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A B S T R A C T

Targeted therapy against driver mutations responsible for cancer progression has been shown to be effective in
many tumor types. For glioblastoma (GBM), the epidermal growth factor receptor (EGFR) gene is the most
frequently mutated oncogenic driver and has therefore been considered an attractive target for therapy.
However, so far responses to EGFR-pathway inhibitors have been disappointing. We performed an exhaustive
analysis of the mechanisms that might account for therapy resistance against EGFR inhibition. We define two
major mechanisms of resistance and propose modalities to overcome them. The first resistance mechanism
concerns target independence. In this case, cells have lost expression of the EGFR protein and experience no
negative impact of EGFR targeting. Loss of extrachromosomally encoded EGFR as present in double minute DNA
is a frequent mechanism for this type of drug resistance. The second mechanism concerns target compensation.
In this case, cells will counteract EGFR inhibition by activation of compensatory pathways that render them
independent of EGFR signaling. Compensatory pathway candidates are platelet-derived growth factor β
(PDGFβ), Insulin-like growth factor 1 (IGFR1) and cMET and their downstream targets, all not commonly
mutated at the time of diagnosis alongside EGFR mutation. Given that both mechanisms make cells independent
of EGFR expression, other means have to be found to eradicate drug resistant cells. To this end we suggest
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rational strategies which include the use of multi-target therapies that hit truncation mutations (mechanism 1) or
multi-target therapies to co-inhibit compensatory proteins (mechanism 2).

1. Introduction

GBM is an aggressive and highly diffuse glioma amongst brain tu-
mors. The current standard therapy for GBM patients consists of a
maximal safe surgical resection followed by concurrent radiotherapy
and temozolomide followed by adjuvant temozolomide (Stupp et al.,
2009). GBM remains an incurable disease with a median overall sur-
vival of 12–15 months after standard therapy and recurrence is in-
evitable (Thakkar et al., 2014; Wirsching et al., 2016). The reason for
this, as with many cancers, is resistance to therapy. Over the years
advances have been made in the identification of molecular targets and
the development of targeted drugs such as small-molecule- and anti-
body inhibitors in many tumor types (Padma, 2015). However, early
clinical data of these agents in GBM have been largely disappointing, as
only a small percentage of the patients show clinical benefit from these
targeted therapies (Prados et al., 2009; Reardon et al., 2010;
Sathornsumetee et al., 2010). The reason for this is that patients who
initially respond well to targeted therapy eventually acquire drug re-
sistance over time (Masui et al., 2013; Sierra et al., 2010). Also, a subset
of GBM patients does not respond to targeted therapy at all, demon-
strating intrinsic resistance to therapy (Ramirez et al., 2013). Here we
provide a comprehensive list of cellular responses that contribute to
resistance to EGFR-targeted therapy in GBM. We describe the various
underlying mechanisms that have been shown to confer resistance to
EGFR-targeted therapy in GBM and propose modalities to overcome
them in the near future.

2. Targeting the EGF receptor in GBM

Recent advances in our understanding of the molecular pathology of
gliomas have identified various common genetic alterations. This re-
sulted in the disruption of key signaling pathways that drive glioma-
genesis and disease progression. The Cancer Genome Atlas (TCGA)
contains a series of genomic, epigenomic, transcriptomic and proteomic
analyses of more than 500 GBM tumors, thereby providing a compre-
hensive molecular characterization of GBM. Targeted therapy has be-
come the desired approach against specific driver mutations in many
tumor types (Burger et al., 2011; T.C.G.A Network et al., 2008).

The epidermal growth factor receptor (EGFR) is most often mutated
in GBM (26%) and is thereby considered an important target. The de-
letion of exons 2–7 of the EGFR gene is another common genetic
aberration in GBM. This deletion results in a constitutively active, li-
gand-independent mutant known as EGFRvIII. EGFR mutations in GBM
such as the vIII, R108 K, A289 V, G598 V are extracellular domain
mutations that have been shown to be poorly inhibited by EGFR in-
hibitors that target the active kinase conformation (e.g. erlotinib)
(Aljohani et al., 2015; Chang et al., 2015; Lee et al., 2006; Vivanco
et al., 2012; Wee and Wang, 2017). This is in contrast to lung cancers
that similar to GBM, frequently show kinase domain mutations such as
in EGFR and are sensitive to several of these small molecule inhibitors
(Bonavida and Tivnan, 2016; Huang and Fu, 2015). For example, the
T790 M mutation which enhanced the affinity of the adenosine tri-
phosphate (ATP) binding pocket for ATP, thereby preventing its
binding to the inhibitor (Pao et al., 2005; Wu et al., 2016), is seen in
lung cancers but not in gliomas. However, other secondary mutations,
such as D761Y and T854 A, have also been associated with acquired
resistance to EGFR inhibition in lung cancer.

3. Definition of two types of therapy resistance mechanisms

Due to the EGFR mutations that occur GBM as mentioned earlier,
many therapies against this target were developed. These therapies
included small-molecule tyrosine kinase inhibitors (TKIs), antibody-
drug conjugates (ADCs), vaccination, and Chimeric antigen receptor
(CAR) T-Cell approaches. These approaches were mainly developed to
target EGFRvIII, the most common mutation of EGFR in GBM.
Unfortunately, most strategies used so far have shown disappointing
clinical results (Eskilsson et al., 2017; Gao et al., 2018; Padfield et al.,
2015). In recent years, a large number of studies have been performed
to decipher and elucidate the various molecular mechanisms under-
lying resistance to EGFR inhibition (Table 1). The two main mechan-
isms of resistance to EGFR inhibitors are (a) target independence
through alterations in structure or expression of the drug target, and (b)
target compensation where alternative signaling pathways are acti-
vated. These mechanisms are shown in Fig. 1 and explained in detail
below.

3.1. Mechanism 1: target independence

Target independence after small molecule therapy. In 2014,
Nathanson et al., discovered that the dynamic regulation of EGFRvIII
expression by small circular extra-chromosomal DNA fragments can
mediate resistance to EGFR inhibition in GBM. The authors demon-
strated that erlotinib-treated GBM cells reversibly suppress mutant
EGFR from extrachromosomal DNA, rendering GBM cells resistant to
EGFR inhibition. Upon drug withdrawal, EGFR mutations re-emerge on
extrachromosomal DNA, resulting in the upregulation of EGFRvIII and
the re-sensitization of GBM cells to erlotinib-induced cell death.
Furthermore, treatment with lapatinib, another EGFR inhibitor, showed
a clear reduction in the EGFRvIII copy number in 6 patients (Nathanson
et al., 2014).

Target independence after CAR T therapy. In a recent study,
O’Rourke et al., studied CAR T cells directed against the EGFRvIII which
were administered to patients with EGFRvIII expressing recurrent
GBMs. The authors observed loss or decreased expression of EGFRvIII in
tumors resected after CAR T infusion. Apart from the loss of antigen
containing cells, the infusion of CAR T-EGFRvIII cells also resulted in a
more immunosuppressive tumor microenvironment. The authors sug-
gested that targeting other antigens, in addition to EGFRvIII, using CAR
T cells in combination with drugs that target immunosuppressive mo-
lecules, might improve the clinical efficacy of this therapy. Analysis of
recurrent GBM has shown loss of this mutation in 50% of these tumors
prior to EGFR targeted therapy. This might explain the failure of the
CAR T vaccine (van den Bent et al., 2015; Wang et al., 2016; Weller
et al., 2017).

3.2. Mechanism 2: target compensation

Target compensation through downstream signaling via bypass
pathways. In a phase II trial, the activation of the EGFR/PI3K pathway
in recurrent GBM under treatment with the EGFR inhibitor gefitinib
was evaluated. While EGFR was efficiently dephosphorylated in gefi-
tinib-treated patients, no significant effect was detectable on down-
stream pathway components (Hegi et al., 2011). Concurrent activation
of multiple RTK families is common in GBM in response to EGFR in-
hibition including erythroblastic leukemia viral oncogene homolog
(ERBB)2, ERBB3, hepatocyte growth factor receptor (HGFR/MET),
platelet-derived growth factor receptor (PDGFR), insulin-like growth
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factor 1 (IGFR-1) and proto-oncogene tyrosine kinase (ROS1); these
contribute as compensatory downstream signaling pathways (Padfield
et al., 2015; Stommel et al., 2007). In vitro experiments in GBM cells
expressing EGFRvIII were intrinsically more resistant to the EGFR in-
hibitor gefitinib than GBM cells expressing wild-type EGFR. Although
increasing the dose and exposure to gefitinib showed inhibition of
EGFRvIII phosphorylation, downstream signaling by Akt and DNA
synthesis remained unaffected. The difference between wild type EGFR
sensitivity and EGFRvIII resistance to gefitinib might be a result of
differential regulation of Akt and other signaling pathways (Learn et al.,
2004). Schulte et al. (2013) demonstrated that resistance to erlotinib in
GBM cells was associated with a strong upregulation of EGFRvIII and
knockdown of EGFRvIII re-sensitized drug-resistant cells to erlotinib.
Upregulation of EGFRvIII induced the expression of the regulatory
subunit of PI3K (PI3Kp110δ) and subsequently activated the PI3K
pathway, thereby mediating resistance to EGFR inhibition (Schulte
et al., 2013). Specific inhibition of p110δ through CAL-101 or possibly
other mediators of PI3K pathway, in combination with EGFR inhibition,
may overcome resistance to EGFR inhibition in GBM with the EGFRvIII
mutation.

In 2012, Clark et al., reported that GBM cells with stem-cell like
properties (GBM CSCs) exhibited intrinsic resistance to EGFR inhibi-
tion. This was mediated by the compensatory activation of other
members of ERBB receptor family, namely ERBB2 and ERBB3. In this
study, multiple GBM CSC lines were continuously proliferating and
maintained stem-cell like properties despite EGFR signal inhibition.
Clark et al., went on to demonstrate that downstream activation of the
PI3K and RAS pathways remained active in GBM CSCs through the
activation of ERBB2 and ERBB3. The authors also observed that in
contrast to the EGFR inhibitor cetuximab, the dual inhibitor lapatinib
targeting EGFR and ERBB3 was significantly more effective at de-
creasing downstream signaling and preventing proliferation of GBM
CSCs (Clark et al., 2012). Similarly, Donoghue et al., reported that
compensatory activation of ERBB4 by the ligand heregulin-1β also
promotes resistance to EGFR-targeted therapy. The authors also de-
monstrated that compared to EGFR inhibitors, pan-ERBB inhibitors
(e.g. dacomitinib) were more efficient and prevented recurrence in
GBM xenograft models (Donoghue et al., 2018).

In response to EGFR inhibition, activation of the MET receptor
tyrosine kinase has been shown to maintain downstream signaling in
GBM. Jun et al. (2012) reported that in vivo experiments, transcrip-
tional activation of MET was associated with resistance to EGFR in-
hibition in GBM (Jun et al., 2012). This finding is supported by previous
studies that showed the inhibition of MET by SU11274 in combination
with EGFR inhibition, that enhanced cytotoxicity and was necessary to
disrupt downstream PI3K signaling in GBM cells (Huang et al., 2007;
Stommel et al., 2007). EGFRvIII is known to suppress PDGFRβ ex-
pression via mTORC1 and extracellular signal-regulated kinases (ERK)-
dependent mechanisms. However, EGFR inhibition caused de-repres-
sion of PDGFRβ, rendering GBM more dependent on PDGFRβ signaling
for growth and survival. Consequently, combined inhibition of EGFR
witherlotinib, and PDGFRβ by AG1295, resulted in a more potent anti-
proliferative activity in GBM cells than either inhibitor alone (Akhavan
et al., 2013).

IGFR-1 signaling is another compensatory pathway through which
GBM cells can become resistant to EGFR-targeted therapy. Chakravarti
et al., reported that treatment with the EGFR inhibitor AG1478 in GBM
cell lines resulted in increased expression of IGFR-1. Dual-targeting of
IGFR-1 and EGFR with the inhibitor AG1024 not only enhanced cyto-
toxicity but also reduced the invasive potential of GBM cells
(Chakravarti et al., 2002). ROS1 is another compensatory pathway that
has also been implicated in mediating drug resistance to EGFR inhibi-
tion in GBM. Aljohani et al., demonstrated that in gefitinib-resistant
clones of U87 GBM cells, ROS1 was highly expressed at both the mRNA
and protein levels. Treatment with a ROS1 inhibitor re-sensitized these
cells to gefitinib, confirming that the acquired resistance was mediated

by ROS1. Dual-targeting of EGFR and ROS1 resulted in an efficient
inhibition of downstream signaling as well as a significant increase in
cell death via apoptosis (Aljohani et al., 2015).

Target compensation through alternative pathways. In a recent
study, Guo et al., revealed the role of the tumor necrosis factor alpha
(TNFα) - c-Jun N-terminal kinase (JNK) - tyrosine-protein kinase re-
ceptor UFO (Axl) - MAPK signaling pathway in mediating intrinsic re-
sistance to EGFR inhibition in GBM cells. They demonstrated that in-
hibition of EGFR, both wild-type and mutant, triggered a rapid adaptive
response driven by increased production and secretion of TNFα.
Increased levels of TNFα leads to the activation of JNK, which in turn
increases the expression of the ligand growth arrest-specific 6 (GAS6)
for the Axl receptor. Axl signaling is known to activate MAPK, which is
a key downstream effector of the RAS pathway. Interruption of this
adaptive pathway by the inhibition of either TNFα, JNK, Axl or MAPK
in combination with an EGFR inhibitor showed that resistant GBM cells
became sensitive to EGFR inhibition (Guo et al., 2017).

Cross-talk between EGFR and the Notch signaling pathway has also
been observed in GBM. For example, EGFR gene amplification in GBM
is correlated with an overexpression of notch-regulated genes and
conversely the activation of Notch signaling has showed an upregula-
tion of EGFR through a p53-depentent mechanism. Similar to EGFR,
Notch signaling has been linked to both the PI3K and RAS signaling
pathways. Staberg et al., reported that dual-targeting of EGFR and the
Notch pathway increased the sensitivity of GBM cells compared to
monotherapy. Hence, the authors demonstrated that the enhanced anti-
proliferative effects of dual-therapy were a result of more effective in-
hibition of the PI3K and RAS pathways. This suggests that activation of
the Notch pathway can confer resistance to EGFR inhibition by main-
taining compensatory downstream signaling (Staberg et al., 2016).
Genome-wide small hairpin RNA (shRNA) screens are used to identify
critical effectors and pathways mediating resistance in cancer. These
screens were also applied to study GBM resistance to EGFR inhibition. It
was discovered that dopamine receptor D2 (DRD2) signaling also
contributed to the proliferation of GBM cells. Compared to non-neo-
plastic cerebrum, GBM was shown to have an increased expression of
DRD2, both at the mRNA and protein levels suggesting the presence of
mitogenic signaling between EGFR and DRD2 (Li et al., 2014). In vitro
as well as in vivo experiments with a dual-targeted therapy of DRD2
and EGFR inhibitors (haloperidol and AG1478, respectively) resulted in
synergistic growth inhibition and MAPK suppression. These findings

Fig. 1. The two main types of resistance mechanisms to EGFR inhibition.
Populations of cells within a tumor could either be EGFR sensitive (yellow), or
EGFR insensitive through EGFR independence (grey) or through upregulation
of a redundant pathway such as the PDGFβ pathway (orange) (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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suggest that DRD2 activity can maintain the downstream signalling
pathway of RAS through guanine nucleotide-binding protein G(i), α-2
subunit (GNAI2) - ras-proximate-1 (Rap1) and MAPK regulation. (Li
et al., 2014).

Target compensation through alterations of downstream effectors/
repressors. The tumor suppressor PTEN negatively regulates the PI3K
pathway by the dephosphorylation of PIP3 to phosphatidylinositol
(4,5)-biphosphate (PIP2). In 40–50% of GBM cases there is a loss of
PTEN that limits effective treatment against GBM via EGFR inhibition.
In the analysis of recurrent malignant gliomas treated with EGFR in-
hibitors, loss of PTEN significantly correlated with poor response to
EGFR inhibition. Drug resistance was mediated by the uncoupling of
EGFR inhibition from downstream inhibition of the PI3K pathway via
Akt dependent and independent mechanisms. (Mellinghoff et al., 2005).
In a subsequent study, Wang and colleagues demonstrated that in-
hibition of mTOR restores sensitivity of PTEN-deficient gliomas to er-
lotinib. In addition a dual-target inhibitor of EGFR and mTOR, rapa-
mycin, effectively inhibited the downstream PI3K signaling pathways
as well as tumor growth (Wang et al., 2006). Furthermore, Fenton et al.,
showed that in GBM expressing wild-type PTEN, fibroblast growth
factor receptor (FGFR)/Src-family kinase (SFK)-mediated inactivation
of PTEN can occur by preventing the phosphorylation of the tyrosine
residue Y240 in this protein. These findings suggest the PI3K signaling
pathway has a critical role in resistance to EGFR inhibitors in GBM
(Fenton et al., 2012).

Loss of function of the NF1 gene can also induce intrinsic resistance
to EGFR inhibitors via the downstream RAS signaling pathway. This has
previously been shown in lung cancer where reduced expression of NF1
caused resistance to the EGFR inhibitor, erlotinib. Future studies in
GBM could evaluate the relationship between NF1 mutation and re-
sistance to EGFR inhibitors (de Bruin et al., 2014).

Next to playing a pivotal role in tumorigenesis and cancer pro-
gression, reprogramming of cellular metabolism has also been shown to
promote resistance to therapy. It is known that glucose or acetate can
promote EGFRvIII signaling through mTORC2 in GBM. This is caused
by the acetylation of the core subunit of mTORC2, Rictor. Once Rictor is
activated by the upstream signaling pathway RTK, mTORC2 forms an

auto-activation loop. The auto-activation loop can be formed by pro-
moting glucose uptake and acetyl-coA production through its down-
stream effector c-Myc. Next to this it can also be formed by an in-
activating class IIa histone deacetylase (HDAC), which regulates Rictor
hence suppressing mTORC2. Inactivation of HDAC occurs via protein
kinase C alpha (PKCα)-mediated phosphorylation and mTORC2 is al-
lowed to promote intrinsic resistance in GBM cells. Deacetylation of
Rictor by the introduction of a class IIa HDAC construct to GBM cells
sensitized the cells to EGFR-target therapy (Masui et al., 2015).

Target compensation through survival pathways. The suppression of
B-cell lymphoma 2 (Bcl-2)-like protein 11 (BIM) via urokinase-type
plasminogen activator (uPA) and urokinase-type plasminogen activator
receptor (uPAR) signaling was identified as a mechanism of acquired
resistance to EGFR inhibition. Furthermore, increased signaling
through uPAR activates the MEK/MAPK pathway. This plays an im-
portant role in mediating uPAR-dependent anti-apoptotic signaling by
suppressing BIM via phosphorylation and subsequent degradation.
Inhibiting MEK or treatment with a Bcl-2 homology domain 3 (BH3)-
mimetic drug will counteract the activity of anti-apoptotic Bcl-2 family
members. Treating EGFR inhibition-resistant GBM cells with a MEK
inhibitor or BH3-mimetic drug showed restored sensitivity (Wykosky
et al., 2015).

Activation of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) signaling via Interleukin-6 (IL-6) has also been shown to
confer resistance to EGFR inhibition. IL-6 secretion by EGFRvIII-posi-
tive GBM cells activates NF-κB signaling, resulting in a Bromodomain-
containing protein 4 (BRD4)-dependent expression of the pro-survival
protein survivin (BIRC5). Additionally, the inhibition of NF-κB, BRD4
or BIRC5 restored sensitivity to EGFR inhibitors in vivo GBM models
(Zanca et al., 2017).

Srikanth et al., identified another resistance mechanism to EGFR
inhibitors in GBM CSCs. This was mediated via focal adhesion kinase
(FAK) activation by β1-integrin. β1-integrin is a transmembrane protein
that facilitates extracellular matrix (ECM) adhesion. Apart from sharing
common receptor downstream signaling elements with EGFR, such as
PI3K and RAS, β1-integrin signaling can also directly activate EGFR in a
ligand-independent manner. In this study, the authors showed that β1-
integrin is highly expressed in GBM CSCs and that its expression cor-
relates with poor survival. More importantly, the authors also demon-
strated that overexpression of β1-integrin renders GBM CSCs resistant
to EGFR inhibition. Moreover, combined inhibition of EGFR and FAK
overcomes this resistance mechanism through an enhanced induction of
apoptosis (Huang and Fu, 2015; Srikanth et al., 2013).

EGFR inhibitors, which block downstream mTOR signaling, are
known to activate the expression of promyelocytic leukemia protein
(PML) in GBM. In turn, PML contributes to resistance to EGFR inhibitors
by preventing cell death. Next to negatively regulating downstream
effectors of the PI3K pathway, PML has also been shown to repress the
transcriptional activity of the EGFR promoter. Furthermore, abrogation
of PML expression by gene silencing sensitized GBM cells to erlotinib-
induced cell death, through inhibition of Akt/mTOR signaling
(Iwanami et al., 2013).

Shen et al., demonstrated that inhibition of EGFR induced autop-
hagy through PI3K/Akt/mTOR pathway as an adaptive response, along
with vascular endothelial growth factor receptor (VEGFR) and RET TKs.
This contributed to resistance to EGFR inhibition in GBM. Autophagy is
a lysosomal degradation pathway that allows the recycling of cellular
components to sustain cellular metabolism under deprivation condi-
tions. Therefore, combined therapy by inhibiting EGFR, VEGFR and
RET TKs together with an inhibitor against autophagy caused sig-
nificant tumor growth regression in GBM xenograft models, compared
to monotherapy (Shen et al., 2013).

The sonic hedgehog pathway (SHH signaling), which plays a crucial
role during embryonic development, is activated in GBM CSCs and has
been shown to increase their viability. Targeting EGFR alone did not
have an effect on the self-renewal capacity of sphere-generating GBM

Fig. 2. Circos plot showing the relative frequencies of co-mutations in GBM.
Note that many GBM tumors are EGFR mutated/amplified in combination with
CDKN2 A and PTEN mutations (Source: The Cancer Genome Atlas, TCGA,
Brennan et al., 2013).
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CSCs. Combined inhibition of EGFR with erlotinib, and the SHH sig-
naling with cyclopamine, abrogated their sphere-initiating ability and
enhanced the anti-proliferative effects of erlotinib on GBM CSC pro-
liferation (Eimer et al., 2012).The existence of multiple mechanisms
underlying resistance to EGFR inhibition has been described and the
current challenge is to implement this knowledge to overcome re-
sistance to EGFR-inhibitors and improve the clinical outcome for GBM.

Target compensation through co-mutations. Resistance to EGFR
inhibition can either be activated at the time of the administration of
the therapy or induced by the therapy itself (Asić, 2016). The genes or
pathways that are causally involved in compensatory resistance might
already have been mutated in primary tumors at the time of diagnosis.
To analyze this, the genetic information present in the TCGA database
(Ceccarelli et al., 2016) is useful and showed that only in a fraction of
cases such mutations were present (Table 1). This indicates that target-
compensation through mutations is quite uncommon at the time of
diagnosis, however, subpopulations of cells that contain mutations
leading to resistance could be preferentially expanded through cellular/
clonal selection in due course, giving rise to selection of therapy re-
sistant tumor clones.

3.3. FUTURE PERSPECTIVES: Overcoming Resistance of EGFR therapy

Avoiding target independence through dosing/epigenetic therapy.
Tumor heterogeneity could be the molecular mechanism underlying
target independence as different levels of EGFRvIII occur frequently
within the tumor. EGFRvIII-mediated signaling could be required for
tuning the tumor to the microenvironment and nutrient supply
(Nathanson et al., 2014). Spatiotemporal epigenetic repression and
extrachromosomal stochastic distribution could fine tune these re-
quirements on a local level. This provides a source of heterogeneity
throughout the tumor. This would argue that in the absence of therapy
pressure, an equilibrium could be established leading to sub-fractions of
cells that express and are dependent on EGFRvIII. In order to overcome
this phenomenon, re-sensitization of tumors using drug scheduling
could be a plausible approach (Nathanson et al., 2014). Pulsatile in-
termittent treatment with higher doses of an EGFR-inhibitor or a “drug
holiday” can result in a more efficient inhibition of the target, delay of
therapy resistance and reduction in toxicity compared to continuous
dosing. In addition, it might be possible to target the mechanisms that
drive target compensation through the use of drugs that affect epige-
netic adaptation (Liau et al., 2017).

Avoiding target independence through targeting truncation muta-
tions. In addition to this strategy to counter target independence,
common driver mutations that frequently co-occur with EGFR muta-
tion/gene amplification might provide good targets for combination
therapy (Fig. 2). Important candidates for co-targeting are cyclin-de-
pendent kinase inhibitor 2 A (CDKN2 A) (molecular target: cyclin-de-
pendent kinase (CDK) 4/6) and PTEN (molecular target: PI3K). For
targeting CDK4/6 the FDA-approved oral drugs palbociclib, abemaci-
clib, and ribocyclib (Asghar et al., 2015; Fry et al., 2004; Toogood et al.,
2005) may be considered. Of these drugs, abemaciclib has been shown
to have relatively improved blood brain barrier crossing capabilities
(Heffron, 2016). In combination with PI3K inhibition, inhibitors un-
dergoing advanced clinical trials include GDC-0084, buparlisib, PX-
866, pilaralisib and XL765 (Burger et al., 2011; Heffron et al., 2016;
Ihle et al., 2004; Yu et al., 2014); of these drugs, GDC-0084 may be
preferred due to its’ relative good blood brain barrier crossing cap-
abilities (Heffron et al., 2016).

Avoiding target compensation through multitarget therapy. As can
be observed from the summary of resistance through signaling com-
pensation, combining EGFR inhibitors with inhibitors that target re-
sistance-causing or other downstream molecules can lead to more ef-
ficient therapies as compared to EGFR-targeted monotherapy (Table 1).
It is known that kinase inhibitors have the ability to bind to many
protein kinases (Anastassiadis et al., 2011; Davis et al., 2011; Klaeger

et al., 2017). The consequence of this promiscuous behavior has only
been exploited retrospectively (i.e. evidence based) but not pro-
spectively (though combination of available bio-activity data). Si-
multaneous targeting of multiple mutated kinases by a single drug can
lead to more effective therapies. However, this polypharmacology ap-
proach has not been explored.

In addition to polypharmacological small molecule therapy, poly-
target therapies such as antibody drug conjugates (ADCs) and bispecific
CAR-T cells might provide excellent strategies to move forward. Several
GBM specific epitopes have already been identified for this purpose
(such as EphA2 and IL13RA2, Yi et al., 2018; Bielamowicz et al., 2018;
Chow et al., 2013; Hatano et al., 2005; Krenciute et al., 2016). In all
these cases of multi-target therapies, the most optimal balance between
efficacy and toxicity should be determined.

4. Final remarks

Given the multiplicity of distinct drug resistance mechanisms and
their possible combinations, it will remain a challenge for the near
future to tune inhibition of multiple targets that are necessary for ef-
fective EGFR therapies. The use of multi-targeted therapies might en-
able such a strategy by selecting the desired combinations of targeted
therapeutics in individual tumors. These efforts require an integrative
approach to define common vulnerabilities that can be matched with
the most optimal blood brain barrier-crossing therapies and biomarkers
that can predict therapy outcome. These efforts should lead to novel,
rational and more effective and personalized therapeutic strategies for
the treatment of GBM.

Conflict of interest disclosure

The authors made no disclosures.

Acknowledgements

This work was made possible through grant #488097 of the Brain
Tumor Charity, the Dutch Cancer Society grant #11038 and support
from the Dutch Brain Tumor Society Stophersentumoren, grant “The
high grade glioma synergy atlas”.

References

Akhavan, D., Pourzia, A.L., Nourian, A.A., Williams, K.J., Nathanson, D., Babic, I., Villa,
G.R., Tanaka, K., Nael, A., Yang, H., Dang, J., Vinters, H.V., Yong, W.H., Flagg, M.,
Tamanoi, F., Sasayama, T., James, C.D., Kornblum, H.I., Cloughesy, T.F., Cavenee,
W.K., Bensinger, S.J., Mischel, P.S., 2013. De-repression of &em&PDGFRβ&/em&
transcription promotes acquired resistance to EGFR tyrosine kinase inhibitors in
glioblastoma patients. Cancer Discov. 3, 534 LP–547. https://doi.org/10.1158/2159-
8290.CD-12-0502.

Aljohani, H., Koncar, R.F., Zarzour, A., Park, B.S., Lee, S.H., Bahassi, E.M., Aljohani, H.,
Koncar, R.F., Zarzour, A., Park, B.S., Lee, S.H., Bahassi, E.M., 2015. ROS1 amplifi-
cation mediates resistance to gefitinib in glioblastoma cells. Oncotarget 6,
20388–20395. https://doi.org/10.18632/oncotarget.3981.

Anastassiadis, T., Deacon, S.W., Devarajan, K., Ma, H., Peterson, J.R., 2011.
Comprehensive assay of kinase catalytic activity reveals features of kinase inhibitor
selectivity. Comprehensive analysis of kinase inhibitor selectivity. Nat. Biotechnol. 29
(Octtrober (11)), 1039–1045.

Asghar, U., Witkiewicz, A.K., Turner, N.C., Knudsen, E.S., 2015. The history and future of
targeting cyclin-dependent kinases in cancer therapy. Nat. Rev. Drug Discov. 14,
130–146. https://doi.org/10.1038/nrd4504.

Asić, K., 2016. Dominant mechanisms of primary resistance differ from dominant me-
chanisms of secondary resistance to targeted therapies. Crit. Rev. Oncol. Hematol. 97,
178–196. https://doi.org/10.1016/J.CRITREVONC.2015.08.004.

Bielamowicz, K., Fousek, K., Byrd, T.T., Samaha, H., Mukherjee, M., Aware, N., Wu, M.F.,
Orange, J.S., Sumazin, P., Man, T.K., Joseph, S.K., Hegde, M., Ahmed, N., 2018.
Trivalent CAR T cells overcome interpatient antigenic variability in glioblastoma.
Neuro Oncol. 20 (March (4)), 506–518.

Bonavida, B., Tivnan, A., 2016. Resistance to Targeted Therapies Against Adult Brain
Cancers.

Brennan, C.W., Verhaak, R.G.W., McKenna, A., Campos, B., Noushmehr, H., Salama, S.R.,
et al., 2013. The somatic genomic landscape of glioblastoma. Cell 155, 462–477.
https://doi.org/10.1016/j.cell.2013.09.034.

Burger, M.T., Pecchi, S., Wagman, A., Ni, Z.-J., Knapp, M., Hendrickson, T., Atallah, G.,

H. Saleem, et al. Drug Resistance Updates 43 (2019) 29–37

34

https://doi.org/10.1158/2159-8290.CD-12-0502
https://doi.org/10.1158/2159-8290.CD-12-0502
https://doi.org/10.18632/oncotarget.3981
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0015
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0015
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0015
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0015
https://doi.org/10.1038/nrd4504
https://doi.org/10.1016/J.CRITREVONC.2015.08.004
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0030
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0030
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0030
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0030
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0035
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0035
https://doi.org/10.1016/j.cell.2013.09.034


Pfister, K., Zhang, Y., Bartulis, S., Frazier, K., Ng, S., Smith, A., Verhagen, J.,
Haznedar, J., Huh, K., Iwanowicz, E., Xin, X., Menezes, D., Merritt, H., Lee, I.,
Wiesmann, M., Kaufman, S., Crawford, K., Chin, M., Bussiere, D., Shoemaker, K.,
Zaror, I., Maira, S.-M., Voliva, C.F., 2011. Identification of NVP-BKM120 as a Potent,
Selective, Orally Bioavailable Class I PI3 Kinase Inhibitor for Treating Cancer. ACS
Med. Chem. Lett. 2, 774–779. https://doi.org/10.1021/ml200156t.

Ceccarelli, M., Barthel, F.P., Malta, T.M., Sabedot, T.S., Salama, S.R., Murray, B.A.,
Morozova, O., Newton, Y., Radenbaugh, A., Pagnotta, S.M., Anjum, S., Wang, J.,
Manyam, G., Zoppoli, P., Ling, S., Rao, A.A., Grifford, M., Cherniack, A.D., Zhang, H.,
Poisson, L., Carlotti, C.G., Tirapelli, D.P., da, C., Rao, A., Mikkelsen, T., Lau, C.C.,
Yung, W.K.A., Rabadan, R., Huse, J., Brat, D.J., Lehman, N.L., Barnholtz-Sloan, J.S.,
Zheng, S., Hess, K., Rao, G., Meyerson, M., Beroukhim, R., Cooper, L., Akbani, R.,
Wrensch, M., Haussler, D., Aldape, K.D., Laird, P.W., Gutmann, D.H., Anjum, S.,
Arachchi, H., Auman, J.T., Balasundaram, M., Balu, S., Barnett, G., Baylin, S., Bell, S.,
Benz, C., Bir, N., Black, K.L., Bodenheimer, T., Boice, L., Bootwalla, M.S., Bowen, J.,
Bristow, C.A., Butterfield, Y.S.N., Chen, Q.-R., Chin, L., Cho, J., Chuah, E.,
Chudamani, S., Coetzee, S.G., Cohen, M.L., Colman, H., Couce, M., D’Angelo, F.,
Davidsen, T., Davis, A., Demchok, J.A., Devine, K., Ding, L., Duell, R., Elder, J.B.,
Eschbacher, J.M., Fehrenbach, A., Ferguson, M., Frazer, S., Fuller, G., Fulop, J.,
Gabriel, S.B., Garofano, L., Gastier-Foster, J.M., Gehlenborg, N., Gerken, M., Getz, G.,
Giannini, C., Gibson, W.J., Hadjipanayis, A., Hayes, D.N., Heiman, D.I., Hermes, B.,
Hilty, J., Hoadley, K.A., Hoyle, A.P., Huang, M., Jefferys, S.R., Jones, C.D., Jones,
S.J.M., Ju, Z., Kastl, A., Kendler, A., Kim, J., Kucherlapati, R., Lai, P.H., Lawrence,
M.S., Lee, S., Leraas, K.M., Lichtenberg, T.M., Lin, P., Liu, Y., Liu, J., Ljubimova, J.Y.,
Lu, Y., Ma, Y., Maglinte, D.T., Mahadeshwar, H.S., Marra, M.A., McGraw, M.,
McPherson, C., Meng, S., Mieczkowski, P.A., Miller, C.R., Mills, G.B., Moore, R.A.,
Mose, L.E., Mungall, A.J., Naresh, R., Naska, T., Neder, L., Noble, M.S., Noss, A.,
O’Neill, B.P., Ostrom, Q.T., Palmer, C., Pantazi, A., Parfenov, M., Park, P.J., Parker,
J.S., Perou, C.M., Pierson, C.R., Pihl, T., Protopopov, A., Radenbaugh, A., Ramirez,
N.C., Rathmell, W.K., Ren, X., Roach, J., Robertson, A.G., Saksena, G., Schein, J.E.,
Schumacher, S.E., Seidman, J., Senecal, K., Seth, S., Shen, H., Shi, Y., Shih, J.,
Shimmel, K., Sicotte, H., Sifri, S., Silva, T., Simons, J.V., Singh, R., Skelly, T., Sloan,
A.E., Sofia, H.J., Soloway, M.G., Song, X., Sougnez, C., Souza, C., Staugaitis, S.M.,
Sun, H., Sun, C., Tan, D., Tang, J., Tang, Y., Thorne, L., Trevisan, F.A., Triche, T., Van
Den Berg, D.J., Veluvolu, U., Voet, D., Wan, Y., Wang, Z., Warnick, R., Weinstein,
J.N., Weisenberger, D.J., Wilkerson, M.D., Williams, F., Wise, L., Wolinsky, Y., Wu, J.,
Xu, A.W., Yang, L., Yang, L., Zack, T.I., Zenklusen, J.C., Zhang, J., Zhang, W., Zhang,
J., Zmuda, E., Noushmehr, H., Iavarone, A., Verhaak, R.G.W., 2016. Molecular pro-
filing reveals biologically discrete subsets and pathways of progression in diffuse
glioma. Cell 164, 550–563. https://doi.org/10.1016/J.CELL.2015.12.028.

Chakravarti, A., Loeffler, J.S., Dyson, N.J., 2002. 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. 62, 200 LP–207.

Chang, M.T., Asthana, S., Gao, S.P., Lee, B.H., Chapman, J.S., Kandoth, C., Gao, J., Socci,
N.D., Solit, D.B., Olshen, A.B., Schultz, N., Taylor, B.S., 2015. Identifying recurrent
mutations in cancer reveals widespread lineage diversity and mutational specificity.
Nat. Biotechnol. 34, 155.

Chow, K.K., Naik, S., Kakarla, S., Brawley, V.S., Shaffer, D.R., Yi, Z., Rainusso, N., Wu,
M.F., Liu, H., Kew, Y., Grossman, R.G., Powell, S., Lee, D., Ahmed, N., Gottschalk, S.,
2013. T cells redirected to EphA2 for the immunotherapy of glioblastoma. Mol. Ther.
21 (March (3)), 629–637.

Clark, P.A., Iida, M., Treisman, D.M., Kalluri, H., Ezhilan, S., Zorniak, M., Wheeler, D.L.,
Kuo, J.S., 2012. Activation of multiple ERBB family receptors mediates glioblastoma
cancer stem-like cell resistance to EGFR-targeted inhibition. Neoplasia 14, 420–428.

Davis, M.I., Hunt, J.P., Herrgard, S., Ciceri, P., Wodicka, L.M., Pallares, G., Hocker, M.,
Treiber, D.K., Zarrinkar, P.P., 2011. The target landscape of clinical kinase drugs.
Nat. Biotechnol. 29 (October(11)), 1046–1051.

de Bruin, E.C., Cowell, C.F., Warne, P.H., Jiang, M., Saunders, R.E., Melnick, M.A.,
Gettinger, S.N., Walther, Z., Wurtz, A., Heynen, G.J., Heideman, D.A.M., Gomez-
Roman, J.J., García-Castaño, A., Gong, Y., Ladanyi, M., Varmus, H., Bernards, R.,
Smit, E.F., Politi, K., Downward, J., 2014. Reduced NF1 expression confers resistance
to EGFR inhibition in lung cancer. Cancer Discov. CD-13–0741. https://doi.org/10.
1158/2159-8290.CD-13-0741.

Donoghue, F.J., Kerr, T.L., Alexander, W.N., Greenall, A.S., Longano, B.A., Gottardo, G.N.,
Wang, R., Tabar, V., Adams, E.T., Mischel, S.P., Johns, G.T., 2018. Activation of
ERBB4 in glioblastoma can contribute to increased tumorigenicity and influence
therapeutic response. Cancers. https://doi.org/10.3390/cancers10080243.

Eimer, S., Dugay, F., Airiau, K., Avril, T., Quillien, V., Belaud-Rotureau, M.-A., Belloc, F.,
2012. Cyclopamine cooperates with EGFR inhibition to deplete stem-like cancer cells
in glioblastoma-derived spheroid cultures. Neuro. Oncol. 14, 1441–1451. https://doi.
org/10.1093/neuonc/nos266.

Eskilsson, E., Røsland, G.V., Solecki, G., Wang, Q., Harter, P.N., Graziani, G., Verhaak,
R.G.W., Winkler, F., Bjerkvig, R., Miletic, H., 2017. EGFR heterogeneity and im-
plications for therapeutic intervention in glioblastoma. Neuro. Oncol. 20, 743–752.
https://doi.org/10.1093/neuonc/nox191.

Fenton, T.R., Nathanson, D., Ponte de Albuquerque, C., Kuga, D., Iwanami, A., Dang, J.,
Yang, H., Tanaka, K., Oba-Shinjo, S.M., Uno, M., del Mar Inda, M., Wykosky, J.,
Bachoo, R.M., James, C.D., DePinho, R.A., Vandenberg, S.R., Zhou, H., Marie, S.K.N.,
Mischel, P.S., Cavenee, W.K., Furnari, F.B., 2012. Resistance to EGF receptor in-
hibitors in glioblastoma mediated by phosphorylation of the PTEN tumor suppressor
at tyrosine 240. Proc. Natl. Acad. Sci. 109, 14164 LP–14169. https://doi.org/10.
1073/pnas.1211962109.

Fry, D.W., Harvey, P.J., Keller, P.R., Elliott, W.L., Meade, M., Trachet, E., Albassam, M.,
Zheng, X., Leopold, W.R., Pryer, N.K., Toogood, P.L., 2004. Specific inhibition of
cyclin-dependent kinase 4/6 by PD 0332991 and associated antitumor activity in

human tumor xenografts. Mol. Cancer Ther. 3, 1427 LP–1438.
Gao, Y., Vallentgoed, W.R., French, P.J., 2018. Finding the right way to target EGFR in

glioblastomas; lessons from lung adenocarcinomas. Cancers (Basel) 10, 489. https://
doi.org/10.3390/cancers10120489.

Guo, G., Gong, K., Ali, S., Ali, N., Shallwani, S., Hatanpaa, K.J., Pan, E., Mickey, B.,
Burma, S., Wang, D.H., Kesari, S., Sarkaria, J.N., Zhao, D., Habib, A.A., 2017. A
TNF–JNK–Axl–ERK signaling axis mediates primary resistance to EGFR inhibition in
glioblastoma. Nat. Neurosci. 20, 1074.

Hatano, M., Eguchi, J., Tatsumi, T., Kuwashima, N., Dusak, J.E., Kinch, M.S., Pollack, I.F.,
Hamilton, R.L., Storkus, W.J., Okada, H., 2005. EphA2 as a glioma-associated an-
tigen: a novel target for glioma vaccines. Neoplasia. 7 (August (8)), 717–722.

Heffron, T.P., 2016. Small molecule kinase inhibitors for the treatment of brain Cancer. J.
Med. Chem. 59, 10030–10066. https://doi.org/10.1021/acs.jmedchem.6b00618.

Heffron, T.P., Ndubaku, C.O., Salphati, L., Alicke, B., Cheong, J., Drobnick, J., Edgar, K.,
Gould, S.E., Lee, L.B., Lesnick, J.D., Lewis, C., Nonomiya, J., Pang, J., Plise, E.G.,
Sideris, S., Wallin, J., Wang, L., Zhang, X., Olivero, A.G., 2016. Discovery of clinical
development candidate GDC-0084, a brain penetrant inhibitor of PI3K and mTOR.
ACS Med. Chem. Lett. 7, 351–356. https://doi.org/10.1021/acsmedchemlett.
6b00005.

Hegi, M.E., Diserens, A.-C., Bady, P., Kamoshima, Y., Kouwenhoven, M.C.M., Delorenzi,
M., Lambiv, W.L., Hamou, M.-F., Matter, M.S., Koch, A., Heppner, F.L., Yonekawa, Y.,
Merlo, A., Frei, K., Mariani, L., Hofer, S., 2011. Pathway analysis of glioblastoma
tissue after preoperative treatment with the EGFR tyrosine kinase inhibitor gefiti-
nib—a phase II trial. Mol. Cancer Ther. 10, 1102 LP–1112. https://doi.org/10.1158/
1535-7163.MCT-11-0048.

Huang, L., Fu, L., 2015. Mechanisms of resistance to EGFR tyrosine kinase inhibitors. Acta
Pharm. Sin. B 5, 390–401. https://doi.org/10.1016/j.apsb.2015.07.001.

Huang, P.H., Mukasa, A., Bonavia, R., Flynn, R.A., Brewer, Z.E., Cavenee, W.K., Furnari,
F.B., White, F.M., 2007. Quantitative analysis of EGFRvIII cellular signaling networks
reveals a combinatorial therapeutic strategy for glioblastoma. Proc. Natl. Acad. Sci.
104, 12867 LP–12872. https://doi.org/10.1073/pnas.0705158104.

Ihle, N.T., Williams, R., Chow, S., Chew, W., Berggren, M.I., Paine-Murrieta, G., Minion,
D.J., Halter, R.J., Wipf, P., Abraham, R., Kirkpatrick, L., Powis, G., 2004. Molecular
pharmacology and antitumor activity of PX-866, a novel inhibitor of phosphoinosi-
tide-3-kinase signaling. Mol. Cancer Ther. 3, 763 LP–772.

Iwanami, A., Gini, B., Zanca, C., Matsutani, T., Assuncao, A., Nael, A., Dang, J., Yang, H.,
Zhu, S., Kohyama, J., Kitabayashi, I., Cavenee, W.K., Cloughesy, T.F., Furnari, F.B.,
Nakamura, M., Toyama, Y., Okano, H., Mischel, P.S., 2013. PML mediates glio-
blastoma resistance to mammalian target of rapamycin (mTOR)-targeted therapies.
Proc. Natl. Acad. Sci. 110, 4339 LP–4344. https://doi.org/10.1073/pnas.
1217602110.

Jun, H.J., Acquaviva, J., Chi, D., Lessard, J., Zhu, H., Woolfenden, S., Bronson, R.T.,
Pfannl, R., White, F., Housman, D.E., Iyer, L., Whittaker, C.A., Boskovitz, A., Raval,
A., Charest, A., 2012. Acquired MET expression confers resistance to EGFR inhibition
in a mouse model of glioblastoma multiforme. Oncogene 31, 3039–3050. https://doi.
org/10.1038/onc.2011.474.

Klaeger, S., Heinzlmeir, S., Wilhelm, M., Polzer, H., Vick, B., Koenig, P.A., Reinecke, M.,
Ruprecht, B., Petzoldt, S., Meng, C., Zecha, J., Reiter, K., Qiao, H., Helm, D., Koch, H.,
Schoof, M., Canevari, G., Casale, E., Depaolini, S.R., Feuchtinger, A., Wu, Z., Schmidt,
T., Rueckert, L., Becker, W., Huenges, J., Garz, A.K., Gohlke, B.O., Zolg, D.P., Kayser,
G., Vooder, T., Preissner, R., Hahne, H., Tõnisson, N., Kramer, K., Götze, K.,
Bassermann, F., Schlegl, J., Ehrlich, H.C., Aiche, S., Walch, A., Greif, P.A., Schneider,
S., Felder, E.R., Ruland, J., Médard, G., Jeremias, I., Spiekermann, K., Kuster, B.,
2017. The target landscape of clinical kinase drugs. Science. 358 (December (6367)).

Krenciute, G., Krebs, S., Torres, D., Wu, M.F., Liu, H., Dotti, G., Li, X.N., Lesniak, M.S.,
Balyasnikova, I.V., Gottschalk, S., 2016. Characterization and functional analysis of
scFv-based chimeric antigen receptors to redirect t cells to IL13Rα2-positive glioma.
Mol. Ther. 24 (Febuary (2)), 354–363.

Learn, C.A., Hartzell, T.L., Wikstrand, C.J., Archer, G.E., Rich, J.N., Friedman, A.H.,
Friedman, H.S., Bigner, D.D., Sampson, J.H., 2004. Resistance to tyrosine kinase
inhibition by mutant epidermal growth factor receptor variant III contributes to the
neoplastic phenotype of glioblastoma multiforme. Clin. Cancer Res. 10, 3216
LP–3224. https://doi.org/10.1158/1078-0432.CCR-03-0521.

Lee, J.C., Vivanco, I., Beroukhim, R., Huang, J.H.Y., Feng, W.L., DeBiasi, R.M.,
Yoshimoto, K., King, J.C., Nghiemphu, P., Yuza, Y., Xu, Q., Greulich, H., Thomas,
R.K., Paez, J.G., Peck, T.C., Linhart, D.J., Glatt, K.A., Getz, G., Onofrio, R., Ziaugra, L.,
Levine, R.L., Gabriel, S., Kawaguchi, T., O’Neill, K., Khan, H., Liau, L.M., Nelson, S.F.,
Rao, P.N., Mischel, P., Pieper, R.O., Cloughesy, T., Leahy, D.J., Sellers, W.R., Sawyers,
C.L., Meyerson, M., Mellinghoff, I.K., 2006. Epidermal growth factor receptor acti-
vation in glioblastoma through novel missense mutations in the extracellular domain.
PLoS Med. 3, e485. https://doi.org/10.1371/journal.pmed.0030485.

Li, J., Zhu, S., Kozono, D., Ng, K., Futalan, D., Shen, Y., Akers, J.C., Steed, T., Kushwaha,
D., Schlabach, M., Carter, B.S., Kwon, C.-H., Furnari, F., Cavenee, W., Elledge, S.,
Chen, C.C., 2014. Genome-wide shRNA screen revealed integrated mitogenic sig-
naling between dopamine receptor D2 (DRD2) and epidermal growth factor receptor
(EGFR) in glioblastoma. Oncotarget 5, 882–893. https://doi.org/10.18632/
oncotarget.1801.

Liau, B.B., Sievers, C., Donohue, L.K., Gillespie, S.M., Flavahan, W.A., Miller, T.E.,
Venteicher, A.S., Hebert, C.H., Carey, C.D., Rodig, S.J., Shareef, S.J., Najm, F.J., van
Galen, P., Wakimoto, H., Cahill, D.P., Rich, J.N., Aster, J.C., Suvà, M.L., Patel, A.P.,
Bernstein, B.E., 2017. Adaptive chromatin remodeling drives glioblastoma stem cell
plasticity and drug tolerance. Cell Stem Cell 20, 233–246. https://doi.org/10.1016/j.
stem.2016.11.003. e7.

Masui, K., Gini, B., Wykosky, J., Zanca, C., Mischel, P.S., Furnari, F.B., Cavenee, W.K.,
2013. A tale of two approaches: complementary mechanisms of cytotoxic and tar-
geted therapy resistance may inform next-generation cancer treatments.

H. Saleem, et al. Drug Resistance Updates 43 (2019) 29–37

35

https://doi.org/10.1021/ml200156t
https://doi.org/10.1016/J.CELL.2015.12.028
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0055
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0055
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0055
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0055
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0060
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0060
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0060
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0060
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0065
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0065
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0065
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0065
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0070
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0070
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0070
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0075
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0075
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0075
https://doi.org/10.1158/2159-8290.CD-13-0741
https://doi.org/10.1158/2159-8290.CD-13-0741
https://doi.org/10.3390/cancers10080243
https://doi.org/10.1093/neuonc/nos266
https://doi.org/10.1093/neuonc/nos266
https://doi.org/10.1093/neuonc/nox191
https://doi.org/10.1073/pnas.1211962109
https://doi.org/10.1073/pnas.1211962109
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0105
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0105
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0105
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0105
https://doi.org/10.3390/cancers10120489
https://doi.org/10.3390/cancers10120489
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0115
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0115
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0115
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0115
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0120
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0120
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0120
https://doi.org/10.1021/acs.jmedchem.6b00618
https://doi.org/10.1021/acsmedchemlett.6b00005
https://doi.org/10.1021/acsmedchemlett.6b00005
https://doi.org/10.1158/1535-7163.MCT-11-0048
https://doi.org/10.1158/1535-7163.MCT-11-0048
https://doi.org/10.1016/j.apsb.2015.07.001
https://doi.org/10.1073/pnas.0705158104
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0150
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0150
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0150
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0150
https://doi.org/10.1073/pnas.1217602110
https://doi.org/10.1073/pnas.1217602110
https://doi.org/10.1038/onc.2011.474
https://doi.org/10.1038/onc.2011.474
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0165
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0170
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0170
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0170
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0170
https://doi.org/10.1158/1078-0432.CCR-03-0521
https://doi.org/10.1371/journal.pmed.0030485
https://doi.org/10.18632/oncotarget.1801
https://doi.org/10.18632/oncotarget.1801
https://doi.org/10.1016/j.stem.2016.11.003
https://doi.org/10.1016/j.stem.2016.11.003


Carcinogenesis 34, 725–738. https://doi.org/10.1093/carcin/bgt086.
Masui, K., Tanaka, K., Ikegami, S., Villa, G.R., Yang, H., Yong, W.H., Cloughesy, T.F.,

Yamagata, K., Arai, N., Cavenee, W.K., Mischel, P.S., 2015. Glucose-dependent
acetylation of Rictor promotes targeted cancer therapy resistance. Proc. Natl. Acad.
Sci. 112, 9406 LP–9411. https://doi.org/10.1073/pnas.1511759112.

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., Riggs, B.L., Horvath, S., Liau, L.M.,
Cavenee, W.K., Rao, P.N., Beroukhim, R., Peck, T.C., Lee, J.C., Sellers, W.R., Stokoe,
D., Prados, M., Cloughesy, T.F., Sawyers, C.L., Mischel, P.S., 2005. Molecular de-
terminants of the response of glioblastomas to EGFR kinase inhibitors. N. Engl. J.
Med. 353, 2012–2024. https://doi.org/10.1056/NEJMoa051918.

Nathanson, D.A., Gini, B., Mottahedeh, J., Visnyei, K., Koga, T., Gomez, G., Eskin, A.,
Hwang, K., Wang, J., Masui, K., Paucar, A., Yang, H., Ohashi, M., Zhu, S., Wykosky,
J., Reed, R., Nelson, S.F., Cloughesy, T.F., James, C.D., Rao, P.N., Kornblum, H.I.,
Heath, J.R., Cavenee, W.K., Furnari, F.B., Mischel, P.S., 2014. Targeted therapy re-
sistance mediated by dynamic regulation of extrachromosomal mutant EGFR DNA.
Science (80-.) 343, 72 LP–76. https://doi.org/10.1126/science.1241328.

Network, T.C.G.A.R., McLendon, R., Friedman, A., Bigner, D., Van Meir, E.G., Brat, D.J.,
Mastrogianakis, M.G., Olson, J.J., Mikkelsen, T., Lehman, N., Aldape, K., Alfred Yung,
W.K., Bogler, O., VandenBerg, S., Berger, M., Prados, M., Muzny, D., Morgan, M.,
Scherer, S., Sabo, A., Nazareth, L., Lewis, L., Hall, O., Zhu, Y., Ren, Y., Alvi, O., Yao,
J., Hawes, A., Jhangiani, S., Fowler, G., San Lucas, A., Kovar, C., Cree, A., Dinh, H.,
Santibanez, J., Joshi, V., Gonzalez-Garay, M.L., Miller, C.A., Milosavljevic, A.,
Donehower, L., Wheeler, D.A., Gibbs, R.A., Cibulskis, K., Sougnez, C., Fennell, T.,
Mahan, S., Wilkinson, J., Ziaugra, L., Onofrio, R., Bloom, T., Nicol, R., Ardlie, K.,
Baldwin, J., Gabriel, S., Lander, E.S., Ding, L., Fulton, R.S., McLellan, M.D., Wallis, J.,
Larson, D.E., Shi, X., Abbott, R., Fulton, L., Chen, K., Koboldt, D.C., Wendl, M.C.,
Meyer, R., Tang, Y., Lin, L., Osborne, J.R., Dunford-Shore, B.H., Miner, T.L.,
Delehaunty, K., Markovic, C., Swift, G., Courtney, W., Pohl, C., Abbott, S., Hawkins,
A., Leong, S., Haipek, C., Schmidt, H., Wiechert, M., Vickery, T., Scott, S., Dooling,
D.J., Chinwalla, A., Weinstock, G.M., Mardis, E.R., Wilson, R.K., Getz, G., Winckler,
W., Verhaak, R.G.W., Lawrence, M.S., O’Kelly, M., Robinson, J., Alexe, G.,
Beroukhim, R., Carter, S., Chiang, D., Gould, J., Gupta, S., Korn, J., Mermel, C.,
Mesirov, J., Monti, S., Nguyen, H., Parkin, M., Reich, M., Stransky, N., Weir, B.A.,
Garraway, L., Golub, T., Meyerson, M., Chin, L., Protopopov, A., Zhang, J., Perna, I.,
Aronson, S., Sathiamoorthy, N., Ren, G., Yao, J., Wiedemeyer, W.R., Kim, H., Won
Kong, S., Xiao, Y., Kohane, I.S., Seidman, J., Park, P.J., Kucherlapati, R., Laird, P.W.,
Cope, L., Herman, J.G., Weisenberger, D.J., Pan, F., Van Den Berg, D., Van Neste, L.,
Mi Yi, J., Schuebel, K.E., Baylin, S.B., Absher, D.M., Li, J.Z., Southwick, A., Brady, S.,
Aggarwal, A., Chung, T., Sherlock, G., Brooks, J.D., Myers, R.M., Spellman, P.T.,
Purdom, E., Jakkula, L.R., Lapuk, A.V., Marr, H., Dorton, S., Gi Choi, Y., Han, J., Ray,
A., Wang, V., Durinck, S., Robinson, M., Wang, N.J., Vranizan, K., Peng, V., Van
Name, E., Fontenay, G.V., Ngai, J., Conboy, J.G., Parvin, B., Feiler, H.S., Speed, T.P.,
Gray, J.W., Brennan, C., Socci, N.D., Olshen, A., Taylor, B.S., Lash, A., Schultz, N.,
Reva, B., Antipin, Y., Stukalov, A., Gross, B., Cerami, E., Qing Wang, W., Qin, L.-X.,
Seshan, V.E., Villafania, L., Cavatore, M., Borsu, L., Viale, A., Gerald, W., Sander, C.,
Ladanyi, M., Perou, C.M., Neil Hayes, D., Topal, M.D., Hoadley, K.A., Qi, Y., Balu, S.,
Shi, Y., Wu, J., Penny, R., Bittner, M., Shelton, T., Lenkiewicz, E., Morris, S., Beasley,
D., Sanders, S., Kahn, A., Sfeir, R., Chen, J., Nassau, D., Feng, L., Hickey, E., Zhang, J.,
Weinstein, J.N., Barker, A., Gerhard, D.S., Vockley, J., Compton, C., Vaught, J.,
Fielding, P., Ferguson, M.L., Schaefer, C., Madhavan, S., Buetow, K.H., Collins, F.,
Good, P., Guyer, M., Ozenberger, B., Peterson, J., Thomson, E., 2008. Comprehensive
genomic characterization defines human glioblastoma genes and core pathways.
Nature 455, 1061.

O’Rourke, D.M., Nasrallah, M.P., Desai, A., Melenhorst, J.J., Mansfield, K., Morrissette,
J.J.D., Martinez-Lage, M., Brem, S., Maloney, E., Shen, A., Isaacs, R., Mohan, S.,
Plesa, G., Lacey, S.F., Navenot, J.-M., Zheng, Z., Levine, B.L., Okada, H., June, C.H.,
Brogdon, J.L., Maus, M.V., 2017. A single dose of peripherally infused EGFRvIII-di-
rected CAR T cells mediates antigen loss and induces adaptive resistance in patients
with recurrent glioblastoma. Sci. Transl. Med. 9, eaaa0984. https://doi.org/10.1126/
scitranslmed.aaa0984.

Padfield, E., Ellis, H.P., Kurian, K.M., 2015. Current therapeutic advances targeting EGFR
and EGFRvIII in glioblastoma. Front. Oncol. 5, 5. https://doi.org/10.3389/fonc.
2015.00005.

Padma, V.V., 2015. An overview of targeted cancer therapy. BioMedicine 5, 19. https://
doi.org/10.7603/s40681-015-0019-4.

Pao, W., Miller, V.A., Politi, K.A., Riely, G.J., Somwar, R., Zakowski, M.F., Kris, M.G.,
Varmus, H., 2005. Acquired resistance of lung adenocarcinomas to gefitinib or er-
lotinib is associated with a second mutation in the EGFR kinase domain. PLoS Med. 2,
e73. https://doi.org/10.1371/journal.pmed.0020073.

Prados, M.D., Chang, S.M., Butowski, N., DeBoer, R., Parvataneni, R., Carliner, H.,
Kabuubi, P., Ayers-Ringler, J., Rabbitt, J., Page, M., Fedoroff, A., Sneed, P.K., Berger,
M.S., McDermott, M.W., Parsa, A.T., Vandenberg, S., James, C.D., Lamborn, K.R.,
Stokoe, D., Haas-Kogan, D.A., 2009. Phase II study of erlotinib plus temozolomide
during and after radiation therapy in patients with newly diagnosed glioblastoma
multiforme or gliosarcoma. J. Clin. Oncol. 27, 579–584. https://doi.org/10.1200/
JCO.2008.18.9639.

Ramirez, Y.P., Weatherbee, J.L., Wheelhouse, R.T., Ross, A.H., 2013. Glioblastoma mul-
tiforme therapy and mechanisms of resistance. Pharmaceuticals Basel (Basel) 6,
1475–1506. https://doi.org/10.3390/ph6121475.

Reardon, D.A., Desjardins, A., Vredenburgh, J.J., Gururangan, S., Friedman, A.H.,
Herndon 2nd, J.E., Marcello, J., Norfleet, J.A., McLendon, R.E., Sampson, J.H.,
Friedman, H.S., 2010. Phase 2 trial of erlotinib plus sirolimus in adults with recurrent
glioblastoma. J. Neurooncol. 96, 219–230. https://doi.org/10.1007/s11060-009-
9950-0.

Sathornsumetee, S., Desjardins, A., Vredenburgh, J.J., McLendon, R.E., Marcello, J.,

Herndon, J.E., Mathe, A., Hamilton, M., Rich, J.N., Norfleet, J.A., Gururangan, S.,
Friedman, H.S., Reardon, D.A., 2010. Phase II trial of bevacizumab and erlotinib in
patients with recurrent malignant glioma. Neuro. Oncol. 12, 1300–1310. https://doi.
org/10.1093/neuonc/noq099.

Schulte, A., Liffers, K., Kathagen, A., Riethdorf, S., Zapf, S., Merlo, A., Kolbe, K., Westphal,
M., Lamszus, K., 2013. Erlotinib resistance in EGFR-amplified glioblastoma cells is
associated with upregulation of EGFRvIII and PI3Kp110δ. Neuro. Oncol. 15,
1289–1301. https://doi.org/10.1093/neuonc/not093.

Shen, J., Zheng, H., Ruan, J., Fang, W., Li, A., Tian, G., Niu, X., Luo, S., Zhao, P., 2013.
Autophagy inhibition induces enhanced proapoptotic effects of ZD6474 in glio-
blastoma. Br. J. Cancer 109, 164–171. https://doi.org/10.1038/bjc.2013.306.

Sierra, J.R., Cepero, V., Giordano, S., 2010. Molecular mechanisms of acquired resistance
to tyrosine kinase targeted therapy. Mol. Cancer 9 (75). https://doi.org/10.1186/
1476-4598-9-75.

Srikanth, M., Das, S., Berns, E.J., Kim, J., Stupp, S.I., Kessler, J.A., 2013. Nanofiber-
mediated inhibition of focal adhesion kinase sensitizes glioma stemlike cells to epi-
dermal growth factor receptor inhibition. Neuro. Oncol. 15, 319–329. https://doi.
org/10.1093/neuonc/nos316.

Staberg, M., Michaelsen, S.R., Olsen, L.S., Nedergaard, M.K., Villingshøj, M., Stockhausen,
M.-T., Hamerlik, P., Poulsen, H.S., 2016. Combined EGFR- and notch inhibition
display additive inhibitory effect on glioblastoma cell viability and glioblastoma-in-
duced endothelial cell sprouting in vitro. Cancer Cell Int. 16 (34). https://doi.org/10.
1186/s12935-016-0309-2.

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., Chin, L., DePinho, R.A., 2007.
Coactivation of receptor tyrosine kinases affects the response of tumor cells to tar-
geted therapies. Science (80-.) 318, 287–LP-290. https://doi.org/10.1126/science.
1142946.

Stupp, R., Hegi, M.E., Mason, W.P., van den Bent, M.J., Taphoorn, M.J.B., Janzer, R.C.,
Ludwin, S.K., Allgeier, A., Fisher, B., Belanger, K., Hau, P., Brandes, A.A., Gijtenbeek,
J., Marosi, C., Vecht, C.J., Mokhtari, K., Wesseling, P., Villa, S., Eisenhauer, E., Gorlia,
T., Weller, M., Lacombe, D., Cairncross, J.G., Mirimanoff, R.-O., European
Organisation for Research and Treatment of Cancer Brain Tumour and Radiation
Oncology Groups, National Cancer Institute of Canada Clinical Trials Group, 2009.
Effects of radiotherapy with concomitant and adjuvant temozolomide versus radio-
therapy alone on survival in glioblastoma in a randomised phase III study: 5-year
analysis of the EORTC-NCIC trial. Lancet Oncol. 10, 459–466. https://doi.org/10.
1016/S1470-2045(09)70025-7.

Thakkar, J.P., Dolecek, T.A., Horbinski, C., Ostrom, Q.T., Lightner, D.D., Barnholtz-Sloan,
J.S., Villano, J.L., 2014. Epidemiologic and molecular prognostic review of glio-
blastoma. Cancer Epidemiol. Biomarkers Prev. 23, 1985–1996. https://doi.org/10.
1158/1055-9965.EPI-14-0275.

Toogood, P.L., Harvey, P.J., Repine, J.T., Sheehan, D.J., VanderWel, S.N., Zhou, H.,
Keller, P.R., McNamara, D.J., Sherry, D., Zhu, T., Brodfuehrer, J., Choi, C., Barvian,
M.R., Fry, D.W., 2005. Discovery of a potent and selective inhibitor of cyclin-de-
pendent kinase 4/6. J. Med. Chem. 48, 2388–2406. https://doi.org/10.1021/
jm049354h.

van den Bent, M.J., Gao, Y., Kerkhof, M., Kros, J.M., Gorlia, T., van Zwieten, K., Prince, J.,
van Duinen, S., Sillevis Smitt, P.A., Taphoorn, M., French, P.J., 2015. Changes in the
EGFR amplification and EGFRvIII expression between paired primary and recurrent
glioblastomas. Neuro. Oncol. 17, 935–941. https://doi.org/10.1093/neuonc/
nov013.

Vivanco, I., Robins, H.I., Rohle, D., Campos, C., Grommes, C., Nghiemphu, P.L., Kubek, S.,
Oldrini, B., Chheda, M.G., Yannuzzi, N., Tao, H., Zhu, S., Iwanami, A., Kuga, D.,
Dang, J., Pedraza, A., Brennan, C.W., Heguy, A., Liau, L.M., Lieberman, F., Yung,
W.K.A., Gilbert, M.R., Reardon, D.A., Drappatz, J., Wen, P.Y., Lamborn, K.R., Chang,
S.M., Prados, M.D., Fine, H.A., Horvath, S., Wu, N., Lassman, A.B., DeAngelis, L.M.,
Yong, W.H., Kuhn, J.G., Mischel, P.S., Mehta, M.P., Cloughesy, T.F., Mellinghoff, I.K.,
2012. Differential sensitivity of glioma- versus lung cancer-specific EGFR mutations
to EGFR kinase inhibitors. Cancer Discov. 2, 458–471. https://doi.org/10.1158/
2159-8290.CD-11-0284.

Wang, M.Y., Lu, K.V., Zhu, S., Dia, E.Q., Vivanco, I., Shackleford, G.M., Cavenee, W.K.,
Mellinghoff, I.K., Cloughesy, T.F., Sawyers, C.L., Mischel, P.S., 2006. Mammalian
target of rapamycin inhibition promotes response to epidermal growth factor re-
ceptor kinase inhibitors in PTEN-Deficient and PTEN-Intact glioblastoma cells.
Cancer Res. 66https://doi.org/10.1158/0008-5472.CAN-04-4392. 7864 LP-7869.

Wang, J., Cazzato, E., Ladewig, E., Frattini, V., Rosenbloom, D.I.S., Zairis, S., Abate, F.,
Liu, Z., Elliott, O., Shin, Y.-J., Lee, J.-K., Lee, I.-H., Park, W.-Y., Eoli, M., Blumberg,
A.J., Lasorella, A., Nam, D.-H., Finocchiaro, G., Iavarone, A., Rabadan, R., 2016.
Clonal evolution of glioblastoma under therapy. Nat. Genet. 48, 768.

Wee, P., Wang, Z., 2017. Epidermal growth factor receptor cell proliferation signaling
pathways. Cancers (Basel). 9, 52. https://doi.org/10.3390/cancers9050052.

Weller, M., Butowski, N., Tran, D.D., Recht, L.D., Lim, M., Hirte, H., Ashby, L., Mechtler,
L., Goldlust, S.A., Iwamoto, F., Drappatz, J., O’Rourke, D.M., Wong, M., Hamilton,
M.G., Finocchiaro, G., Perry, J., Wick, W., Green, J., He, Y., Turner, C.D., Yellin, M.J.,
Keler, T., Davis, T.A., Stupp, R., Sampson, J.H., ACT IV trial investigators, N,
Campian, J., Recht, L., Lim, M., Ashby, L., Drappatz, J., Hirte, H., Iwamoto, F.,
Mechtler, L., Goldlust, S., Becker, K., Barnett, G., Nicholas, G., Desjardins, A.,
Benkers, T., Wagle, N., Groves, M., Kesari, S., Horvath, Z., Merrell, R., Curry, R.,
O’Rourke, J., Schuster, D., Wong, M., Mrugala, M., Jensen, R., Trusheim, J., Lesser,
G., Belanger, K., Sloan, A., Purow, B., Fink, K., Raizer, J., Schulder, M., Nair, S., Peak,
S., Perry, J., Brandes, A., Weller, M., Mohile, N., Landolfi, J., Olson, J., Finocchiaro,
G., Jennens, R., DeSouza, P., Robinson, B., Crittenden, M., Shih, K., Flowers, A., Ong,
S., Connelly, J., Hadjipanayis, C., Giglio, P., Mott, F., Mathieu, D., Lessard, N.,
Sepulveda, S.J., Lövey, J., Wheeler, H., Inglis, P.-L., Hardie, C., Bota, D., Lesniak, M.,
Portnow, J., Frankel, B., Junck, L., Thompson, R., Berk, L., McGhie, J., Macdonald,

H. Saleem, et al. Drug Resistance Updates 43 (2019) 29–37

36

https://doi.org/10.1093/carcin/bgt086
https://doi.org/10.1073/pnas.1511759112
https://doi.org/10.1056/NEJMoa051918
https://doi.org/10.1126/science.1241328
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0215
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.3389/fonc.2015.00005
https://doi.org/10.3389/fonc.2015.00005
https://doi.org/10.7603/s40681-015-0019-4
https://doi.org/10.7603/s40681-015-0019-4
https://doi.org/10.1371/journal.pmed.0020073
https://doi.org/10.1200/JCO.2008.18.9639
https://doi.org/10.1200/JCO.2008.18.9639
https://doi.org/10.3390/ph6121475
https://doi.org/10.1007/s11060-009-9950-0
https://doi.org/10.1007/s11060-009-9950-0
https://doi.org/10.1093/neuonc/noq099
https://doi.org/10.1093/neuonc/noq099
https://doi.org/10.1093/neuonc/not093
https://doi.org/10.1038/bjc.2013.306
https://doi.org/10.1186/1476-4598-9-75
https://doi.org/10.1186/1476-4598-9-75
https://doi.org/10.1093/neuonc/nos316
https://doi.org/10.1093/neuonc/nos316
https://doi.org/10.1186/s12935-016-0309-2
https://doi.org/10.1186/s12935-016-0309-2
https://doi.org/10.1126/science.1142946
https://doi.org/10.1126/science.1142946
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1158/1055-9965.EPI-14-0275
https://doi.org/10.1158/1055-9965.EPI-14-0275
https://doi.org/10.1021/jm049354h
https://doi.org/10.1021/jm049354h
https://doi.org/10.1093/neuonc/nov013
https://doi.org/10.1093/neuonc/nov013
https://doi.org/10.1158/2159-8290.CD-11-0284
https://doi.org/10.1158/2159-8290.CD-11-0284
https://doi.org/10.1158/0008-5472.CAN-04-4392
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0320
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0320
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0320
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0320
https://doi.org/10.3390/cancers9050052


D., Saran, F., Soffietti, R., Blumenthal, D., de, S.B.C.M.A., Nowak, A., Singhal, N.,
Hottinger, A., Schmid, A., Srkalovic, G., Baskin, D., Fadul, C., Nabors, L., LaRocca, R.,
Villano, J., Paleologos, N., Kavan, P., Pitz, M., Thiessen, B., Idbaih, A., Frenel, J.S.,
Domont, J., Grauer, O., Hau, P., Marosi, C., Sroubek, J., Hovey, E., Sridhar, P.S., Cher,
L., Dunbar, E., Coyle, T., Raymond, J., Barton, K., Guarino, M., Raval, S., Stea, B.,
Dietrich, J., Hopkins, K., Erridge, S., Steinbach, J.-P., Pineda, L.E., Balana, Q.C., del,
B.B.S., Wenczl, M., Molnár, K., Hideghéty, K., Lossos, A., van, L.M., Levy, A., Harrup,
R., Patterson, W., Lwin, Z., Sathornsumetee, S., Lee, E.-J., Ho, J.-T., Emmons, S., Duic,
J.P., Shao, S., Ashamalla, H., Weaver, M., Lutzky, J., Avgeropoulos, N., Hanna, W.,
Nadipuram, M., Cecchi, G., O’Donnell, R., Pannullo, S., Carney, J., Hamilton, M.,
MacNeil, M., Beaney, R., Fabbro, M., Schnell, O., Fietkau, R., Stockhammer, G.,
Malinova, B., Odrazka, K., Sames, M., Gil, G.M., Razis, E., Lavrenkov, K., Castro, G.,
Ramirez, F., Baldotto, C., Viola, F., Malheiros, S., Lickliter, J., Gauden, S.,
Dechaphunkul, A., Thaipisuttikul, I., Thotathil, Z., Ma, H.-I., Cheng, W.-Y., Chang, C.-
H., Salas, F., Dietrich, P.-Y., Mamot, C., Nayak, L., Nag, S., 2017. Rindopepimut with
temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma
(ACT IV): a randomised, double-blind, international phase 3 trial. Lancet Oncol. 18,
1373–1385. https://doi.org/10.1016/S1470-2045(17)30517-X.

Wirsching, H.-G., Galanis, E., Weller, M., 2016. Chapter 23 - glioblastoma. of C.N. In:
Berger, M.S., Weller, M.B.T.-H. (Eds.), Gliomas. Elsevier, pp. 381–397. https://doi.
org/10.1016/B978-0-12-802997-8.00023-2.

Wu, S.-G., Liu, Y.-N., Tsai, M.-F., Chang, Y.-L., Yu, C.-J., Yang, P.-C., Yang, J.C.-H., Wen,
Y.-F., Shih, J.-Y., 2016. The mechanism of acquired resistance to irreversible EGFR
tyrosine kinase inhibitor-afatinib in lung adenocarcinoma patients. Oncotarget 7,

12404–12413. https://doi.org/10.18632/oncotarget.7189.
Wykosky, J., Hu, J., Gomez, G.G., Taylor, T., Villa, G.R., Pizzo, D., VandenBerg, S.R.,

Thorne, A.H., Chen, C.C., Mischel, P.S., Gonias, S.L., Cavenee, W.K., Furnari, F.B.,
2015. A urokinase receptor-Bim signaling axis emerges during EGFR inhibitor re-
sistance in mutant EGFR glioblastoma. Cancer Res. 75, 394–404. https://doi.org/10.
1158/0008-5472.CAN-14-2004.

Yi, Z., Prinzing, B.L., Cao, F., Gottschalk, S., Krenciute, G., 2018. Optimizing EphA2-CAR t
cells for the adoptive immunotherapy of glioma. Mol. Ther. Methods Clin. Dev. 2
(Febuary(9)), 70–80.

Yu, P., Laird, A.D., Du, X., Wu, J., Won, K.-A., Yamaguchi, K., Hsu, P.P., Qian, F., Jaeger,
C.T., Zhang, W., Buhr, C.A., Shen, P., Abulafia, W., Chen, J., Young, J., Plonowski, A.,
Yakes, F.M., Chu, F., Lee, M., Bentzien, F., Lam, S.T., Dale, S., Matthews, D.J., Lamb,
P., Foster, P., 2014. Characterization of the activity of the PI3K/mTOR inhibitor
XL765 (SAR245409) in tumor models with diverse genetic alterations affecting the
PI3K pathway. Mol. Cancer Ther. 13, 1078 LP–1091. https://doi.org/10.1158/1535-
7163.MCT-13-0709.

Zanca, C., Villa, G.R., Benitez, J.A., Thorne, A.H., Koga, T., D’Antonio, M., Ikegami, S.,
Ma, J., Boyer, A.D., Banisadr, A., Jameson, N.M., Parisian, A.D., Eliseeva, O.V.,
Barnabe, G.F., Liu, F., Wu, S., Yang, H., Wykosky, J., Frazer, K.A., Verkhusha, V.V.,
Isaguliants, M.G., Weiss, W.A., Gahman, T.C., Shiau, A.K., Chen, C.C., Mischel, P.S.,
Cavenee, W.K., Furnari, F.B., 2017. Glioblastoma cellular cross-talk converges on NF-
κB to attenuate EGFR inhibitor sensitivity. Genes Dev. 31, 1212–1227. https://doi.
org/10.1101/gad.300079.117.

H. Saleem, et al. Drug Resistance Updates 43 (2019) 29–37

37

https://doi.org/10.1016/S1470-2045(17)30517-X
https://doi.org/10.1016/B978-0-12-802997-8.00023-2
https://doi.org/10.1016/B978-0-12-802997-8.00023-2
https://doi.org/10.18632/oncotarget.7189
https://doi.org/10.1158/0008-5472.CAN-14-2004
https://doi.org/10.1158/0008-5472.CAN-14-2004
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0350
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0350
http://refhub.elsevier.com/S1368-7646(19)30012-3/sbref0350
https://doi.org/10.1158/1535-7163.MCT-13-0709
https://doi.org/10.1158/1535-7163.MCT-13-0709
https://doi.org/10.1101/gad.300079.117
https://doi.org/10.1101/gad.300079.117

	The TICking clock of EGFR therapy resistance in glioblastoma: Target Independence or target Compensation
	Introduction
	Targeting the EGF receptor in GBM
	Definition of two types of therapy resistance mechanisms
	Mechanism 1: target independence
	Mechanism 2: target compensation
	FUTURE PERSPECTIVES: Overcoming Resistance of EGFR therapy

	Final remarks
	Conflict of interest disclosure
	Acknowledgements
	References




