of Care in Glioblastoma
Therapy; Exon Publications: Brisbane City, Australia, 2017; pp. 197–241.

35. Danson, S.J.; Middleton, M.R. Temozolomide: A novel oral alkylating agent. Expert Rev. Anticancer. Ther. 2001, 1, 13–19. [CrossRef]
36. Denny, B.J.; Wheelhouse, R.T.; Stevens, M.F.G.; Tsang, L.L.H.; Slack, J.A. NMR and Molecular Modeling Investigation of the

Mechanism of Activation of the Antitumor Drug Temozolomide and Its Interaction with DNA. Biochemistry 1994, 33, 9045–9051.
[CrossRef]

37. Bobola, M.S.; Kolstoe, D.D.; Blank, A.; Chamberlain, M.C.; Silber, J.R. Repair of 3-methyladenine and abasic sites by base excision
repair mediates glioblastoma resistance to temozolomide. Front. Oncol. 2012, 2, 176. [CrossRef]

38. Kaina, B.; Christmann, M.; Naumann, S.; Roos, W.P. MGMT: Key node in the battle against genotoxicity, carcinogenicity and
apoptosis induced by alkylating agents. DNA Repair 2007, 6, 1079–1099. [CrossRef]

39. Karran, P.; Bignami, M. DNA damage tolerance, mismatch repair and genome instability. BioEssays 1994, 16, 833–839. [CrossRef]
[PubMed]

40. Kaina, B.; Ziouta, A.; Ochs, K.; Coquerelle, T. Chromosomal instability, reproductive cell death and apoptosis induced by
O6-methylguanine in Mex−, Mex+ and methylation-tolerant mismatch repair compromised cells: Facts and models. Mutat. Res.
Mol. Mech. Mutagen. 1997, 381, 227–241. [CrossRef]

41. Ochs, K.; Kaina, B. Apoptosis induced by DNA Damage O-Methylguanine is Bcl-2 and Caspase-9/3 regulated and Fas/Caspase-8
independent. Cancer Res. 2000, 60, 5815–5824.

42. Zhang, J.; Stevens, M.F.; Bradshaw, T.D. Temozolomide: Mechanisms of Action, Repair and Resistance. Curr. Mol. Pharmacol.
2012, 5, 102–114. [CrossRef] [PubMed]

43. Spiegl-Kreinecker, S.; Pirker, C.; Filipits, M.; Lötsch, D.; Buchroithner, J.; Pichler, J.; Silye, R.; Weis, S.; Micksche, M.; Fischer, J.; et al.
O6-Methylguanine DNA methyltransferase protein expression in tumor cells predicts outcome of temozolomide therapy in
glioblastoma patients. Neuro-Oncology 2009, 12, 28–36. [CrossRef] [PubMed]

44. Kitange, G.J.; Carlson, B.L.; Schroeder, M.A.; Grogan, P.T.; Lamont, J.D.; Decker, P.A.; Wu, W.; James, C.D.; Sarkaria, J.N. Induction
of MGMT expression is associated with temozolomide resistance in glioblastoma xenografts. Neuro-Oncology 2009, 11, 281–291.
[CrossRef] [PubMed]

45. Segerman, A.; Niklasson, M.; Haglund, C.; Bergström, T.; Jarvius, M.; Xie, Y.; Westermark, A.; Sönmez, D.; Hermansson, A.;
Kastemar, M.; et al. Clonal Variation in Drug and Radiation Response among Glioma-Initiating Cells Is Linked to Proneural-
Mesenchymal Transition. Cell Rep. 2016, 17, 2994–3009. [CrossRef]

46. Singh, N.; Miner, A.; Hennis, L.; Mittal, S. Mechanisms of temozolomide resistance in glioblastoma—A comprehensive review.
Cancer Drug Resist. 2020, 4, 17–43. [CrossRef]

47. Poon, W.-S.; Woo, P.Y.M.; Li, Y.; Chan, A.H.Y.; Ng, S.C.P.; Loong, H.H.F.; Chan, D.T.M.; Wong, G.K.C. A multifaceted review of
temozolomide resistance mechanisms in glioblastoma beyond O-6-methylguanine-DNA methyltransferase. Glioma 2019, 2, 68.
[CrossRef]

48. Akgül, S.; Patch, A.-M.; D’Souza, R.C.; Mukhopadhyay, P.; Nones, K.; Kempe, S.; Kazakoff, S.H.; Jeffree, R.L.; Stringer, B.W.;
Pearson, J.V.; et al. Intratumoural Heterogeneity Underlies Distinct Therapy Responses and Treatment Resistance in Glioblastoma.
Cancers 2019, 11, 190. [CrossRef]

http://doi.org/10.1007/s12035-018-0880-8
http://doi.org/10.1038/s41467-019-10493-6
http://doi.org/10.1016/j.canlet.2009.07.014
http://doi.org/10.1016/j.bbalip.2018.07.009
http://doi.org/10.1158/0008-5472.CAN-06-1010
http://doi.org/10.1158/0008-5472.CAN-09-0167
http://doi.org/10.3389/fcell.2021.706286
http://doi.org/10.3390/cancers13174255
http://doi.org/10.1586/14737140.1.1.13
http://doi.org/10.1021/bi00197a003
http://doi.org/10.3389/fonc.2012.00176
http://doi.org/10.1016/j.dnarep.2007.03.008
http://doi.org/10.1002/bies.950161110
http://www.ncbi.nlm.nih.gov/pubmed/7840761
http://doi.org/10.1016/S0027-5107(97)00187-5
http://doi.org/10.2174/1874467211205010102
http://www.ncbi.nlm.nih.gov/pubmed/22122467
http://doi.org/10.1093/neuonc/nop003
http://www.ncbi.nlm.nih.gov/pubmed/20150365
http://doi.org/10.1215/15228517-2008-090
http://www.ncbi.nlm.nih.gov/pubmed/18952979
http://doi.org/10.1016/j.celrep.2016.11.056
http://doi.org/10.20517/cdr.2020.79
http://doi.org/10.4103/glioma.glioma_3_19
http://doi.org/10.3390/cancers11020190


Cancers 2022, 14, 600 17 of 22

49. Guo, M.; Van Vliet, M.; Zhao, J.; De Ståhl, T.D.; Lindström, M.S.; Cheng, H.; Heller, S.; Nistér, M.; Hägerstrand, D. Identification
of functionally distinct and interacting cancer cell subpopulations from glioblastoma with intratumoral genetic heterogeneity.
Neuro-Oncol. Adv. 2020, 2, vdaa061. [CrossRef]

50. Lahiry, P.; Torkamani, A.; Schork, N.J.; Hegele, R.A. Kinase mutations in human disease: Interpreting genotype–phenotype
relationships. Nat. Rev. Genet. 2010, 11, 60–74. [CrossRef]

51. Gross, S.; Rahal, R.; Stransky, N.; Lengauer, C.; Hoeflich, K.P. Targeting cancer with kinase inhibitors. J. Clin. Investig. 2015, 125,
1780–1789. [CrossRef]

52. Nørøxe, D.S.; Poulsen, H.S.; Lassen, U. Hallmarks of glioblastoma: A systematic review. ESMO Open 2016, 1, e000144. [CrossRef]
53. Brennan, C.W.; Verhaak, R.G.W.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.; Chakravarty, D.; Sanborn,

J.Z.; Berman, S.H.; et al. The Somatic Genomic Landscape of Glioblastoma. Cell 2013, 155, 462–477. [CrossRef]
54. Hamer, P.C.D.W. Small molecule kinase inhibitors in glioblastoma: A systematic review of clinical studies. Neuro-Oncology 2010,

12, 304–316. [CrossRef]
55. Hermanson, M.; Funa, K.; Hartman, M.; Claesson-Welsh, L.; Heldin, C.H.; Westermark, B.; Nistér, M. Platelet-derived growth

factor and its receptors in human glioma tissue: Expression of messenger RNA and protein suggests the presence of autocrine
and paracrine loops. Cancer Res. 1992, 52, 3213–3219.

56. Nishikawa, R.; Ji, X.D.; Harmon, R.C.; Lazar, C.S.; Gill, G.N.; Cavenee, W.K.; Huang, H.J. A mutant epidermal growth factor
receptor common in human glioma confers enhanced tumorigenicity. Proc. Natl. Acad. Sci. USA 1994, 91, 7727–7731. [CrossRef]

57. Wong, A.J.; Bigner, S.H.; Bigner, D.D.; Kinzler, K.W.; Hamilton, S.R.; Vogelstein, B. Increased expression of the epidermal growth
factor receptor gene in malignant gliomas is invariably associated with gene amplification. Proc. Natl. Acad. Sci. USA 1987, 84,
6899–6903. [CrossRef]

58. Wee, P.; Wang, Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling Pathways. Cancers 2017, 9, 52. [CrossRef]
59. Boerner, J.L.; Demory, M.L.; Silva, C.; Parsons, S.J. Phosphorylation of Y845 on the Epidermal Growth Factor Receptor Mediates

Binding to the Mitochondrial Protein Cytochrome c Oxidase Subunit II. Mol. Cell. Biol. 2004, 24, 7059–7071. [CrossRef]
60. Liccardi, G.; Hartley, J.A.; Hochhauser, D. EGFR Nuclear Translocation Modulates DNA Repair following Cisplatin and Ionizing

Radiation Treatment. Cancer Res. 2011, 71, 1103–1114. [CrossRef]
61. Wang, S.-C.; Hung, M.-C. Nuclear Translocation of the Epidermal Growth Factor Receptor Family Membrane Tyrosine Kinase

Receptors. Clin. Cancer Res. 2009, 15, 6484–6489. [CrossRef]
62. An, Z.; Aksoy, O.; Zheng, T.; Fan, Q.-W.; Weiss, W.A. Epidermal growth factor receptor and EGFRvIII in glioblastoma: Signaling

pathways and targeted therapies. Oncogene 2018, 37, 1561–1575. [CrossRef]
63. The Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human glioblastoma genes and

core pathways. Nature 2008, 455, 1061–1068. [CrossRef]
64. Ozawa, T.; Brennan, C.W.; Wang, L.; Squatrito, M.; Sasayama, T.; Nakada, M.; Huse, J.T.; Pedraza, A.; Utsuki, S.; Yasui, Y.; et al.

PDGFRA gene rearrangements are frequent genetic events in PDGFRA-amplified glioblastomas. Genes Dev. 2010, 24, 2205–2218.
[CrossRef]

65. Alentorn, A.; Marie, Y.; Carpentier, C.; Boisselier, B.; Giry, M.; Labussière, M.; Mokhtari, K.; Hoang-Xuan, K.; Sanson, M.;
Delattre, J.-Y.; et al. Prevalence, clinico-pathological value, and co-occurrence of PDGFRA abnormalities in diffuse gliomas.
Neuro-Oncology 2012, 14, 1393–1403. [CrossRef]

66. Clarke, I.D.; Dirks, P.B. A human brain tumor-derived PDGFR-α deletion mutant is transforming. Oncogene 2003, 22, 722–733.
[CrossRef]

67. Koochekpour, S.; Jeffers, M.; Rulong, S.; Taylor, G.; Klineberg, E.; Hudson, E.A.; Resau, J.H.; Woude, G.F.V. Met and hepatocyte
growth factor/scatter factor expression in human gliomas. Cancer Res. 1997, 57, 5391–5398.

68. Abounader, R.; Laterra, J. Scatter factor/hepatocyte growth factor in brain tumor growth and angiogenesis. Neuro-Oncology 2005,
7, 436–451. [CrossRef] [PubMed]

69. Cheng, F.; Guo, D. MET in glioma: Signaling pathways and targeted therapies. J. Exp. Clin. Cancer Res. 2019, 38, 1–13. [CrossRef]
70. Navis, A.C.; Van Lith, S.; Van Duijnhoven, S.M.J.; De Pooter, M.; Yetkin-Arik, B.; Wesseling, P.; Hendriks, W.J.A.J.; Venselaar,

H.; Timmer, M.; Van Cleef, P.; et al. Identification of a novel MET mutation in high-grade glioma resulting in an auto-active
intracellular protein. Acta Neuropathol. 2015, 130, 131–144. [CrossRef]

71. Bao, Z.-S.; Chen, H.-M.; Yang, M.-Y.; Zhang, C.-B.; Yu, K.; Ye, W.-L.; Hu, B.-Q.; Yan, W.; Zhang, W.; Akers, J.; et al. RNA-seq of 272
gliomas revealed a novel, recurrent PTPRZ1-MET fusion transcript in secondary glioblastomas. Genome Res. 2014, 24, 1765–1773.
[CrossRef]

72. International Cancer Genome Consortium PedBrain Tumor Project. Recurrent MET fusion genes represent a drug target in
pediatric glioblastoma. Nat. Med. 2016, 22, 1314–1320. [CrossRef] [PubMed]

73. Jimenez-Pascual, A.; Siebzehnrubl, F.A. Fibroblast Growth Factor Receptor Functions in Glioblastoma. Cells 2019, 8, 715.
[CrossRef] [PubMed]

74. Lasorella, A.; Sanson, M.; Iavarone, A. FGFR-TACC gene fusions in human glioma. Neuro-Oncology 2016, 19, now240–483.
[CrossRef] [PubMed]

75. Singh, D.; Chan, J.M.; Zoppoli, P.; Niola, F.; Sullivan, R.; Castano, A.; Liu, E.M.; Reichel, J.; Porrati, P.; Pellegatta, S.; et al.
Transforming Fusions of FGFR and TACC Genes in Human Glioblastoma. Science 2012, 337, 1231–1235. [CrossRef]

76. Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [CrossRef]

http://doi.org/10.1093/noajnl/vdaa061
http://doi.org/10.1038/nrg2707
http://doi.org/10.1172/JCI76094
http://doi.org/10.1136/esmoopen-2016-000144
http://doi.org/10.1016/j.cell.2013.09.034
http://doi.org/10.1093/neuonc/nop068
http://doi.org/10.1073/pnas.91.16.7727
http://doi.org/10.1073/pnas.84.19.6899
http://doi.org/10.3390/cancers9050052
http://doi.org/10.1128/MCB.24.16.7059-7071.2004
http://doi.org/10.1158/0008-5472.CAN-10-2384
http://doi.org/10.1158/1078-0432.CCR-08-2813
http://doi.org/10.1038/s41388-017-0045-7
http://doi.org/10.1038/nature07385
http://doi.org/10.1101/gad.1972310
http://doi.org/10.1093/neuonc/nos217
http://doi.org/10.1038/sj.onc.1206160
http://doi.org/10.1215/S1152851705000050
http://www.ncbi.nlm.nih.gov/pubmed/16212809
http://doi.org/10.1186/s13046-019-1269-x
http://doi.org/10.1007/s00401-015-1420-5
http://doi.org/10.1101/gr.165126.113
http://doi.org/10.1038/nm.4204
http://www.ncbi.nlm.nih.gov/pubmed/27748748
http://doi.org/10.3390/cells8070715
http://www.ncbi.nlm.nih.gov/pubmed/31337028
http://doi.org/10.1093/neuonc/now240
http://www.ncbi.nlm.nih.gov/pubmed/27852792
http://doi.org/10.1126/science.1220834
http://doi.org/10.1038/35025220


Cancers 2022, 14, 600 18 of 22

77. Hamerlik, P.; Lathia, J.D.; Rasmussen, R.; Wu, Q.; Bartkova, J.; Lee, M.; Moudry, P.; Bartek, J., Jr.; Fischer, W.; Lukas, J.; et al.
Autocrine VEGF–VEGFR2–Neuropilin-1 signaling promotes glioma stem-like cell viability and tumor growth. J. Exp. Med. 2012,
209, 507–520. [CrossRef]

78. Kessler, T.; Sahm, F.; Blaes, J.; Osswald, M.; Rübmann, P.; Milford, D.; Urban, S.; Jestaedt, L.; Heiland, S.; Bendszus, M.; et al.
Glioma cell VEGFR-2 confers resistance to chemotherapeutic and antiangiogenic treatments in PTEN-deficient glioblastoma.
Oncotarget 2015, 6, 31050–31068. [CrossRef]

79. Xu, C.; Wu, X.; Zhu, J. VEGF Promotes Proliferation of Human Glioblastoma Multiforme Stem-Like Cells through VEGF Receptor
2. Sci. World J. 2013, 2013, 417413. [CrossRef]

80. Maris, C.; D’Haene, N.; Trepant, A.-L.; Le Mercier, M.; Sauvage, S.; Allard, J.; Rorive, S.; Demetter, P.; Decaestecker, C.; Salmon, I.
IGF-IR: A new prognostic biomarker for human glioblastoma. Br. J. Cancer 2015, 113, 729–737. [CrossRef]

81. Zhang, M.; Liu, J.; Li, M.; Zhang, S.; Lu, Y.; Liang, Y.; Zhao, K.; Li, Y. Insulin-like growth factor 1/insulin-like growth factor 1
receptor signaling protects against cell apoptosis through the PI3K/AKT pathway in glioblastoma cells. Exp. Ther. Med. 2018, 16,
1477–1482. [CrossRef]

82. Kondo, Y.; Hollingsworth, E.F.; Kondo, S. Molecular targeting for malignant gliomas (Review). Int. J. Oncol. 2004, 24, 1101–1109.
[CrossRef]

83. Qiu, X.Y.; Hu, D.X.; Chen, W.-Q.; Chen, R.Q.; Qian, S.R.; Li, C.Y.; Li, Y.J.; Xiong, X.X.; Liu, D.; Pan, F.; et al. PD-L1 confers
glioblastoma multiforme malignancy via Ras binding and Ras/Erk/EMT activation. Biochim. Biophys. Acta (BBA) Mol. Basis Dis.
2018, 1864, 1754–1769. [CrossRef]

84. Bos, J.L. The ras gene family and human carcinogenesis. Mutat. Res. Genet. Toxicol. 1988, 195, 255–271. [CrossRef]
85. Jeuken, J.; Broecke, C.V.D.; Gijsen, S.; Boots-Sprenger, S.; Wesseling, P. RAS/RAF pathway activation in gliomas: The result of

copy number gains rather than activating mutations. Acta Neuropathol. 2007, 114, 121–133. [CrossRef]
86. Knobbe, C.B.; Reifenberger, J.; Reifenberger, G. Mutation analysis of the Ras pathway genes NRAS, HRAS, KRAS and BRAF in

glioblastomas. Acta Neuropathol. 2004, 108, 467–470. [CrossRef]
87. Behling, F.; Schittenhelm, J. Oncogenic BRAF Alterations and Their Role in Brain Tumors. Cancers 2019, 11, 794. [CrossRef]
88. Pelloski, C.E.; Lin, E.; Zhang, L.; Yung, W.A.; Colman, H.; Liu, J.-L.; Woo, S.Y.; Heimberger, A.B.; Suki, D.; Prados, M.; et al.

Prognostic Associations of Activated Mitogen-Activated Protein Kinase and Akt Pathways in Glioblastoma. Clin. Cancer Res.
2006, 12, 3935–3941. [CrossRef]

89. Engelman, J.A.; Luo, J.; Cantley, L. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat.
Rev. Genet. 2006, 7, 606–619. [CrossRef]

90. Langhans, J.; Schneele, L.; Trenkler, N.; Von Bandemer, H.; Nonnenmacher, L.; Karpel-Massler, G.; Siegelin, M.D.; Zhou, S.;
Halatsch, M.-E.; Debatin, K.-M.; et al. The effects of PI3K-mediated signalling on glioblastoma cell behaviour. Oncogenesis 2017, 6,
398. [CrossRef]

91. Hartmann, C.; Bartels, G.; Gehlhaar, C.; Holtkamp, N.; von Deimling, A. PIK3CA mutations in glioblastoma multiforme. Acta
Neuropathol. 2005, 109, 639–642. [CrossRef]

92. Mizoguchi, M.; Nutt, C.L.; Mohapatra, G.; Louis, D.N. Genetic Alterations of Phosphoinositide 3-kinase Subunit Genes in Human
Glioblastomas. Brain Pathol. 2006, 14, 372–377. [CrossRef] [PubMed]

93. Tanaka, S.; Batchelor, T.T.; Iafrate, A.J.; Dias-Santagata, D.; Borger, D.R.; Ellisen, L.W.; Yang, D.; Louis, D.N.; Cahill, D.P.; Chi,
A.S. PIK3CA activating mutations are associated with more disseminated disease at presentation and earlier recurrence in
glioblastoma. Acta Neuropathol. Commun. 2019, 7, 66. [CrossRef] [PubMed]

94. Mecca, C.; Giambanco, I.; Donato, R.; Arcuri, C. Targeting mTOR in Glioblastoma: Rationale and Preclinical/Clinical Evidence.
Dis. Markers 2018, 2018, 9230479. [CrossRef] [PubMed]

95. Cameron, A.J.; Procyk, K.J.; Leitges, M.; Parker, P.J. PKC alpha protein but not kinase activity is critical for glioma cell proliferation
and survival. Int. J. Cancer 2008, 123, 769–779. [CrossRef] [PubMed]

96. Graff, J.R.; McNulty, A.M.; Hanna, K.R.; Konicek, B.W.; Lynch, R.L.; Bailey, S.N.; Banks, C.; Capen, A.; Goode, R.; Lewis, J.E.; et al.
The Protein Kinase Cβ–Selective Inhibitor, Enzastaurin (LY317615.HCl), Suppresses Signaling through the AKT Pathway, Induces
Apoptosis, and Suppresses Growth of Human Colon Cancer and Glioblastoma Xenografts. Cancer Res. 2005, 65, 7462–7469.
[CrossRef] [PubMed]

97. Carmo, A.D.; Balça-Silva, J.; Matias, D.; Lopes, M.C. PKC signaling in glioblastoma. Cancer Biol. Ther. 2013, 14, 287–294. [CrossRef]
98. Ou, A.; Ott, M.; Fang, D.; Heimberger, A. The Role and Therapeutic Targeting of JAK/STAT Signaling in Glioblastoma. Cancers

2021, 13, 437. [CrossRef] [PubMed]
99. Brantley, E.C.; Benveniste, E.N. Signal Transducer and Activator of Transcription-3: A Molecular Hub for Signaling Pathways in

Gliomas. Mol. Cancer Res. 2008, 6, 675–684. [CrossRef]
100. De La Iglesia, N.; Puram, S.V.; Bonni, A. STAT3 Regulation of Glioblastoma Pathogenesis. Curr. Mol. Med. 2009, 9, 580–590.

[CrossRef]
101. Harris, S.L.; Levine, A.J. The p53 pathway: Positive and negative feedback loops. Oncogene 2005, 24, 2899–2908. [CrossRef]
102. Zhang, Y.; Dube, C.; Gibert, J.M.; Cruickshanks, N.; Wang, B.; Coughlan, M.; Yang, Y.; Setiady, I.; Deveau, C.; Saoud, K.; et al. The

p53 Pathway in Glioblastoma. Cancers 2018, 10, 297. [CrossRef]
103. England, B.; Huang, T.; Karsy, M. Current understanding of the role and targeting of tumor suppressor p53 in glioblastoma

multiforme. Tumor Biol. 2013, 34, 2063–2074. [CrossRef]

http://doi.org/10.1084/jem.20111424
http://doi.org/10.18632/oncotarget.2910
http://doi.org/10.1155/2013/417413
http://doi.org/10.1038/bjc.2015.242
http://doi.org/10.3892/etm.2018.6336
http://doi.org/10.3892/ijo.24.5.1101
http://doi.org/10.1016/j.bbadis.2018.03.002
http://doi.org/10.1016/0165-1110(88)90004-8
http://doi.org/10.1007/s00401-007-0239-0
http://doi.org/10.1007/s00401-004-0929-9
http://doi.org/10.3390/cancers11060794
http://doi.org/10.1158/1078-0432.CCR-05-2202
http://doi.org/10.1038/nrg1879
http://doi.org/10.1038/s41389-017-0004-8
http://doi.org/10.1007/s00401-005-1000-1
http://doi.org/10.1111/j.1750-3639.2004.tb00080.x
http://www.ncbi.nlm.nih.gov/pubmed/15605984
http://doi.org/10.1186/s40478-019-0720-8
http://www.ncbi.nlm.nih.gov/pubmed/31036078
http://doi.org/10.1155/2018/9230479
http://www.ncbi.nlm.nih.gov/pubmed/30662577
http://doi.org/10.1002/ijc.23560
http://www.ncbi.nlm.nih.gov/pubmed/18508315
http://doi.org/10.1158/0008-5472.CAN-05-0071
http://www.ncbi.nlm.nih.gov/pubmed/16103100
http://doi.org/10.4161/cbt.23615
http://doi.org/10.3390/cancers13030437
http://www.ncbi.nlm.nih.gov/pubmed/33498872
http://doi.org/10.1158/1541-7786.MCR-07-2180
http://doi.org/10.2174/156652409788488739
http://doi.org/10.1038/sj.onc.1208615
http://doi.org/10.3390/cancers10090297
http://doi.org/10.1007/s13277-013-0871-3


Cancers 2022, 14, 600 19 of 22

104. Nevins, J.R. The Rb/E2F pathway and cancer. Hum. Mol. Genet. 2001, 10, 699–703. [CrossRef]
105. Biasoli, D.; Kahn, S.A.; Cornélio, T.A.; Furtado, M.; Campanati, L.; Chneiweiss, H.; Moura-Neto, V.; Borges, H.L. Retinoblastoma

protein regulates the crosstalk between autophagy and apoptosis, and favors glioblastoma resistance to etoposide. Cell Death Dis.
2013, 4, e767. [CrossRef]

106. Juric, V.; Murphy, B. Cyclin-dependent kinase inhibitors in brain cancer: Current state and future directions. Cancer Drug Resist.
2020, 3, 48–62. [CrossRef]

107. Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci. 2015, 36, 422–439.
[CrossRef]

108. Zhang, J.; Yang, P.L.; Gray, N.S. Targeting cancer with small molecule kinase inhibitors. Nat. Cancer 2009, 9, 28–39. [CrossRef]
109. Fabbro, D.; Cowan-Jacob, S.W.; Moebitz, H. Ten things you should know about protein kinases: IUPHAR Review 14. J. Cereb.

Blood Flow Metab. 2015, 172, 2675–2700. [CrossRef]
110. Venkatesan, S.; Lamfers, M.L.M.; Dirven, C.M.F.; Leenstra, S. Genetic biomarkers of drug response for small-molecule therapeutics

targeting the RTK/Ras/PI3K, p53 or Rb pathway in glioblastoma. CNS Oncol. 2016, 5, 77–90. [CrossRef]
111. Thorne, A.H.; Zanca, C.; Furnari, F. Epidermal growth factor receptor targeting and challenges in glioblastoma. Neuro-Oncology

2016, 18, 914–918. [CrossRef]
112. Pearson, J.; Regad, T. Targeting cellular pathways in glioblastoma multiforme. Signal Transduct. Target. Ther. 2017, 2, 17040.

[CrossRef] [PubMed]
113. Chi, A.S.; Sorensen, A.G.; Jain, R.K.; Batchelor, T.T. Angiogenesis as a Therapeutic Target in Malignant Gliomas. Oncology 2009,

14, 621–636. [CrossRef] [PubMed]
114. Reardon, D.A.; Turner, S.; Peters, K.B.; Desjardins, A.; Gururangan, S.; Sampson, J.; McLendon, R.E.; Herndon, J.E.; Jones, L.W.;

Kirkpatrick, J.; et al. A Review of VEGF/VEGFR-Targeted Therapeutics for Recurrent Glioblastoma. J. Natl. Compr. Cancer Netw.
2011, 9, 414–427. [CrossRef] [PubMed]

115. Lo, H.-W. Targeting Ras-RAF-ERK and its Interactive Pathways as a Novel Therapy for Malignant Gliomas. Curr. Cancer Drug
Targets 2010, 10, 840–848. [CrossRef]

116. Schreck, K.C.; Patel, M.P.; Wemmer, J.; Grossman, S.A.; Peters, K.B. RAF and MEK inhibitor therapy in adult patients with brain
tumors: A case-based overview and practical management of adverse events. Neuro-Oncol. Pr. 2020, 7, 369–375. [CrossRef]

117. Zhao, H.F.; Wang, J.; Shao, W.; Wu, C.P.; Chen, Z.P.; To, S.T.; Li, W.P. Recent advances in the use of PI3K inhibitors for glioblastoma
multiforme: Current preclinical and clinical development. Mol. Cancer 2017, 16, 100. [CrossRef]

118. Li, X.; Wu, C.; Chen, N.; Gu, H.; Yen, A.; Cao, L.; Wang, E.; Wang, L. PI3K/Akt/mTOR signaling pathway and targeted therapy
for glioblastoma. Oncotarget 2016, 7, 33440–33450. [CrossRef]

119. Riggins, G.J.; Gallia, G.L. Targeting the AKT Pathway in Glioblastoma. Curr. Pharm. Des. 2011, 17, 2411–2420. [CrossRef]
120. Gerber, D.E. EGFR inhibition in the treatment of non-small cell lung cancer. Drug Dev. Res. 2008, 69, 359–372. [CrossRef]
121. Marie, Y.; Carpentier, A.F.; Omuro, A.; Sanson, M.; Thillet, J.; Hoang-Xuan, K.; Delattre, J.-Y. EGFR tyrosine kinase domain

mutations in human gliomas. Neurology 2005, 64, 1444–1445. [CrossRef]
122. Vivanco, I.; Robins, H.I.; Rohle, D.; Campos, C.; Grommes, C.; Nghiemphu, P.L.; Kubek, S.; Oldrini, B.; Chheda, M.G.;

Yannuzzi, N.; et al. Differential Sensitivity of Glioma- versus Lung Cancer–Specific EGFR Mutations to EGFR Kinase Inhibitors.
Cancer Discov. 2012, 2, 458–471. [CrossRef]

123. Burger, K.; Bakker, M.A.D.; Kros, J.M.; De Bruin, A.M.; Oosterhuis, W.; Ingh, H.F.V.D.; Van Der Harst, E.; De Schipper, H.P.;
Wiemer, E.A.; Nooter, K.; et al. Activating mutations in c-KIT and PDGFRα are exclusively found in gastrointestinal stromal
tumors and not in other tumors overexpressing these imatinib mesylate target genes. Cancer Biol. Ther. 2005, 4, 1270–1274.
[CrossRef]

124. Mocellin, S.; Pasquali, S.; Campana, L.; Yuan, Y.; Gronchi, A.; Griffiths, E.; Vohra, R. Tyrosine kinase inhibitor therapies for
gastrointestinal stromal tumours. Cochrane Database Syst. Rev. 2018, 2018, CD012951. [CrossRef]

125. De Luca, A.; Abate, R.E.; Rachiglio, A.M.; Maiello, M.R.; Esposito, C.; Schettino, C.; Izzo, F.; Nasti, G.; Normanno, N. FGFR
Fusions in Cancer: From Diagnostic Approaches to Therapeutic Intervention. Int. J. Mol. Sci. 2020, 21, 6856. [CrossRef]

126. Inda, M.-d.-M.; Bonavia, R.; Seoane, J. Glioblastoma Multiforme: A Look Inside Its Heterogeneous Nature. Cancers 2014, 6,
226–239. [CrossRef]

127. Stommel, J.M.; Kimmelman, A.C.; Ying, H.; Nabioullin, R.; Ponugoti, A.H.; Wiedemeyer, R.; Stegh, A.H.; Bradner, J.E.; Ligon,
K.L.; Brennan, C.; et al. Coactivation of Receptor Tyrosine Kinases Affects the Response of Tumor Cells to Targeted Therapies.
Science 2007, 318, 287–290. [CrossRef]

128. Szerlip, N.J.; Pedraza, A.; Chakravarty, D.; Azim, M.; McGuire, J.; Fang, Y.; Ozawa, T.; Holland, E.C.; Huse, J.T.; Jhanwar, S.; et al.
Intratumoral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA amplification in glioblastoma defines subpopulations
with distinct growth factor response. Proc. Natl. Acad. Sci. USA 2012, 109, 3041–3046. [CrossRef]

129. Song, K.; Yuan, Y.; Lin, Y.; Wang, Y.-X.; Zhou, J.; Gai, Q.-J.; Zhang, L.; Mao, M.; Yao, X.-X.; Qin, Y.; et al. ERBB3, IGF1R, and TGFBR2
expression correlate with PDGFR expression in glioblastoma and participate in PDGFR inhibitor resistance of glioblastoma cells.
Am. J. Cancer Res. 2018, 8, 792–809.

130. Mellinghoff, I.K.; Wang, M.Y.; Vivanco, I.; Haas-Kogan, D.A.; Zhu, S.; Dia, E.Q.; Lu, K.V.; Yoshimoto, K.; Huang, J.H.Y.;
Chute, D.J.; et al. Molecular Determinants of the Response of Glioblastomas to EGFR Kinase Inhibitors. N. Engl. J. Med. 2005, 353,
2012–2024. [CrossRef]

http://doi.org/10.1093/hmg/10.7.699
http://doi.org/10.1038/cddis.2013.283
http://doi.org/10.20517/cdr.2019.105
http://doi.org/10.1016/j.tips.2015.04.005
http://doi.org/10.1038/nrc2559
http://doi.org/10.1111/bph.13096
http://doi.org/10.2217/cns-2015-0005
http://doi.org/10.1093/neuonc/nov319
http://doi.org/10.1038/sigtrans.2017.40
http://www.ncbi.nlm.nih.gov/pubmed/29263927
http://doi.org/10.1634/theoncologist.2008-0272
http://www.ncbi.nlm.nih.gov/pubmed/19487335
http://doi.org/10.6004/jnccn.2011.0038
http://www.ncbi.nlm.nih.gov/pubmed/21464146
http://doi.org/10.2174/156800910793357970
http://doi.org/10.1093/nop/npaa006
http://doi.org/10.1186/s12943-017-0670-3
http://doi.org/10.18632/oncotarget.7961
http://doi.org/10.2174/138161211797249224
http://doi.org/10.1002/ddr.20268
http://doi.org/10.1212/01.WNL.0000158654.07080.B0
http://doi.org/10.1158/2159-8290.CD-11-0284
http://doi.org/10.4161/cbt.4.11.2253
http://doi.org/10.1002/14651858.CD012951
http://doi.org/10.3390/ijms21186856
http://doi.org/10.3390/cancers6010226
http://doi.org/10.1126/science.1142946
http://doi.org/10.1073/pnas.1114033109
http://doi.org/10.1056/NEJMoa051918


Cancers 2022, 14, 600 20 of 22

131. Mellinghoff, I.K.; Cloughesy, T.F.; Mischel, P.S. PTEN-Mediated Resistance to Epidermal Growth Factor Receptor Kinase Inhibitors.
Clin. Cancer Res. 2007, 13, 378–381. [CrossRef]

132. Greenall, S.; Donoghue, J.; Van Sinderen, M.; Dubljevic, V.; Budiman, S.; Devlin, M.J.; Street, I.P.; Adams, T.; Johns, T. EGFRvIII-
mediated transactivation of receptor tyrosine kinases in glioma: Mechanism and therapeutic implications. Oncogene 2015, 34,
5277–5287. [CrossRef] [PubMed]

133. Guo, G.; Narayan, R.N.; Horton, L.; Patel, T.R.; Habib, A.A. The Role of EGFR-Met Interactions in the Pathogenesis of Glioblastoma
and Resistance to Treatment. Curr. Cancer Drug Targets 2017, 17, 297–302. [CrossRef] [PubMed]

134. Huang, P.H.; Mukasa, A.; Bonavia, R.; Flynn, R.A.; Brewer, Z.E.; Cavenee, W.K.; Furnari, F.B.; White, F.M. Quantitative analysis of
EGFRvIII cellular signaling networks reveals a combinatorial therapeutic strategy for glioblastoma. Proc. Natl. Acad. Sci. USA
2007, 104, 12867–12872. [CrossRef] [PubMed]

135. Jun, H.J.; Acquaviva, J.; Chi, D.; Lessard, J.; Zhu, H.; Woolfenden, S.; Bronson, R.T.; Pfannl, R.; White, F.; Housman, D.E.; et al.
Acquired MET expression confers resistance to EGFR inhibition in a mouse model of glioblastoma multiforme. Oncogene 2011, 31,
3039–3050. [CrossRef] [PubMed]

136. Lal, B.; Goodwin, C.R.; Sang, Y.; Foss, C.A.; Cornet, K.; Muzamil, S.; Pomper, M.G.; Kim, J.; Laterra, J. EGFRvIII and c-Met
pathway inhibitors synergize against PTEN-null/EGFRvIII+ glioblastoma xenografts. Mol. Cancer Ther. 2009, 8, 1751–1760.
[CrossRef]

137. Bardelli, A.; Corso, S.; Bertotti, A.; Hobor, S.; Valtorta, E.; Siravegna, G.; Sartore-Bianchi, A.; Scala, E.; Cassingena, A.;
Zecchin, D.; et al. Amplification of the MET Receptor Drives Resistance to Anti-EGFR Therapies in Colorectal Cancer. Can-
cer Discov. 2013, 3, 658–673. [CrossRef]

138. Cappuzzo, F.; Jänne, P.A.; Skokan, M.; Finocchiaro, G.; Rossi, E.; Ligorio, C.; Zucali, P.A.; Terracciano, L.; Toschi, L.;
Roncalli, M.; et al. MET increased gene copy number and primary resistance to gefitinib therapy in non-small-cell lung cancer
patients. Ann. Oncol. 2008, 20, 298–304. [CrossRef]

139. Nathanson, D.A.; Gini, B.; Mottahedeh, J.; Visnyei, K.; Koga, T.; Gomez, G.; Eskin, A.; Hwang, K.; Wang, J.; Masui, K.; et al.
Targeted Therapy Resistance Mediated by Dynamic Regulation of Extrachromosomal Mutant EGFR DNA. Science 2014, 343,
72–76. [CrossRef]

140. Akhavan, D.; Pourzia, A.L.; Nourian, A.A.; Williams, K.J.; Nathanson, D.; Babic, I.; Villa, G.R.; Tanaka, K.; Nael, A.; Yang, H.; et al.
De-Repression of PDGFRβ Transcription Promotes Acquired Resistance to EGFR Tyrosine Kinase Inhibitors in Glioblastoma
Patients. Cancer Discov. 2013, 3, 534–547. [CrossRef]

141. Rubin, B.P.; Duensing, A. Mechanisms of resistance to small molecule kinase inhibition in the treatment of solid tumors. Lab.
Investig. 2006, 86, 981–986. [CrossRef] [PubMed]

142. Day, E.K.; Sosale, N.G.; Xiao, A.; Zhong, Q.; Purow, B.; Lazzara, M.J. Glioblastoma Cell Resistance to EGFR and MET Inhibition
Can Be Overcome via Blockade of FGFR-SPRY2 Bypass Signaling. Cell Rep. 2020, 30, 3383–3396. [CrossRef] [PubMed]

143. Bonnin, D.A.A.; Ran, C.; Havrda, M.C.; Liu, H.; Hitoshi, Y.; Zhang, Z.; Cheng, C.; Ung, M.; Israel, M.A. Insulin-Mediated Signaling
Facilitates Resistance to PDGFR Inhibition in Proneural hPDGFB-Driven Gliomas. Mol. Cancer Ther. 2017, 16, 705–716. [CrossRef]
[PubMed]

144. Pastorino, S.; Langley, E.J.; Chao, Y.; Jiang, P.; Mukthavaram, R.; Pingle, S.C.; Kim, P.S.; Singh, S.; Kesari, S. Mechanisms of
resistance to PDGFR inhibition in glioblastoma. J. Clin. Oncol. 2014, 32, e13030. [CrossRef]

145. Chakravarti, A.; Loeffler, J.S.; Dyson, N.J. Insulin-like growth factor receptor I mediates resistance to anti-epidermal growth
factor receptor therapy in primary human glioblastoma cells through continued activation of phosphoinositide 3-kinase signaling.
Cancer Res. 2002, 62, 200–207. [PubMed]

146. Ma, Y.; Tang, N.; Thompson, R.C.; Mobley, B.C.; Clark, S.W.; Sarkaria, J.N.; Wang, J. InsR/IGF1R Pathway Mediates Resistance to
EGFR Inhibitors in Glioblastoma. Clin. Cancer Res. 2015, 22, 1767–1776. [CrossRef] [PubMed]

147. Cruickshanks, N.; Zhang, Y.; Hine, S.; Gibert, M.; Yuan, F.; Oxford, M.; Grello, C.M.; Pahuski, M.; Dube, C.; Guessous, F.; et al.
Discovery and Therapeutic Exploitation of Mechanisms of Resistance to MET Inhibitors in Glioblastoma. Clin. Cancer Res. 2018,
25, 663–673. [CrossRef]

148. Bielen, A.; Perryman, L.; Box, G.M.; Valenti, M.; Brandon, A.D.H.; Martins, V.; Jury, A.; Popov, S.; Gowan, S.; Jeay, S.; et al.
Enhanced Efficacy of IGF1R Inhibition in Pediatric Glioblastoma by Combinatorial Targeting of PDGFRα/β. Mol. Cancer Ther.
2011, 10, 1407–1418. [CrossRef]

149. Carapancea, M.; Cosaceanu, D.; Budiu, R.; Kwiecinska, A.; Tataranu, L.G.; Ciubotaru, V.; Alexandru, O.; Banita, M.; Pisoschi,
C.; Bäcklund, M.; et al. Dual targeting of IGF-1R and PDGFR inhibits proliferation in high-grade gliomas cells and induces
radiosensitivity in JNK-1 expressing cells. J. Neuro-Oncol. 2007, 85, 245–254. [CrossRef]

150. Carrasco-Garcia, E.; Martinez-Lacaci, I.; Mayor-López, L.; Tristante, E.; Carballo-Santana, M.; García-Morales, P.; Ventero Martin,
M.P.; Fuentes-Baile, M.; Rodriguez-Lescure, Á.; Saceda, M. PDGFR and IGF-1R Inhibitors Induce a G2/M Arrest and Subsequent
Cell Death in Human Glioblastoma Cell Lines. Cells 2018, 7, 131. [CrossRef]

151. Sundar, S.J.; Hsieh, J.K.; Manjila, S.; Lathia, J.D.; Sloan, A. The role of cancer stem cells in glioblastoma. Neurosurg. Focus 2014,
37, E6. [CrossRef]

152. Prager, B.C.; Bhargava, S.; Mahadev, V.; Hubert, C.G.; Rich, J.N. Glioblastoma Stem Cells: Driving Resilience through Chaos.
Trends Cancer 2020, 6, 223–235. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-06-1992
http://doi.org/10.1038/onc.2014.448
http://www.ncbi.nlm.nih.gov/pubmed/25659577
http://doi.org/10.2174/1568009616666161215162515
http://www.ncbi.nlm.nih.gov/pubmed/28004613
http://doi.org/10.1073/pnas.0705158104
http://www.ncbi.nlm.nih.gov/pubmed/17646646
http://doi.org/10.1038/onc.2011.474
http://www.ncbi.nlm.nih.gov/pubmed/22020333
http://doi.org/10.1158/1535-7163.MCT-09-0188
http://doi.org/10.1158/2159-8290.CD-12-0558
http://doi.org/10.1093/annonc/mdn635
http://doi.org/10.1126/science.1241328
http://doi.org/10.1158/2159-8290.CD-12-0502
http://doi.org/10.1038/labinvest.3700466
http://www.ncbi.nlm.nih.gov/pubmed/16924245
http://doi.org/10.1016/j.celrep.2020.02.014
http://www.ncbi.nlm.nih.gov/pubmed/32160544
http://doi.org/10.1158/1535-7163.MCT-16-0616
http://www.ncbi.nlm.nih.gov/pubmed/28138037
http://doi.org/10.1200/jco.2014.32.15_suppl.e13030
http://www.ncbi.nlm.nih.gov/pubmed/11782378
http://doi.org/10.1158/1078-0432.CCR-15-1677
http://www.ncbi.nlm.nih.gov/pubmed/26561558
http://doi.org/10.1158/1078-0432.CCR-18-0926
http://doi.org/10.1158/1535-7163.MCT-11-0205
http://doi.org/10.1007/s11060-007-9417-0
http://doi.org/10.3390/cells7090131
http://doi.org/10.3171/2014.9.FOCUS14494
http://doi.org/10.1016/j.trecan.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/32101725


Cancers 2022, 14, 600 21 of 22

153. Dirkse, A.; Golebiewska, A.; Buder, T.; Nazarov, P.V.; Muller, A.; Poovathingal, S.; Brons, N.H.C.; Leite, S.; Sauvageot, N.;
Sarkisjan, D.; et al. Stem cell-associated heterogeneity in Glioblastoma results from intrinsic tumor plasticity shaped by the
microenvironment. Nat. Commun. 2019, 10, 1787. [CrossRef] [PubMed]

154. Chen, W.; Dong, J.; Haiech, J.; Kilhoffer, M.-C.; Zeniou, M. Cancer Stem Cell Quiescence and Plasticity as Major Challenges in
Cancer Therapy. Stem Cells Int. 2016, 2016, 1740936. [CrossRef] [PubMed]

155. Chen, J.; Li, Y.; Yu, T.-S.; McKay, R.M.; Burns, D.K.; Kernie, S.G.; Parada, L.F. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nature 2012, 488, 522–526. [CrossRef]

156. Rothe, K.; Babaian, A.; Nakamichi, N.; Chen, M.; Chafe, S.C.; Watanabe, A.; Forrest, D.L.; Mager, D.L.; Eaves, C.J.; Dedhar, S.; et al.
Integrin-Linked Kinase Mediates Therapeutic Resistance of Quiescent CML Stem Cells to Tyrosine Kinase Inhibitors. Cell Stem
Cell 2020, 27, 110–124.e9. [CrossRef]

157. Del Re, M.; Arrigoni, E.; Restante, G.; Passaro, A.; Rofi, E.; Crucitta, S.; De Marinis, F.; Di Paolo, A.; Danesi, R. Concise Review:
Resistance to Tyrosine Kinase Inhibitors in Non-Small Cell Lung Cancer: The Role of Cancer Stem Cells. Stem Cells 2018, 36,
633–640. [CrossRef]

158. Gianì, F.; Vella, V.; Tumino, D.; Malandrino, P.; Frasca, F. The Possible Role of Cancer Stem Cells in the Resistance to Kinase
Inhibitors of Advanced Thyroid Cancer. Cancers 2020, 12, 2249. [CrossRef]

159. Jensen, C.; Teng, Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front. Mol. Biosci. 2020, 7, 33. [CrossRef]
160. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-Dimensional Cell Culture Systems and Their Applications in Drug

Discovery and Cell-Based Biosensors. ASSAY Drug Dev. Technol. 2014, 12, 207–218. [CrossRef]
161. Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell

Culture. Physiology 2017, 32, 266–277. [CrossRef]
162. Fontoura, J.C.; Viezzer, C.; dos Santos, F.G.; Ligabue, R.A.; Weinlich, R.; Puga, R.D.; Antonow, D.; Severino, P.; Bonorino, C.

Comparison of 2D and 3D cell culture models for cell growth, gene expression and drug resistance. Mater. Sci. Eng. C 2019,
107, 110264. [CrossRef]
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