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ABSTRACT

Glioblastoma is the most common and aggressive form of malignant glioma. Currently,
despite treatment with surgery followed by radiotherapy and the chemotherapeutic agent
temozolomide (TMZ), mean patient survival time is approximately 12 months and the 5-year
survival rate is close to 0%. A key factor for the dismal prognosis is tumour recurrence post-
treatment which is largely due to: 1) the infiltrative nature of glioblastoma rendering
complete resection impossible and 2) glioblastoma cell resistance to radio-chemotherapy. In
this thesis we aimed to investigate the cellular mechanisms of receptor tyrosine kinases in

conferring resistance to therapy.

We first performed a literature search and found that almost all studies that advocated for
the utility of targeting RTKs in overcoming treatment resistance did not employ both
therapeutic agents comprising standard therapy — radiotherapy and TMZ. We next
generated an in vitro glioblastoma resistant model via short-term treatment with
radiotherapy and TMZ and found that these cells had down-regulated RTK activity in
addition to down-regulated protein and gene expression of the commonly altered and
studied epidermal growth factor receptor (EGFR) and MET receptor. After generating an in
vitro glioblastoma recurrent model via long-term treatment we demonstrated that the
surviving sub-population of cells also displayed down-regulated EGFR and MET expression
compared to treatment naive cells. Furthermore, we also showed that the resistant cell
population already pre-exists within the parental population which suggests the possibility

of pre-emptively targeting the inherently resistant population.

Interestingly, we also observed differential microRNA expression in radiotherapy- and TMZ-
treated cells and, specifically, found that miR-221 confers resistance to glioblastoma cells
and is capable of down-regulating EGFR expression. We validated this relationship in a
human cohort of 105 primary and 36 recurrent glioblastoma patients, showing a significant
inverse relationship between miR-221 and EGFR. Consistently, we showed that high miR-221

and low-EGFR expression at recurrence is associated with a poorer prognosis.

Lastly, we investigated the relevance of epithelial to mesenchymal transition markers after
observing that migration rates were maintained in resistant cells despite low EGFR and MET.

Both N-Cadherin and CD44 were found to be highly expressed in treatment-resistant cells
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and the down-regulation of AKT activity with wortmannin led to reduced levels of EMT
markers, suggesting that AKT is a regulator of key EMT transcription factors that are specific

to N-Cadherin and CD44.

The thesis gains it significance by providing an explanation to the failure of RTK inhibitors in
the glioblastoma clinic by suggesting that standard radio-chemotherapy down-regulates RTK
activity and expression, thereby diminishing any theorised benefit of targeting RTKs.
Furthermore, the thesis advocates for microRNAs to be crucial regulators of therapy

resistance, potential biomarkers and targetable molecules for the clinic.
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CHAPTER 1:
INTRODUCTION



PART 1: Defining glioblastoma

1.1 Epidemiology

A glioma refers to a subtype of primary brain tumours and is the most common type of
tumours of the central nervous system (CNS), accounting for approximately 80% of all
malignant brain tumours [1]. Glioblastoma is a type of glioma, and the most aggressive and
the deadliest malignant primary brain tumour. In fact, almost 50% of malignant primary
brain and CNS tumours as well as over 50% of all gliomas are glioblastomas [1]. In Australia,
the incidence rate is approximately 3.96 cases per 100,000 but increases to 14.42 cases per
100,000 for the 65 years or older group [2]. Glioblastoma is slightly more frequent in males
than females with an approximate 1.6:1 predominance [2]. It is also primarily a disease of
the elderly with data from the United States showing the median age for glioblastoma
patients to be 64 years and the incidence rate is highest in the 75-84 years old group [1].
Younger age is also a predictive factor for treatment response given that the present 2-year
survival rate is around 45% for patients between 20-44 years old while it is only 27%, 14%
and 3% for the 45-64, 65-79 and 80+ age categories, respectively. Similar trends are also

observed regardless of the treatment era [1, 2].

Data from the United States also suggests that the incidence rate is higher for White
Americans compared to other racial categories such as Afro-Americans, Asians and
American Indians — for example, the incidence rate for Whites is approximately 2.5 times
higher than Afro-Americans [3]. Whether a similar observation regarding racial differences is
true for Australia is unclear. The frontal, temporal, parietal and occipital lobes of the brain

are the common brain regions that glioblastoma is located compared to the cerebellum [3].

There is currently no consensus regarding glioblastoma aetiology rendering preventive
therapies ineffective, though ionising radiation is regarded as one of more definitive
examples for increasing the likelihood of glioblastoma [4]. The aggressiveness of
glioblastoma can be noted by the low median survival time of only 2-4 months for patients
with best supportive care only [5, 6]. However, recent advancements in therapy have
improved the hazard ratios compared to early 1990s and currently the median survival time
is 12-15 months [7]. To illustrate this, the 2-year survival rate was approximately 7% of all

diagnosed cases for 1993-1995, 13% for 2002-2004 and 17% for 2005-2007. In fact, the
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hazard ratios have improved for all patients since 2005 compared to cases from the 1990s,

except for the 80+ age category [7].

1.2 The problem of classifying glioblastoma

Gliomas were first reported as far back as the beginning of the 19" century under different
names - such as fungus medullary in German, encephaloide in French and medullary
sarcoma in English - based solely on morphology [8]. The term glioma itself was first coined
in a study by the pathologist Rudolf Virchow in 1865, almost a decade after he initially
described the presence of a homogenous group of cells in the CNS called glia [9-11].
Virchow, with the macroscopic and microscopic tools available, proposed two main groups
of brain tumours - the glioma and the sarcoma — according to their descriptive features [12].
To Virchow, gliomas were large tumours with similar appearance to normal brain tissue,
presenting slow tumourogenic evolution, derive from glial cells and heterogeneous in terms
of histology [8]. In contrast, Virchow defined cerebral sarcomas as more vascularised,
proliferative and invasive together with a larger and higher number of fusiform shaped cells
[8]. Hence, this may be the first attempt at filing gliomas into low grade glioma, as referred
to the former category by Virchow, and high grade glioma, as referred to the latter category

by Virchow.

The rest of the 19™ century and the beginning of the 20" century witnessed the
segmentation of glial cells with descriptions of astrocytes by Cajal and Lenhossek, followed
by Hortega describing oligodendrocytes and microglial cells [13, 14]. This set the future
foundations for the ordering of varying forms of observed gliomas according to the
proposed cell of origin or histological similarities with certain types of glial cells. Hence,
astrocytomas are named for their origin is thought to stem from astrocytes, albeit malignant
astrocytomas resemble precursor forms of the astrocytes, and oligodendrogliomas are
thought to originate from oligodendrocytes. Glioblastoma was formerly referred to as
spongioblastoma multiforme; termed so due to the proposed cell of origin for the tumour
mass to be the spongioblast, not glial cells because of the lack of resemblance between the
tumour and healthy glial cells or other gliomas; and multiforme for its highly heterogeneous
appearance [15]. It was not until the seminal study by Cushing and Bailey that the term

glioblastoma multiforme was coined [16]. This study is regarded as the first major project to
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classify and order brain tumours based on histology and prognosis, and culminated in
subdividing glioma into ten categories with glioblastoma occupying a separate category [17,
18]. The classification system developed by Bailey and Cushing depended on the
predominant cell type found in the glioma, though it was noted that gliomas aren’t
necessarily composed of a single type of cell, and the duo made the link between clinical
impact and the category of glioma [15, 16, 19]. A limitation of this histological approach to
classification is not only the scant attention given to the possibility that a particular
anatomical presentation does not necessarily entail a specific biological behaviour but also
that the atypical feature that is common of glioma cells makes it difficult for a connection to
be made with mature glial cells; differing tumours may be grouped under the same category
[20]. Consequently, if the aim for a glioma classification system is taken to be a reliable

prognostic tool a method beyond a purely histological approach is required.

The next development in the classification of glioblastoma was distinguishing primary
(pGBM) from secondary (sGBM) glioblastoma. Scherer in 1940 defined sGBM as being
derived from pre-existing astrocytomas, having relatively minor necrosis and less morbid
clinically due to slower evolutionary development compared to pGBM which developed de
novo [21]. Commenting on this observation, which at this time was a peculiarity, Scherer
claimed that the majority of astrocytomas eventually spontaneously transformed to
glioblastoma [22]. After ruling out the possibility that surgery was the cause of sGBM and
noting the inadequacy in morphology as a distinguishing marker separating pGBM from

sGBM, the question of causality was posed but left unanswered.

The next few decades was absent of any major advance in glioblastoma classification though
there were attempts to improve the classification system such as by Netsky et al., who
characterised glioblastoma specimens according to age, gender, symptoms, tumour location
and surgery status [23]. The developmental stages in glioma research divided into the
macroscopic approach prominent in the early 1800s, the use of the microscope as witnessed
in the works of Virchow in the mid 19 century and finally the adoption of histological
techniques were successes if only in regards to our very basic understanding of
glioblastoma. Nonetheless, the elusiveness of a comprehensive characterisation of glioma,
and glioblastoma in particular, remained and resulted in the failure of great leap in

improving survival outcome.
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1.2.1 WHO classification

Today, the most regarded and well known glioma classification system is by the World
Health Organization (WHO), developed first in 1979 [24, 25]. In the first edition glioblastoma
was placed under the category of ‘Poorly Differentiated and Embryonal Tumours’ [26]. Not
until in the 2" edition in 1993 was glioblastoma filed under ‘Astrocytic Tumours’ — more
than half a century after Scherer first categorised glioblastoma as an astrocytoma - where it
remains till today in the 2016 WHO classification, and given a malignancy grade of 1V,
defined by : nuclear abnormalities, mitotic activity, endothelial proliferation and necrosis

[26, 27].

The main impetus behind the shift in category was the accumulation and spread of
molecular genetic evidence. According to the 1979 WHO classification of gliomas,
glioblastoma is defined as “An anaplastic, highly cellular tumor consisting of fusiform cells,
small, poorly differentiated round cells or pleomorphic cells alone or in varying
combinations. [They display] necrosis, pseudopalisading, fistulous vessels and vascular
endothelial proliferation, hemorrhage and invasive growth and usually prominent features
[28, 29]”. According to this definition glioblastoma has the features of anaplastic

astrocytoma with the addition of necrosis.

Such a description may provide a working definition but visual criteria for a clinically
important task as classification breeds a problematic level of subjectiveness and
arbitrariness on the part of the observer. The resulting inter-observer variation introduces
inconsistencies across independent observations and increases the probability of

misidentifying tumour grades or distinguishing between two glioma types.

This was quite evidently the case in a 1997 study assessing the utility in relying upon
histology for glioma classification [30]. Histological slides of various forms of glioma were
reviewed by four neuropathologists and the histology characteristics were recorded
according to cellularity, cytological atypia, the presence of mitoses and necrosis, and
microvascular proliferation [30]. It was noted that at least one of the four neuropathologists
mischaracterised oligodendrogliomas or oligoastrocytomas with anaplastic astrocytomas
and vice versa around one-third of the time, while differentiating a grade Il astrocytoma

from a grade Il astrocytoma or glioblastoma was another layer of difficulty.
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Pseudopallisading necrosis, a hallmark of glioblastoma, was also found to be present in
grade IV oligodendrogliomas [30]. Furthermore, the interpretation of the scale of the
histological feature under assessment was an additional hurdle. Though the presence of a
certain histological feature can be identified with reasonable consensus the scale of the
degree of any particular feature was low. For example, although consensus for the presence
of hypercellularity and microvascular proliferation reached approximately 97% and 62%,
respectively, agreement on the scale of both of the corresponding elements dipped to 51%

and 36% [30].

The magnitude of discordance regarding the degree of the histological element (and in the
case of microvascular proliferation, the very presence of it) represents the elusiveness of an
objective scientific definition for various qualitative biological features [30]. This is
unsurprising given that dependency on purely qualitative data subjects the human
interpretation of visual phenomena to relativity and disallows any avenue for precise
guantification. Objective thresholds distinguishing between high cellular atypia and low
cellular atypia or thick vasculature and thin vasculature or hypercellularity and
hypocellularity were absent and are contributors to interminability [30]. Finally, histological
approaches do not reveal the underlying biology of the tumour mass thereby diminishing
the ability to infer patient prognosis from a particular diagnosis and explains the bifurcation
between specific presentations of pathology, such as identical levels of necrosis, and the

clinical course of a glioblastoma patient.

1.2.2 After histology: The rise of molecular analysis

Over the course of almost 15 years research progress in the field of glioma research, such as
evidence from immunocytochemistry, partially revealed the molecular characteristics of
gliomas. During this period accumulating evidence indicated that p53 mutations were part
of the essence of astrocytomas. p53 gene mutations are present in approximately one-third
of low grade (WHO grade Il) astrocytomas [31]. Similar rates of p53 mutations are also

observed in higher grade (WHO grade Ill) astrocytomas [31, 32].

Furthermore, a 1992 study found that around one-third of glioblastomas possess p53
mutations, a strikingly similar rate to p53 mutations found in lower grade astrocytomas in

other studies [32]. This was followed by confirmatory evidence from separate laboratories
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within the year [33, 34]. Additionally, studies conducted concurrently - for example those by
Ohgaki et al. - found that p53 mutations in non-astrocytic tumours were rare [35, 36]. Only
12% of oligodendrogliomas that were sampled possessed p53 mutations; 53% of all
oligodendrogliomas were WHO grade lll but none showed detectable p53 mutations [36].
None of the four WHO grade Il anaplastic ependymomas, none of the twelve circumscribed
pilocytic astrocytomas(compared to diffuse astrocytomas such as anaplastic astrocytoma
and glioblastoma) and only 11% of WHO grade IV medulloblastomas carried p53 mutations
[35, 36]. Taken together, these studies were suggestive of the common roots shared
between grade II-lll and glioblastoma. Briefly, the p53 protein, approximately 393 amino
acids, can function as a transcription factor and as mentioned, a dysfunctional p53 is
observed in glioblastoma [37]. The key overall function of p53 as a transcription factor is to
act as a checkpoint, whereby the induction of cell cycle arrest and apoptosis is caused by
p53 signalling. Recent studies have placed a genetically altered p53 signalling pathway,
consisting of CDKN2A, MDM2 and TP53, as a common occurrence in glioblastoma at a rate
of approximately 85% [38]. The tumour suppressive role of p53 is activated in response to
various stimuli, such as DNA damage, activation of tumour promoters and excessive growth

factor signalling [37].

What these studies have in common is the molecular biology technique that allowed for
such characterisations and paradigm shifts to occur. Polymerase chain reaction, invented in
1982, was used by all studies as part of the process to detect single strand conformation
polymorphisms, thus signifying the beginning of a new era in glioblastoma research [39].
From then and till now the focus within the field of glioblastoma research has been on the
molecular characteristics of the disease which was expected to create improved

classification systems and better match clinical presentation with prognosis prediction.

1.3 Primary and secondary glioblastoma

With the advances in molecular biology Scherer’s hitherto dormant conceptual distinction
between pGBM and sGBM was reopened. The landmark study that once again brought back
Scherer’s observation was conducted by Watanabe et al. in 1996 [40]. Samples from 19
pGBM patients were identified according to whether a clinical history of less than three

months was evident and absent of any histological evidence of a lesser grade astrocytoma.
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30 sGBMs were identified after evidence of the patients being operated on for low grade or
anaplastic astrocytoma. Epidermal Growth Factor Receptor (EGFR) and p53 expression was
assessed via immunohistochemistry. The majority of pGBM patients (63% or 12 out of 19)
displayed EGFR over-expression compared to only 10% of sGBM patients. In contrast, all but
one sGBMs had higher p53 accumulation as opposed to 37% of pGBMs. p53 mutations were
characteristic of sGBM, with two-thirds possessing them, while around 90% of pGBMs
lacked it. Only one out of all forty-nine glioblastomas assessed presented both EGFR over-
expression and p53 mutations indicating that the two genetic alterations belong to mutually
exclusive glioblastoma subtypes. What this suggests is that the previous studies connecting
mutated p53 to glioblastoma were in fact not alluding to an essential general characteristic
of glioblastoma but a specific subtype. Furthermore, p53 mutations leading to p53
accumulation may be an important early event for malignant astrocytoma transformation, a
genetic mark that is carried over throughout all stages in glioblastoma development. Given
that EGFR is associated with aggressive tumour proliferation the link between EGFR and
pGBM matches the aggressive clinical presentation of pGBM and the slower growth of
sGBM [41]. Of further significance is EGFR amplification being a purported feature of de
novo or pGBM rather than sGBM raises the possibility of EGFR amplification being an
exclusive glioblastoma marker; thereby minimising the likelihood of confusing glioblastoma

for a lower grade astrocytoma.

Another positive aspect to this study by Watanabe et al. is that it unified the major findings
from preceding studies into a clearer conceptual scheme. Watanabe et al. (1996) was the
first to order glioblastoma into pGBM and sGBM according to the molecular characteristics
of EGFR expression and p53 mutation [40]. Previously, glioblastomas were already examined
for loss of heterozygosity (LOH) on chromosome 17, which contains the gene coding for p53,
and EGFR amplification [42]. Notably, EGFR amplification was linked to the absence of
LOH17; the absence of EGFR amplification was linked to LOH17 [42]. The following year
researchers showed that a subset of glioblastoma had LOH17 and identified that these
patients also possessed p53 mutations [43]. What was thought to be de novo glioblastoma
also had the feature of EGFR amplification and a lack of p53 mutations and LOH17 [43].
However, the methodology of both these previous studies, though alluding to a molecular

distinction between two subsets of glioblastoma, lacked any clinical criteria to sort patients.

(8]



Consequently, they were unable to conclude, for example, that glioblastomas with LOH17
and p53 alterations were indeed the result of previous lower grade astrocytoma or that the
presentation of de novo glioblastoma was contingent upon EGFR amplification; only a link
between older age with EGFR amplification and younger age with p53 alterations was noted
[42]. Indeed, it was Watanabe et al. (1996) that sorted glioblastoma patients according
previous clinical operative history and that identified older age to be associated with pGBM

and younger patients to be associated with sGBM [40].

Subsequent studies studying the characteristics of pGBM and sGBM ensured that patients
were sorted according to prior histological evidence, or the lack of it, of pre-existing lower
grade astrocytoma. A population based study assessing 715 glioblastoma patients showed
that pGBM to be more frequent (95% vs. 5%) and a marker for worse prognosis compared
to sGBM (mean survival time 4.7 months vs. 7.8 months) [44]. This study also restated the
pre-eminence of p53 mutations in sGBM with 65% of sGBM possessing it (though 28% of
pPGBM also had p53 mutation) and confirmed that EGFR amplification to be a feature of
pGBM with 36% of pGBM displaying it compared to only 8% of sGBM. The approximately
35% overall rate of glioblastoma EGFR amplification was similar to other studies - von
Deimling also noted that around 40% of glioblastoma contained amplificated EGFR — which
laid the foundations for mutated EGFR to become a key malignancy event in glioblastoma

42, 44].

However, several incongruences between studies that blur a clear distinction and
inadequacies in the pGBM vs. sGBM conceptual scheme require commenting upon. LOH10
is consistently found to be a feature of glioblastoma with studies showing rates from almost
40% to high as 70% [42-45]. Nonetheless the status of LOH10 - noted by studies as a
possible marker for either progression from less lesions or pGBM - as a distinguishing tool is
not forthright [43, 45]. It was observed that EGFR amplification, thought to be common in
pGBM, was exclusively linked to LOH10 [42]. Specifically, LOH10qg was associated with EGFR
amplification [44]. Indeed, the occurrence of LOH10q was found to be similar between
pGBM and sGBM [44]. Furthermore, Fugisawa et al. showed 54% of sGBM compared to
47% of pGBM showed LOH10q as measured by PCR-based microsatellite analysis [45]. It has
been suggested that this confusion may be due to loss of the entire chromosome 10 being

more common in pGBM while partial loss of chromosome 10, namely LOH10q, to be more
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common in sGBM [46]. Nonetheless, even this response has been disputed in a separate
study that utilised fluorescence in situ hybridization and reported that in a set of 44 pGBMs
and 20 sGBMs complete loss of chromosome 10 occurred in 79% of pGBM and 70% of sGBM
[47].

The clinical value of LOH10 has also been questioned. Chromosome 10 hosts the tumour
suppressor gene PTEN with its loss ex hypothesi leading to poorer survival [48-50]. Indeed,
evidence has been put forth indicating that LOH10q is predictive of shorter glioblastoma
patient survival compared to those without LOH10q, with mean survival times of 7.7 months
and 9.3 months, respectively [44]. Balaesaria et al. in 1999 concluded that any level of
chromosome 10 loss in high grade astrocytoma (34 WHO grade Il patients and 49
glioblastoma patients) was tied to significantly less favourable survival outcome, though
when taking glioblastoma alone this difference did not reach significance (p=0.26) [51].
Another study which analysed 25 newly diagnosed glioblastoma patients also did not find a
statistical significance in survival times between patients with chromosome 10 loss and
those without such alteration; a p-value of 0.06 though may be due to the smaller sample
size [52]. Finally, in a cohort of 17 glioblastoma patients, which included one sGBM with
chromosome 10 loss and another with chromosome 10 disomy, comparative mean patient
survival time between the chromosome 10 monosomy group of 13 patients and the
chromosome 10 disomy group of 4 patients was 10.9 months and 11.5 months, respectively;

the result therefore was not significant [53].

Moreover, EGFR amplifications, initially hoped to be a highlight of pGBM, was later to be
found to occur in pGBM too infrequently [40]. In a particular study , though EGFR
amplification was absent in sGBM, EGFR amplification was only presented in 29% of pGBM
[45]. Although EGFR amplification is more common in pGBM rather than sGBM, for genetic
characteristics to be considered as hallmark or incorporated into a possible criteria as a
diagnostic marker for pGBM it is reasonable to assert that the relative occurrence of such
genetic alteration needs to capture at least the majority of the patients within the subset.
As this requirement is lacking as far as EGFR amplification is concerned we must look
beyond for a more unifying characteristic if we are to maintain the pGBM/sGBM distinction

for diagnostic and prognostic purposes.
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1.3.1 IDH1 mutation

The clinical significance of classifying glioblastoma into either pGBM or sGBM was
guestionable at best. At worse, it was merely used as a concept for theoretical pondering.
Approximately ten years since the burst of studies in the late 1990s, that attempted to
distinguish pGBM from sGBM, had to pass before genomic analysis revealed the potentiality
of IDH1 being a hallmark of sGBM [54]. This paradigm shifting study was significant due to
the high scale genomic analysis which sequenced 20,661 protein coding genes to elucidate
glioblastoma genetic alterations and the use of Illumina sequencing to detect DNA copy
number alterations [54]. The study was the first to show that IDH1 mutations were
frequently mutated in sGBM; 83%, 7% and 11% was the rate of IDH1 mutation in sGBM,
pGBM and overall glioblastoma, respectively [54]. Furthermore, IDH1 mutation indicated a
significantly better survival rate compared to IDH1 wildtype (median survival time 3.8 years
versus 1.1 years) [54]. However, although 105 tumour samples were available for study,
only 6 were classified sGBM sanctioning caution regarding the conclusions that can be

inferred.

In the same year Balss et al. confirmed the status of IDH1 as a sGBM marker [55]. A total of
685 brain tumours, which included 99 pGBM and 8 sGBM, were subject to IDH1
amplification via PCR prior to sequencing [55]. Interestingly, 74%, 62% and 88% of WHO
grade Il, anaplastic astrocytoma and sGBM displayed mutated IDH1, respectively, indicating
both the possible connection between IDH1 and early malignancy and IDH1 as a hallmark of

sGBM; again, only 7% of pGBM were IDH1 mutated [55].

Nobusawa et al. also restated the significance of IDH1 in glioblastoma classification [56].
From a total of 407 glioblastoma patients only 36 carried IDH1 mutations; however 22 out
of 30 sGBM and only 3.7% of pGBM were positive. Interestingly, as with other studies, IDH1
mutations were specific to the region codon 132 [54-56]. Again, IDH1 mutation was
indicative of a significantly favourable survival outcome with mean survival time for IDH1
mutation carriers being 27.1 months compared to 11.3 months [56]. The relationship
between IDH1 mutation and favourable survival outcome has been validated in other

studies [57, 58].
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Taken together, IDH1 mutation appears to be a promising marker for sGBM and prognosis
prediction. It may be argued that mutated IDH1, though it may be present in the majority of
sGBM so far analysed, is not part of the essence of sGBM given that it is absent in some
cases of sGBM; thereby calling into question the relevance of the pGBM and sGBM
distinction. Indeed, it has been reported in a 2018 preliminary study with a small sample size
(n=4) that IDH1 mutation in sGBM can be as low as 50% [59]. Moreover, when the number
of sGBM samples were increased to as high as 30 patients the number of IDH1 mutated
sGBMs decreased to almost two-thirds of the sGBM sample size, a number below the rate
that has been reported in other studies with a lower sGBM sample size [54-56]. Therefore,
positing IDH1 as the hallmark for sGBM cannot be concluded necessarily. An alternative
explanation, however, is that the reported sGBMs that did not carry mutated IDH1 and
those pGBMs that were IDH1 mutation positive may have been misclassified. Given that
IDH1 mutated pGBMs have a genetic signature similar to IDH1 mutated sGBM; and given
that IDH1 mutated sGBMs showed a WHO grade Il precursor lesion; and lastly, given that
sGBMs negative for IDH1 mutation being shown to derive from WHO grade Il gliomas, this
explanation cannot a priori be ruled out [55, 56, 60, 61]. Nonetheless, the vast majority of
glioblastoma being pGBM, better methods are required to better characterise the tumour

biology.

1.4 The four subtypes

In 2005 The Cancer Genome Atlas (TCGA) project begun and glioblastoma was the first
cancer studied by the new project [62]. This initiative aimed to conduct large-scale genome
sequencing to reveal the molecular characteristics and the genetic abnormalities of
glioblastoma — and other cancers — to eventually create a classification system that would
better inform researchers and clinicians about the individuality, along with the associated
biological behaviour, of each glioblastoma [62]. The utility of such expansive data was
shown in 2009 which defined several genes and signalling pathways that are key to
glioblastoma tumourigenesis, such as the EGFR/MET-PI3K-AKT, the MET-Ras/PI3K and the
CDKN2A-p53 signalling axes [63]. This conclusion was induced from the TCGA according to
the levels of gene amplification, mutation and homozygous deletion, as the case with
CDKN2A [63]. TCGA data revealed the importance of receptor tyrosine kinases (RTK) genetic
abnormalities in glioblastoma such as EGFR, amplified in 45%; PDGFRA, amplified in 13%;
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MET, amplified in 4%; and ERBB2, amplified in 8%. It was observed that 86% of all
glioblastomas possessed genetic abnormalities in the RTK-PI3K pathway, thereby centring

this signalling pathway in glioblastoma research [63].

Using this foundational study as a proof of concept, the influential paper by Verhaak et al.
put forth a new classification system for glioblastoma [64]. After analysing the expression of
1740 genes in 202 glioblastoma samples it was revealed that four subtypes could be
distinguished. A gene signature consisting of a total of 840 genes, with 210 genes in each
subtype, was identified. These results were further validated in an independent validation
cohort consisting of 260 glioblastomas. The subtypes were termed: Classical, Pro Neural,
Neural and Mesenchymal. The defining genetic alterations of each subtype as described by
the authors have been summarised in Table 1 [64]. Interestingly, each of the subtypes
displayed genetic signatures associated with distinct cell types. The genetic signature of
Classical subtype was more closely associated with murine astrocytes; the Pro Neural more
closely associated with oligodendrocytes; the Mesenchymal group was similar to the
cultured astroglial and immortalised cell lines’ signature; and the Neural group resembled
oligodendrocytic and astrocytic differentiation and neuron enrichment genetic signatures

[64].

In fact, the aforementioned study was preceded by a similar project that profiled 76 high-
grade gliomas with DNA microarray [65]. Three subtypes, labelled Proneural, Proliferative
and Mesenchymal, were distinguished according to prognosis and a 35-gene signature [65].
The data was further validated by an independent set consisting of only glioblastoma
samples. Mesenchymal and Proliferative groups were mostly seen in glioblastoma samples
rather than the Proneural dominated WHO grade Il astrocytomas. Similar to Verhaak et al.,
the Proneural subtype trended towards a favourable survival outcome and is comprised of
younger patients [65]. Consistently, the Proneural class correlated with the genetic
signature of normal neural tissue and the Proneural phenotype was similar to that seen
after culturing neural stem cell lines [65]. The Mesenchymal class was closely associated
with tumour recurrence and the genetic signatures of bone, smooth muscle, endothelial,
dendritic and cultured human fetal astrocyte cells [65]. The Proliferation class exhibited
stronger proliferative markers such as TOP2A, EGFR amplification, AKT activity and Ki-67

positivity compared to other groups; though the Ki-67 index was higher in the vasculature of
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Mesenchymal tumours, a feature absent in the other classes, indicating that this group is

more infiltrative [65].

It is unclear the level of relevancy that can attributed to a particular characteristic of each
subtype and how much causal efficacy there can be attached to a genetic alteration. It is
possible that the numerous features that help in the classification are not of any, or not of
significant, value and accidental to a certain degree. For example, the relatively favourable
survival outcome for patients of the Proneural group has been shown to be derived from
the Glioma CpG island methylator phenotype (GCIMP) [38]. This has also been validated in
another study showing DNA methylation to be a favourable factor towards survival, in
particular to GCIMP-positive Proneural glioblastomas [66]. In fact, non-GCIMP Proneural
glioblastomas showed a worse survival outcome compared to the aggressive Mesenchymal
subtype [38]. This sheds light upon the need to better characterise causality and look
beyond a purely descriptive analysis and towards the prescriptive. Certainly, it does not
entail from the discussion thus far that the attempts to classify glioblastoma are futile — as
far as clinical significance is concerned. But it is indicative of an element of arbitrariness in
the process of categorisation. How much significance is applied to a certain genetic
alteration - there could very well be other, more relevant, genes that have been lost or
amplified but its effect may have been silenced by gene expression noise - and how broadly
or narrowly the categories are defined - is it a Proneural glioblastoma or a GCIMP positive
glioblastoma? - requires further research. To take the example from the previous study, the
existence of a distinct Proneural group is questionable and may not be an objective

biological reality but a mask over other, prognostically relevant, glioblastoma strata [38].

An additional question raised for this type of classification system is that these purported,
largely distinct, glioblastoma groups may not have evolved through mutually exclusive
pathways as implied but are part of a continuum. Recently, Ozawa et al. provided evidence
that non-GCIMP glioblastomas of a Proneural nature are precursors to the Mesenchymal
subtype [67]. Though non-GCIMP glioblastomas were similar to Proneural GCIMP
glioblastoma, as evident with transcriptome analysis, the non-GCIMP cohort displayed
alterations frequent in other subtypes, such as chromosome 7 amplification and loss of
chromosome 10 [67]. When mathematic modelling was utilised to identify the possible

evolution of tumour development it was deduced that chromosome 7 amplification and loss
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of chromosome 10 were initial genomic events for all non-GCIMP subtypes [67]. NF1 is a
tumour suppressor that is highly mutated or deleted in Mesenchymal glioblastomas while
these alteration are almost absent in the Proneural group [64, 68]. PDGFRA-expressing
tumours in mice had NF1 knockdown leading to a shift towards the Mesenchymal subtype
characterised by expression of Mesenchymal markers such as CD44 and activated STAT3.
Consequently, the authors come to the conclusion that the “primordial tumors are

Proneural in character with the other subgroups evolving from them” [67].

The molecular classification data that has been accumulating in recent times has informed
the latest WHO classification of tumours of the CNS. Previous WHO classifications relied on
histology, microscopic features and lineage-associated proteins to define the different types
of glioma, largely based on phenotype [28]. The histogenic system is largely inherited from
the Cushing and Bailey studies but the principle itself - tumours can be classified according
to naked observation and comparison with normal tissue - goes far back as Muller in 1838;
thus standard glioma classification has shifted from a centuries old paradigm [18, 69, 70].
After a meeting of neuropathologists in Haarlem several recommendations with consensus
were put forth so that WHO classification system is reformed. One such recommendation
was that phenotypic characteristics are coupled with genotypic characteristics such that
“molecular information should be incorporated into the definitions of some diagnostic
entities” [71]. CNS tumours are now diagnosed with specific nomenclature indicating a
molecular marker; for example, a specific case of glioblastoma is categorised as
glioblastoma, IDH-wildtype or glioblastoma, IDH-mutant [27]. Furthermore, diffuse
astrocytic and oligodendroglial tumours, including glioblastoma but excepting diffuse
midline glioma, are to be diagnosed as IDH-wildtype, IDH-mutant or not specified [27].
Therefore, IDH status has now become a gold standard molecular marker for glioblastoma
sorting. A variant of glioblastoma has also been added to the WHO classification system
called ‘glioblastoma with primitive neuronal component’ which contains primitive cells
displaying neuronal differentiation and sometimes “MYC or MYCN amplification” [27].
Lastly, another variant, the small cell glioblastoma, is to be characterised according to EGFR
amplification [27]. The 2016 WHO classification, therefore, is the culmination of years of
molecular biology studies characterising glioblastoma pathogenesis. However, with IDH-

status the only hallmark currently used more research is clearly in need.
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The questions that have been raised with the problem of glioblastoma stratification, such as
clinical relevance, and indeed some of the inconsistencies that have been brought up in the
models discussed so far, may be at least partially answered within the context of both the
heterogeneous intra-tumoural and inter-tumoural nature of glioblastoma [72]. In order to
adequately discuss molecular age of glioblastoma research an understanding of both the
treatment currently available for glioblastoma and the discussion surrounding the origin cell

of glioblastoma is required; and it is the latter that will be discussed first.
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Table 1-1: Proposed subtypes of glioblastoma

A) According to Verhaak et al. [64]

Classical

Ch 7 amplification + Ch 10 loss
paired, 100% rate

Proneural

Locus 4q12 amplification, altered
and over-expressed PDGFRA

Mesenchymal
NF1 mutated, deleted, low expression

Neural

Neuron marker expression: NEFL, SYT1,
GABRA1

EGFR amplification rate = 97%

IDH1 mutation

Over-expression of MET and CHI3L1

EGFR over-expression

P53 mutation

High CD44

12/22 EGFRvIII or point mutation

Lack of paired Ch 7 amplification +
Ch 10 loss, rate 54%

High NF-kB signalling

Lack p53,PDGFRA, IDH1 mutation

Oligodendrocyte marker OLIG2

CDKN2A deletion

Over-expression of Notch, Sonic
Hedgehog and Nestin

Median age: 55.7 years

Median age: 51.8 years

Median age: 57.7 years

Median age: 63.8 years

Median Survival (TCGA vs. validation
set: 12.2 vs. 12.2 months

Median Survival (TCGA vs. validation
set: 11.3 months vs.
16.2 months

Median Survival (TCGA vs. validation set:
11.8 months vs. 15 month

Median Survival (TCGA vs. validation set:
13.1 months vs.
15.0 months

B) According to Phillips et al.

Proneural
Mostly WHO Grade Ill, 31% GBM

[65]

Proliferation
20% were GBM

Mesenchymal
49% were GBM

36% of GBM necrosis

Lack necrosis

7.5% of GBM necrosis

Mean Age =49 years

Mean age = 50.7 years

Mean age= 40.5 years

Ch10 gain

PTEN loss

Over-expressed VEGF/VEGFR
PTEN loss

Lower AKT activation

Ch7 amplification, Ch10 loss

Ch7 amplification, Ch10 loss

EGFR amplification

EGFR amplification
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1.5 The cancer stem cell model

As discussed, glioma classification systems have sorted different varieties of gliomas
according to the assumed type of glial cell while glioblastoma classification is central to
understanding the underlying tumour biology. It may be, though, that glioblastoma can be
classified according to the cell of origin that initiates the tumour. Consequently, if the origin
cell is discovered then it is possible to develop models that can predict cell behaviour
subject to varying selective pressures. Furthermore, the varying proposed classes of
glioblastoma have possibly arisen from independent origins or a single origin cell may be the
initiator. Consequently, the origin cell is of significant research interest as it may be the link
between a normal cell and the tumour initiating cells. One possible theory for the origin cell
of glioblastoma is differentiated mature astrocytes. The alternative conceptual scheme

situates the neural stem cell at the centre of glioblastoma initiation.

1.5.1 Astrocyte de-differentiation as the origin of glioblastoma

Historically, astrocytes have been thought to be a source of origin of glioma both due to
similarities in morphology, as discussed previously, and more recently due to molecular
characteristics. The rationale is as follows. Mature, differentiated astrocytes proliferate via
symmetric cell division which makes astrocytes fulfill a prerequisite for cellular
transformation. It has also been established that glial fibrillary acidic protein (GFAP) is highly
expressed in mature astrocytes of the CNS, associated with astrocyte proliferation and is the
prototypical marker for astrocytes [73]. In agreement, one study observed that all
glioblastoma samples assessed were reactive to GFAP with immunohistochemistry [74].
Interestingly, all oligodendrogliomas assessed were negative for GFAP [74]. Furthermore,
tumour volume in high grade glioma patients correlated with GFAP expression [75].
However, the relationship between GFAP levels and grade of glioma is contradictory with
results showing either that GFAP is higher in lower grade gliomas compared to glioblastoma
or decreased in lower grade glioma compared to glioblastoma [74, 75]. Therefore, the link
between glioblastoma and astrocyte mediated via GFAP expression gives some credence to

astrocytes being the glioma initiator.

Liu et al. attempted to determine whether PDGFRa over-expression in pl6-

negative/CDKN2A-negative mouse astrocytes leads to gliomagenesis [76]. When these cells,
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which were cultured in vitro, were transplanted into mice brain invasive glioma was
observed [76]. These tumours that were harvested from mouse brain showed expression of
the astrocyte marker GFAP and the neural and progenitor stem cell marker Nestin [76].
Consistently, immunohistochemistry staining for the oligodendrocyte marker CNPase

appeared negative [76].

A 2011 study first established cell cultures derived from primary murine astrocytes which
were knocked out for p53 and PTEN leading to Akt expression, and transduced to drive
EGFRvVIII expression [77]. It was noted that primary astrocytes with knocked out p53 and
PTEN leads to induction of tumours after intracranial implantation [77]. Furthermore,
tumours were characteristically high grade glioma — cytologically similar to WHO grade Il
astrocytomas - with necrosis present, meaning that tumours are glioblastoma [77]. This
induction was accelerated after EGFRvIIl expressing primary astrocytes were added [77].

Again, this study also noted that these induced gliomas expressed GFAP and Nestin [77].

In a 2013 study, Radke et al. isolated primary astrocytes, determined by GFAP expression,
from one day old C57BL/6 mice that expressed p53+/+ or p53+/- or p53-/- [78]. Upon
harvesting the brain and culturing the cells, a majority astrocyte population was obtained in
culture which was transduced with Akt or/and c-Myc. Significantly, when p53-/- astrocytes
that expressed both Akt and c-Myc were injected into C57BL/6 mice tumour formations
were observed that resembled tumours that form after injection of GL261 glioma cell line
into mice [78]. Interestingly, late passage astrocytes that were transduced with Akt and c-
Myc eventually displayed expression of stem cell marker CD133 suggesting that astrocyte

dedifferentiation into progenitor stem cells may be the glioma initiator [78].

1.5.2 Neural stem cells as the origin of glioblastoma

The alternative paradigm for elucidating the glioblastoma cell of origin is the neural stem
cell model. The term stem cells refers to a group of cells that have the potential to self
renew and differentiate to generate mature cells that form the tissues which make up an
organ. Recently, stem cell biology has been of increasing interest in glioblastoma research as
it is possible that normal stem cells give rise to tumour cells and tumours themselves
possess a population of cancer stem cells. These cancer stem cells are able to proliferate

potentially infinitely and populate the tumour bulk [79-81].

(19]



Neural stem cells and glial progenitor cells — progeny of neural stem cells and precursors to
cells of glial origin such as astrocytes and oligodendrocytes — have been known to exist
throughout varying brain regions such as: the subventricular zone, dentate gyrus,

subcortical white matter, cortex, corpus callosum and periventricular white matter [79].

Specifically, the subventricular zone of the lateral ventricles and the subgranular zone of the
dentate gyrus in the hippocampal formation are the regions of neurogenesis in the adult
mammalian brain [82]. GFAP is a marker for neural stem cells in the subventricular zone and
subgranular zone, while Nestin, along with a number of other markers such as Sox2, is found
in both neural stem cells and progenitor cells [82]. Unipotent progenitor cells can also
express specific markers allowing for identification, such as oligodendrocyte progenitor cells

expressing PDGFRa and Oligl [82].

Gliomas and neural stem cells both have high migration, high proliferation and activation of
signalling molecules such as EGFR, Wnt and Nestin suggesting that transformed precursor
cells carry certain markings belonging to their origin cells [82]. This raises the hypothesis
that glioma stem cells are progeny of normal neural stem cells and the link between the

matured glioblastoma and the cell of origin.

Studies have suggested that neural stem cells found in the subventricular zone are the cell-
of-origin for astrocytomas. Mice harbouring p53 and NF1 deletions developed GFAP-positive
astrocytomas of various grades, including glioblastoma, with the origin of the majority of
the tumours being associated with the subventricular zone - as assessed by magnetic
resonance imaging and immunofluorescence — and express Nestin [83]. Furthermore, a
subset of GFAP-expressing cells in the subventricular zone was found to express the EGFR
and a highly proliferative neural progenitor-like population [84]. Upon EGF stimulation this

subset displayed increased invasion and proliferation [84].

Two studies, conducted almost simultaneously, provide some of the stronger evidence for
neural stem cells being the glioma cell of origin rather than differentiated mature
astrocytes. First, Llaguno et al., using mouse models, concluded that neural stem cells can
be origin cells for glioma [85]. The researchers utilised the cre-lox system with tamoxifen
administration for temporal control and preferred Nestin promoter, as opposed to a GFAP

promoter, to more specifically target neural and progenitor without differentiated
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astrocytes. All embryonic and adult tamoxifen-treated Nestin-cre-ERT2 mice harbouring
p53/PTEN/Nf1 deletions developed high grade gliomas similar to glioblastoma [85]. The
astrocytomas that developed were immunoreactive for GFAP, Nestin and Olig2, and highly
proliferative as assessed with Ki-67. Furthermore, the transformed neural stem cells were
found in areas adjacent to the subventricular zone, such as the cortex and striatum,
suggesting migration. Significantly, injection of viral cre-mediated tumour suppressor
inactivation did not lead to adult astrocytoma formation except in the subventricular zone

[85].

The second, a 2010 study by Jacques et al., inferred that neural stem cells alone, rather than
mature astrocytes in the parenchyma, were responsible for glioma initiation regardless of
the location in the brain [86]. This group of researchers deleted Retinoblastoma protein, p53
and PTEN by using a cre-lox system with Adeno GFAP-cre [86]. After injection of Adeno-cre
controlled by GFAP promoter into the lateral ventricles of mice with homozygous deletions
of Retinoblastoma and p53 or Retinoblastoma, p53 and PTEN or PTEN and p53, tumours
were developed suggesting that GFAP-expressing cells in the subventricular zone allows for
glioma initiation [86]. Significantly, astrocytes derived from the forebrain with mutated
Retinoblastoma, PTEN and p53 and recombined with Adeno-cre in vitro before

transplantation into the striatum resulted in no tumours being formed [86].

Consequently, it is possible that neural stem cells are the origins of glioma. If this is the case
it will mean that deactivation of tumour suppressors in neural and/or progenitor stem cells
leads to the glioma formation. Nonetheless, another study developed a transgenic model
consisting of mutated Ras and p53 knockout harbouring mice, aiming to specifically target
neural stem cells and mature astrocytes [87]. The brains of these hGFAP-Cre/KrasG12D/p53f
I/f 1 mice were then examined with immunohistochemistry and immunofluorscence and
showed high grade glioma phenotypes. It was observed that one particular group of cells
that presented with high grade glioma phenotype expressed higher levels of GFAP and
glioma stem cell markers such as Olig2, Sox2 and Bmi-1; Nestin, another stem cell marker,
was prominent in this phenotype but also expressed in other glioma phenotypes to a lesser
degree [87]. When tumours were analysed in 17-day transgenic mice, glioma-phenotype
cells in the subventricular zone were immunoreactvive for Nestin, Sox2 and Olig2 while

tumours in other regions — which had different phenotypes - expressed Nestin but not Sox2
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and Olig2 [87]. Ghazi and colleagues harvested and cultured cells from the brains of
neonatal hGFAP-Cre/KrasG12D/p53f I/f 1 [87]. To sort for neural stem and progenitor cells
the subventricular zone was dissected while astrocytes were derived from the cortex; the
transgenic astrocytes developed neural stem cell marker expression for Sox2, Nestin, Bmi-1
and Olig2 [87]. Upon transplantation of these genetically manipulated cultured neural stem
cells or astrocytes development of tumours were noted but showed differences in
tumourogenic characteristics such as invasiveness. The authors concluded that the
differentiation status of the transformed cell determines, at least partially, the glioma

phenotype [87].

The aforementioned studies provide evidence supporting the hypothesis that gliomagenesis
can originate from mature astrocytes or neural stem cells, although common limitations
that are found across these studies ought to be mentioned. First, GFAP is commonly
regarded as a standard astrocyte marker and indeed researchers have used GFAP to select
for mature astrocytes [78]. However, GFAP is also expressed in neural progenitor cells which
raise doubts on the validity of relying solely upon GFAP for astrocyte isolation [88-90].
Furthermore, the models of cell utilised in cell-of-origin studies are mainly embryonic or
post-natal cells which may differ in terms of biological behaviour from glioblastoma, an
adult disease [87, 91]. Another source for caution is that astrocytic behaviour and
characteristics are thought to differ between in vitro and in vivo [92]. For example, it is has
been reported that transcriptome profiles vary between cultured astrocytes and in vivo
astrocytes, although detailed analysis of in vivo astrocytes require overcoming the hurdle of
maintaining the microenvironment [93]. Lastly, the models used in the studies above - with
conditional knockouts and oncogenic mutations - to study glioma lineage do not necessarily
replicate the molecular characteristics of clinical glioblastoma and, more specifically, the
conditions in which gliomagenesis begins. Therefore, more studies taking into consideration
the limitations discussed are required to further understand the role of mature astrocytes in
glioblastoma initiation. If it is the case that mature astrocytes are the cause, or partially
contribute, to the initiation of glioblastoma it may have relevance in the glioblastoma
classification project. It may well be, as Ghazi et al. noted, that glioblastoma can be

classified according to the origin tumour initiating cell which explains both the
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heterogeneous molecular and morphological characteristics as well as the varying clinical

outcomes.

PART 2: The Stupp Protocol

1.6 Current treatment of glioblastoma

1.6.1 Resection

Successful removal of brain tumour was first accomplished by William Macewen in 1879 and
the first removal of a glioma took place in November 25, 1884 by Alexander Bennet and
Rickman Godlee [16, 94]. In the immediate following decades neurosurgery was a
depressing endeavour due to high morbidity rates, with surgical mortality rates ranging
from 30-50% [95]. However, with Cushing’s research into neurosurgical methods, in
particular his focus on intracranial pressure, the surgical mortality was decreased by
approximately 45% [96]. Advances in surgical tools such as the operating microscope,
introduced to neurosurgery in 1957, cortical mapping and functional magnetic resonance
imaging has improved the surgical outcomes [97]. Today, blue light illumination after 5-
aminolevulinic acid ingestion by the glioma patient and intraoperative angiography has
allowed neurosurgery to greatly reduce complications [97]. Indeed, a 2016 analysis of over

16,300 cases of malignant brain tumour surgery showed only a 0.9% mortality rate [98].

Surgical resection of the tumour is the front-line therapy for glioblastoma [99]. This has
brought added focus upon surgery’s role on glioblastoma survival. A retrospective review of
360 primary glioblastoma patients highlighted the clinical importance of neurosurgical
techniques on glioblastoma survival independent of extent of resection [100]. Survival times
were lower in patients who had neurological complications - including acquired language
and motor deficits - arising from neurosurgery compared to patients without any surgery
induced neurological deficits; median survival and 2-year survival rates were approximately
9 months and 0-8%, respectively, in the former group, compared to 12.8 months and 23%,

respectively, in the latter group [100].

The extent of surgical resection of the tumour is commonly categorised as either gross total

resection or partial resection. Gross total resection is achieved if complete removal of the
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tumour is judged to have occurred as measured by the contrast enhancement imaging such
as post-operative magnetic resonance imaging [101]. A partial resection is when only
incomplete resection has occurred, again by comparing pre- with post-operative imaging
[102]. Total resection, if defined by 100% of tumour removal, is impossible for two broad
related reasons. Firstly, a verdict of total resection is judged macroscopically and does not
take into consideration the presence of glioblastoma cells at the microscopic level [103,
104]. Secondly, the infiltrative nature of glioblastoma means that the tumour cells at the
outer ring of the larger overall central mass is consolidated with normal brain regions which
cannot be surgically removed unless severe neurological deficits is the outcome [100, 104].
Indeed, it is established that glioblastoma recurs within a margin of approximately 4cm from

the site of resection [104].

The predominant study that made this link was the 2001 study by Lacroix and colleagues
[105]. In this study the histological, Karnofsky Performance Scale pre- and post-operative
images, age, necrosis and other clinical data of 416 patients were retrospectively analysed
and tumour volume was quantified with magnetic resonance imaging [105]. Crucially, it was
observed that glioblastoma with equal to or more than 98% of resection had significantly
longer survival time compared to a resection of less than 98%; median survival time was
13.8 months and 8.8 months, respectively [105]. When only treatment naive patients were
included — which amounted to 233 patients in total — median survival time was 13 months
and 10.1 months, respectively and reaching statistical significance [105]. The authors
divided the entire cohort of 416 patients into four groups according to the presence of
tumour necrosis, with the presence of necrosis considered as unfavourable; patient age
which itself was divided into three groups: less than 45 years, between 45 and 64 years and
equal to or more than 65 years, with the higher age group considered to be unfavourable;
and the Karnofsky Performance Scale, with score of equal to or more than 80 considered
more favourable [105]. After the sorting of patients based on the favourable status
according to this criteria it was reported that patients who belonged to the most
unfavourable clinical group but had equal to or more than 98% resection survived longer
than patients in the same clinical status group but had less than 98% of the tumour
removed; though the result was not significant the median survival times were 8.6 months

and 7.8 months, respectively [105]. The survival difference according to resection levels in
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the group of patients with the most favourable clinical status was also not significant [105].
However, in the second most favourable and second most unfavourable group, as judged
according to clinical presentation of necrosis, age and Karnofsky Performance Scale, showed
a significant survival difference with greater than or equal to 98% resection being favourable
to survival [105]. This last analysis was not conducted for treatment naive patients. For this
reason the possibility that the exposure to other treatment has played a role in the survival
differences and that the significance of the survival differences that is claimed to have been

due to the extent of resection cannot be ruled out.

The Lacroix et al. study remained as the pivotal study - for at least a decade and perhaps till
now - justifying the surgical attempts to maximally remove the tumour when possible.
Several other analyses conducted subsequently verified this conclusion [106-108]. For
example, Sanai and colleagues, when assessing the extent of resection of 500 cases of newly
diagnosed glioblastoma concluded that along with age and Karnofsky Performance Scale,
the post-operative tumour volume were all significant predictors of overall survival [109]. In
fact, as little as 78% of tumour resection level was seen to have a significant positive
relationship with overall survival — the median survival for this group was 12.8 months
whereas the overall median survival was 12.2 months — while resection levels of greater
than 90% and 100% led to median survival time of 13.8 months and 16 months, respectively
[109]. The extent of resection required to lead to a significant survival difference differs
between Lacroix et al and Sanai et al; the former claims that 89% resection is required for
glioblastoma patients and 96% resection is required for treatment naive patients but the
latter study claims only 78% resection is required [109]. Lastly, the same research group as
the 2001 Lacroix et al. study showed that in a cohort of 1229 glioblastoma patients
complete resection led to a 15.2 month median survival time compared to 9.8 months after
less than complete resection; however, this was a result obtained without taking into
account whether the patients were newly diagnosed or recurrent [110]. 752 patients in the
cohort were treatment naive and 539 and 213 of these patients underwent complete
resection and at least 78% resection, respectively [110]. Median survival time in the
treatment naive group was 10.4 months and 17.9 months after partial resection and

complete resection, respectively [110].
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Taken together there is strong evidence suggesting that maximal safe resection provides on
overall clinical benefit for glioblastoma patients. However, it must be noted that studies
supporting this conclusion incorporate patients that have also undergone adjuvant therapy,
most commonly radiotherapy. Therefore, a true causal relationship between resection level
and survival cannot be clearly uncovered since a possibility remains that the survival times
reported is at least partially contingent upon therapies other than surgical removal of the
tumour. It follows from then that those patients that are predisposed to respond favourably
to a particular form of adjuvant therapy — or those patients that are less responsive for that
matter — introduce an element of selection bias. Secondly, tumour location may play a
decisive role in determining the extent of resection thus, a limitation and masking factor.
Resection can be rather limited in eloquent brain regions such as the visual cortex;
therefore, it may not be extent of resection per se but tumour location that is the significant

prognostic variable [111].

1.6.2 Radiotherapy

Due to impossibility of surgical resection other treatment modalities are required for
glioblastoma treatment. Radiotherapy for glioblastoma as standard treatment was
suggested in a 1966 study showing the 6-month and 1-year survival rates for surgery plus
radiotherapy to be 75% and 29.2%, respectively, and for surgery alone to be 11.9% and
5.1%, respectively [112]. Though it was a series of studies conducted mainly in the 1970s
that established radiotherapy as a key therapeutic tool in glioblastoma management [113-
116]. The first large randomised trial, evaluating the efficacy of the antineoplastic antibiotic
called mithramycin, consisting of 96 glioblastoma patients reported median survival times of
15, 33 and 36 weeks for the post-operative untreated group, patients that received less
than 50Gy and patients that received more than 50Gy of radiotherapy, respectively;
however the total number of patients for this comparison was a total of 44 patients [116].
Even though mithramycin showed no significant affect on survival the group that received
more than 50Gy radiotherapy had an overall longer survival time compared to patients that
received a lower dose or no radiotherapy but mithramycin alone [116]. It must be noted
however that radiotherapy scheduling and dosage was not accounted for and not

randomised meaning the results reported was suggestive, albeit strongly [116]. Notably, this

(26]



study was the first multi-institutional clinical trial testing the efficacy of a drug for the

treatment of anaplastic glioma.

Two years after the former trial the same research group, the Brain Tumor Study Group,
evaluated the efficacy of the nitrosourea 1,3-bis(2-chloroethyl)-1-nitroscourea (hereafter
called BCNU but also called carmustine) in a group of 222 anaplastic glioma patients [114].
Patients were divided into four groups: BCNU alone, radiotherapy alone, radiotherapy plus
BCNU and ‘best conventional care’, meaning no BCNU or radiotherapy [114]. Unlike their
previous report, patients during this clinical trial were given set doses of radiotherapy —
50Gy in 5 fractions per week over 5 to 6 weeks [114]. Though BCNU was found to have no
significant efficacy in improving survival (there was only a modest increase when compared
to the untreated group), the radiotherapy group - consisting of 68 patients - showed a
median survival time of 36 weeks, the longest survival time in the study and significantly
longer than the untreated and BCNU groups’ median survival time of 14 and 18.5 weeks,

respectively [114].

Another randomised study conducted by the Brain Tumor Study Group involved 358
malignant glioma patients, 84% of which were diagnosed with glioblastoma; all patients
were allocated to received radiotherapy alone, BCNU plus radiotherapy, semustine alone or
semustine plus radiotherapy [115]. The radiotherapy regimen was a total dose of 60Gy in
30-35 fractions of 171-20 rads, 5 days per week. All groups that received radiotherapy had
significantly longer survival times than semustine alone but no significance was detected
when comparing the three groups that received radiotherapy with each other [115].
Interestingly, though not reaching statistical significance a modest improvement in median
survival times was observed in the BCNU plus radiotherapy group compared to
radiotherapy; median survival time for radiotherapy alone was 36 weeks as with the
previous study and BCNU plus radiotherapy median survival time was 51 weeks [115]. Thus,
the authors made the conclusion that radiotherapy should be part of the standard
glioblastoma treatment protocol and BCNU to be the chemotherapeutic agent of choice
[115]. These keystone studies also established that maximum total irradiation dose of 60Gy

should be administered as both a safety precaution and due to effectiveness [113-116].
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1.6.3 Chemotherapy

1.6.3.1 Pre-TMZ era

Summarising and evaluating all the clinical trials in the lead up to the incorporation of
Temozolomide (TMZ) as the cornerstone chemotherapeutic agent for glioblastoma is an
arduous task and largely irrelevant for the current endeavour of providing a rational
justification for our research project. Consequently, only a brief account of the pre-TMZ

chemotherapeutic era will be given.

The previous studies by the Brain Tumor Study Group showed promising results regarding
the effectiveness of BCNU, an alkylating drug belonging to the class of lipid soluble, blood-
brain-barrier-crossing nitrosoureas compounds. Indeed, throughout the 1990s nitrosoureas
were the preferred class of agents for treatment [117]. The list of nitrosoureas includes
BCNU, lomustine and nimustine, though other nitrosoureas such as semustine have been

part of clinical trials.

Meta-analysis by Fine et al. in 1993 comparing the efficacy of radiotherapy alone with
radiotherapy plus chemotherapy showed that across the 16 studies analysed the median
survival for the former group to be 9.4 months and 12 months for the latter group, which
was a significant difference [118]. However, the report did not provide an adequate account
as it neglected the fact that a number of these studies consisted of a large proportion of
Grade lll astrocytomas which may introduce an intolerable level of bias. When only the
studies that consisted of mainly glioblastoma patients, defined so when more than 75% of
patients were glioblastoma-positive, the number of studies that are available to analyse
decreases to six. The median survival time for the radiotherapy alone and the radiotherapy
plus any nitrosourea group reduces to 8.5 months and 11.5 months, respectively. The
radiotherapy plus nitrosoureas group survival time was longer compared to radiotherapy
alone in three studies. Therefore, the data in this meta-analysis does suggest a therapeutic
benefit for the addition of nitrosoureas to the standard surgery plus radiotherapy treatment

regimen.

Another meta-analysis published in 2002 surveying 12 randomised controlled trials which
involved treatment regimens consisting of at least one nitrosourea compound concluded

that the 1-year and 2-year glioblastoma survival rate increases on an absolute level from
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35% to 41% and 9% to 13%, respectively [119]. The overall increase in survival is equivalent
to 2 months [120]. Considering that the total number of glioblastoma cases included in the
meta-analysis reached 1900 the increase in survival rate is reasonably representative and
the results are modest [119]. A randomised phase 3 clinical trial in 2003 - consisting of 240
primary malignant glioma cases of which 207 were glioblastoma - combined BCNU wafers
with surgery and post-operative radiotherapy and observed that this treatment regimen led
to a median survival time of 13.9 months compared to 11.6 months in the placebo group
[121]. When taking only glioblastoma cases in the analysis median survival time for BCNU-
treated group was 13.4 months and 11.4 months in the placebo group; however this result

was not significant [121].

1.6.4 Temozolomide (TMZ)

TMZ was first synthesised and identified by the research team led by Malcolm Stevens as a
3-methyl mitozolomide analogue and given the name CCRG 81045 [122]. Using a variety of
test systems which involved murine tumour models it was observed not only that TMZ
showed similar activity to DTIC — which is poorly metabolised in humans to the active
metabolite MTIC resulting in clinical failure — but the most potent of all analogues tested
[122]. Mitozolomide itself was tested for efficacy against a number of cancers, such as
colorectal, breast, malignant melanoma and small cell carcinoma, but intolerable levels of
toxicity, myelosuppression and lack of effectiveness ended its promotion to first-line
therapy [123-128]. The clinical development of TMZ was furthered with reports of absence
of cumulative toxicity, ease of handling compared to mitozolomide, penetration of the
blood brain barrier (BBB), positive tissue distribution, clinical responses and clinical

improvement in a Phase | trial consisting of glioma patients [129].

A number of clinical studies regarding TMZ and high-grade gliomas were published in the
1990s and reported positive toxicity profile. It was in these trials that the dosage scheduling
was set to 150-200 mg/mz/day for 5 days a week for 4-weeks; this dosage scheduling is now
part of the gold standard treatment regime [130-133]. However, it was two Phase Il trials
testing TMZ efficacy in recurrent glioblastoma that boosted TMZ potentiality. The first,
published in 2000 and consisting of 225 patients, reported that the 6-month progression
free survival for TMZ to be 21% and only 8% for those administered procarbazine [134].

Meanwhile the 6-month survival rate was 60% for TMZ and 44% for procarbazine [134].
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Brada et al. in 2001 also confirmed the effectiveness of TMZ in a Phase Il trial consisting of
recurrent glioblastoma; the 6-month progression free survival rate, the primary endpoint,
was 18% [135]. Comparison with procarbazine - at the time a preferred option for recurrent
malignant high grade glioma after nitrosourea-based treatment — showed TMZ to be more
effective [136]. Thus, TMZ, though only showing a modest clinical efficacy, became the

rated and approved recurrent glioblastoma treatment of choice.

Finally, in 2005, a single study by a research team led by Roger Stupp led to TMZ being
incorporated into the gold standard treatment regimen for primary glioblastoma alongside
surgical resection and radiotherapy [133]. To summarise this landmark study a 573
glioblastoma cohort were divided into two groups: Radiotherapy alone or radiotherapy plus
TMZ. Radiotherapy consisted of 2Gy per fraction daily for 5 days per week over a period of 6
weeks; the total dose was 60Gy. TMZ was administered at a dose of 75mg/m?/day for 7
days a week concomitantly with radiotherapy for 6 weeks then after a 4 week break a
further adjuvant therapy with TMZ 5 days a week for 28 days at a dose of 150mg/m2 to
200mg/m?. It was observed that the median survival time with radiotherapy plus TMZ was
14.6 months and with radiotherapy alone was 12.1 months. The 2-year survival rate was
26.5% and 10.4% for the former and latter, respectively. Lastly, median progression free
survival was 6.9 months for the former and 5 months for the latter. These significant results
promoted TMZ to gold standard and the treatment combination — surgical resection,
radiotherapy and TMZ — as well as the treatment scheduling became known universally as

the Stupp protocol.

Two features of these trials are in need of remarking. First, it is observable from the Stupp
study that TMZ efficacy is similar to the survival benefits previously reported with BCNU.
However, the favourable toxicity profile with TMZ and the severe toxicity profile with BCNU
led to the preference of the former over the latter; it must be noted BCNU never gained
universal acceptance for this characteristic [120]. Therefore, it is not necessarily the
superiority of TMZ over BCNU or other nitrosoureas, strictly with respects to overall survival
time, but the tolerability of the agent. This of course is an essential characteristic if
combined therapy regimens are to be tested in the future. Furthermore, the ease of oral

administration over wafers is another positive.
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Secondly, patient selection bias may have distorted and over exaggerated the efficacy of
TMZ that was reported in the Stupp study. The reason for this caution is that the group
treated with radiotherapy alone reported a median survival time of 12.1 months — a survival
time that was higher than previous clinical trials consisting of a ‘radiotherapy alone’ group
and a difference that can be as large as 3.6 months [115, 118, 137]. This was made partially
aware to the readers by the authors of the 2005 Stupp et al. paper themselves as they
wrote “The outcome for patients treated with radiotherapy alone in our trial compares
favourably with the outcome in other trials... these criteria may have served to exclude
patients with the worse prognosis, who may not benefit from any therapy” [133]. What the
authors did not state was the obvious logical consequence given that the favourable survival
time for radiotherapy alone was the result of patient selection bias — the favourable survival
time for the radiotherapy plus TMZ group is also a result of patient selection bias. Taken
together, caution must be attributed when assessing the efficacy of TMZ based on this
report and a need for improved chemotherapeutic regimens remains. Nonetheless, the
Stupp, 2005 paper has become part of the foundation of glioblastoma research and

paradigm defining.

1.6.4.1 Metabolism of TMZ

TMZ is a lipophillic 194 dalton molecule part of the imidazotetrazine family that is orally
administered and acts as a prodrug [138]. Its oral administration is contingent upon its
stability at acidic pH but under the physiological pH conditions of circulation TMZ is
converted to MTIC which reacts with H,0 to form AIC and methyldiazonium cation [139].
The environment of brain tumours being more alkaline than healthy brain tissue further aids
the TMZ metabolic process and, recently, glioblastoma peritumoral pH was found to be
slightly alkanilic at pH 7.20 [140, 141]. MTIC however is stable in alkaline conditions and
unstable in acidic conditions meaning that the TMZ metabolic reactions is initiated and

processed in a narrow pH range [142, 143].

It is this second product of MTIC breaking down that is the active agent of TMZ as it
methylates the DNA at the N7 position of guanine, N3 position of adenine and O6 position
of guanine; the methyl lesion at the 06 position of guanine being the main source of TMZ
cytotoxicity although the other two methyl lesions have minor, secondary cytotoxic roles

[139, 144]. A property of DNA upon exposure to methylation agents is that guanine rich
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areas are at risk of methylation, mainly middle guanines of guanine-consecutive runs.
Furthermore, guanine enriched areas leads to widening of the major grow and increased
functional group steric accessibility [145, 146]. Consequently, approximately 70%, 9% and
6% of the lesions formed are N7-MeG, N3-MeA and 06-MeG, respectively [142, 145, 146].

1.6.4.2 Can TMZ cross the blood-brain-barrier (BBB)?

TMZ has the property of BBB penetration. Reports have been published that cerebrospinal
fluid concentrations are as high as 30-40% of plasma concentrations in rhesus monkeys after
TMZ infusion as measured by reverse-phase high-pressure liquid chromatography [147]. The
percentage compared to plasma concentration was reduced to around 20% in 9L glioma rat
models [148]. Similarly, pharmokinetic analysis with glioblastoma patients revealed a 20%
cerebrospinal fluid TMZ concentration of plasma concentration. Cerebrospinal fluid TMZ
levels reached 6.1+1.2 mg/L/hr when TMZ was administered at 200 mg/mz/day [149]. This is
crucial given that TMZ is converted to MTIC after BBB penetration - the latter lacking this
penetrative capacity — and if this capacity is important for glioblastoma treatment [150].
However, whether this is a property of importance for glioblastoma treatment is

controversial.

Along with the molecular biology and intra-tumoural heterogeneity, the third
characteristically issue of importance in glioblastoma research is the BBB [151]. The
guestion to what extent the BBB is a problem in glioblastoma therapy is of crucial
importance as it 1) defines the scope of therapy available to be tested clinically and 2)
serves a rational justificatory role for in vitro and animal model work. Although this project
that we are undertaking does not require addressing this controversy in detail, a brief

summary will be provided.

The BBB refers to an interface between the vasculature and the brain that is essential for
the maintenance of homeostasis [152]. The three dominant cell types of the BBB —
endothelial cells, pericytes and astrocyte end-feets — work to prevent circulating molecules
from unrestricted entry into the brain [152]. Specifically, specialised endothelial cells - which
differ due to tight junctions, absence of fenestrations and infrequent picocytic vesicular
transport - impede hydrophilic molecules but lipophillic molecules ( i.e. O, and CO,) can

diffuse unrestricted [152]. In glioblastoma, functional computerised tomography scans have
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shown that the BBB is permeable [153]. In contrast to the tumour-free region which does
not take up the iodinated contrast material due to the intact BBB, areas surrounding the
glioblastoma mass are easily delineated [153]. K; constants, a measure of the blood-to-
tissue transfer, in high grade astrocytomas are up to fifteen times more than the tumour-
free areas [154]. The permeability of this interface is a product of high vascularisation,
abnormal angiogenesis with structural and functional deformity in blood vessels that is

mediated by vascular endothelial growth factor receptor (VEGFR) signalling [155, 156].

This suggests that chemotherapeutic agents for glioblastoma are not required to possess
the physiochemical characteristics needed to penetrate the BBB, such as high lipophillicity
and small molecular weight and size - characteristics that TMZ possesses [157]. Indeed, it
has been shown, using high performance liquid chromatography and mass spectroscopy,
that high concentration of the anti-EGFR agent gefitinib is found in patient glioblastoma
tissue leading the authors to proclaim that high drug concentrations are not required and
Agarwal et al. to comment that this study suggests the BBB “does not influence delivery in
glioma” [158, 159]. However, the breakdown of the BBB is not homogenous and the
invasiveness of glioblastoma makes the tumour cells at the outer-edge invisible to contrast
enhancement, meaning the tumour burden is also present within an intact BBB [160, 161].
This is evident with non-enhancing FLAIR signals being detected in glioblastoma [162]. It
follows that the penetration of the BBB is reaffirmed as a conceptual barrier and any
therapeutic regimen must take this into consideration. TMZ possessing BBB penetrative
capabilities perhaps explains its effectiveness compared to other agents that have been
trialled [157]. In addition to its positive structural characteristics, TMZ increases BBB
permeability via down-regulation of the ATP-binding cassette transporter P-glycoprotein -
which is positioned on the luminal side of the BBB and acts as part of an efflux system -
through inhibition of the Wnt-B-Catenin pathway [163]. These characteristics are absent in
other non-penetrative drugs. For example, doxorubicin, a cytotoxic agent, in in vitro
studies was found to be clinically ineffective due to poor penetration of the BBB [164]. Or
the proteosome inhibitor bortezomib, which was shown to be futile in a Phase Il recurrent
glioma trial that can be explained by previous data reporting poor penetrative ability [165,
166]. In conclusion, it is evident that the BBB is indeed an obstacle for glioblastoma

treatment and innovative technologies are required to increase permeability [167-170].
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Figure 1-1: Schematic representation of the metabolism of TMZ. Under physiological pH
conditions temozolomide (TMZ) is converted to its active form MTIC. In reacting with H,0,
MTIC converts to AIC and the methyldiazonium cation, the latter of which possesses the

methyl group that typically forms DNA lesions producing N7-MeG, N3-MeA and 06-MeG.
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1.7 Molecular mechanisms of TMZ

A detailed layout of the cellular and molecular mechanisms of TMZ currently remains
lacking. This is a consequence of the complications of cause and effect studies which place
significance upon a particular signalling mechanism but cannot rule out that another
pathway is equally or more significant for TMZ efficacy. One such example where this
problem can be partially illuminated, at least on conceptual basis, is the search for the
cytotoxic methyl lesion formed by TMZ. Earlier it was mentioned that the predominant
position taken in the literature is that the most cytotoxic lesion formed by TMZ is the O6-
MeG. For this position to be justified we must first at least have evidence that invalidates

the other methyl lesions’ role as the main trigger for apoptosis or cell cycle arrest.

1.7.1 The dominant cytotoxic lesion formed by TMZ

The dominant position in the literature is that the 06-MeG lesion is the most cytotoxic and
significant lesion formed by TMZ. Administration of the methylating agent DTIC agent leads
to low levels of 06-MeG and N7-MeG levels were 10-fold higher in the liver, kidney and
lungs; though brain DNA damage was found to be low re-iterating the incapacity of DTIC to
cross the BBB [171]. N7-MeG lesions leave apurinic sites that are known to be cytotoxic and
mutagenic due to inefficient site repair and mismatch pairing of the opposing
nucleotide[172]. However, equating the frequency of N7-MeG with being the most
cytotoxic is claimed to be falsified by Abbot et al. who detected no non-complementary
nucleotide binding in Escherichia coli DNA after treatment with dimethyl sulphate — a
methylation agent that selects for N7-MeG [173] . On the contrary, it was treatment with N-
methyl-N-nitrosourea which led to 06-MeG lesions and subsequent non-complementary

nucleotide binding, with other studies confirming this [173-175].

Forthright evidence from studies on the superior cytotoxicity of 06-MeG over other
methylation lesions formed by TMZ or other methylating agents in cancer, let alone
glioblastoma, seems elusive. Meshina and colleagues’ conclusion (in a highly respected and
expansive 2006 literature review focussing on DNA alkylation damage that was published in
the esteemed Chemical Reviews journal) that the N7-MeG lesion “is relatively innocuous” is
derived from a 1996 research article that by itself shows no evidence warranting that

conclusion; in fact the cited paper adopts an agnostic position by making clear that data
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regarding the cytotoxic role of N7-MeG is lacking and the consequence of such a lesion in

unknown [176, 177].

A more recent literature review - published in the well-regarded Nature Reviews Cancer
journal — also makes the exact same argument as Meshina et al. by stating “By itself, (N7-
MeG) does not possess any mutagenic or cytotoxic properties but it is prone to spontaneous
depurination to form apurinic/apyrimidinic sites that are toxic and mutagenic” before citing
a 2004 review in support [144, 178]. Putting aside the fact that no direct evidence was cited
in support, the cited review paper does echo the same sentiment regarding the lack of
cytotoxicity of N7-MeG but cites in support a 1974 research paper that, unfortunately,
studied the consequence of methylation treatment in RNA-containing bacteriophage; an
unideal model, as the research authors themselves stated, given that a single-strand nucleic

acid lesion may not necessarily translate to the double stranded DNA [144, 179].

Marchesi, in his review article that focussed on the mechanisms and DNA repair systems
related to triazene compounds, also makes this often repeated claim but cites a 2002 review
article [180, 181]. It takes another two articles to finally reach the original research paper —
a review paper from 1996 and the original research article published in 1970 [182, 183]. A
few comments are in order regarding this quartet. First, the original 1970 research paper —
coincidentally by the same author as the 1996 review paper — was based on work on E.coli
DNA and the damage induced upon it by the methylation agent N-methyl-N’-nitro-N-
nitrosoguanidine. The authors infer from the observation that N7-MeG not being
enzymatically excised — N3-MeA and 06-MeG were the first and second most excised lesion
after treatment — that the lesion itself is perhaps inert [183]. And again, the same author
echoes the same sentiment 26 years later suggesting that the “Persistence of damage, as
with (N7-MeG), could indicate the inert nature of the adduct” [182]. It is certainly plausible
according to evolutionary dynamics that the persistence of a lesion, and in this case the N7-
MeG lesion, equates to inertness; however, this conclusion is suggestive and does not falsify
the opposing claim. Secondly, though other methylating agents may be functionally similar
to TMZ different outcomes cannot be ruled out until experiments with TMZ are planned.
Thirdly, experimental evidence from bacteria may not necessarily translate to more complex

systems such as found in humans.
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Perhaps the stronger evidence for the relative inertness of N7-MeG comes from animal
studies targeting the components of the base excision repair system which repairs the
lesions N7-MeG and N3-MeA [184]. When Alkylpurine-DNA-N-glycosylase (APNG) - a key
enzyme part of the BER pathway that facilitates N3-MeA and N7-MeG removal - was
knocked out in murine embryonic stem cells, viable APNG-deficient mice were generated
[185]. Afterwards, cell survival of primary embryonic fibroblasts cell lines established from
both wild-type and APNG-knockout mice did not differ after treatment with TMZ nor did the
decrease in number of leukocytes differ after BCNU treatment [185]. Interestingly, bone
marrow cells of myeloid lineage that were Aag-knockout and consequently lacked N3-MeA
DNA glycosylases were found to be more resistant to methyl methanesulfonate treatment
[186]. Previous work by Engelward et al. showed that the loss of Aag — which led to silencing
of N3-MeA DNA glycosylase - in mice cells are sensitised to BCNU, mitomycin C and the N3-
MeA selective Me-Lex [187, 188]. These are therefore inconsistent results but also
contradict the part of the dominant paradigm of TMZ mechanism. While Engelward’s work
showed methylation by Me-Lex and methyl methanesulfonate confers sensitivity upon Aag -
/- mice, Roth concluded that Aag -/- myeloid progenitor bone marrow cells were resistant to
TMZ, Me-Lex and methyl methanesulfonate. This is perhaps due to the difference in the
biological models as Engelward used primary mouse embryo fibroblasts and mouse
embryonic cells unlike Roth [186-188]. Crucially however, it is known that Aag can also
excise N7-MeG raising the possibility that consequence of Aag -/- is at least partially

contingent upon unrepaired N7-MeG [189].

Recent evidence within the glioblastoma literature specifically leads us to further doubt the
dominant paradigm. Loss of the transcription factor GATA4 was observed in approximately
60% of glioblastoma and drives glioma formation but transient transfection for GATA4 re-
expression was involved with down-regulated APNG, TMZ-induced apoptosis and reduced
glioblastoma cell line viability independent of MGMT status [190]. Furthermore, direct
siRNA-induced APNG knockdown also sensitised glioblastoma cells to TMZ more than
MGMT-knockdown though combining APNG- and MGMT-knockdown sensitised the
glioblastoma cells higher than single siRNA treatments [190]. In a panel of various glioma
cell lines treated with TMZ concentrations from 50uM to 250uM the glioblastoma cell line

T98G — which expresses high MGMT and APNG — was the most resistant; the MGMT-null
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and APNG-null A172 was the most sensitive; and there was no significant difference
between U251 (MGMT-null and APNG-high) and C6 (MGMT-high and APNG-low).
Importantly, A172 cells transfected to express APNG or MGMT led to resistance to 100uM
TMZ [191].

Taken together, there is conclusive evidence of cytotoxicity after the 0O6-MeG lesion and this
is in line with the consensus position. However, in contrary to the often assumed position in
the literature there is convincing evidence attributing a cytotoxic role to the lesions N7-MeG

and N3-MeA after the use of methylating agents, including TMZ.

1.7.2 How does MGMT function?

TMZ is termed a Sy1-type methylating agent since it can form lesions at the nitrogen atoms
on the rings of the DNA in addition to the extracyclic oxygen atoms [178]. MGMT, a small
22kDa enzyme spanning 207 amino acids, is capable of removing and repairing the DNA
adducts at the 0° of guanine [192]. This repair mechanism is a stoichiometric reaction that
involves MGMT directly transferring the methyl group to a cysteine residue located in its
activation site leading to MGMT inactivation and degradation via the ubiquitin pathway. The
reason for the self-destructiveness of MGMT is thought to be the strong MGMT-CH3

covalent bonding that inhibits MGMT from demethylating.

Experimental evidence indicates that MGMT rotates target nucleotides in order to gain
access to the methyl lesion [193]. Two domains make up the MGMT protein — the 19kDa C-
terminal domain and the N-terminal domain — of which the C-terminal contains the critical
residues for the removal of methyl groups while the N —terminal may be required for the
former domain’s active configuration and MGMT transcription post-removal [194, 195]. The
recognition complex of MGMT protein, led by Argl28, binds to the minor groove causing
widening of the minor groove; the DNA molecule itself rotates approximately 15° away from
MGMT allowing the Cys145 residue of the MGMT active site to interact and complete the
removal of the methyl lesion [193]. Essentially, the Argl128 residue rotates the nucleotide
and replaces the vacant space with itself allowing the methylated nucleotide to be removed
from the major groove end [193]. The structural interactions of the recognition complex
selects for guanine while selection for the Me-G lesion is thought to be three times more

than guanine, perhaps due to the hydrophobic properties induced by methylation and
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Cys145 affinity to the methyl lesion [193, 196]. Secondly, the thiol functional group and the
low pKa value of Cys145 confers high reactivity [197]. Thirdly, it has been suggested that the
methylation at 0° distorts the structure of guanine and the DNA duplex, increasing

accessibility to the methyl group [198].

Methylated MGMT is rapidly degraded via the ubiquitin pathway after treatment with
methylating agents such as 0°benzylguanine (06-BG). One such mechanism for
ubiquitination is the alterations in structural configurations after the S-alkyl adduct is
formed increases specificity towards the ubiquitin E3 ligase and the E2 ubiquitin-conjugating
enzyme. Indeed, treatment with the proteosome inhibitor MG132 prevents methylated
MGMT degradation [199]. Other studies using murine and human tumour models have also

postulated this [176, 200].

MGMT in normal conditions serves as a tumour suppressor. Rats administered with methyl-
nitrosourea and treated with the MGMT inhibitor 06-BG had reduced times in developing
tumours [201]. In addition, transgenic mice that over-expressed the E.coli MGMT gene were
less susceptible liver carcinogenesis from alkylating carcinogens, such as
dimethylnitrosamine [202]. Tsuzuki et al. showed, utilising MGMT-gene knockout mice
models, that MGMT -/- mice appeared normal, though minor weight loss was reported
[203]. The 2-week survival rate of MGMT -/- knockout mice treated with 10 mg/kg of N-
methyl-N-nitrosourea was 0% while MGMT +/+ mice treated with the same agent but with
100 mg/kg dose all survived past 3 months. It must be noted that the treated MGMT -/-
mice developed severely damaged internal organs, dramatic decrease in the size of spleen

and thymus, dysfunctional hematopoiesis and hypocellular bone marrow [203].
1.8 Mechanism of resistance to TMZ

1.8.1 Mismatch Repair System

The failure of MGMT to remove O6-MeG lesions leads to a series of reactions called the
Mismatch Repair (MMR) system and eventually apoptosis, meaning that the cytotoxicity of
the 06-MeG is dependent upon a functional MMR system [204]. During replication and
upon TMZ-induced 06-MeG DNA polymerase mispairs the 06-MeG with a thymine residue

triggering the MMR system to remove the thymine. Repeating this futile cycle eventually
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leads to double-strand breaks and cell death in a p53-dependent manner [205]. The MMR
system has been extensively studied in E.coli and the steps involved are: 1) The MutS
homodimer detects the methyl lesion and recruits the homodimer MutL 2) This ATP-
dependent complex activates the endonuclease MutH that is needed for DNA cutting close-
by to the lesion 3) UvrD helicase unravels the ends of the cut strand which allows digestion
of a specific portion of the DNA strand up until the lesion is removed 4) DNA polymerase llI
synthesises the remaining gap before DNA ligase completes the process by joining the
strands together [180]. However, in methylated systems ataxia replication protein A and
telangiectasia and Rad3 related-interacting is localised to the DNA damaged region followed
by phosphorylation of checkpoint CHK1 kinase in the second cell cycle immediately after
methylation treatment [206]. Alternatively, it has been suggested that after recognition of
the DNA damage the MutS complex recognises and signals for cell-cycle arrest and
apoptosis [206]. Ultimately, 06-MeG activates caspase- and mitochondrial-mediated
apoptosis [207]. Caspases-2, -3, -8 and -9 increase after methylation treatment while
expression of mitochondria-inhibiting signallers Bcl-2 and Bcl-XI inhibited 06-MeG
cytotoxicity; mitochondria death pathway is therefore an essential pathway for 06-MeG cell

death [207].

Whether TMZ induces apoptosis or only cell cycle arrest in glioblastoma cells is debateable.
TUNEL assays showed an increase in TUNEL-positive U87MG spheroids 2 days after 20ug/ml
TMZ; though senescence, as indicated b lysosomal staining was also detected [208]. Other
studies have reported that TMZ does not lead to MMR-induced apoptosis but p53- and p21-
dependent G2M cell cycle arrest and subsequent senescence in glioblastoma cell lines,
including U87MG [209]. The difference in result may be due to the latter using FACS sorted
sub-G1 DNA cells to quantify apoptosis throughout the 10 days the U87MG monolayer cells
were treated with TMZ; the sub-G1 population was significantly lower than G2M population
of cells and did not alter throughout the treatment course [209]. Furthermore the latter
study treated cells with 100uM for only 3 hours before TMZ-free incubation throughout the
10-day period while the former study, although TMZ treatment was also approximately
100uM, incubated the cells with TMZ for either 2 days or 7 days [208, 209]. Importantly,
both studies fail to extend the methods used for apoptosis detection. TUNEL assays, and

DNA fragmentation methods in general, are not specific for apoptosis and may also lead to
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detection of necrosis; consequently other detection techniques should be utilised in tandem

[210-212].

Evidently, a functional MMR system is required for cytotoxicity to methylating agents [213].
MMR-deficient Chinese hamster ovary and colorectal carcinoma cells are able to tolerate N-
methyl-N-nitrosourea-induced 06-MeG rendering these cells DNA damage tolerant rather
than DNA damage resistant, as with the case of MGMT [214, 215]. Indeed, malignant brain
tumour cells were found to be resistant to TMZ treatment after MMR dysfunction [216].
Furthermore, MMR- and MGMT-deficient glioblastoma cell line A1235 was insensitive to
TMZ as high as 200uM while MMR-positive/MGMT-deficient A1235 cells were only sensitive
to TMZ treatment at 10uM [217].

1.8.2 Base excision repair

The Base Excision Repair (BER) is a mechanism that functions as a remover and repairer of
DNA lesions, such as alkylations, oxidations, deaminations and depurinations, a maintainer
of genomic stability and is implicated in a number of biological processes such as ageing and

neurological disorders, in addition to cancer [218].

A number of DNA glycolysases exist in the BER system but four are specifically for the
removal of incorrect pairing of thymine and one is involved in removing alkylated nucleotide
bases (see detailed overview [218, 219] . These monofunctional enzymes slice the base-
sugar N-glycosyl bond. Apurinic endonuclease recognises the consequential apurinic site
and cleaves the apurinic site leaving 3’hydoxyl and 5’phosphate termini [184]. DNA
polymerase B, which recognises the 3’ hydroxyl termini as a substrate, also functions as a
lyase to separate the sugar from the 5’phosphate before this gap is filled and glued by DNA
ligase [184].

The DNA glcosylase 3-Methylpurine DNA glyosylase, otherwise known as alkyladenine DNA
glycosylase (AAG) is the BER glycosylase that is required for the recognition and repair of
alkylated lesions, including N3-MeA and N7-MeG; therefore, two out of the three major
lesions committed by TMZ [184]. Proof of concept studies have shown inhibition of DNA
polymerase B leads to TMZ sensitivity and initiation but incomplete BER triggers TMZ-

induced cytotoxicity [220].
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So it has been reasoned that unrepaired N7-MeG and N3-MeA is required for TMZ
sensitisation and it follows that an efficient BER is critical for TMZ-resistance [221, 222].
Methoxyamine is capable of inhibiting BER by competing with apurinic endonuclease for
abasic site binding [223]. There have been papers regarding the efficacy of methoxyamine
to overcome TMZ resistance, such as a 2011 study by Goellner et al which based its result on
cell line LN428, which suggested potential benefit of a BER inhibition-based therapy [224,
225]. Furthermore, apurinic endonuclease inhibitors also demonstrate cytotoxicity in
glioblastoma cell lines [226]. The only clinical trial - a Phase Il trial - testing methyoxyamine,
in combination with TMZ, on recurrent glioblastoma was pre-maturely brought to an end

due to lack of responses in patients (ClinicalTrias.gov Identifier NCT02395692).

1.8.3 MGMT and resistance

Consistently, MGMT expression correlates with TMZ resistance in glioblastoma cells. A panel
of 16 tumour cell lines - including 12 glioma and 4 carcinoma cell lines - that were subject to
250uM TMZ in vitro for 24 hours (the authors termed these surviving cells as ‘resistant’) had
elevated MGMT protein expression though MGMT-methylation status varied; four resistant
glioblastoma cell lines had low or undetectable MGMT-methylation [227]. The MGMT-
positive T98G was the most resistant cell line out of a panel of six glioblastoma cell lines.
Only in combination with O6-Benzylguanine did T98G show sensitivity after TMZ treatment
as shown by increase in cells at the G2-M cell cycle phase. This indicates cell cycle arrest
while apoptosis was not detected via TUNEL assay though the exact treatment conditions
with TMZ plus MGMT inhibitor was not stated clearly [228]. This was confirmed by
Hermisson et al. after inhibition of MGMT in MGMT-positive T98G cells and MGMT over-
expression in MGMT-deficient LN229 cells conferred sensitivity and resistance to TMZ,

respectively [229].

Glioma stem cells are thought to be key mediators of chemoresistance [230]. TMZ-resistant
CD133-positive glioblastoma cells — and as such defined as glioma stem cells — had elevated
levels of MGMT expression [231]. MGMT levels in glioblastoma stem cell-like cells —
generated by adding EGF and bFGF daily onto stem cell culture medium and defined by
expression of Nestin and Sox2 — that were subject to 50uM TMZ for 4 hours was found to be
inversely correlated with treatment-induced cell death, as measured by propidium iodide

uptake[232]. When MEK-ERK signalling axis was inhibited MGMT levels followed and
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remained suppressed even after the removal of the MEK-ERK inhibitor agent. It was also
reported that p53 up-regulation is associated with MEK-inhibition-induced MGMT
suppression [232]. Given that the PI3K-AKT axis is also linked to the MEK-ERK axis and
elaborate signalling mechanism tied to TMZ resistance can be mapped out [233]. Indeed,
recently in 2017 it was reported that inhibition of the PI3K-AKT pathway by treatment with
BKM120 suppressed the MGMT over-expression observed after TMZ treatment in glioma
cells; although BKM120 monotherapy did not significantly reduce MGMT level suggesting
again the TMZ-dependent MGMT relevancy [234]. In contrary, after 6 months of TMZ
treatment of glioblastoma cell line U87 the resistant cells were MGMT-negative though
epithelial to mesenchymal transition (EMT) and AKT signalling increased [235]. Given that
parental U87 is MGMT-negative and TMZ-resistant U87 remained so, it is plausible that

resistant characteristics can be intrinsic rather than adaptive [236].

Other signalling molecules are also associated with MGMT regulation. Kohsaka et al.
generated TMZ-resistant U87 by exposing the parental line to ‘low dose of TMZ' (what
concentration is unclear) such that cell viability IC50 for the resistant line was 150uM and
40uM for the parental line [237]. STAT3 levels were higher in resistant U87 but in
contradiction to Yi et al., Kohaska reported TMZ-resistant U87 had elevated levels of MGMT
[235, 237]. Upon inhibition of STAT3 activity MGMT levels was decreased in resistant cell
lines suggesting that MGMT may be regulated by STAT3 [237]. The mechanism at play in
STAT3-MGMT signalling was not found to be transcriptional regulation of the MGMT gene
as MGMT mRNA remained the same but a proper to explanation towards why is lacking by
the authors [237]. Furthermore, the tumour suppressor miR-198 has also been implicated in
MGMT regulation with down-regulation of the micro-RNA (miRNA) was found in
glioblastoma patient samples and cell lines. Importantly, the luciferase reporter assay
verified bioinformatics data postulating that MGMT to be a direct target. Stable expression
of miR-198 down-regulated MGMT and led to sensitisation of glioblastoma cell line U138
and primary glioblastoma cell line [238]. Another recent study showed four miRNAs — miR-
181d-5p, miR-127-3p, miR-409-3p and miR-124-3p — when transfected into the MGMT-
positive TMZ-resistant T98G glioblastoma cell line MGMT levels were down-regulated [239].
The pro-angiogenic receptor tyrosine kinase VEGFR-1 and -2 was found to be higher in

MGMT-positive U87 and T98G cells, although further signalling studies were not conducted
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[240]. Beyond these studies, however, there is limited data elucidating the signalling
mechanisms involved in MGMT-mediated chemoresistance. For example, a search with the
keyword ‘microRNA’ or ‘AKT’ or ‘EGFR’ or ‘STAT3’ or ‘ERK’ or ‘receptor tyrosine kinase’
followed by ‘MGMT’ and ‘glioblastoma’ only resulted in 49, 31, 113, 15, 1 and 19 research
papers, respectively - the majority not necessarily focussing on signalling mechanisms. This

is quite surprising given the clinical relevance of MGMT.

1.8.3.1 Mice models

Glioblastoma orthotopic xenograft models are also consistent with the MGMT-Resistance
thesis. Two studies led by Kitange showed this connection using glioblastoma xenografts. In
a 2009 study 13 xenografts were derived from glioblastoma patients with known MGMT
status and developed into an orthotopic tumour models which showed that MGMT
methylated models had better overall survival after TMZ treatment; although two tumour
models which were negative for MGMT methylation and a single MGMT-positive tumour
model were sensitive and resistant to TMZ treatment, respectively [241]. Next, a such
termed TMZ-resistant glioblastoma xenograft model was established after injection of
patient samples led to mice generating flank tumours and treated with clinically relevant
dose of 66 mg/kg/day for 3 days until resistance to 120 mg/kg/day for 5 days was reached
[242]. 3 out of the 5 TMZ-resistant tumours showed up-regulated MGMT gene and protein
expression levels compared to the parental tumours. MGMT up-regulation was found not to
be overly connected with a change in the promoter methylation status of CpG islands as
assessed with MS-PCR; although histone modifications via increased H3Kp-ac was suggested
as the mechanism for increased MGMT expression in TMZ-resistant lines [242].
Interestingly, xenograft-derived TMZ-resistant lines that possess MMR dysfunction are not
MGMT-deficient while MGMT-over-expressing lines did not present MMR mutations

suggesting these two resistance mechanisms are mutually exclusive [242].

1.8.3.2 Clinical data

Clinical data showing MGMT status to be associated with patient survival was what drove
MGMT to be a key mechanism in glioblastoma. In 2004, Paz and colleagues reported that in
a sample of 92 glioma patients — almost one-third having MGMT-methylated promoters but

only 15 out of 92 being glioblastoma — reported that two-thirds of methylated glioma
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patients that received first-line TMZ therapy presented a partial or complete response to

therapy compared to 25% of unmethylated patients [243].

However, it was the highly well-received, paradigm shifting paper by Hegi et al. in 2005 that
instilled MGMT status as a resistance mechanism [244]. Out of the 206 glioblastoma
patients in the cohort 45% were positive for MGMT promoter methylation. A methylated
promoter resulted in a median survival time of 18.2 months compared 12.2 months for
negative methylation status. Furthermore, patients that were positive for MGMT
methylation that received both radiotherapy and TMZ treatment had a median survival time
of 21.7 months compared to 15.3 months in the radiotherapy alone group. Patients with
unmethylated MGMT promoter who were treated with radiotherapy plus TMZ had a
median survival time of 12.7 months — notably lower than what was reported in the Stupp
study — and 11.8 months for those treated with radiotherapy alone [244]. Subsequent
studies also validated Hegi’s conclusion [245, 246]. For example, Lakomy et al. showed that
in addition to suppressed miR-195 and miR-196 levels, unmethylated glioblastoma patients
had lower median survival times (13 months) compared to methylated patients (22.5
months) in a Stupp protocol-treated cohort [247]. Indeed, two meta-analyses concluded
that MGMT promoter methylation was significantly favourable for survival, although an
overall median survival time was not reported perhaps due to the heterogeneity in the

literature [248, 249].

Contrarily, Combs et al. reported that MGMT methylation provided no overall survival
benefit in the 127 newly diagnosed glioblastoma patients treated with radiotherapy plus
TMZ; though a benefit was observed in older patients with an age over 60 years [250]. A
cohort of 80 Portuguese glioblastoma patients treated with the Stupp protocol showed no
significant overall survival benefit according to MGMT status, though a trend towards
favourable survival — a median survival time of 16 and 13 months for methylated and
unmethylated MGMT, respectively — was reported [251]. Glioblastomas treated with ACNU,
cisplatin and radiotherapy also showed no survival difference between unmethylated and

methylated MGMT status [252].
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1.8.3.3 MGMT clinical trials

Given that MGMT functions stoichiometrically it is theoretically sound to postulate that
increased or prolonged doses of TMZ can deplete MGMT stores and prolong patient
survival, in particular the MGMT-positive group. Alternatively, MGMT inhibitors in

combination with alkylating agents may be therapeutically beneficial.

A 2002 Phase Il trial with carmustine plus O6-benzylguanine (O6-BG) inhibitor observed
notable toxicities and no responses in 15 glioblastoma patients that were resistant to
nitrosoureas [253]. In 2009, a Phase Il trial consisting of 34 recurrent glioblastoma patients
only noted one patient to respond to a combination therapy of TMZ plus 06-BG inhibitor;
although 16% recurrent anaplastic gliomas were responders [254]. In 2006 an Italian study
which administered TMZ on a 3 weeks on/1 week off basis at a dose of 75 mg/m?/day
reported no survival difference regarding MGMT methylation status in a group of recurrent
glioblastoma patients [255]. A 2013 Phase |l trial that scheduled a dose-intense TMZ
treatment regimen for recurrent glioblastoma showed no overall survival benefit [256].
Specifically, recurrent patients were treated with 100 mg/mz/day TMZ for 21 consecutive
days of a 28 day cycle for 12 cycles or until progression. The unmethylated MGMT group
median survival time was only 11.7 months though consistently methylated MGMT median
survival time was 22.3 months forcing the authors to depressingly conclude that the
‘efficacy results were disappointing. [256] A 2014 Phase |l trial attempted to follow the
rationale though a 7 days on/ 7 days off TMZ treatment schedule was employed in a group
of recurrent high-grade glioma patients, which included 40 glioblastoma patients. The
treatment regimen was administration of 150 mg/m?/day for 7 consecutive days for one
week and no treatment the next in a 28 day cycle for a total of 12 cycles [257]. No survival
difference was observed between the methylated and unmethylated glioblastoma patients
[257]. Finally in the same year a commentary by van den Bent and Taal resorted to
guestioning the faith in dose-intense TMZ treatment in recurrent glioblastoma after a series
of failed clinical trials [258]. Even in a cohort of 833 newly diagnosed glioblastoma patients,
a dose-dense TMZ regimen - consisting of a standard concomitant component for 6 weeks
before randomisation into either standard adjuvant therapy or a dose-dense schedule of 75-
100 mg/mz/day for 1-21 days per 28-day cycle for 12 cycles - showed no significant

difference in survival between the groups. The former group’s median survival was 16.6
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months while the latter group’s median survival time was 14.9 months. Consistently, MGMT
methylation-positive patients had an overall favourable median survival time of 21.2
months compared to 14 months in unmethylated patients. Importantly, however, a dose-
dense schedule did not lead to improved survival in MGMT-expressing patients as their
median survival time was 13.3 months while MGMT-expressing patients receiving standard
therapy showed a median survival time of 14.6 months; a total of 517 unmethylated

patients were part of the study [259].

1.8.4 PARP

Poly(ADP-ribose) polymer (PARP) is a group of enzymes that catalyse transfer of ADP-ribose
units from NAD+ to acceptor proteins [260]. Early studies dating back to 1980 have
postulated it with DNA repair after observations of increase in PARP levels after DNA
damage [261]. PARPs are associated with functional DNA repair and recognise therapy-
induced DNA single and double-strand breaks [262]. Both PARP1 and PARP2 (hereby
collectively referred to as PARP) repair DNA single-strand breaks while PARP1 additionally
repairs DNA double-strand breaks and replication fork damage, thereby collectively working
to repair the DNA damage caused by both radiotherapy and TMZ [263]. This redundancy has
been demonstrated with mice models in which only a double-knockout led to a lethal

phenotype [264].

PARP has been suggested to be a key BER enzyme [264]. Indeed, PARP inhibition can
reinstate TMZ sensitivity after MMR-deficiency [265]. PARP binding sites have been
reported in DNA damage checkpoint and recognition proteins such as p53, cyclin-dependent

kinase inhibitor p21¢PY/WAFL

, DNA ligase Ill, XRCC1, which facilitates single-strand and
double-strand repair and BER process, and MSH6, which is a eukaryotic homologue of MutS
that binds with MSH2 [266, 267]. Therefore, PARP may not necessarily only be involved in
BER — as implied by Campalans et al. - but a key component in various DNA damage
response systems [268]. In fact the exact role of PARP is a matter of controversy with

contrary evidence existing indicating that PARP is not required for BER and single-strand

DNA breaks repairs [269, 270].

A detailed mechanistic narrative of PARP is yet to be established although a broad

understanding is available. Upon DNA damage, for example those induced by methylating
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agents, PARP1 binds the area to be repaired signalling for other components of DNA repair
systems such as XRCC1 to be recruited on-site [269]. Subsequent auto-ribosylation causes

the now negatively charged PARP to remove itself from the DNA site [271].

Given the apparent importance of PARP in DNA repair, PARP inhibition has been reasoned
to be an effective therapy. One such inhibitory mechanism has been designed to inhibit the
formation of poly ADP-ribose chains by competing with the substrate NAD+, thereby
disabling PARP’s ability to disassociate from the DNA but also deplete vital NAD+ cellular
stores [272]. This is precisely the mechanism of PARP inhibitors that have been developed

such as olaparib (AZD2281), veliparib (ABT-888) and niraparib (MK-4827) [273-275].

ABT-888 efficacy for the treatment of glioblastoma exhibited potential in pre-clinical
models. Indeed, pharmokinetic analysis has shown the BBB penetrative ability of AGT-888
[276]. Combining radiotherapy (between 1Gy to 6Gy) and TMZ (between 5uM to 10uM for 2
hrs) with the PARP inhibitor ABT-888 to treat T98G, LN18, U87 and U251 showed to be the
most effective in reducing cell viability when compared to single agent treatment [277]. Two
studies published between 2007 and 2008 treated orthotopic 9L rat glioma (gliosarcoma)
models with combined TMZ and ABT-888. One study observed a reduced tumour volume by
63% compared to 19% with TMZ alone, while the second reported similar results with a
tumour growth reduction of 52-67% [276, 278]. Furthermore, glioblastoma xenograft
models treated with a combination of radiotherapy, TMZ and ABT-888 reported an
enhanced survival benefit, although subsequent treatment with ABT-888 against TMZ-
resistant xenograft lines showed inefficacy [279, 280]. Similarly, positive indications were
reported to the efficacy of other PARP inhibitors, such as olaparib and talazoparib in in vitro

and in vivo glioblastoma studies [281, 282].

Despite promising results from pre-clinical studies with ABT-888 the hematological
toxicology reports from glioblastoma clinical data after its administration in combination
with radiotherapy and TMZ was intolerable [283]. This result is made the more
disappointing for PARP-based glioblastoma therapy given that other PARP inhibitors such as
olaparib, rucaparib and talazoparib — all large molecules - have shown very limited efficacy
in glioblastoma models and poor BBB penetration, the latter due to being substrates for the

drug efflux pump ABCB1 [284-287]. Niraparib, however, is capable of BBB penetration but
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only one Phase | study has been conducted — in 2012 — but its administration was also

followed by adverse events and lack of response hampering advancing its development

[288].
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Figure 1-2: Mechanisms of action of radiotherapy and TMZ (schematic sourced from Atkins
et al. [205]). Both radiotherapy and TMZ induce DNA lesions that lead to apoptosis.
Radiotherapy induces both single and double strand breaks that, if let unrepaired, conclude
in cell death. The process from radiotherapy and TMZ to apoptosis allows for opportunities

for therapeutic interventions that supplement initial treatment.

(49]



PART 3: Overcoming chemo-radiotherapy

resistance with targeted therapy

1.9 The oncogene addiction model

A prevailing theory of cancer progression is the oncogene addiction model [289-291]. This
model has formed the major underpinning for targeted receptor tyrosine kinase (RTK)
therapy for cancer in general, including glioblastoma. To understand the persistence to hold
on to the rationale of targeted RTK therapy, therefore, requires an understanding of the

oncogene addiction model.

Although earlier studies may have hinted towards supporting the oncogene addiction
model, the first evidence to be cited as support for this paradigm was a 1995 study. Here it
was reported that inhibiting cyclin D1 led to cyclin D1l-amplified and over-expressed
oesophageal cancer cells displaying normal cell phenotype, but cyclin D1 expression
remained higher than non-amplified tumourogenic cells [292]. When elaborating upon the
model Weinstein and Joe argued that although cancer progression is propelled by a wide
scope of genetic and epigenetic alterations that accumulate, the malignant character of
cancer is able to be inhibited by the “reversal of only one or a few of these abnormalities”
[290]. In fact, the contingency of cancer progression is argued to rest on “one or a few
genes”. Furthermore, de novo oncogene mutations are taken to suggest the dependency of
malignant cells on these oncogenes. Indeed, this line of reasoning has been adopted for the
argument that EGFRvIII in glioblastoma is an ideal therapeutic target because the mutation
is largely specific to glioblastoma and confers an aggressive malignant phenotype in mice

models [293].

What the model entails - by advocating that only a single or a few genetic alterations are
sustaining malignancy - is that a large segment of alterations that have been accumulated
during cancer progression either as a result of prior disruptions or those that arise de novo
are inconsequential in terms of being targeted. When accepting these assumptions a
problem arises when categorising the nature of a particular genetic alteration or an
oncoprotein: the difficulty to decipher between genuine oncogene dependency and a

‘secondary’ alteration of relatively lesser significance or insignificance. In other words, it
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does not follow that identifying commonly altered genes or an over-expressed oncoprotein,
as well as unique genetic alterations, accurately represent the state of oncogene addiction
of a particular tumour type. This problem seems to have also been in the minds of
Weinstein and John as they, too, posed with the difficulty in characterising the “specific
state of oncogene addiction” [290]. However, the problem was only brushed over with the
solution proposed limited to gene silencing with siRNA to establish both cause and effect,

and the significance of an oncoprotein to tumourogenic capacity.

Nonetheless, the oncogene addiction model certainly appears to find confirmation in
several different cancer types. Specific oncogene or oncoprotein-driven signalling pathways
represents an attractive target for discriminating against non-malignant cells and depriving
malignant cells of critical tumourogenic drivers. In several cancer types - non-small cell lung,
breast and pancreatic cancer - have successfully trialled tyrosine kinase inhibitors (TKls) that
inhibit the phosphorylation of RTKs [294-296]. Such success has thus far left wanting in
glioblastoma but a continued focus remains on developing novel therapeutic agents and
strategies targeting RTKs, regarded as one of the key drivers of tumourigenesis in

glioblastoma [38].

1.10 Introducing receptor tyrosine kinases

A protein kinase was first identified in 1959 and described as demonstrating enzymatic
activity by transferring a phosphate from an ATP molecule to a tyrosine residue on the
protein. A RTK is essentially composed of a glycosylated extracellular binding domain, a
hydrophobic transmembrane domain and a cytoplasmic domain; the third part consisting of
a juxtamembrane region and a protein tyrosine kinase, regulatory region that is available for
phosphorylation and a carboxy-terminal region. Consequently, upon ligand binding a RTK
must be able to transmit the signalling down to the cytoplasmic domain by bypassing the
transmembrane domain [297]. Subsequent to ligand binding the RTKs, otherwise existing as
monomers and single polypeptides, oligomerise — usually in the form of a dimer - and a
structural shift takes place allowing for auto-phosphorylation to occur in the tyrosine
residues of the cytoplasmic domain. The phosphorylation takes place in both the activation

site of the kinase domain leading to kinase activity, and in the tyrosine residues found in the
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juxtamembrane and carboxy-terminal region which acts as binding sites for downstream

signalling molecules containing specific recognition domains [297].

Recent structural analyses advanced the earlier simplistic ligand-mediated RTK activation
process. Currently, there are various types of RTK activation known. First, RTK activation can
occur when a ligand interacts with both RTKs and becomes the dimer interface such that
RTK dimerisation takes place without RTK-RTK contact. This is the method in which the
ligand nerve growth factor (NGF) activates the TrkA RTK [298]. Secondly, dimerisation can
be both ligand- and receptor-induced [299]. For example, a stem cell factor (SCF) molecule
binds to the D1, D2, D3 extracellular binding domains of a single KIT molecule [299].
Subsequently, a KIT-bound SCF molecule joins together two KIT molecules leading to
dimerisation[299]. This is followed by D4-D4 and D5-D5 interaction and contact between
the opposing KIT molecules leading to a conformation change and ultimately auto-
phosphorylation[299]. A similar mechanism is also proposed for PDGFR and FGFR activation
[299, 300]. Alternatively, receptor dimerisation can be ligand-independent as the case with
EGFR and the ErbB family [301]. The EGFR interacting with a single EGF molecule with its D1
and D3 extracellular domains undergoes a conformational change, followed by receptor-
mediated dimerisation via the D2 domains and phosphorylation [302]. In addition to post-
ligand binding dimerisation that has been discussed other RTKs such as insulin receptor
predominately exist in dimers even prior to ligand binding though it is the ligand binding
event that either stabilises dimerisation or converts an inactive dimer to the active state via

conformational change [303, 304].

In addition to RTKs a large group of non-receptor tyrosine kinases exist such as Janus
kinases, Src and Abl which are essential for RTK signal transduction [305-307]. Auto-
phosphorylation of ligand-binding- and dimerisation-induced tyrosine residues on the
juxtamembrane and carboxy-terminal domains on the RTK act as recruitment sites for these
non-receptor tyrosine kinases which recognise specific phosphotyrosines [308]. Though
non-receptor tyrosine kinases lack extracellular binding domains and transmembrane
domains they do possess tyrosine residues available for phosphorylation and domains for
protein, lipid and DNA interactions, such as the Src homology 2 (SH2) domain found on Src
and Abl and the focal adhesion-binding domains found on Fak which binds to

phosphotyrosines on the RTK [309-311]. A bound non-receptor tyrosine kinase itself can be
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available for phosphorylation by RTK leading to non-receptor tyrosine kinases recruiting
other downstream signalling molecules. For example, the SH2 domain of PLCy recognises
the auto-phosphorylated state of carboxy-terminal tail domain of Fibroblast Growth Factor
Receptor (FGFR) 1 leading to phosphorylation of PLCy by FGFR1 [312]. Other non-receptor
tyrosine kinases, such as Jaks, can phosphorylate the RTK and provide binding sites for

downstream signalling molecules such as STATs [313].

RTKs are required for a number of crucial cellular processes. Animal studies have revealed
these diverse biological roles of RTKs. During embryonic development the ErbB family is
required for formation of cardiac trabeculae, proper cardiac contractility and axon
guidance[314] [315]. In fact, embryogenesis completion is dependent on ErbB4 expression
with aborted foetuses showing retarded innervation in the CNS [314]. Cardiomyocyte
proliferation is dependent upon both ErbB2 and ErbB4 expression [315]. Vasculogenesis is
impaired by Flt-1 knockout leading to abortion of development, though endothelial cell
differentiation remains normal. [316]. In contrast, mice defective in TrkB and TrkC receptors
completed embryogenesis, developed normal hippocampus, cortex and thalamus brain
regions but severe inner ear abnormalities were present[317]. The Eph family of RTKs are
required for axonal guidance, motor neurons innervations of limb muscles, neuron-
astrocyte synaptic communication, angiogenesis, gastrulation and neural crest migration
[318-322]. Astrocytic production of TGFa can stimulate LHRH receptor dound on astrocytes
and EGFR stimulation allows glial cells to release prostaglandin E2 allowing for mammalian

onset of puberty [323].

Perhaps one of the first connections made between RTKs, specifically EGFR, and
oncogenesis was in a 1977 paper by Fabricant et al. who reported a high number of EGF and
NGF binding in a series of cancer cell lines and in a 1982 paper by Zenisek and Fernandez-Pol
in which they reported increased phosphorylation of membrane-bound molecules upon EGF
stimulation in adenocarcinoma cell line LoVo [324, 325]. In 1984 Ulrich and his team linked a
viral oncogene with a mutated aberrantly expressed EGFR in the epidermoid carcinoma cell
line A431[326]. In oncogenic studies since, RTKs have been at the forefront of research
programmes from at least the late 1970s; over 300,000 articles are generated in a search on
Scopus with the keywords ‘receptor tyrosine kinase’ and ‘cancer’. This is no surprise given

that growth factor signalling is largely dependent upon RTK activation and an essential
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characteristic of cancer cells is autonomous dysregulated cell growth [327]. Consequently,
an exhaustive coverage of RTKs in cancer is beyond capacity although the key themes

related to both RTKs and glioblastoma research paradigms will be discussed.

As we shall illustrate shortly the signals generated by the RTK is contingent upon a series of
signalling pathways leading to cellular proliferation, metabolism, migration, invasion,

apoptosis, autophagy and other processes such as DNA damage repair [327-332].

1.10.1 RTK signalling in cancer

Sequencing of the human genome has revealed that there are slightly over 90 known
tyrosine kinases; 58 of which are RTKs divided into 20 subfamilies and 32 non-receptor
tyrosine kinases divided into 10 families [333, 334]. Given that all cellular processes are
caused by signal transduction of various modes it follows that RTK signalling is a possible
mechanism for such processes. Indeed, earlier studies from the 1980s showed tyrosine
phosphorylation to be related to cell growth control and retroviral oncogene products to
have phospho-tyrosine activities [335]. It has been suggested — such as by Hunter and
Blume-Jensen — that more than half of all known RTKs are consistently either mutated and
over-expressed in human malignancies [336]. Although RTK aberration leads to
dysregulation in cell growth and proliferation its ability to suppress cell death and inhibition
of cell-cycle progression allow the cancer cells to acquire oncogenic characteristics [337].
Therefore, RTK regulation is required for preventing oncogenesis through maintaining a
balance between the various processes, such as apoptosis, proliferation and growth, but its
aberrant expression and activity that leads to its designation as an oncogene [337]. Gain of
oncogenic RTK gene mutations and its associated signalling molecules are regarded as a
primary cause of malignant transformation. These oncogenic mutations liberate RTK activity
from the otherwise strong regulation in normal conditions by allowing evasion of the
inhibitory cellular mechanisms [336]. Sources for the RTK-induced oncogenic transformation
include: chromosomal translocations and other genomic rearrangements, gain-of-function
or deletion mutations and also over-expression of the RTK which causes increased
dimerisation due to increased RTK membrane-bound concentrations [336]. To better
illustrate the oncogenic connection between RTK expression and dysregulated cellular
processes a number of RTKs and associated downstream signalling molecules that are

fundamental to glioblastoma biology shall be discussed.
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The interest in RTKs being a druggable target for cancer therapy has led to the development
of small molecule inhibitors termed tyrosine kinase inhibitors (TKls), also referred to as RTK
inhibitors. This class of drugs essentially competes with the transferable phosphate found in
ATP for the ATP binding region on the tyrosine residues of the RTK. In fact, agents such as
erlotinib, gefitinib, lapatinib, afatinib, axitinib, cabozantinib and crizotinib, all belong to the
TKI class of drugs [338]. In contrast, monoclonal antibodies, such as cetuximab and
nimotuzumab, compete with the ligand for the extracellular ligand binding domain [339].
The promise and the clinical efficacy of these strategies to inhibit the RTKs in glioblastoma

shall be discussed shortly.
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Figure 1-3: Various strategies to inhibit RTK signalling (schematic sourced from [340]). The
structure and mechanism of RTKs allows for exploitation by several therapeutic strategies.
Antibodies can disrupt heterodimer formation and ligand binding can be disrupted with
binding to the ligand or ligand-binding site. Furthermore, kinase inhibitors can inhibit the

phosphorylation of the intracellular component.
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1.11 Platelet-derived growth factor receptor

1.11.1 Structure and activation

Platelet-derived growth factor (PDGF) derives its name from studies in the 1970s that
revealed a serum growth factor for mesoderm-derived cells, such as glial cells, that is
sourced from platelets [341]. Shortly thereafter it was revealed that PDGF stimulation
induced phosphorylation of a protein RTK which is now called the PDGF receptor (PDGFR)
[342]. The PDGF family of ligands is composed of four chains all existing as disulfide-bonded
dimers - PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD and the heterodimer PDGF-AB — which are
30kDa large. These PDGF chains are encoded by separate genes on separate chromosomes,
namely chromosome 7, 22, 4 and 11, respectively. The four chains contain a growth factor
domain of around 100 amino acids. PDGF binds to the two RTKs that make up the PDGFR
group- PDGFR-a and PDGFR-b. PDGF chains vary in their affinities for PDGFR type binding.
The PDGF-A, PDGF-B and PDGF-C have high selection for PDGFR-a while PDGFR-b has high
affinity for PDGF-B and PDGF-D [343-346].

The PDGFR is a class Il RTK. Class lll members are identified as sharing sequence homology
and structurally by 5 immunoglobulin-like repeats in the extracellular domain of which the
first three outer repeats are thought to be responsible for ligand binding; a transmembrane
domain, a juxtamembrane domain, 2 intracellular tyrosine kinase domains separated by a
kinase insertion, of which the second domain possesses the activation loop allowing for
downstream signalling molecules to bind after PDGFR activation; and a C-terminal domain
tail [347]. The auto-inhibition state of class Il RTKs requires the juxtamembrane domain to
block the active site between the N-terminal tail, found in the extracellular domain, and the
C-terminal thereby preventing the activation loop on second tyrosine kinase domain to shift
to an active configuration [348]. Ligand binding causes dimerisation and the rotation of the
5 components of extracellular domain leading to phosphorylation of the tyrosine residues
found in the tyrosine kinase domain and the juxtamembrane [348]. The latter’s
phosphorylation liberates its inhibitory role. Bound downstream substrates are
phosphorylated triggering a signalling cascade [349]. Other RTK members of this class in
addition to PDGFR-a and PDGFR-b include c-Kit, FLT3 and CSF1R [349]. Furthermore, the
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phosphorylated-juxtamembrane-dependent activation is also observed in other RTKs such

as ephrin receptor (EphR) and insulin receptor (IR) [350].

The tyrosine kinase domain of RTK is highly conserved and transfers the y-phosphate from
the ATP molecule to the hydroxyl group of a downstream signalling protein [347]. In the
case with PDGFR, the kinase insertion also provides for a space for protein docking [347].
Activated PDGFR recruits signalling molecules containing SH2 and phophotyrosine-binding
domains (PTB), phosphorylating these signalling molecules and further recruiting other
molecules with SH2, PTB, SH3 and plekstrin homology domains [348]. Consequently, rat
sarcoma protein (Ras), mitogen-activated protein kinases (MAPK), phophoinositide 3-kinase
(PI3K), phospholipase Cy (PLCy), (janus kinus (Jak), signal tranducers and activators of
transcription (STAT) and (nuclear factor kappa-light chain enhancer of activated B-cells (NF-

kB) can be activated via this up-stream signal [347].

1.11.2 PDGF-PDGFR signalling in glioblastoma

PDGF stimulation growth factor-free serum culture acts a growth factor in normal glial cells
by inducing DNA replication and cell proliferation and PDGF is secreted by astrocytes for
gliomagenesis and CNS development [351, 352]. Intracranial injection of the v-sis oncogene
of simian sarcoma virus, a PDGF-B retroviral homologue, develops malignant gliomas in
marmosets that are histologically similar to human gliomas [353, 354]. When the drug
suramin, which inhibits PDGF-PDGFR activity by binding to PDGF, was administered to
glioblastoma cells a decrease in DNA synthesis, tumour colony formation and malignant
morphology was observed [355, 356]. Consistently, mutated PDGFR-b - lacking tyrosine
kinase domains but retaining dimerisation ability - that were transfected in to C6 rat glioma
cells led to slower cell growth in both in vitro and in vivo models [357]. Thus, these early
preliminary studies shifted the status of PDGF-PDGFR from a mere growth factor

responsible for normal glial function to a potential oncogene that drives gliomagenesis.

Quantitative gene expression analysis of glioblastoma cell lines and primary tissue revealed
that PDGF and PDGFR to be highly expressed relative to normal brain tissue [358]. In fact all
glioma cell lines assessed in a panel of 11 cell lines showed mid-to-high PDGF and PDGFR
expression which are consistent with earlier studies; the majority concomitantly expressing

PDGFR-a and PDGFR-b [358, 359]. Earlier studies, too, using southern blot analysis showed
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that 8% of high-grade gliomas have amplificated PDGFR-a gene levels of between 18-35 fold
change (EGFR gene amplification was only 18% but amplified at 4-19 fold times) but no
evidence of amplificated PDGFR-b was obtained [353]. Furthermore, western blot analysis
showed that PDGFR protein expression was elevated in almost 25% of high-grade gliomas

[353].

Deregulated PDGF/R activity is largely attributed to over-expression and gene amplification
and constitutively active receptor mutations are rare [360]. Genomic analysis has
established aberrant PDGFR status as a driver of glioblastoma. Indeed, PDGFR is the second
most amplified gene found in glioblastoma after EGFR with TCGA data showing amplification
rates for PDGFR-a to be ~11% - but the rate can be as high as ~17% - and is a genetic event
unique for glioblastoma in the glioma family [361, 362]. Although whether PDGFR
deregulation belongs to a particular subgroup is a matter of debate. DeAngelis et al. argues
that PDGFR over-expression is associated with sGBM [363]. To make this assertion evidence
that PDGF over-expression in astrocytes is an early oncogenic event leading to low-grade
astrocytomas is brought up; an assertion repeated by in papers by Behin, Kleihues, Ohgaki

and others [363-365].

The basis for this argument most likely arose from Hermanson and colleagues’ paper
assessing PDGFR-a expression in glioblastoma samples; it was indeed this paper that was
fundamental to DeAngelis’ argument [366]. An analysis of 67 astrocytomas showed that
PDGFR-a gene expression to correlate with glioma grade with the highest levels found in
glioblastoma. Furthermore, though only 16% of glioblastoma samples possessed PDGFR-a
gene amplification gliomas of lower grades showed no indications of amplification. Only
LOH17p correlated with PDGFR-a mRNA expression. All astrocytic tumours with LOH17p
showed high PDGFR-a gene expression while 56% of astrocytomas lacking LOH17p showed
high PDGFR-a gene expression. Indeed, LOH17p correlated with PDGFR-a expression in
glioblastoma. Given that mutated p53 was associated with both LOH17p and PDGFR
expression and LOH17p was associated with lack of EGFR amplification it was perhaps
incorrectly inferred that PDGFR expression is a characteristic of sGBM [366]. However, high
PDGFR-a expression is a feature of more than half of all EGFR amplificated gliomas [366].
Other studies have also suggested the sGBM-PDGF correlation with immunohistochemistry

showing stronger staining for PDGF in sGBM than pGBM and, in particular high PDGF-AB
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was found to be exclusive to sGBM [367]. The association between EGFR amplification (30%
frequency rate) and PDGFR-a amplification (21% frequency rate) was observed in a cohort of
47 pGBM but PDGFR-a amplification was also observed in the majority of sGBM [368]. More
recent data from the Ivy Glioblastoma Atlas Project has also weighed into the debate and
revealed that wild-type IDH1 glioblastomas have higher PDGF expression in addition to older

patient age and poorer survival [369].

We can infer from the data available that PDGFR over-expression is an early oncogenic
event and is characteristic of gliomas and glioma grade; however PDGFR amplification being
more present in anaplastic astrocytomas than lower grade gliomas suggests that it is a late
event (28% vs 5%) [370]. Although, PDGF/R status appears contradictorily as a characteristic
to both pGBM and sGBM and it is more likely that dysregulated PDGF/R is required for the
pathogenesis of glioblastoma in general rather than a specific subtype. Alternatively, a more
radical opinion can be formed in that the very distinction of pGBM and sGBM can be rather
clinically irrelevant and the data only appears contradictory if the existence of pGBM-sGBM

distinction is assumed.

1.11.3 PDGF/PDGFR and glioblastoma tumour growth and survival

PDGF-mediated signalling has been an area of interest in a variety of malignancies including
non-small cell lung cancer, breast cancer, prostate cancer, leukemia, non-Hodgkin’s
lymphoma [371-375]. In fact sorafenib and regorafenib, which inhibits the RTKs vascular
endothelial growth factor receptor (VEGFR) -1, -2 and -3 and PDGFR in addition to Raf
kinase, was shown to be of significant benefit and FDA-approved for the treatment
hepatocelullar carcinoma [376, 377]. In addition, imatinib, another PDGFR inhibitor, is used
for the treatment of myelogenous leukemia and gastrointestinal stromal tumours [378,

379].

PDGF-induced glioma formation has been established in a number of studies paving the way
for more elaborate experiments designed to understand the significance of PDGF/R
signalling [360, 380]. In glioma, siRNA-induced inhibition of PDGFR-b reduces the
proliferation rate and increases apoptosis of C6 glioma cells both in vitro and in vivo [381].
The non-receptor tyrosine kinase ACK, which contains a SH2 andSH3 domain, is activated

and phosphorylated at the Y635 site after PDGF stimulation, in addition to EGF and insulin
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stimulation [382]. This causes AKT1 phosphorylation (pAKT) at the tyrosine 176 site (Tyr-
176) in the kinase domain due to ACK-AKT stable complex formation mediated through the
ACK kinase domain, the AKT pleckstrin domain and Tyr-176 [382]. The Tyr-176-pAKT
transports to the plasma membrane leading to AKT activation via phosphorylation at
Ser473/Thr308 site and suppression of apoptosis and cell-cycle progression [383]. In
glioblastoma cells PDGF stimulation leads to AKT activation after ACK-PDGFR binding and
PDK1 activation [384]. A signalling cascade is initiated as a consequence eventually leading
to AKT-mediated positive regulation of cell cycle regulators such as B-catenin and cyclin D1
[384]. Consistently, U87 cells with inactivated ACK injected subcutaneously into mice
developed tumours slower than wild-type ACK glioblastoma cells and PDGFR-b activation
correlates with ACK expression in human glioblastoma samples [384]. PDGFR-ACK-PDK1-
mediated AKT activation is independent of PI3K regulation which has also been established
as a link between PDGFR and AKT signalling [385]. Indeed, inhibition of PDGFR with AG1433
—an inhibitor that most likely deactivates PDGF-induced phosphorylation of PDGFR - led to
reduced growth in patient-derived glioblastoma cell line and increased apoptosis marked by
caspase 3, 8 and 9 activation [386-389]. Constitutively active PDGFR-a mutant has persistent
PI3K and MAPK signalling pathway activation but PDGFR inhibition — with the ATP
competitors imatinib or PTK787 — reduces AKT and ERK activation in glioblastoma-derived
cells [362, 390, 391]. This is consistent with other studies in which after the PDGFR
antagonist CT52923 was used to treated five glioma cell lines (A172, SF188, U251, C6 and
T98G) a decrease in AKT and ERK activation was induced [358, 392].

Surprisingly, very little data is available on the connection between PDGFR and STAT3 in
glioblastoma. A search on Scopus with the keywords ‘PDGFR’, ‘STAT3’ and ‘glioma’
generated only 8 papers and substituting ‘glioma’ for ‘glioblastoma’ only generated 6
papers. In PubMed the former search query generated 10 and the latter generated only 9
articles. This is certainly a large gap in the literature given that STAT3 is considered a key
regulator in not only glioblastoma tumourigenesis and treatment resistance but in cancer
overall [393-395]. The papers that have studied the PDGFR-STAT3 signalling axis have been
published only relatively recently. A 2016 study by Cenciarelli and colleagues investigated
whether blocking PDGFR-a expression in glioma stem cells suppressed intracellular

oncogenic signals [396]. First, the neurosphere protocol was employed to isolate cancer
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stem cells from glioblastoma specimens and stem cells marked with higher GFAP
expression; however a detailed molecular signature is not provided [397]. Notably, patient-
derived glioblastoma stem cells have higher PDGFR-a levels were characteristic of peripheral
tumour stem cells rather than tumour core stem cells [398]. PDGF-AA stimulation of patient-
derived glioblastoma stem cells leads to higher STAT3 activation via phosphorylation at its
Y705 site, which is usually phosphorylated by Jak and is essential for STAT3’s role as
transcription regulator [396] [399], in addition to EGFR and ERK activation is also increased
after PDGF stimulation; all increased activation was more pronounced in peripheral cancer
stem cells than tumour core stem cells [396]. Consistently, use of shRNA-PDGFR-a or
crenolanib — a kinase RTK Class Il inhibitor of FLT3 and PDGFR — down-regulates these
downstream signalling pathways and up-regulates the pro-apoptotic Rb1 [396, 400]. This is
in line with a even more recent paper concluding that inhibition of the RNA polymerase Il
activator and cell cycle progression kinase cyclin-dependent kinase 7 (CDK7) causes lower
PDGFR-b and STAT3 activity in glioblastoma cells; however, considering that other RTKs,
such as EGFR and MET, FGFR and AXL, were also down-regulated after inhibition a PDGFR-
STAT3 cannot be asserted [401]. These reports are consistent with Kim et al. (published
2012) and Xia et al (published 2018). The former study, after showing that PDGFR-a is only
expressed in a subset of glioblastoma but PDGFR-b is more commonly expressed in glioma
stem cells, noticed that the stem cell maintenance role PDGFR-b is dependent upon STAT3
activation with supporting evidence showing shPDGFR-b inducing reduced pSTAT3 [402].
The latter study demonstrated that knockdown or down-regulation of leucine-rich repeats
and immunoglobulin-like domain 2 (LRIG2) — LRIG2 promotes EGFR-mediated PI3K-
AKTsignalling — decreases PDGFR-b expression in U87 cells and glioblastoma patient-derived
samples; LRIG2 over-expression enhances PDGF-BB induced PDGFR activity and proliferation

in U87 cells, in addition to pSTAT3 and pAKT levels in vivo [403, 404].

1.11.4 PDGFR in response to radiotherapy or TMZ

Perhaps even more surprising is the relatively scarce literature regarding the link between
PDGFR and TMZ-resistance in glioblastoma. That heavy effort has been invested in trialling
PDGFR inhibitors in the glioblastoma clinic (as we shall discuss shortly) adds to the urgent
calls in the need for further studies elucidating the connection. A Scopus search with

keywords ‘PDGFR’, ‘Temozolomide’ and ‘glioma’ only generates 23 results and once ‘glioma’
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is substituted for ‘glioblastoma’ the results list increases to 30; subtracting reviews from the

results list cuts down the literature to 10 and 20 results, respectively.

The vast majority of papers published interrogating the PDGFR-TMZ link are related to
clinical trials. Nonetheless, it has administration of perfosine, a AKT inhibitor, in combination
with TMZ further reduces the proliferative capacity of a PDGF-driven glioma in vivo model
compared to TMZ alone [405]. Recently, an in vivo rat C6 glioma model was radiosensitised
after si-PDGFR-b treatment although the efficacy with TMZ was beyond their research aims.
[406].

Given the dearth in literature on PDGFR-mediated therapy resistance in glioblastoma it is
not surprising that the anti-PDGFR therapy or a therapeutic that includes anti-PDGFR has
lacked efficacy. For example, the use of sunitinib on recurrent high-grade gliomas —
including 16 glioblastoma patients (76.1 of total patients) showed no efficacy with not a
single patient showing an objective response and all presenting tumour progression [407].
Another study also studying recurrent glioma — 51 cases were glioblastoma — tested imatinib
but observed limited efficacy as only 3 glioblastoma patients showed a partial response and
6-month progression free survival was 16% [408]. Similar poor results were replicated in
other clinical trials using PDGFR inhibitors such as with the selective PDGFR-a binding Medi-

575 and multi-kinase inhibitors dasatinib and sorafenib [409-412].
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Table 1-2: List of clinical trials with multi-tyrosine kinase inhibitors, including PDGFR

DRUG Treatment PATIENT TYPE Comment 1 Comment 2 BBB? REFERENCE
SUNITINIB Sunitinib only Recurrent Glioblastoma No responses All tumours progressed Yes [413] [407]
37.5 mg/day
IMATINIB Imatinib only Recurrent Glioblastoma 3/51 showed partial response PFS = 16% No [414] [408]
600-1000 mg/day
SUNITINIB Sunitinib + TMZ-refractory, recurrent 1/13 showed complete response Median PFS = 1.8 months [415]
lomustine WHO Grade Il and anaplastic 6-PFS =15%
glioma
VATALANIB RT Newly diagnosed Drug no longer manufactured Trial stopped [416]
(PHASE 1) +TMZ+VATALANIB Glioblastoma
Medi-575 Medi-575 25 Recurrent Glioblastoma 6-PFS = 15.4% No response [409]
mg/kg Media PFS = 1.4 months MST = 9.7 months
Sorafenib Sorafenib 400mg 43 recurrent Glioblastoma 6-PFS =26% MST = 7.4 months Yes [417] [411]
Tmz 40 mg/m2 5/43 showed partial response 48% showed no response
(metronomic)
Dasatinib Dasatanib 100- 77 recurrent Glioblastoma Median 0S =7.9m 6-PFS = 6% Yes[418] [410]
150mg x2 day Media PFS =1.7m
Sorafenib Sorafenib Recurrent Glioblastoma 7/41 6-months progression-free MST = 3.9 months — 6.3 months [412]

200mg/2xd +
temsirolomus
20mg/weekly

Median PFS = 1.9 months -2.6
months

High toxicity
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1.12 Epidermal growth factor receptor

1.12.1 The EGFR family and structure

The first RTK group to have been described in cancer was the EGFR and all members in this
group belong in the Class | family of RTKs [336, 419, 420]. The Class | family is defined by the
presence of two cysteine-rich regions in the extracellular domain [336]. The EGFR family
consists of four members - EGFR or erbB1 (hereafter called EGFR), erbB2 (aka HER2), erbB3
(aka HER3) and erbB4 (aka HER4) - and 11 known ligands bind to one or more of these
receptors with varying affinities; except the structurally different ErbB2, which is considered
to have no ligand-binding role but mainly as the favoured dimerisation partner formation,

suggesting that ErbB2 to have a key role in dimer formation [421, 422].

ErbB3 is considered an impaired kinase making EGFR and ErbB4 the main drivers of
downstream signalling [423]. ErbB ligands contain an EGF-like domain of approximately 60
amino acids (EGF is made of exactly 53 amino acids) except neuregulin which consists of

approximately 200 amino acids.

Depending on which ligand has bounded with the receptor and which homo- or hetero-
dimer is formed may determine the nature of the downstream signalling pathway activation
[424]. For example, though the MAPK pathway is activated by all ErbB ligands the PI3K
directly binds with ErbB3 and ErbB4 containing dimers [425]. Meanwhile ErbB2 containing
heterodimers are thought to be the most potent downstream signalling activators while

ErbB homodimers are thought to be less transformative than heterodimers [425].

1.12.2 The EGFR life cycle

Since EGFR amplification does not necessarily correlate with EGFR transcription, it is
possible that EGFR over-expression is caused by up-regulation of transcription factors that
bind to the EGFR promoter. Importantly, the EGFR promoter does not have the canonical
TATA box and the CCAAT box; however, it has several GC box sequence elements at its 5'-
regulatory sequence [426]. These GC boxes are binding sites where transcription factors
promote EGFR transcriptional activation. For this reason, transcription can be initiated at
different sites of the promoter. In addition, there are 3 enhancer elements: enhancer 1 is

located upstream near the start of translation +1 (ATG) and enhancer 3 is found upstream
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from positions -1409 to -1109 bp; enhancer 2 is downstream located in the intron 1 at
positions +1788 to +2318 bp and it is near a polymorphic region of CA dinucleotide repeats,
which exclusively functions when there is an upstream element on enhancer 3, which

suggests the complexity of the EGFR regulation [426, 427].

EGFR can regulate itself and increase its gene expression by promoting the expression of
transcription factors specific to EGFR (ETF) [428, 429]. Many EGFR transcription factors, such
as Spl, MLTF, CTF, TFIIB and AP1, have been identified by using in vitro transcription
systems in epidermoid carcinoma cell line, which over-express EGFR [430]. Interestingly, an
in vitro experiment performed with human osteosarcoma cell lines by Ludes-Meyers JH et
al. have shown that p53 is also an EGFR transcription factor, in which a mutant or wild type
p53 is able to transcriptionally activate EGFR by different mechanisms [431]. Furthermore,
many other EGFR transcription factors such as AP2, RPF-1, IRF-1, ERDBP-1, ETF, ETR, GCF2
and WT1 have been also found regulating EGFR expression in different tumour cell lines

including breast cancer, leukemia and cervical cancer [430, 432-438].

The majority of these reported transcription factors have been confirmed in different
tumours such as fibrosarcoma, gastric carcinoma and cervical cancer [439]. Most
importantly, many of these transcription factors can work in a complex to regulate EGFR
expression and can bind to different regions of the EGFR promoter such as Sp1, Apl and
Ap2 [426, 427, 440]. To complicate our understanding of EGFR regulation and transcription,
there is also evidence indicating that EGFR expression can be affected by oscillatory protein

networks dependent of the biological clock [441].
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Figure 1-4: Schematic showing various EGFR transcription factors and their recognised region on

the EGFR promoter (image sourced from [440]).
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Furthermore, some other EGFR transcription factors have been evidenced in glioblastoma.
Ou et al. identified a complex that consisted of Kindlin-2, Y-box binding protein 1 (YB1) and
Beta-catenin that was responsible for enhancing EGFR transcription and promoting
tumourogenic characteristics, such as invasion and proliferation [442]. Additionally,
Mizuguchi et al. have recently found that ectopic viral integration site 1 (EVI1) transcription
factor correlates with EGFR in glioblastoma cell lines A172 and YKG1, and most importantly,
in vitro promoter reporter assays showed that EVI1 recognised the EGFR promoter region

ranging from -377 to -266 bp to regulate EGFR expression [443].

Once EGFR is transcribed and before its transport to the cytoplasm, the precursor EGFR
mRNA formed needs to be capped at the 5’ end, spliced and polyadenylated at the 3’ end.
During this process the EGFR mRNA is bound to numerous proteins, which forms what is
called - the messenger ribonucleoprotein complex (mRNP). This complex is then associated
with nuclear pore proteins that allow the nuclear export of the mRNA, which is fundamental
to ensure the functionality of the EGFR mRNA prior to translation in the cytoplasm [444].
Importantly, an alternative splicing of the precursor EGFR mRNA leads to many different

EGFR variants that can have different activation levels inducing tumourigenesis [445-447].

In terms of translation, EGFR exon 1 has been established at +1 (ATG) initiation codon,
however, EGFR translation has several starting codons at 5’ region. EGFR mRNA is translated
by the ribosomes of the rough ER following the canonical eukaryotic translation that has
been divided in 3 highly regulated steps: initiation, elongation and termination [448] [449].
Nascent EGFR is inserted into the lumen of the ER and it is associated with chaperons to
ensure adequate EGFR folding, such as head shock proteins [450]. Maturation of EGFR
begins in the lumen of the ER, where it is post-translationally modified with N-
glycosylations. N-glycosylation is essential for a correct conformational folding of the EGFR
[451]. This involves moving a middle carbohydrate to an asparagine residue (N) within a
typical aminoacidic consensus sequence N-X-S/T; in EGFR, there are 11 typical N-
glycosylation consensus sequences and 4 atypical N-X-C [452, 453]. The processing of the
carbohydrate chain and ligand binding activity happens in the ER [454]. In order to export
the receptor to the plasma membrane, maturated EGFR moves through the secretory
pathway in association with SEC23 and SEC24, which allow the interaction of the

synthesised protein through the ER export signals with coat protein Il (COPII) vesicles; these
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COPII vesicles create regions free from ribosomes in the rough ER called ER exit sites (ERES)

[455-458].

EGFR activation is not always dependent on ligand binding, in some cases inactive EGFR
monomers can auto-activate themselves [459]. Since excessive ligand binding and EGFR
signalling leads to tumourigenesis, cells have mechanisms to control and reduce EGFR
activation such as through: receptor endocytosis, recycling or degradation. In this way,
inactive receptors often travel across the endocytic route. From this point, receptors can be
taken back to the plasma membrane when required or they can be degraded by lysosomes

[460].

Even though EGFR ligand binding happens in the plasma membrane, activated EGFR remains
most of the time in the intracellular region in the endocytic compartment. At low levels of
EGFR ligands, activated EGFR is associated with clathrin-mediated endocytosis, also called
CME [461, 462]. Inactive EGFR can also be transported through CME, however, EGFR
phosphorylation increases CME by attraction of adaptor protein 2 complex (AP2), which
recruits great levels of clathrin. This leads to EGFR clustering and rapid increase of the

vesicle [463-465].

CME results in early Rab5 positive endosomes containing EGFR; after these endosomes
mature, they move to the perinuclear area, where receptors are inactivated by high levels of
phosphatase activity before receptor recycling [466]. On the other hand, at high levels of
EGFR ligands, EGFR activation and increased phosphorylation there is a receptor
ubiquitylation mediated by E3 ligase Cbl. This promotes receptor internalisation by clathrin-
independent endocytosis (CIE). Importantly, in this case there is no receptor recycling but
lysosomal degradation in the perinuclear region. Degradation is mediated by late
endosomes positive for Rab7 in which receptors that have been ubiquitylated are sent from
the endosomal membrane inside intra-luminal vesicles and forming an MVB or multi-
vesicular body. Subsequently, there is a fusion between endosomes with lysosomes allowing

EGFR degradation [465-467].

1.12.3 The extracellular domain and dimerisation
In 2001, Yarden et al. in his review of the ErbB signalling network did not contain a detailed

overview of the mechanistic structure of EGFR activation [425]. Knowledge of the structure
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of EGFR has progressed rapidly since then and accelerated since three papers - published
between 2002-2003 — elucidating the crystal structure of ErbB families, dimerisation and

mechanistic activation [468-470].

The extracellular domain of EGFR consists of two homologous ligand binding domains, called
domain | and domain lll, and the two characteristic cysteine-rich domains called domain Il
and domain IV. Domain Il is considered the dimerisation bridge between one ErbB with
another and mutations on the tyrosines in this domain disrupts ErbB dimer formation;
domain IV is the second highest contributor but plays a minimal role compared to domain Il
and its deletion does not hamper dimer strength [471]. As mentioned previously, EGFR-ErbB
dimerisation is receptor-mediated meaning that the ligand-binding which occurs by bivalent
contact between domain | and Il does not interact with dimer interface formed by domain

In the inactivated state domain Il is buried within domain IV so that the dimerisation bridge
is unexposed. Ligand binding breaks this auto-inhibited state by liberating the domain Il that
is trapped in domain IV and allowing for dimerisation between the domain Il of two EGFR
molecules. It has been suggested that this auto-inhibited state has a low threshold because
mutated domain ll-domain IV interaction sites failed to increase EGFR activation [472].
Nonetheless, it has been shown that EGFR can exist as a dimer — albeit unstably - without
ligand-binding and these pre-ligand-bound dimers are more receptive to EGF binding [473,
474]. Due to the weakness of this auto-inhibitory mechanism it has been suggested by
Kathryn Ferguson that the EGFR extracellular region exists in a dynamic state such that
ligand binding traps the EGFR molecule within the time span that it exists in the non-auto-
inhibited state [475]. Given that the domain II-1V interaction may not strongly influence the
auto-inhibitory state of EGFR it is instead thought that the rigidity of the domain II-llI
interaction is to the extent that it is sufficient to work as an auto-inhibitory mechanism

[476].

Furthermore disruptive mutations in the transmembrane domain do not influence the
receptor signalling. Consistently, the major EGFR mutation in glioblastoma, the EGFRvIII with
a truncated extracellular domain, leads to a constitutive active EGFR. Furthermore,

mutations in the kinase domain of the EGFR have been also shown to lead to constitutively
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active EGFR and the liberation from the auto-inhibitory state of the receptor [475]. As
mentioned above the domain Il position may be in a dynamic and shifting state. It follows
from this that a domain Il re-arrangement re-positions the relative relationship between
domain | and domain Ill such that the otherwise widened gap between the two ligand-

binding domains closes to an extent and made ideal for ligand binding [475].

EGFR activation requires a unique process that is termed an asymmetric kinase domain
dimer which follows from ligand-binding, receptor-mediated dimerisation, rotation near or
in the transmembrane domain and a structural conformational change so that the
intracellular domains of two EGFR molecules are in close proximity. During the asymmetric
kinase domain dimer interaction the N-lobe in the kinase domain of one EGFR molecule
interacts with the C-lobe of another EGFR molecule’s kinase domain followed by the former
molecule being phosphorylated and activated by the latter. The now activated EGFR
molecule then phosphorylates the activator EGFR molecule in its C-terminal tail. Lastly, the
previously activator EGFR then acts as the receiver so that roles switch leading to two

activated EGFR molecules in a single dimer [475].

Table 1-3 ERBB receptor family and corresponding ligand

GROUP LIGAND RECEPTOR BINDING
1 EGF, EPGN, TGF-a, AREG EGFR

2 BTC, HB-EGF, EPR EGFR & ErbB4

3 NRG-1,NRG-2 ErbB3 & ErbB4

4 NRG-3, NRG-4 ErB4

EGF: epidermal growth factor; EPGN: Epigen; TGF-a: transforming growth factor alpha; AREG:
amphiregulin; BTC: betacellulin; HB-EGF: heparin binding EGF-like growth factor; EPR: Epiregulin;
NRG: Neuregulin
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Figure 1-5: Phosphorylation sites and corresponding docking proteins on various members
of the ERBB family of receptors (schematic from [477]).

1.12.4 EGFR in glioblastoma

The EGFR gene is located on chromosome 7 — gene locus pl1.2- and the gene spans
approximately 200kb with 30 exons and the EGFR protein full-length is 170kDa. [478, 479]
Normal EGFR expression can range between 40,000-100,000 receptors/cell but over-
expression is common in cancer [480]. Activated EGFR promotes a number of tumour-
promoting cellular processes including cell proliferation, migration, transformation and anti-

apoptosis [481-484].

EGFR/ErbB1 (hereafter called EGFR) has garnered increased attention in cancer research
over the years. Aberrant EGFR activation has been established in lung cancer, breast cancer,
pancreatic cancer, colorectal cancer and head and neck cancer [485-489]. Targeted EGFR
therapy for the treatment of non-small cell lung cancer with the use of erlotinib and
gefitinib; metastatic colorectal cancer with the use of the monoclonal antibody cetuximab;
squamous cell carcinoma of the head and neck with the use of cetuximab; advanced
pancreatic cancer with the use of erlotinib; and breast cancer with the dual EGFR and ErbB2

inhibitor lapatinib [490-494].

EGFR is one of the most well studied proteins in glioblastoma; a search on Scopus with the
key terms ‘EGFR’ and ‘glioblastoma’ generates over 30,000 results, over 19,000 of them

being research articles. This is perhaps largely due to reports that in glioblastoma EGFR

[70]



amplification is the most common amplified gene with amplification rates of ~32-40% and

over-expression rates of ~60% [12, 56, 495, 496].

1.12.4.1 EGFR alteration initiates gliomagenesis

It can be reasoned that common alterations found across all fragments from a single tumour
are early-event aberrations. This is premised upon the tumour mass being initiated by a
unified source of tumour-initiating population. In contrast, aberrations present in a subset
of tumour cells can be inferred to have arisen during late-event tumourigenesis. It follows
that early-event aberrations are key drivers for tumour initiation and replicating an event
would yield gliomagenesis more strikingly at least compared to models lacking such
aberration. Use of this model allows us to better explain and understand the glioblastoma
initiation. EGFR has been linked with the initiation and maintenance of glioblastoma with
studies using glioma stem cells validating this model and a number of studies provide

supporting evidence for the claim.

EGFR-positive glioblastoma stem cells derived from human glioblastoma samples initiated
enhanced tumourigenicity compared to EGFR-negative glioblastoma stem cells when
injected into mice models [497]. Furthermore, tumours isolated from EGFR-high or EGFR-
low expressing glioblastoma mice models were larger compared to EGFR-negative and
previously EGFR-negative cells that were injected into mice showed EGFR expression after
resection. EGFR-negative glioblastoma stem cells require to up-regulated EGFR expression
to regain tumourogenic capacity. [497]. Also, when glioblastoma mice models were
generated with orthotopic xenograft tumours the EGFR-amplified glioblastoma samples that
were cultured and then injected developed highly tumourogenic tumours but EGFR non-

amplified cells did not form tumours or were initiated slower [498].

Glioblastoma surgery that is fluorescence-guided with 5-aminolevulinic acid allows for
identification and sampling by reducing the likelihood of normal and necrotic tissue
contaminating the sample [499]. This allowed Sottoriva et al. to source glioblastoma from 11
patients and observe intra-tumoural heterogeneity, in addition to the already known inter-
tumoural heterogeneity. Patient-to-patient tumour samples vary so that a proportion
contained MET amplification whereas others did not present such RTK aberrations but

instead presented PDGFR-a or AKT or PIK3CA (which codes for the PI3K) amplification.
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Furthermore, analysis on different fragments derived from the same original sample can
also have variance; for example, PDGFR-a, MET and MDM4 amplification, in addition to
PTEN, TP53 and RB1 deletion, are not homogeneous across the same tumour. [500]. Of
note EGFR alterations, in particular gene amplification, were found to be an early-event
glioblastoma driver — perhaps due to chromosome 7 alterations — and this conclusion was
reached because all tumour fragments contained the aberration; commonality of the lesion
is therefore indication of early-event gliomagenesis [500]. Along with EGFR alteration, MET
and PTEN alteration was also identified as an early-event in glioblastoma while PDGFR-a
alterations are thought to be mid-phase events. This is consistent with genomic analysis
revealing that the only RTK lesion in 50% of all pGBM is EGFR alteration while only 7% of

cases show that altered EGFR co-exists with other RTK alterations [501].

Further evidence shows that the common EGFR amplification occurs before the gain of the
EGFRvIIl mutation [502, 503]. Sorting EGFRvllI-containing samples showed heterogeneous
expression of the mutation; at most 50% of the cells derived from EGFRvIII cell lines were
EGFRuvlll-positive. After culturing both EGFRvIII-positive and EGFRvlll-negative cells it was
observed that the EGFRvlll-positive population re-instated EGFRvlll heterogeneity but
cultured EGFRvlll-negative cells did not give rise to EGFRvlll-positive cells [503].
Interestingly, EGFRvllI-positive cells generated higher number of spheres and had a higher
capacity for sphere-initiation. Other studies have also associated EGFRvIII expression with
glioblastoma stem cells with reports of co-expression of CD133 along with EGFRvIIl and

disruption of the signalling of both inhibited tumourigenesis [503].

This suggests that EGFR expression to be linked with gliomagenesis and glioma initiation is
dependent upon EGFR. If the neural stem cell model for the origin of glioblastoma is correct,
therapy can be better targeted towards stem cells with tumourogenic potential without
targeting non-cancerous tissue; indeed non-cancerous tissue also express stem cell markers

such as CD133 but lack EGFR aberration [504, 505].

1.12.5 EGFRVIII

EGFRvIIl mutations are frequent in glioblastoma; 20-30% of total patients and approximately
60% of EGFR-amplified cases carry the mutation. [293]. Other mutations are observed in the

extracellular domain — such as point mutations G598V, A289V and T263P — that lead to
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constitutive activity of EGFR but at lesser total frequencies at approximately 13.5%. [506].
The EGFRvIIl mutation is the result of deletions of exons 2-7 (801 coding bases) leading to
the deletions of the extracellular domain between amino acids 6-273 and glycine residue
insertion between amino acids 5-274 [507]. This rearrangement results in a truncated

receptor and its active conformation requires no ligand binding.

Some have argued that EGFRvIII signalling intensity relative to wild-type EGFR is debateable
though increasing data shows that EGFRvIIl signalling is significantly lower and
approximately 10-20% of wild-type EGFR activity [293, 505, 508]. The weakness in signalling
intensity is thought to reduce EGFRvIII internalisation and degradation and another source

for its persistent signalling [508].

Given that the wild-type EGFR mediates dimerisation via the domain 2 of the extracellular
domain whether EGFRvIII is capable of forming dimers or if it exists as activated monomer
requires explanation. Earlier studies found no evidence of EGFRvlll dimerisation and
concluded that such mechanism is not required for its signalling[509]. EGFRvIIl co-
precipitates with the wild-type EGFR suggesting that EGFRvIII forms heterodimers with the
EGFR and, interestingly, the phosphorylation of wild-type EGFR that forms heterodimer with
EGFRvIII is ligand independent [510] . Therefore, it can be thought that EGFRvIII trans-
phosphorylates the wild-type EGFR. More recent data confirms that EGFRvIIl dimerises. The
truncated EGFRvIII has an unpaired cysteine residue at C307 in the extracellular domain and
introducing a EGFRVIII carrying a mutation in this position disrupts the dimer forming ability
reducing the phosphorylation activity of the mutated-cysteine-EGFRvlII [511, 512]. However,
the observation of minimal EGFRvIII activation in the mutated variant indicates that EGFRuvlII
activity may persist in a monomer albeit in a vastly reduced manner [512]. Kancha and
colleagues clearly replicated the previous studies showing EGFRvIll dimerisation.
Significantly, they also reported that EGFRvIIl auto-phosphorylation cannot as a monomer
and activation requires asymmetric dimers being formed similar to wild-type EGFR. Indeed,
introducing mutations in N-and C-terminal lobes of intracellular domain inhibited EGFRuvIII
signalling; ErbB3 was found to be a possible dimer partner for EGFRvIII signalling [513].
Taken together, it is clear that EGFRvIIlI forms dimer to convey signalling however the exact
mechanical process and a detailed exposition on the dependency upon homo- or hetero-

dimerisation for EGFRvIII activation is a matter of further research.
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1.12.6 EGFR expression in tumour growth in in vivo models

A discussion on the down-stream signalling of EGFR will follow shortly but it suffices to note
at this moment in our discussion that both EGFR and EGFRvIII expression has repeatedly
been implicated in glioblastoma cell growth, proliferation, anti-apoptosis and migration via
the PI3K-AKT, STAT3 and ERK signalling pathways [510, 514-522]. This correlation between
EGFR and related down-stream signalling molecule activation has been also noted in tissue
samples derived from glioblastoma patients and AKT and ERK pathway activation is more
intense than found in anaplastic astrocytomas [523]. Stimulation of EGFR forms more
aggressive tumours in glioblastoma murine xenograft models. Fan and colleagues showed
that subcutaneous xenograft mice models bearing EGFR-expressing glioblastomas grew
more aggressive tumours than the control; however, EGFR-EGFRvIII bearing mice carried the
largest tumour burden 6 weeks post-injection[522]. In mice carrying intracranial EGFRvIII
glioma xenografts anti-EGFR therapy via the monoclonal antibody mAB806 presented
reduced tumour growth and angiogenesis in addition to increased apoptosis and survival
time; the inhibitory effect of mAB806 is due to disrupting EGFR/EGFRvVIII phosphorylation
and not the degradation not the receptor [524]. Inhibition of EGFR via miR-34a and injecting

glioblastoma cells in immune-deficient mice increased the tumour doubling time [525].

The above evidence collectively provided the rationale for designing a therapeutic regimen
based on anti-EGFR. Until now a variety of treatment combinations of EGFR therapy and
anti-EGFR agent have been trialled with underwhelming results. Out of 49 patients treated
with EGFR inhibition only 9 patients had 25% reduction in tumour [526]. Comparison
between responders and non-responders showed that 50% of patients with EGFRvIII lack a
response [526]. Interestingly, clinical trials have shown that EGFR status does not predict
the response to anti-EGFR based therapy [527, 528]. A possible reason for this is the lack of
efficacy of EGFR inhibitors against EGFR activity in (recurrent) malignant glioma [529]. The
majority of the clinical trials using erlotinib as part of or the sole agent in the therapeutic
regimen consisted of recurrent glioblastoma patients. From these trials the best median
survival time was 10.5 months and 6-month progression free survival was only 28%. The
slightly improved results compared to other trials may be due to patient selection bias
because the selected patients were previously heavily treated and enrolled after 2" or 3™

progression in addition to the small sample size — this total number of 25 recurrent patients
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makes this trial one the smallest in the literature [530]. In the trials the recruited newly
diagnosed glioblastoma patients the best median survival time was 19.8 months (vs. 18

months in the historic control) which was an insignificant result [531].
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Table 1-4: Previous glioblastoma clinical trials with EGFR inhibitors

AGENT Patients MST (months) COMMENT 1 COMMENT 2 COMMENT 3 REFERENCE
ERL, RT,TMZ 97 pGBM 15.3 EGFR, EGFRvIIl and No significant difference between 150mg ERL initially followed by 60Gy RT [527]

PTEN not predictive.  historic controls plus 75mg/m* TMZ plus ERL NCT00039494

Significant toxicity.
Vorinostat + 21 rGBM Terminated due to NCT01110876
ERL+ TMZ toxicity
ERL only 48 rGBM 9.7 EGFR amp survival = 3/48 showed partial response 150mg — 300mg erlotinib until failure [532]

8.6 months 6-PFS = 20% NCT00337883

EGFR non-amp

survival =10.6

months
Phase llERL+ 56rGBM 5.7 6-PFS = 14% 5% partial response 150mg once ERL [533]
sorafenib PFS = 2.5 months 45% progressive disease 400mg twice S until failure NCT00445588
RT,TMZ,ERL, 59 pGBM 19.8vs. 18 Median PFS = 13.5 60Gy RT + TMZ 75mg/m2/d + ERL 150- NCT00525525
BvVZ (control) months vs. 8.6 200mg/day + BVZ 10mg/kg [531]

months

Adjuvant TMZ 200mg/m2/d + ERL + BVZ
Sorafenib, 18 rGBM 6-PFS = 0% [534] NABTC-
T™MS 05-02
ERL + RT + 65 19.3 vs. 14.1 HC Correlation between PFS = 8.2 months VS 4.9 months (HC)  EGFR status not predictive [528]
T™Z patients MGMT and survival MGMT methylated MST = 25.5M NCT00187486
vs 128 MGMT positive MST = 14.6M
HC

ERL,RT,TMZ 27 pGBM 8.6 Median PFS=2.8 “unacceptable toxicity” [535]

months NCT00274833
Phase | 47 rMG No response 1/47 patients progression free at 6 [536]
dasatinib + months NCT00609999
ERL
RT, TMZ,ERL, 48 pGBM 13.2 Only unmethylated Median PFS = 9.2 months RT + TMZ followed by ERL and BVZ [537]
BVZ patients selected NCT00720356
ERL PLUS 32rGBM  8.45 6-PFS =3.1% [538]
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SIROLIMUS PFS = 6.9 weeks NCT00672243
ERL, BVZ 25rGBM  10.5 6-PFS = 28% 48% showed radio-graphical [530]
response but not associated with OS.
NCT00671970

ERL OR TMZ 110 6-PFS: 54 patients in ERLarm EGFRVIII mutant in ERL arm had worse NCT00086879
OR rGBM ERL=11.4% 29 patients in carmustine arm survival [539]
CARMUSTINE TMZ/CARMUSTINE = 27 patients in TMZ arm High AKT in ERL arm worse survival

24% compared to low AKT
ERL + TMS 42 rGBM 6-PFS =13% NO RESPONSE EGFR STATUS NOT PREDICTIVE NCT00112736

MEDIAN PFS =2 High ERK signalling associated with low PFS [540]

months
GEF 28 rHGG 6.15 6-PFS =14.3% EGFR status not predictive [541]

16 rGBM PFS = 8.4 weeks

RT, GEF 96 pGBM 12 1-year survival: Non-significant survival difference EGFR status not predictive [542]

54.2%
GEF 53rGBM 9.85 6-PFS = 13% Median PFS = 8.1 weeks 1-year survival = 35.6% [543]
ERL + 38 rGBM 7.2 (cediranib+  Median PFS =3.6 8/19 had partial response in Recurrent patients previously treated with [544]
cediranib vs. erlotinib) vs. months (cediranib + cediranib plus ERL arm RT and TMZ
cediranib 5.5 (cediranib ERL) vs. 2.8 months
only only) (cediranib only)

ERL = Erlotinib; GEF = Gefitinib; BVZ = Bevacizumab; GBM = Glioblastoma; rGBM = recurrent Glioblastoma; rMG = recurrent malignant glioma; pGBM =

primary Glioblastoma; HGG = High grade glioma; HC = Historic control; MST = Median survival time; amp = amplification; PFS = progression free survival; 6-

PFS = 6-month PFS; OS =Overall survival.
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1.13 MET (also known as c-MET)

1.13.1 The structure of MET and its ligand

The cellular N-methyl-N’- nitroso-guanidine human osteosarcoma transforming gene,
hereafter called MET, and named as such because it was first isolated using an
osteosarcoma cell line (MET can also be referred to as c-MET and hepatocyte growth factor
receptor (HGFR)) is a member of RTK Class 8 shared by two other members called RON and
SEA [545, 546]. The 120kb MET gene is located on chromosome 7g21-931 and expressed by
epithelial cells of organs ranging from the liver to the pancreas and the prostate to the

kidneys [547].

The initial MET transcript, spanning approximately 150kb, is glycosylated producing a 170kb
precursor protein which is cleaved into a 140kDa beta-chain and a 50kDa alpha-chain [548].
These two chains exist as a hetero-dimer connected via a disulfide bond [548]. The alpha-
chain is completely extracellular while the beta-chain spans the extracellular region, the
transmembrane region and the intracellular domain [548]. The alpha-chain is completely
composed of, and the beta-chain is partially composed of, a 500 residue semaphorin
domain containing a cysteine-rich region [549]. The semaphorin domain in the beta-chain is
followed by a 50 residue plexin-semaphorin-integrin domain, four immunoglobulin-plexin-
transcription domains and the transmembrane region [549]. Finally, the intracellular
tyrosine kinase domain is flanked by the juxtamembrane region, containing the tyrosine
Y1003 which negatively regulates MET by attracting the ubiquitin ligase casitase B-lineage
lymphoma, and carboxy-terminal sequences. This domain contains the catalytic tyrosines
Y1230, Y1234 and Y1235 and the carboxy-terminal sequences contain the tyrosines Y1349
and Y1356 which recruits signal transducers post-MET activation. The sum of the functional

domains total 1408 amino acid residues [549].

HGF, also known as scatter factor, is expressed by a 70kb gene located on chromosome
7921.1 and the ligand that binds MET and secreted by mesenchymal and stromal cells [550].
This ligand is secreted as a single chain, inert precursor before protease-dependent cleavage
produces an active HGF composed of alpha- and beta-chain linked with a disulphide bond
[550]. The HGF alpha-chain is formed by a hairpin loop and four ‘kringle’ domains consisting

of 80 amino acids each and connected with disulphide bonds [550].
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The HGF-bound MET receptor results in homodimerisation and auto-phosphorylation of the
tyrosine residues in the catalytic sites followed by phosphorylation of tyrosine residues in
the carboxy-terminal sequences resulting in a docking site for SH2-containing signalling
molecules such as growth factor receptor protein 2 (GRB2), SHC, CT10 oncogene homolog,
phospholipase Cy, Src and PI3K — all bind to the phosphorylated tyrosine residues Y1349 and
Y1356, though PI3K additionally binds to phosphorylated Y1313 also found in the carboxy-
terminal sequences [551] [552]. GRB2-associated binding protein 1 (GAB1) can directly bind
to, or indirectly through GRB2, and be phosphorylated by MET and acts as a recruiter for
downstream effectors, a unique mechanism of MET signalling [553]. Downstream signalling
pathways, such as the PI3K-AKT, MAPK, STAT3 and Wnt/beta-catenin pathways, are
subsequently activated [554, 555].

1.13.2 The physiological role of MET

MET signalling is essential for hepatocyte survival, regeneration and proliferation [556].
Furthermore, HGF or MET embryonic gene knockout, causing disruption in myogenic
precursor cell migration, is lethal in mice [557, 558]. In addition to embryonic cell growth
and migration, the wound healing process is dependent upon MET signalling and cultured
keratinocytes with mutated MET show suppressed closure compared to functional MET-
containing keratinocytes [559]. Deficiency in the phophotyrosines residues located on the

carboxyterminal region also leads onto embryonic lethality and limb muscle defects [560].

Aberrant MET activity, due to mutations altering the kinase domain, over-expression and
gene amplification for example, has been found to occur in most solid tumour and
haematological malignancies such as non-small cell lung cancer [555, 561, 562]. Oncogenic
MET activation contributes to cell migration, proliferation, angiogenesis, invasion, anti-

apoptosis and epithelial-to-mesenchymal transition [550, 554, 563].

1.13.3 Role of MET in glioblastoma

In glioblastoma, MET alteration is generally considered the third-most RTK aberration after
EGFR and PDGFR. MET amplification is associated with higher grade gliomas, especially
glioblastoma, and reportedly non-existent in lower grades while MET expression correlates
with glioma grade [564] [565]. The amplification rate has been reported by Verhaak et al. in

an analysis consisting of 500 samples to be 1.6%, %4 in an earlier TCGA analysis consisting of
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206 glioblastomas and 5.1% in a 2015 study consisting of 137 glioblastomas — much lower
than the EGFR or PDGFR amplification rates [38, 361, 564]. However, MET over-expression is
relatively more common. Kwak et al. looking at 137 glioblastoma cases reported an over-
expression rate of 13.1%; Kong et al. reported it in as much as 29% of a 62 patient cohort; a
2011 study analysing TCGA data from 202 patients repeated similar results showing over-
expression of both HGF and MET to be found in 31.2% of cases; another 2011 study
reported an over-expression rate of approximately 36%, though with a small cohort of 19
patients; Olmez et al. noted that, in a cohort of 68 patients, 27% showed no MET expression
and 45% presented tumours in which at least 30% of cells carried MET expression [564, 566-

568] [569].

1.13.4 MET in in vivo models of GBM

As described previously in our discussion glioblastoma stem cells are thought to be the
drivers of tumour progression. Recent studies, almost entirely published in this decade,
have connected MET signalling with glioblastoma stem cell maintenance. Perhaps the
earliest study first demonstrated, in 2011, that glioblastoma neurospheres enriched for
stem cells had higher MET activation and HGF stimulation leads to greater neurosphere
formation[570]. In particular, MET activation was associated with the CD133-, Sox2- and
Nestin-positive subpopulation and HGF-induced neurosphere formation was dependent on
Nanog expression — later confirmed by another study showing in vitro models to have a
subpopulation of CD133- and Sox2-positive, and MET expression independent of AKT
activation [570, 571]. The signalling mechanism for MET-mediated glioblastoma stemness
can possibly be due to MET-Wnt-CD133 axis as postulated by Kim et al [572]. Although MET
expression correlated with tumour xenograft tumour formation, this efficiency was found to
be independent of CD133-expression suggesting that MET signalling is upstream of CD133-
induced stemness and the existence of CD133-independent GSC-related pathways [571].
Moreover, HGF stimulation of MET-positive neurosphere populations — indeed, consistently
leading to co-expression of CD133, Nanog, Sox2 and Nestin - furthered the invasive,
proliferative and migratory capacity in vitro [573]. In contradiction to Joo et al. in 2012,
Tasaki and colleagues observed, in a more recent study in 2016, that human GSC-derived
intracranial xenograft models formed tumour independent of MET expression which

potentially questions previous conclusions of MET-initiated gliomagenesis; Jun et al in 2014,
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for example, only saw tumour development after injection of 100 MET-positive GCSs and

not 100 MET-negative GSCs [574, 575].

MET expression has been consistently associated with poor survival. A 2009 study first
showed that the MET over-expression group had the lower median survival time of 11.7
months compared to 14.3 months in the low-expressing group [566]. Liu et al. reported the
higher MET expression associated with worse progression-free survival and tumour
recurrence [568]. This observation was repeated in two separate studies, in 2012 and 2014,
which, in addition to also reporting a worse progression-free survival, noted that overall
survival was significantly lower in MET-high glioblastoma patients — the former contained an
undefined number MET-positive and MET-negative patients and the latter study consisted
of 31 and 38 positive and negative MET patients, respectively [569, 571]. A recent 2016
study with a larger cohort, though with only 9 out 95 patients being MET-positive, validated
association with worse overall survival [574]. Assumingly, the largest clinical evaluation
hitherto, consisting of 186 glioblastoma patients — divided into a high-low ratio of 60:40 -
concluded that high MET expression associated with poor overall survival in patients that
survived for more than 8.5 months though the median survival time was not reported
clearly[565]. In contradiction to these studies, Kwak et al in 2015, after observing no link
between MET amplification and survival was able to conclude that MET over-expressing
patients survived longer than low-expressing patients — consisting of 18 and 119 patients,
respectively — though survival was atypically high at 35.7 months in the former group and 24

months in the latter group [564].

MET inhibition and knockdown — either through siRNA, tyrosine kinase inhibitors such as
crizotinib, PTEN restoration, monoclonal antibodies - decreases in vitro glioblastoma
proliferation, induces cell cycle arrest and clonogenicity [575-578]. In contradiction,
inhibition of MET using SU11274, which targets the ATP-binding site of MET, was found to

not decrease cell viability of EGFR-inhibition-resistant cells [579-581].

Intravenous delivery of si-MET reduced MET expression and tumour growth in glioblastoma
xenograft mice models [571]. Furthermore, in vivo treatment with microRNA, monoclonal

antibodies L2G7 or OA-5D5 and the tyrosine kinase inhibitors crizotinib or altiratinib

(81]



significantly reduced mice glioblastoma burden and may improve mice survival [577, 578,

581-585].

Nonetheless, despite promising pre-clinical data, phase Il studies with the MET and multiple
tyrosine kinase inhibitor cabozantinib failed to culminate into efficacy in recurrent
glioblastoma patients both naive to or pre-treated with anti-angiogenic therapy [586, 587].
Furthermore, two phase Il studies with the HGF monoclonal antiobody rilotumumab — also
known as AMG 102 - also did not sufficiently produce positive responses or increase survival
in recurrent patients either pre-treated with Bevacizumab or in combination with
Bevacizumab [588, 589]. A 2017 phase Il study treated recurrent glioblastoma patients with
the HGF monoclonal antibody onartuzumab in combination with Bevacizumab but observed
no survival benefit compared to Bevacizumab alone [590]. Of note, a common occurrence in
these studies is adverse reactions to therapy potentially limiting the dosage to be
administered. Taken together MET inhibition in the glioblastoma has failed hitherto and
further studies are required with other MET inhibitors that can be safely administered in

high doses.
1.14 RTK-driven signalling pathways

1.14.1 The STAT3 pathway

Signal transducer and activator of transcription (STAT) proteins belong to a family of
signalling protein transcription factors that map downstream of ligand induced receptor
signalling including EGFR, PDGFR, MET and interleukins [591]. Upon phosphorylation of its
tyrosine residue, the phosphorylated tyrosine residue STAT of a monomer interacts with the
SH2 domain of another monomer leading to an active dimer. From there, the active STAT
dimer translocates into the nucleus, recognizing specific DNA sequences to activate gene
transcription [592]. The STAT family all approximately 750-850 amino acids in size,
comprises of seven members including: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and
STAT6. Members of the STAT family are known to be associated with tumourogenic
processes, such as cell cycle progression, proliferation, apoptosis regulation and invasion

[591].
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Due to it being stimulated by oncogenic ligand-induced signalling and association with
several signalling tumourogenic pathways, one particular member of the STAT family, the
STAT3, is a heavily studied protein that is a well established oncogene. The cytoplasmic
latent STAT3 is demonstrated to be phosphorylated upon stimulation EGF, HGF, PDGF and
other ligands, including cytokines such as IL-6 [395]. As touched upon previously,
ligand:receptor binding initiates a signalling cascade. Commonly, the phosphorylation of
STAT3 is induced by ligand:receptor binding followed by receptor dimerisation, and
recruitment and phosphorylation of tyrosine kinases (of which the most commonly studied
are JAKs), leading to STAT3 recruitment to the activating tyrosine kinase via SH2 domain
interaction and STAT3 phosphorylation [593]. Activated STAT3s typically form homo-dimers
- hetero-dimers with STAT1 are also possible - before translocation to nucleus to regulate
transcription of genes, typically oncogenes in the context of cancer. Non-phosphorylated
STAT proteins can also form dimers and induce transcription, possibly via interaction with

other transcription factors [395, 593].

Due to the large size of the STAT dimer, nuclear translocation requires support from
subunits, such as importin-a5, to interact with specific amino acid residues found on the
STAT molecule. The defining role of STATSs is gene transcription mediated via its DNA binding
domain. Each STAT protein regulates transcription differently owing to its DNA binding
domain and ability to recruit specific transcription co-activators — the STAT3 DNA binding
domain is situated at the centre of the STAT3 molecule and spans from amino acid residue
319 to 573 [591]. Upon entering the nucleus, STAT proteins are prone to de-phosphorylation
by phosphatases, such SH2-containing phosphatase 1 or 2, which lead to nuclear export to
the cytoplasm. Therefore, given that STAT binding to DNA is reversible, it is possible that a
constitutively activated STAT protein remains nuclear to increase gene transcription [591].
Other mechanisms of nuclear STAT3 negative regulation are dysfunctional DNA binding
proteins occupying DNA sequences or interacting with functional STATs, in addition to

transcription and expression of suppressors of cytokine signalling (SOCS).

Given that in glioblastoma upstream signalling molecules, such as RTKs, are commonly up-
regulated and genetically altered, the consequent constitutive STAT3 activity is capable of
driving the progression and increasing the aggressiveness of glioblastoma Indeed, the

activation of STAT3 via EGFR and MET signalling is well established in glioblastoma [570,
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594, 595]. The majority of studies evaluating STAT3 activity using clinical glioblastoma
specimens report positivity level of greater than 50% [596]. In contrast, Wang et al. reported
STAT3 activation to be only present in 8.6% in a cohort consisting of 70 patients [597]. This
contrary observation may be due to differences in the controls used since Wang’s control
were normal brain samples derived from surgical resections of glioblastoma STAT3. Another
proposition for the dissimilarities between the reports may be due to the more diluted
pSTAT3 antibody used by Wang. Nonetheless, STAT3 activation along with its key signalling
driver IL-6 appears to have increased activity in glioblastoma as assessed with clinical

samples.

STAT3 activity has increasingly been associated with resistance to radiotherapy or TMZ.
Ashizawa et al. developed a TMZ-resistant U87 cell line by incrementally exposing the
parental population with up to 150uM TMZ and maintained at 100uM TMZ after 20
passages [598]. The TMZ-resistant U87 cell line was sensitive (measured by apoptosis and
proliferation assays) to the STAT3 inhibitor STX-0119 in both in vitro and in vivo, which
disrupts STAT3 dimer formation [598]. Lee and colleagues generated TMZ-resistant U251
and U373 cell lines with incremental TMZ doses over a span of 2 months, the TMZ doses
reaching up to 800uM TMZ [599]. This group demonstrated that the TMZ resistance
displayed by these variants was MGMT-independent and TMZ resistance was reversed with
STAT3 inhibition using siRNA [599]. Interestingly, along with increased STAT3 protein
expression and phosphorylation of STAT3 at Tyr705 residue and Ser727 residue was found
to be decreased and increased, respectively, in both resistant cell lines compared to the
parental cell lines[599]. Recently, it was shown that RRAD, a Ras-related GTPase, is highly
up-regulated in glioblastoma patients and linked to a worse prognosis [600]. Western blot
analysis demonstrated that RRAD transfection in LN229 increased EGFR and STAT3 (Y705)
activity[600]. Furthermore, up-regulation of RRAD increased EGFR nuclear translocation and
resistance to TMZ in LN229 cells [600]. Similarly, U87 TMZ resistant cells was established by
exposing U87 cells to a “low dose (undefined by these authors) of temozolomide in culture
media for 3 weeks” [237]. The U87 TMZ-resistant cell line had increased STAT3 protein and
gene expression, along with MGMT,IL-2, IL-6 and IL-10 protein expression [237].
Interestingly, inhibition of STAT3 with STAT3 inhibitor VI decreased MGMT expression,
suggesting that STAT3 increases MGMT transcription [237].
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Han et al. in 2016 used Cpd188 to inhibit STAT3 Y705 phosphorylation and SH2-mediated
binding [394]. They claimed, using cell line U251 had high pSTAT3 levels compared to U87,
and was more sensitive to treatment with radiotherapy combined with TMZ and Cpd188
than U87, though comparative statistical analysis was not performed or shown [394]. STAT3
inhibition combined with radiotherapy and TMZ treatment using U251 cells also led to
increased E-cadherin expression and down-regulated VEGF, MMP-2 and EphA2, thereby
decreasing migration, invasion and EMT markers [394]. In vivo analysis using U251
intracranial mice models showed that a combined STAT3, TMZ and radiotherapy regimen
led to an 83-fold decrease in tumour burden; but this combination significantly increased

mice survival compared to control and radiotherapy alone, and radiotherapy plus TMZ[394].

1.14.2 The AKT pathway

AKT is a serine/threonine kinase implicated in cancer and part of the PI3K-mTOR
tumourogenic signalling pathway. The PI3K (also known as class 1 phosphatidylinositol 3-
kinase) is a lipid kinase downstream of RTKs and activated by RTK-induced phosphorylation
of scaffolding proteins that go on to bind and activate the PI3K molecule [601]. This leads to
generation of PIP3 via PI3K-induced phosphorylation of phosphatidylinositol-3,4,5-
triphosphate (also known as PIP2), a process that can be inhibited and reverted by the
tumour suppressor phosphatase and tensin homolog (PTEN) [602]. Subsequently, AKT and
PDK1 bind to the PIP3 molecule allowing for PDK1-induced phosphorylation of AKT at the
activator loop region of threonine 308[601]. AKT then phosphorylates TSC2, part of a TSC1-
TSC2 binding complex, thereby inhibiting the GTPase activating function of TSC2 and
alleviating Rheb-GTP to phosphorylate mTORC1, and leading to activation of the
downstream 4E-BP1 and S6 kinases [601].

AKT is also known as protein kinase B (or PKB) and include three isoforms named AKT1,
AKT2 and AKT3 [602]. Structurally similar to protein kinase A/G/C family of kinases, AKT
consists of an amino terminal pleckstrin homology domain important for plasma membrane
translocation and PIP3 binding, a central kinase domain and carboxyl terminal domain which
includes the hydrophobic motif that contains residues prone to phosphorylation - a
requirement for the full activation and carried out by mTORC2, auto-phosphorylation or
other kinases [602]. It must be noted that although AKT signalling can be activated via EGF,

PDGF and HGF ligand stimulation via PI3K, it is possible for PI3K-independent signalling
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mechanisms to initiate AKT activity. Non-receptor tyrosine kinases such as Ackl, Src and
PTK6 are able to stimulate AKT activity by recruiting AKT to the plasma membrane and

phosphorylating AKT in RTK-dependent or independent manners [603].

Cell proliferation, migration, invasion and anti-apoptosis, in addition to a number of other
pro-tumourgenic processes such as protein synthesis and metabolism, have all been
implicated in AKT signalling in glioblastoma [604, 605]. This is expected give that PTEN
mutations are common in glioblastoma, with up to 40% of all glioblastoma cases thought to
carry PTEN alterations [64, 361]. Furthermore, epigenetic mechanisms and up-regulated
upstream signalling are possible factors that can contribute to increased AKT activation in

glioblastoma.

Inhibition of AKT has been commonly proposed as a strategy to sensitise glioblastoma cells
to radiotherapy or TMZ. Combining si-Src, upstream of AKT, or si-AKT with TMZ
administration produces greater cytotoxicity in pre-clinical experiments as well as
suppression of tumour growth in LN229 and U87 subcutaneous xenograft mice models
[606]. U87 cells with a retroviral construct containing AKT displayed resistance to TMZ-
induced cell cycle arrest via down-regulation of the DNA damage induced Chk2, in a PTEN-
independent manner [607]. Furthermore, TMZ-induced senescence, measured by beta-
galactosidase activity, was decreased and colony formation capacity was increased by
inducible AKT expression [607]. Also, inhibiting the PI3K pathway radiosensitises
glioblastoma cell lines, such as U251 [608]. PI3K/AKT inhibitors in clinical trials are limited
for glioblastoma, though phase Il clinical trials with mTOR inhibitors, such as frontline
therapy with everolimus in combination with radiotherapy and TMZ or sirolimus combined
with erlotinib in recurrent patients, have yielded no favourable outcomes [538, 609, 610].
These unfavourable outcomes were reported despite pre-clinical mice models showing
strong potential for success in targeting the PI3K/mTOR pathway combined with TMZ
administration [611, 612].

1.14.3 The ERK pathway
The last major downstream signalling pathway that we shall discuss in this section is the
Ras-Raf-MEK-ERK pathway (hereby referred to as the ERK pathway). Ras, a GTP-binding

protein can initiate the ERK pathway, along with the PI3K-AKT pathway, upon activation of
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RTKs, including EGFR, MET and PDGFR, and recruitment by scaffolding proteins [613-615].
Subsequently, Raf is activated by translocating to the plasma membrane, allowing for the
phosphorylation of MEK, a type of Mitogen-activated protein kinase (MAPK) kinase [616].
Finally, ERK, a type of serine/threonine kinase called MAPK, is phosphorylated by MEK. The
PERK translocates to the nucleus to stimulate nuclear transcription factors, including STAT3,

to promote the progress of cell cycle and inhibit apoptosis [616].

MAPK signalling pathways can be divided into four: ERK, JNK, ERK5 and p38 MAPK. ERK, also
known as extracellular signal-regulated kinase 1 and 2, is encoded by the genes ERK1
(known as MAPK3 and a 44kd protein product) and ERK2 (known as MAPK1 and a 42kd
protein product); both of which are structurally and functionally similar [617]. MEK-induced
phosphorylation of ERK leaves a phosphorylated threonine and tyrosine residue at its

activation loop [617].

Relative to the significance of STAT3 and AKT signalling, the reports on the role of ERK in
TMZ- and radiotherapy-treated glioblastoma is limited. Nonetheless, from the reports that
exist, contradictory positions are present regarding the role of ERK in response to therapy. It
has been shown to regulate MGMT expression with ERK knockdown decreasing MGMT
levels and sensitizing glioblastoma cells to TMZ [232]. In contrast, ERK pathway inhibition
with U0126 did not increase sensitivity of primary glioblastoma cell lines to TMZ, in contrast
to PI3K-AKT inhibition with LY294002 [618]. Stepanenko et al. generated long-term TMZ-
treated U251 cell lines by exposing the cells to 25uM TMZ twice in a week, 50uM TMZ twice
in a week and then 100uM TMZ twice per week for either 5 weeks, to generate one U251
variant, or 10 weeks, to generate another U251 variant. Interestingly, the two U251 variants
differed in pERK protein levels with the shorter-term treated variant displaying higher pERK
levels [619]. This tension between ERK as pro-tumourogenic and ERK as a tumour
suppressor is also echoed in other cancers in general [620]. Therefore, further research is
required to better characterize the role of ERK in radiotherapy- and TMZ-resistance in

glioblastoma.
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Figure 1-6: RTK downstream signalling pathways (schematic adapted from [601, 621, 622]).
Once activated, RTKs initiate signalling cascades that lead to one or several cellular
processes, such as cell growth, proliferation, migration and invasion. Three common
downstream pathways include the STAT3 pathway which involves STAT3 dimer forming and
translocating to the nucleus to initiate transcription of target genes; the PI3K-AKT pathway
leading to mTOR activation; and the ERK pathway. In the cancer context these pathways

have been shown to activate tumourogenic cell mechanisms.
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1.15 The controversy over the role of autophagy

1.15.1 Introducing autophagy

Autophagy, derived from Greek and loosely translates to ‘self eating’, refers to a cellular
recycling process that ends with lysosome-mediated degradation of proteins and other
constituents of the cell allowing for the re-use of the products for ATP production, protein
synthesis and other vital cell processes [623]. There are three types of autophagy:
macroautophagy, chaperone-mediated autophagy and macroautophagy [623]. For the
purposes of this present study, only macroautophagy, the major and common type of
autophagy, will be referred to as autophagy. To briefly summarise, autophagy is initiated by
the formation of an isolation membrane which elongates until the two ends of the
membrane fuse to form the double-membrane autophagosome. In the process of
membrane ends fusing cytoplasmic material is trapped within the autophagosome. Finally,
the autophagosome fuses with a lysosome to form an autolysosome that degrades the
contents within the autophagosome [623]. Autophagy is now well accepted as crucial
mediators of a wide range of homeostasis mechanisms such as the ageing process;
starvation adaptation; regulators of cell death; removal of long-lived or damaged organelles
and proteins; removal of intracellular pathogens via xenophagy; and alleviation of oxidative
stress [624]. As we shall see, autophagy has become an important, but controversial, focus

in cancer research and its exact role in glioblastoma remains to be further studied.

There remain extensive gaps in the knowledge detailing autophagosome formation. The
mechanism leading up to the initiation and source of the membrane that forms the
phagophore and the fusion process forming the autophagosome is unknown. Nonetheless, a
general, yet incomplete, overview can be described. Given that autophagosome formation
has been consistently observed near the endoplasmic reticulum, a common position found
in the literature is that the source of the initial membrane is a structure associated with the
endoplasmic reticulum called the omegasome [623, 625]. Much of the advances in
autophagy research have been propelled by the discovery and characterization of
autophagy related genes (ATGs) using yeast and, as we shall see, these genes are highly

conserved in mammals and involved across the autophagy process [626].
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Regardless of the origin of the initial phagophore membrane, the site at which elongation
takes place is called the phagophore assembly site (PAS) in which ATG proteins involved
phagophore formation and elongation are found. Two complexes are crucial for
autophagosome formation: the ULK1 (shortened from Unc-51 like autophagy activating
kinase 1) complex and the class Ill PI3K complex | (PI3K complex) [625]. The ULK1 complex is
part of the autophagic initiating complex which comprises of ULK1 and ULK2, in addition to
ATG13, FIP200 and ATG101. FIP200 (mammalian orthologs for yeast ATG11 and ATG17) and
ATG13 are considered to function as a scaffold at the PAS and exist in a complex regardless
of autophagy-inducible conditions. ULK1 activation can be liberated upon autophagy-
inducible conditions, such as the inactivation of mTOR signalling, leading to ULK1
phosphorylation. The ULK1 is recruited by ATG13 to the FIP200 scaffold. The second
complex, the PI3K complex, includes VPS34, VPS15, Beclin 1 (ATG6 in yeast), ATG14L and
NRBF2 (ATG38 in yeast). An activated ULK1 phosphorylates Beclin 1 leading to the activation
of the second complex. In addition, VPS34 and AMBRA1 (shortened from Autophagy and
Beclin 1 Regulator 1), which is associated with the PI3K complex, are also able to be
phosphorylated by ULK1. It is the function of ATG14L to mediate the translocation of PI3K
complex to the PAS [625].

1.15.2 Autophagy markers: LC3 and p62

ATG9 is a membrane-bound associated protein that is recruited to the PAS after autophagy
induction. This ATG is suggested to be a crucial regulator of autophagy given that the
amount of ATGY9 recruited during the initial stages of phagophore formation is likely a
limitation factor [625]. In addition, PI3K complex generates PI3P leading to the recruitment
of WD repeat domain phosphoinositide-interacting (WIPI) proteins, most notably WIPI2. All
the above-mentioned proteins involved in autophagy may theoretically serve as markers of
autophagy induction. However, LC3 is the most commonly used marker for autophagy
induction. LC3 has three isoforms: LC3A, LC3B and LC3C (collectively referred to as LC3 from
now). Upon transcription, LC3-I is formed after premature LC3 is cleaved at the C-terminal
glycine by ATG4B [627]. After autophagy induction, the C-terminal glycine residue of LC3-l is
conjugated to the amino group of phosphatidylethanolamine (PE) in an ATG-mediated
process, leading to the formation of the mature LC3-Il (now referred to as LC3) [627]. The

LC3 protein is found on autophagosome double membranes pre-lysosome fusion and is
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crucial for phagophore formation, elongation and the fusion of both ends of the membrane
[627]. LC3 is cleaved by ATG4B at the outer membrane of the autophagosome membrane
and the inner membrane bound LC3 is degraded by the lysosome. This, therefore, serves as
an ideal marker for the number of autophagosomes that have been generated in
autophagy-inducible conditions [627]. Upon lysosome fusion, the LC3 is degraded along with
the autophagosome; therefore, increases in LC3 levels do not necessarily signal the up-
regulation of functioning autophagy but only the increase in autophagosome numbers
[627]. Lysosome inhibition is then required to assess whether LC3 increases upon stimulus is
due to autophagy induction and not due to non-autophagic processes or dysfunctional
autophagy that inhibits the fusion between the autophagosome and lysosome [627]. Lastly,
p62 which has been suggested to be transferred into the autophagosome by membrane-
bound LC3 is also another autophagy marker [628]. The ubiquitous accumulation of p62 is
indicative of defective autophagy and the decrease in p62 levels suggests autophagy activity

[628].

1.15.3 The role of EGFR in autophagy

As mentioned previously, autophagy can be activated by a number of stimuli. RTK signalling
has been frequently associated with autophagy activity in cancer and particular attention
has been attributed to the relationship between EGFR and autophagy. For example, EGFR
inhibitor resistance in metastatic colorectal cancer is known to be induced by autophagy
activation, potentially raising the question of combined EGFR and autophagy inhibition as a
therapeutic strategy [629]. The observation of EGFR inhibition leading to autophagy
activation has also been reported in other cancer, including non-small cell lung cancer [630].
This suggests that EGFR activity has autophagy inhibitory capacities. Indeed, Levine’s group
recently showed that phosphorylation of EGFR and subsequent endocytosis and EGFR
internalization leads to EGFR-mediated inhibition of Beclin 1 via phosphorylation, autophagy
suppression and increased tumour growth in non-small cell lung cancer [631]. In a panel of
epithelial carcinoma cell lines, the inhibition the EGFR-ERK signalling pathway was shown to
increase autophagy activity [632]. Interestingly, STAT3 and p62 has been suggested to
increase the transcription of autophagy genes [633]. As we have seen previously this
contradicts the role of STAT3 as oncogene if it is a given that autophagy is a tumour

suppressive process but consistent with the tumour suppressive role of p62 as we shall note
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in the next section of this chapter. These results are unsurprising given that autophagy is
commonly a starvation-induced mechanism while RTKs, in particular EGFR, are growth
factor signalling enhancers. Nonetheless, controversy remains regarding the role of EGFR in
autophagy. EGFR has been reported to activate autophagy in a kinase-independent manner.
Recently it was demonstrated that a non-phosphorylated EGFR associates with LAPTMA4B, a
positive regulator of the PI3K-AKT pathway, on endosomes during starvation [634]. In turn,
this complex activates autophagy via EGFR binding the autophagy inhibitor Rubicon and
liberating Beclin 1[634].

In glioblastoma, too, EGFR inhibition, with the use of the TKI ZD6474 which also can inhibit
VEGFR, increases autophagy in a manner that dependent upon down-regulation of PI3K-AKT
signalling [635]. This result is confirmed by other studies, such as Eimer et al. demonstrating
that erlotinib induces autophagy in U87 cells and the combined erlotinib and autophagy
inhibition (with si-LC3) can induce apoptosis and is potentially a therapeutic strategy [636].
The relationship between EGFR and autophagy within the context of radiotherapy or TMZ
treatment has also previously been described. Recently, Palumbo et al. showed that
silencing EGFR mRNA translation can decrease migration and increase radiosensitivity in
U373 and T98G, in addition to increasing TMZ sensitivity[637]. Importantly, silencing the
ATG7 increased clonogenic capacity of si-EGFR and radiotherapy treated glioblastoma cells
[637]. Consistent with Palumbo’s thesis advocating the role of autophagy as a pro-death or
tumour suppressing mechanism, Tini et al. in 2015 reported that a low EGFR and high Beclin
1 expression profile in a cohort of glioblastoma patients (n=117) treated with radiotherapy
and TMZ carried a favourable prognosis (along with low EGFR expression alone when

compared to high EGFR expression) [638].

These reports appear to contradict the previously cited research as it suggests that
autophagy stimulates cell death mechanisms post-irradiation, post-TMZ therapy or after
EGFR inhibition. The controversy regarding the categorisation of autophagy in glioblastoma
biology and its relationship with EGFR remains to be further studied. Surprisingly, only two
other related studies are generated in a literature search on Scopus with the key terms
‘EGFR’, ‘glioblastoma’, ‘temozolomide’ and ‘autophagy’. Choi et al. demonstrated that 6Gy
irradiation combined with 25uM TMZ for 24 hours led to the increased expression of LC3 in

U251 cells[639]. Furthermore, combining HSP90 inhibition with DMAG-17 - thereby
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inhibiting EGFR and AKT signalling — with radiotherapy alone or combination with TMZ
increased LC3 expression which may contradict Palumbo and Tini as this opens the
possibility that therapy may increase autophagy [639]. However, it remains to be seen

whether resistance to radiotherapy and TMZ is mediated by autophagy.
1.16 MicroRNAs

1.16.1 Biogenesis

The pioneering work by Victor Ambros and colleagues in the early 1990’s first described a
gene product of approximately 22 nucleotides in length called lin-4 which had anti-sense
complementarity with regions found on the 3’ untranslated region of the lin-14 gene [640]
[641]. The lin-4 RNA molecule was observed to suppress the translation of lin-14 to regulate
larval development of C.elegans. With these studies lin-4 has become recognised as the first
microRNA (miRNA) to be discovered. We had to wait several more years, until 2000, for the
discovery of let-7, found also in C.elegans, and the next microRNA to have been discovered -
let-7 was later observed in humans and other species. MiRNAs during this period were
termed small temporal RNAs, due to their involvement in development, and were known to
be conserved, endogenously expressed small RNAs derived from an arm of a stem-loop
precursor. Only after the realisation that miRNAs were regulators of processes other than
development due to the cell-type specific expression profile was the name miRNA coined

[642].

MiRNA genes are commonly found in distinct and isolated regions of DNA sequences though
a substantial proportion are found within the introns of non-miRNA pre-mRNA sequences -
perhaps up to 25% - suggesting a regulatory relationship that exists between protein
production and miRNA-mediated negative regulation. Clusters of miRNAs are also found
within a primary transcript, such as the miR-15/16 cluster found on chromosome 13, and
can lead to the production of multiple miRNAs after the transcription of single DNA

sequence region [642].

MiRNAs are commonly transcribed by RNA polymerase Il, with a minority that a within Alu-
repetitive elements being transcribed by RNA polymerase Il [643]. The pri-miRNA molecule

that is transcribed contains a 5-cap structure, polyadenylated and is hair-pinned shaped
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with less than perfect base pairing compatibility [643]. Clustered miRNAs are considered to
be containing within a single pri-miRNA transcript. The pri-miRNA undergoes nuclear
modification by a Microprocessor complex containing RNase 1l type endonucleases called
Drosha and a double stranded RNA-binding domain protein DGCR8/Pasha which cleaves the
pri-miRNA to produce a shorter hair-pinned shaper stem loop RNA structure called pre-
miRNA (or precursor miRNA) that is approximately 70 nucleotides in length. Due to
staggered RNase lll cleavage a small two nucleotide long 3’ overhang is found in the pre-
miRNA with 5" phosphate. Finally, the pre-miRNA 3’ overhang is identified and is exported

from the nucleus by exportin-5 with the process mediated by Ran-GTP [643].

The cytoplasmic pre-miRNA is further processed by a second RNase lll called Dicer, in
combination with the cofactor TAR RNA binding protein (also referred to as TRBP), resulting
in the cleavage of the stem loop and a miRNA:miRNA duplex [643]. TRBP recruits the
Argonaute protein Ago2 and together with Dicer produces the RNA-induced silencing
complex (RISC). The relatively unstable 5’ end strand of the pre-miRNA is incorporated into
the RISC and 3’ end is commonly, though not always, disposed. A functioning miRNA
therefore requires RISC as a guide for miRNA binding a target mRNA. The final product is an

approximately 22 nucleotide long single stranded RNA molecule miRNA [643].

1.16.2 Mechanism of action

The function of miRNA is to recognise, bind and suppress the translation of target mRNA.
miRNA:mRNA interaction leads to the cleavage of mRNA and is aided by RISC associated
Argonaute proteins [642]. The interaction between miRNA and mRNA is mediated by the
degree of complementarity between the miRNA sequence and the sequence of target
mMRNAs, and is not stoichiometric such that a single miRNA can target multiple mRNAs [644].
Commonly, it is the 3’ untranslated region of mRNA that is targeted by the miRNA. It must
be noted though that translational inhibition can occur via degradation and, commonly,
repression due to mMRNA deadenylation and decapping. Furthermore, complete
complementarity is not required with imperfect binding sufficient for the endonuclotyic-
mediated mRNA suppression being far the most common occurrence [644]. A region within
the miRNA strand, called the seed sequence (or seed region), typically ranging across
nucleotides 2 to 8 is the reason for this and the crucial mediator of miRNA:mRNA binding
[644].
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Apart from deadenylation and decapping other mechanisms of miRNA suppression of mRNA
translation have been proposed. Several steps during mRNA translation are prone for
miRNA-mediated repression[643]. The m’GpppN at the 5’ terminal cap of mRNA, recognised
by the eukaryotic translation factor elF4F during translation, is considered to be needed for
miRNAs to bind mRNA. Generally, disruption of either end of the mRNA, the 5’ cap and
3’poly A tail, are prone for miRNA-mediated repression [643]. Furthermore,
immunoprecipitation analysis showing that the elF6 and 60S ribosomal subunit on one hand
and the tri-complex RISC components on the other immunoprecipitate together suggest the
presence of elF6 to also be a key requirement. MiRNA may also target the mRNA during
post-initiation of translation. For example, evidence showing that miRNA and mRNA are
found together in polysomes may suggest the miRNAs inhibit the elongation stage of

translation [643].

Other than inhibition of mRNA translation, miRNA-mediated mRNA degradation and
destabilisation are other mechanisms in which protein synthesis can be negatively regulated
by miRNA [643]. Exosome-mediated shortening of the poly A tail of mRNA in a 3’ to 5
direction or removing of the m’GpppN cap by exonuclease XRN1 in a 5’ to 3’ direction are
two mechanisms of mRNA degradation. mRNAs are finally degraded by structures called P-
bodies which contain mRNA degrading enzymes [643]. It is suggested that miRNA-bound
mRNAs lead to recruitment of the deadenylation complex CCR4-NOT and consequent
shortening from the 3’ end. Additionally, miRNA-bound mRNA may lead to the recruitment
of proteins involved in decapping complexes, such as DCP1 and DCP2, thereby shortening in

a 5’ direction and, finally, mRNA degradation [643].

1.16.3 The significance of microRNAs in glioblastoma

Given the role of miRNAs to be a non-coding RNA capable of negatively regulating the
translation of mRNAs increased interest has been paid to the potential of miRNAs to serve
as part of a therapeutic strategy in cancer. The rationale behind this proposal is rather
simple: miRNAs, by suppressing either oncogenes or tumour suppressors, are regulating the
tumourogenic pathways and development [645]. The significance of miRNAs in glioblastoma
was first noted in 2005 when Chan and colleagues identified miR-21 as an anti-apoptotic
miRNA that is up-regulated in glioblastoma cell lines and silencing miR-21 can increase

caspase-dependent apoptosis [646]. The study was almost simultaneously with another, by
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Ciafre et al., identifying a miRNA expression signature in glioblastoma - consisting of down-
regulated miR-128, miR-181a, miR-181b and miR-181c, in addition to up-regulated miR-221
— that are altered [647]. The large gap between the time of miRNA discovery and these
glioblastoma studies are indicative of the rather underappreciated status of miRNAs as key
regulators of disease. Since these pioneering studies miRNA have been recognised as key
modulators of glioblastoma - there are now well over 1,000 research articles associated with
both miRNA and glioblastoma. Furthermore, the roles of the miRNAs that these initial
studies proposed have been extensively confirmed. Both miR-21 and miR-221 are regarded
as oncomiRs, in cancer let alone glioblastoma [648-652]. In fact increased plasma miR-21
has now been argued as a non-invasive biomarker for glioblastoma diagnosis [653]. The
category of oncomiRs, first coined by Esquela-Kerscher and Slack in 2006, refers to miRNAs
that function in the context of cancer as inhibitors of the translation of tumour suppressor
genes [654]. In contrast, another category of miRNAs, termed tumour suppressor miRNAs,
are considered to target a range of oncogenes to negatively regulate tumourogenic
pathways leading to cell proliferation, invasion, migration and anti-apoptosis [655]. It shall
be noted that some authors, such as Esquela-Kerscher, refer to all cancer associated miRNAs

as oncomiRs, regardless of their specific function in cancer [654].

In glioblastoma, miRNAs have been shown to modulate canonical signalling pathways
downstream of RTKs, either by directly regulating RTKs or downstream signalling molecules.
PDCD4 is downstream of the PI3K-AKT pathway and is inhibited by S6K due to mTOR
signalling. PDCD4 has been shown to increase p21-mediated cell-cycle arrest. MiR-21 in
glioblastoma has been shown to directly target the PDCD4, as well as other positive
regulators of p21, such as p63, JMY, DAXX, TP53BP2 and TOPORS [656]. In contrast to the
oncomiR miR-21, Shah’s group showed recently that miR-7 up-regulation with transfection
down-regulates EGFR expression and AKT activity - an observation already previously
reported by Kefas et al. - but increases the death receptor 5 to stimulate TRAIL-induced
apoptosis [657, 658]. Sensitisation to TMZ-induced apoptosis can be achieved with miR-182
up-regulation with transfected mimics, while miR-182 delivery to intracranial glioma mice
models reduced tumour burden [659]. The miR-182-induced TMZ sensitisation mechanism
reported may be via miR-182 down-regulating MET expression [659]. Another miRNA, miR-

562, was recently shown to down-regulate MET and AKT signalling, thereby also suppressing
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glioblastoma cell proliferation [660]. Canonical downstream signalling pathways may also
up-regulate miRNA expression. STAT3 activity directly stimulates miR-182-5p expression to

increase cell proliferation, migration and invasion of glioblastoma cells [661].

Cellular resistance to radiotherapy or TMZ mediated by miRNAs has also been reported. For
example, in 2010, increasing miR-21 was shown to suppress TMZ-induced caspase-mediated
apoptosis in U87 cells — perhaps the first report linking miRNAs to therapy resistance in
glioblastoma — while radio-resistance is strengthened with miR-21 mediation of PDCD4 [662,
663]. U251 cells made resistant to TMZ, after 100uM exposure over two weeks and
validated with survival assays, were shown to over-express miR-195, miR-455-3p and miR-
10a. Combining the inhibition of miR-10a or miR-455 with TMZ overcame TMZ resistance, an
effect not seen when inhibiting either miRNA alone [664]. The tumour suppression role of
miR-181 family has been further validated with Li et al. demonstrating the sensitisation of
TMZ-resistant U87 glioma stem cells after miR-181b over-expression [665]. Similarly,
resistance to radiotherapy can increase with up-regulation of miR-221/222, possibly
mediated by miR-221/222 stimulating the AKT signalling pathway [666]. Meanwhile, miR-
338-5p may increase radio-sensitivity in glioblastoma cell lines by directly targeting proteins

associated with the DNA damage response [667].

Overall the link between miRNAs and therapy resistance in glioblastoma has been
understudied. A Scopus search with key terms ‘microRNA’, ‘resistance’, ‘radiotherapy’ and
‘glioblastoma’ only generates approximately 90 articles, perhaps many of these articles
being unrelated to the topic. A Scopus search with key terms ‘microRNA’, ‘resistance’,
‘radiotherapy’ and ‘glioblastoma’ only generates approximately 90 articles, perhaps many of
these articles being unrelated to the topic. Similarly, a Scopus search with key terms
‘microRNA’, ‘resistance’, ‘temozolomide’ and ‘glioblastoma’ only generates approximately
100 articles, and also likely that many of these articles being irrelevant to the topic.
Importantly, the combined effect of radiotherapy and TMZ, a clinically relevant treatment
regimen, has largely been overlooked in regards to miRNA expression and mediated
responses. Additionally, the role of miRNAs in mediating RTKs expression and signalling
within the context of cellular resistance to radiotherapy and/or TMZ has also been
overlooked. As we shall see, this gap in the literature shall be addressed in chapter 5 of this

thesis.
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MiIRNA expression profiles are increasingly being advocated as signatures of treatment
response and prognosis. An eight miRNA signature was recently proposed to be predictive
of glioblastoma recurrent patient response to bevacizumab [668]. In this analysis, using a
final cohort of over eighty patients, it was reported that miR-124a, miR-202, miR-7 and miR-
222 are up-regulated in poorer surviving patients but down-regulated in patients that
responded to bevacizumab [668]. In contrast, miR-363, miR-630, miR-663 and miR-204 were
down-regulated in poor surviving patients but up-regulated in bevacizumab responders
[668]. The potential for a miRNA expression profile to differentiate primary from recurrent
glioblastoma has also been trialled recently, consisting of miR-10b, miR-21, miR-181b, miR-
181c, miR-195, miR-221 and miR-222, though no significant difference was observed —
possibly due to the small 15-patient cohort and authors deciding to relativise the miRNA
expression levels according to the median expression of either primary or recurrent tumours
[669]. Furthermore, miRNA expression signatures may also be potentially used for indicating
response to radiotherapy and TMZ therapy in the clinic, such as miR-132, miR-518b, miR-
524-5p and miR-566 [670, 671]. However, although immense effort has poured into
postulating miRNA gene expression signatures as clinical biomarkers, no one signature has
yet been confirmed as a clinically relevant classifier capable of consistently stratifying
glioblastoma patients [672]. Future studies are required to better model miRNA expression
profile changes across tumour development stages. Additionally, a likely reason for the lack
of reproducibility of miRNA expression signatures is likely due to researchers failing to
differentiate biologically relevant miRNA interactions with a specific mRNA and the
functionally possibly interaction between miRNA and mRNA. In other words, the mere fact
that a particular miRNA binds and suppresses the translation of a particular mRNA does not

necessitate that the interaction is crucial to the tumour biology.

1.16.4 The previous status of miR-221 in glioblastoma

The role of miR-221 in glioblastoma has previously been described in recent papers. To truly
contextualise our novel proposals that have been established in this present study (see
chapter 5), we need to first turn to this literature that is available. Therefore, in this section,
prior to discussing the significance of our proposals pertaining to miR-221, we will describe

the role of miR-221 in glioblastoma that is already known.
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1.16.4.1 The role miR-221 in other cancers

The miR-221 and miR-222 family of miRNAs has been gaining interest in cancer research in
recent times. Both miR-221 and miR-222 are paralogous miRNAs located in the Xp11.3
chromosomal region and share the same seed region sequence but differ with regards to
the rest of the RNA sequences( miR-221: GenBank AJ550425.1, miR-222 GenBank
AJ550426.1). With ovarian cancer cell lines Farsani et al. reported that miR-221/222 targets
PTEN and high miR-221/222 promotes cisplatin resistance — inhibition of these two miRNAs
down-regulated AKT activity and re-sensitised the cells to chemotherapy [673]. Similarly, in
hepatocellular carcinoma cell lines miR-221 positively regulated the stem cell and epithelial-
mesenchymal transition associated marker CD44 [674]. A recently published meta-analysis
evaluated the prognostic value of miR-221 in a number of malignancies - including breast,
ovarian, bladder, laryngeal, thyroid, lung, colon, renal, gastric and prostate cancer, but
excluding glioblastoma [675]. It was concluded in this study that miR-221 is significantly
associated with worse overall and progression-free survival [675]. To date, there are no
exhaustive reviews detailing the role of between miR-221/222 in glioblastoma and,
therefore, in this review, we will report on the latest data pertaining to miR-221/222 in

glioblastoma.

1.16.4.2 MiR-221 in glioblastoma versus normal tissue

The overwhelming evidence thus far suggests the miR-221/222 cluster to be associated with
an unfavourable prognosis. However the status of miR-221/222 relative to normal brain
tissue is contentious. In perhaps the earliest study, Ciafre et al. demonstrated that miR-221
was significantly up-regulated in glioblastoma compared to normal brain tissue [647].
Furthermore, miR-221 was up-regulated in 5 out of 10 glioblastoma samples, when
compared to peripheral tissue of paired patients [647]. Ciafre showed, for the first time
using a panel of seven glioblastoma cell lines, that miR-221 was over-expressed in all
glioblastoma cell lines compared to normal brain tissue [647]. This is supported by other
studies such as Conti et al. in a study consisting of 10 glioblastoma patients and by Jin and
colleagues who showed that in a cohort of 49 glioblastoma patients, serum miR-221 levels
was significantly increased compared to cancer-free controls [651] [676]. Swellam et al. also
confirmed this observation by demonstrating that miR-221 and miR-222 was up-regulated in

glioblastoma patients compared to normal healthy tissue, from a cohort consisting of 20
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subjects in each group prognosis [677]. A recent study showed that miR-221 levels in both
glioma tissue and glioma-derived exosomes are higher than in normal samples [678]. On the
contrary, Visani et al. in 2014, observed lower miR-222 and unchanged (insignificant
decrease in) miR-221 levels in glioblastoma patient samples compared non-neoplastic tissue
[679]. Supporting this is Slaby and colleagues who also showed low miR-221 and miR-222

expression in glioblastoma samples compared to non-neoplastic brain tissue [680].

1.16.4.3 MiR-221 correlates with glioma grade

Compared to the lack of consensus regarding miR-221/222 glioblastoma expression relative
to normal brain tissue, there does appear to be a consensus regarding miR-221/222
correlation with glioma grades. In a study consisting of 9 low grade glioma and 13 high
grade glioma, miR-221 was found to correlate with glioma grade [681]. Two other studies
also showed that miR-221 correlates with glioma grade and the highest was observed with
glioblastoma [651, 682]. These results were recently validated by Yang et al. concluding the
miR-221 levels were found to positively correlate with glioma grade as measured in glioma
tissues and glioma-derived exosomes [678]. Taken together, the high levels of miR-221 in
glioblastoma relative to lower grades of glioma indicate that miR-221 is a biomarker for the

level of malignancy and associated with the increased aggressiveness of glioblastoma.

1.16.4.4 MiR-221 and patient survival

It has been previously reported that a high miR-221 and miR-222 expression glioma patients
is associated with highly invasive tumours, as measured by fractional anisotropy values,
indicating that clinical glioblastoma tumourigenesis is driven by miR-221/222 [681].
Nonetheless, the role of miR-221/222 in glioblastoma patient survival is currently debatable.
For example, Lakomy et al. noted that although miR-221 and miR-222 are down-regulated in
glioblastoma compared to normal tissue, the differential expression was not a prognostic
factor [247]. In contrast, Hua et al., who also noted miR-221 and miR-222 to be lower in
glioblastoma compared to normal tissue, reported that a high miR-93 and low miR-221 or
high miR-19a and low miR-222 expression profile significantly predicted a favourable

survival outcome [683].

The majority have concluded that miR-221/222 is associated with worse prognosis.

Srinivasan et al. also confirmed miR-221 to be down-regulated in glioblastoma compared to
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normal brain tissue but found high miR-221 to be associated with poorer prognosis within
the glioblastoma subset [684]. Responders to radiotherapy and TMZ have been shown to
have had lower levels of miR-221 and miR-222 compared to non-responders. Though this
indicates a trend towards poorer survival in treated patients, this difference was not
significant [680]. In another cohort consisting of 36 glioma patient-derived samples, high
miR-221 or miR-222 was significantly associated with poorer survival, although the cohort
consisted with a variety of glioma grades with an undefined number of glioblastoma
patients [681]. Also, supporting a correlation between high miR-221 with poor survival are
Swellam and colleagues, who measured serum miRNA levels. In this study they showed that
high miR-221 was associated with older age - indicating that miR-221 is more common in
primary glioblastoma - and, miR-221 and miR-222 was found to be significantly reduced in
chemoradiotherapy treated patients [677]. Indeed, high miR-221 and miR-222 was
associated with poorer survival and progression-free survival [677]. Recently, analysis of a
cohort of 56 glioblastoma patients with unmethylated MGMT promoters, reported that high
miR-221 was associated with a worse prognosis but such an association was not observed
with methylated MGMT glioblastoma [685]. This report has been validated in a separate
glioblastoma patient cohort that observed in short-term surviving patients, defined by
survival times of less than 15 months, MGMT levels inversely correlate with miR-221

expression [686].

1.16.4.5 MiR-221 and radiotherapy and chemotherapy resistance

Studies that are in vitro have also reported on the association between miR-221 and MGMT.
In glioblastoma cell lines with low MGMT, miR-221 levels are relatively higher. The tumour-
initiating U87, LN18 and LN229 cells, compared to the high MGMT expressing T98G cells,
had higher miR-221 levels [687]. Consistently, luciferase reporter assays have verified that
MGMT is a target for miR-221 [686]. However, Quintavalle et al. reported that this
mechanism sensitises glioblastoma cell lines to TMZ therapy, potentially contradicting
clinical studies and miR-221 as a driver for TMZ resistance [686]. Consistent with this, miR-
221 transfection sensitised glioma cell lines T98G and LN428 to 300uM TMZ exposure for 24
hours. In addition, it was postulated that in T98G cells miR-221 over-expression increases
caspase-3 activity upon TMZ treatment, leading to greater apoptosis [686]. Contradicting

Quintavalle’s results is a 2012 paper authored by Chen and colleagues. This paper found
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that as-miR-221/222 transfected LN308, U251 and U87 cells were sensitised to 10uM-50uM
TMZ after an undisclosed treatment period. Furthermore, the caspase 3/7 activation and
increased apoptosis rates observed in as-miR-221/222 alone treated cells were
compounded with additive to TMZ therapy [688]. The role of miR-221 as a chemo-resistance
modulator has also been supported by a recent study in which 48 hours of 100uM TMZ
treatment combined with as-miR-221 reduced SHG-44 viability [678].

Interestingly, miR-221, by targeting connexin 43, perhaps promotes U251 cell viability,
invasion and cell cycle progression [689]. Additionally, as-miR-221/222 transfection was able
to increase the rate of apoptosis as measured by annexin-V labelling — though the time span
was undisclosed [689]. This appears to contradict Munoz et al. who concluded that by
driving connexin 43 levels, the EGFR induces TMZ resistance; however, the apparent
incongruence may be due to the difference in cell lines since Munoz only utilised the U87
and T98G and not the U251[690]. Additionally, miR-221 may have separate roles in
promoting glioblastoma tumourigenesis depending upon experimental cellular contexts.
Therefore, the exact miR-221 signalling pathways in a TMZ context may differ in an

untreated context.

Glioblastoma stem cells are regarded as drivers of chemo-radiotherapy resistance that are
capable initiating gliomagenesis. Aldaz et al. investigated the role of miR-221 and miR-222 in
the differentiation of glioblastoma stem-like initiating cells, identified by nestin expression.
Upon differentiation of this cell type it was observed that the expression levels of miR-221,
miR-222 and miR-21 were increased along with increases in GFAP or the neuronal marker
TUJ1 and decreases in nestin. Furthermore, upon inhibition of miR-221 or miR-222 the
differentiated glioblastoma cells reverted to the glioma initiating profile [691]. Therefore,
these results may suggest that targeting miR-221 and miR-222 in glioblastoma may lead to
the selection of chemo-radiotherapy resistant subpopulation of cells at tumour recurrence.
However, further studies are required. Taken together, whether miR-221 and miR-222 is

involved in TMZ-resistance remains controversial and requires further study.

Xie et al. showed that miR-221 was highly expressed in BCNU-resistant glioma cells. SWO38-
derived BCNU-resistant cells showed higher miR-221 levels compared to the relatively

BCNU-sensitive U87 and U251 cell lines [692]. Furthermore, U87 and SWOZ1 — also derived
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from the SWO38 glioma cell line — transfected with miR-221 mimic were more resistant
BCNU treatment, while miR-221 inhibition sensitised both cell lines to BCNU[692]. The
authors also demonstrated that miR-221 negatively regulates PTEN protein expression
(though not mRNA levels) and, consistently, increases activation of the PTEN downstream

signalling molecule AKT [692].

Up-regulation of miR-221 has also been linked to radio-resistance in glioblastoma. Li et al.,
in 2014, showed that miR-221 transcription was induced by c-Jun after radiotherapy leading
to DNA-PK expression and PTEN-independent AKT activation. Radio-sensitivity may be re-
established via AKT-inhibition mediating miR-221 down-regulation or miR-221/222 anti-
sense therapy. Furthermore, radiotherapy plus anti-miR-221/222 treatment led to reduced
tumour growth compared to either treatment alone in an in vivo mice xenograft model

[666].

1.16.4.6 MiR-221 and in vivo tumour growth

The U251 cell line is the most commonly used cell line to generate xenograft tumours in
mice models in the study of miR-221/222 in glioblastoma. A U251 subcutaneous xenograft
mice model, treated with as-miR-221 or as-miR-222 inhibited tumour growth, and the effect
is compounded with combined as-miR-221/222 therapy [693]. This observation, that as-miR-
221 or as-miR-222 reduces in vivo U251 tumour growth, has repeatedly been validated [681,
694] [695]. The inhibition of miR-221/222 of in vivo U251 tumour growth has also been
associated with increased DNA fragmentation and Bax expression compared to scrambled
and non-transfected controls, indicating that as-miR-221/222 initiates apoptosis to slow
tumour growth [695]. Yang et al., however, recently moved away from the U251 in vivo
model and showed SHG-44 cells transfected with miR-221 and injected subcutaneously in to
mice had increased tumour growth [678]. Taken together, although the role of miR-221/222
is understudied using different in vivo models, results thus far suggest as-miR-221 and as-

miR-222 therapy may slow tumour growth and increase apoptosis.

1.16.4.7 MiR-221 and cell signalling
The majority of in vitro studies have focussed upon the mRNA targets of miR-221/222 and
have associated miR-221 and miR-222 with conferring proliferative capacities to

glioblastoma cell lines. For example, high miR-221 expression in U87 relative to T98G was
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associated with low PTEN and high AKT activation [687]. Moreover, as-miR-221 or as-miR-
222 disrupted U87 colony formation but up-regulating miR-221 or miR-222 increased T98G
colony formation [687]. The p27°! (p27) is a tumour suppressor known to inhibit
glioblastoma growth and invasion, and its over-expression has been shown to cause cell
cycle arrest and suppression of cell migration. Earlier studies have demonstrated that miR-
221/222 inversely correlate with p27 in glioblastoma cell lines and that p27 is a direct miR-
221/222 target [696] [697]. It was later shown that CPEB1 can compete with miR-221 in
binding to the 3’UTR of p27, thereby disrupting miR-221/222 seed sequences in pairing with
the target p27 sequence [698]. U251 cells with up-regulated miR-221/222 suppressed p27
levels while as-miR-221/222 induced cell cycle arrest and inhibition of proliferation [693].
Consistently, immunohistochemistry analysis of U251 xenograft tumours showed that as-
miR-221/222 up-regulated p27 and had lower Ki-67 [693]. Finally, Galardi et al. concluded
that the transcription factors NF-kB and c-Jun stimulate miR-221 and miR-222 transcription
[699]. To elaborate, after bioinformatics predicted transcription factor binding sites
upstream of miR-221/222 to pair with NF-kB and c-Jun, and, indeed, inhibiting NF-kB
phosphorylation or c-Jun depletion reduced miR-221/222 and increased p27 levels in U87
cells, as measured by qRT-PCR[699].

Another signalling mechanism proposed by which miR-221 stimulates proliferation and
inhibits apoptosis is through its targeting of PUMA. Upon inhibition of miR-221 or miR-222
the apoptosis levels increased in U251 and LN229 as demonstrated by annexin-V labelling,
in addition to increased caspase 3/7, increased Bax, decreased Bcl2 and collapse in the
integrity of mitochondrial membrane potential — the most marked increased observed when
as-miR-221 was combined with as-miR-222 [695]. Western blot and luciferase assay,
showed that the anti-apoptotic function of miR-221 and miR-222 may be mediated via
targeting of PUMA, further supported by an inverse correlation between miR-221/222 and
PUMA in an analysis with 40 glioma patient samples [695]. Perhaps in contradiction to the
studies thus far was an earlier study by Medina et al. in 2008. Here it was reported that
serum-deprived T98G cells transfected with miR-221/222 mimic underwent cell death and,
on the other hand, as-miR-221/222 transfected cells were morphologically similar to
untreated controls [700]. A potential reason, other than the difference in cell lines, could be

that in the previous studies cells were not serum-deprived; thereby miR-221/222 may have
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opposing roles under starvation conditions and the exact mechanism involved requires

further study.

MiR-221/222 has also been postulated as a modulator of glioblastoma invasion and
migration signalling, for example by directly targeting phosphatase W, a cell surface protein
tyrosine capable of inhibiting glioblastoma migration and invasion[687, 701]. Also,
transfection of miR-221/222 mimic using U251 and LN229 increased migration and invasion
rates which was abrogated by as-miR-221/222 treatment. The increased tumourigenesis
correlated with MMP-2/9 expression in both cell lines. Furthermore, miR-221/222 was
found to negatively regulate and target TIMP3 and TIMP2 in U251 and LN229, with TIMP3
and TIMP2 up-regulation abrogating miR-221/222-induced invasion and migration [681,
702]. By miR-221 directly targeting DNM3 SHG-44 cell proliferation and migration increased
and, indeed, DNM3 over-expression abrogated the tumourogenic capacity of miR-221
expression in SHG-44 [678]. Using cell lines U87 and U251, Cai et al. showed that inhibition
of miR-221 suppressed migration and invasion, proposing that miR-221 can promote

glioblastoma migration and invasion via targeting of SEMA3B [703].

Lastly, miR-221 was recently associated with glioblastoma angiogenesis. Specifically, Xu et
al. demonstrated that as-miR-221/222 treated U251 cells showed reduced MMP-2/9 and
VEGF protein and mRNA expression in both in vitro and in vivo U251 models [694]. The
mechanism by which miR-221 mediated these effects was proposed to be via directly
targeting SOCS3. Indeed, up-regulation of SOCS3 abrogated the miR-221/222 driven
invasion and promotion of MMP-2/9 and VEGF expression [694]. Furthermore, up-
regulating miR-221/222 in U251 increased Jak2 and STAT3 activity which was abrogated via
SOCS3 expression [694].
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Table 1-5: List of validated miR-221/222 targets in glioblastoma

TARGET REFERENCE
MGMT [686]
PTEN [673]
SOCS3 [694]
p27 [696]
PUMA [695]
Connexin 43 [689]
TIMP3 [681]
Phosphatase u [687]
DNM3 [678]
SEMA3B [703]
TIMP2 [702]

1.17 Epithelial to mesenchymal transition

The most basic definition of epithelial to mesenchymal transition (EMT) is a biological
process culminating in the phenotypic conversion of epithelial cells to mobile mesenchymal
cells, after the epithelial cell detaches its basal surface from the basement membrane.
Within the context of cancer, however, a partial transition in which the cancer cell remains
in a state of flux between the two endpoints can be referred to be undergoing EMT. During
EMT, cancer cells develop aggressiveness, increased migration and invasive capacity, display
altered morphology and become metastatic. After metastasising from the primary site of
the tumour a reverse process called mesenchymal to epithelial transition (also referred to as
MET) is initiated such that the metastatic tumour resembles the epithelial nature of the

tumour cells residing within the primary site [704].

EMT has been paid increasing attention and has become a key biochemical process in
cancer subtypes, leading to EMT being regarded as a key tumour resistance mechanism and
of therapeutic interest. Classically, EMT is recognised molecularly by a so-called ‘Cadherin
switch’ with E-Cadherin down-regulation and N-Cadherin up-regulation [705]. Certain
transcription factors, miRNAs, expressed mRNA transcripts and proteins can be categorised
as EMT-like associated markers and used as an identification tool to detect the initiation of
EMT [706]. In addition to hypoxia other signalling pathways, such as those driven by Wnt,

TGF-B and Notch, are also key regulators but for the purpose of our present study the
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discussion will be refined to the role of RTKs in EMT[706]. Some of the main EMT-associated

markers will be summarised below.

The Cadherin switch is considered the master regulator of EMT. Several mechanisms may
lead to the modulation of Cadherin balance, such as deactivating mutations and epigenetic
alterations via methylation of the promoters [705]. The switch involves the two cadherins
and transmembrane glycoproteins E-Cadherin and N-Cadherin, which can also be regulated
by several transcription factors commonly belonging to the TWIST, SNAIL and ZEB families
[705]. EMT-associated transcription factors are able to suppress E-Cadherin expression by
binding to E-box sequences of the E-Cadherin gene promoter [705]. Furthermore, the E-
Cadherin suppressing transcription factors, such as TWIST1, ZEB1, ZEB2, Snaill and Snail2,
can be expressed by upstream signalling led by WNT and b-Catenin pathways, receptor
tyrosine kinases and TNF-TNFR that activate downstream signalling cascades and other
transcription factors, namely Elk-1, EGR1 and NF-kB [705]. In contrast, N-Cadherin up-
regulation stimulates EMT and its up-regulation accompanies E-Cadherin down-regulation

for cell-cell adhesion loss.

The Cadherin switch is not a feature in glioblastoma due to the almost absent levels of E-
Cadherin and therefore, EMT in the strict sense is not considered to take place in
glioblastoma but rather an EMT-like state is suggested. This is unsurprising given that E-
Cadherin is majorly expressed in epithelial tissues and the Cadherin switch is a feature of
carcinomas. Furthermore, contradictory data regarding the significance of N-Cadherin in
high grade glioma complicates the narrative. Previous studies, for example, have suggested
N-Cadherin to not correlate with invasion or even inversely correlate [707, 708]. Moreover,
recent findings concluded there to be no prognostic significance regarding E- and N-
Cadherin expression in glioma and the Cadherin switch was not indicative of glioma grade

[709].

Vimentin belongs to the intermediate filament protein family and is a type Il intermediate
filament expressed in mesenchymal cells [710]. A protein approximately 57 kDa in size,
Vimentin is regarded as a key EMT marker as it is expressed in epithelial cells undergoing
EMT, notably in carcinomas [710]. In a Chinese cohort, low Vimentin in high grade glioma

patient samples was associated with favourable prognosis and better response to TMZ in
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glioblastoma specifically, suggesting a link between chemotherapy resistance and Vimentin
expression in clinical glioblastoma [711]. This finding was later validated in a separate study
which also showed that Vimentin inhibition led to decreased glioblastoma cell migration and
invasion in vitro [712]. Lastly, the direct relationship between RTKs and Vimentin is
relatively understudied; however, in epithelial carcinomas it well established that MET

expression is able to induce Vimentin over-expression [713].

CDA44 is a transmembrane glycoprotein receptor that commonly binds to the hyaluronic acid
(HA) ligand, though can bind less specifically to other ligands such as collagen, osteopontin
and fibronectin, and can range between 80-200 kDa in size [714]. Upon CD44:HA binding,
conformational changes takes place to allow for scaffolding proteins to bind to the CD44
intracellular regions, therefore similar to the mechanism in which RTK signalling is initiated
[714]. CD44 is relevant in cell-cell interaction and matrix adhesion and is expressed in the
standard form called CD44s in both normal and cancer cells [714]. In cancer, however,
several CD44 variants are expressed after exon insertions at the membrane proximal
extracellular region and named CD44v isoforms v1 to v10, allowing for greater HA affinity

and tumourigenicity [714].

CD44 can interact with several RTKs, including the EGFR family, PDGFR and MET, and the
HA-bound CD44 can regulate RTK phosphorylation. For example, CD44 variants bind to the
MET ligand HGF, leading to MET auto-phosphorylation via CD44-MET interaction [715].
Furthermore, in breast cancer cells a correlation between CD44v8-v10 expression and EGFR
was evident [716]. These studies suggest a link between EGFR or MET with CD44 and
possibly directly related to tumour progression.. Interestingly, variants of CD44 have been
found to bind several growth factors such as VEGF, FGF and HGF [717]. Subsequent
downstream signalling pathways and pro-tumourigenic and anti-apoptotic cascades are
activated rendering CD44 involvement in cancer invasion, proliferation and migration [717].
These downstream signalling molecules include the ERK and PI3K-AKT signalling pathways

[717].

In glioblastoma, CD44 has been noted to correlate glioma grade; however, whether CD44 is
of prognostic value is controversial [718]. Lower CD44 surprisingly was shown to be

associated with an unfavourable prognosis for both primary and recurrent glioblastoma
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patients while other studies have shown significant association between CD44 and
prognosis; therefore, the prognostic value of CD44 requires further study within the context
of glioblastoma [718-720]. This differs from epithelial carcinomas such as ovarian, colorectal
and breast cancer, again stressing the difference between EMT in glioblastoma and other

cancer categories [721-723].

Lastly, several miRNAs have also been demonstrated to be regulators of EMT. ZEB1 and
ZEB2 have been shown to be targets of miR-200c leading to EMT inhibition [724]. MiR-300 is
another EMT negative regulator with increased miR-300 leading to suppression of TWIST1
[724]. In addition, oncomiRs, such as miR-221/222, can also stimulate b-Catenin to up-

regulate EMT and cancer aggressiveness [724].

1.18 Justification and rationale for the project

Glioblastoma is the deadliest malignant brain tumour and the mean survival time has
remained approximately 12 months despite aggressive treatment. Currently, the gold
standard therapy is the so-called Stupp Protocol which consists of treatment with
radiotherapy and TMZ which follows the surgical resection, the extent of the resection being
dependent on a case by case basis. The almost impossible accomplishment of complete
resection is a factor that contributes to tumour recurrence post-therapy, in addition to
radio-chemotherapy failing to penetrate to target the residue tumour. Another factor
contributing to recurrence is therapy resistance; an overarching phenomena describing the
cellular molecular mechanisms allowing an individual malignant cell to survive exposure to

radio-chemotherapy.

A number of resistance mechanisms have been identified in glioblastoma. MGMT driven
resistance is a well-studied and widely accepted resistance mechanism with promoter
methylation depleting the MGMT enzyme levels and hindering the DNA repair process.
Other mechanisms, as discussed in detail in Chapter 1, can include other DNA repair
mechanisms such as the mutated MMR and higher expression of base excision repair

components.

Currently, the two biomarkers commonly utilised in determining a personalised treatment

regimen are age and karnofsky score — neither are molecular markers. [725]. Research is,
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therefore, primarily focussed on theorising and validating potential molecular biomarkers
for individualised therapy in glioblastoma. One group of biomarkers are the RTKs - a class of
membrane receptors that are well known to elicit oncogenic signalling in several cancers,
including glioblastoma. Our project largely rested on an expansive body of literature
detailing the oncogenic role of RTKs and the significance of RTK signalling in key
tumourogenic processes such as: proliferation, invasion, migration, angiogenesis, DNA
repair, anti-apoptosis and metabolism. Since elucidation of the genomic landscape of
glioblastoma showed that RTK deregulation — as well as associated signalling molecules - to
be a common genetic alteration, the RTK as a class of signalling proteins has been attributed
a key place in research. The subsequent consequence was the gradual development of a
RTK-based paradigm which has been sustained by decades of in vitro and in vivo research
centring RTKs in key gliomagenesis signalling pathways. Indeed, RTKs have become enticing
molecular targets for therapy; the development of targeted therapeutic agents has been

trialled in glioblastoma clinical trials has largely yielded unfavourable results.

Certain scholars, writing after the failure of selective RTK therapy using erlotinib and
gefitinib, have suggested alternative strategies and proposed potential reasons for the
failure. For the latter, poor BBB penetration, redundant pathways and the intrinsic
heterogeneity of glioblastoma are deemed essential hurdles for a RTK-based therapy to
overcome before any success can be garnered [726]. As for the former, a rational
combinatorial therapy that takes into account redundancy and resistant mechanisms is now

increasingly being voiced as the future for targeted therapy [727].

We initially performed a literature review critically evaluating the origin of the RTK-based
paradigm and the experimental data and methodologies employed that have been essential
for the formations of the assumptions and rationale behind targeting RTKs in glioblastoma.
Surprisingly, we found that the almost all studies on the role of RTKs have a major blindside
that potentially lead to repercussions in the clinic. RTKs have largely been studied in
treatment-naive glioblastoma cell and knockout studies that concluded the critical role of
certain RTKs have been studied in this or similar conditions, such as in hypoxia. Only a
minority have utilised a radiotherapy or TMZ in the evaluation of RTKs in gliomagenesis and
no studies have combined both. Given that clinical glioblastoma is exposed to both radio-

and chemo-therapeutic genotoxic insults, and the utilisation of RTK inhibitors is in
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combination of the gold standard, it follows that RTK research in glioblastoma hitherto does
not have the necessary components representing clinical glioblastoma and we can expect,
certainly, any rationale that supported the RTK paradigm to be essentially faulty during

translation.

In this project we proposed an alternative approach: combining radiotherapy and TMZ to
evaluate the RTK associated mechanisms to be found in glioblastoma. We also proposed an
alternative explanation for the failure of RTK-based therapy: yet identified RTK expression
and regulation, and associated signalling pathway activation profiles contribute to radio-
chemotherapeutic resistance rendering previously utilised RTK inhibitors clinically

insufficient.

MiRNA research has been gathering pace recently as evidence continues to suggest that this
class of non-coding RNAs are potential targets for cancer therapeutics. Due to their ability to
bind and disrupt mRNA translation, miRNAs are direct post-transcription gene expression
regulators and indirectly, via mRNA binding, modulate signalling pathways. As a
consequence of experimental data validating hypotheses that miRNAs can function as
tumour suppressors or oncomiRs, miRNA gene therapy is now put forth as an alternative
therapeutic strategy which can be realised via several methods, such as antisense

oligonucleotides or synthesised miRNA mimics [728].

Relative to the RTK, the role of miRNAs in glioblastoma is a nascent field — the first report on
the oncogenic role of miRNAs in glioblastoma was a 2005 study on miR-21 [646]. Since then,
researchers have gradually elucidated the biological relevance of individual miRNAs in
glioblastoma by being concerned with identifying mRNA targets and the accompanying
effect on tumourigenesis, in addition to generating miRNA signatures that can predict
prognosis. However, this endeavour not only has many unanswered questions but
unformulated questions. The relevance of miRNAs within the context of tumour resistance
and recurrence is overlooked in glioblastoma. Therefore, in this project we aimed to address
this gap in the literature by pre-emptively proposing that miRNAs are key regulators of the

differential RTK expression profile driving radio-chemotherapy resistance.
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2.1 Cell lines

Primary glioblastoma cell lines #4, #15, #20, #28, #35, #39 and #41 are from the Royal
Melbourne Hospital (RMH) and obtained by Dr James Dimou. These cells were modified into
adherent monolayer culture from non-adherent neurosphere culture. U87, LN229, U251,

U118, U138, were purchased from American Tissue Culture Collection.

All cell lines were grown as a adherent maintained in DMEM (which contains 4.5g/L D-
glucose, L-Glutamine sodium pyruvate) supplemented with 1% penicillin/streptomycin
(consists 10,000 units/mL penicillin, 10,000 ug/mL streptomycin) and 5% fetal bovine serum.

Cells were incubated at 37°C in 10% atmospheric CO,.

2.1.1 Generation of TMZ-resistant cell lines

Parental #15, #20 and #41 cells were treated with 5Gy radiotherapy and 1000uM TMZ. The
cells were then incubated for 7 days, followed by a 3-5 day period in which cells were left
with TMZ-free media. After another round of radiotherapy and TMZ with the same doses
and 7-day incubation period the cells were again left to incubate with TMZ-free media for 1-
2 months — the period of time required for cells to proliferate and re-populate the 75cm?

vent-capped flask.

The U87-R, U251-R and U118-R cells were generated by Dr Rodney Luwor and Dr Stanley
Stylli. The parental U87, U251 and U118 cells were continuously treated over a time period
of 6 months with increasing doses of TMZ (a minimum of 62uM and a maximum of 1000uM

TMZ). The resistance was confirmed with cell viability assay (see cell viability section).

2.1.2 Single cell isolation assay

The U87-V and U251-V were derived from a single cell isolation assay. Briefly, 100uL of
media was pipette into all the wells of a 96-well plate. 2000 cells/100ulL/well were seeded
using either the parental U87 or U251 cell line into all the wells of the first column of a 96-
well plate. Subsequently, 100ulL of media containing the cells were transferred from the first
column and into the second column, leading to a total media volume of 200ulL in all the
wells of the second column. This was repeated across all columns of the 96-well plate. This
was calculated to allow for approximately 1 cell and 3 cells to be seeded into all wells of the

last column and second-last column. The wells were monitored to ensure a single-cell
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derived colony was formed over a period of 2-4 months and cells from the colony were
eventually transferred into 24-well, 12-well and 6-well plates, eventually being transferred

into a 75cm? vent-capped flask.

2.2 Western blotting

Approximately 30,000 cells were seeded into a 6-well plate followed by overnight
incubation. Untreated control cells were harvested when cells reached a confluency of
approximately 70%. Treated cells were exposed to 5Gy radiotherapy and 1000uM TMZ 24
hours after seeding (100uM and 500uM TMZ). After the defined incubation of 7 days (unless
otherwise stated) cells were harvested. Cells were lysed for 15 min with lysis buffer (50mM
Tris [pH 7.4], 150mM NaCl, 1% Triton-X-100, 50mM NaF, 2mM MgCl,, 1mM NasVOy,
protease inhibitor mix (complete mini, Roche) and phosphatase inhibitor (PhosStop, Roche))
on an orbital shaker. The lysate was centrifuged for 20 min at 4°C and 13000 g. A protein
estimation kit (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific) was used to achieve a
final protein concentration of 1ug/uL. Whole cell lysates were prepared with reducing agent

and sample buffer (Invitrogen) and boiled at 95°C for 5 min.

Approximately 20ug of protein was loaded in to the wells of, and separated by, a 10%
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE, Invitrogen) run at
120 volts for 2 hrs. The gel containing the proteins was transferred onto nitro-cellulose
membrane at 30 volts for 90 min. The membrane was blocked using skim milk powder for 1
hr followed by being incubated with a primary antibody overnight on an orbital shaker at

4°C.

Membranes were rinsed and washed with Tris-buffered Saline and Tween 20 (TBST) for 3
rounds, each lasting 3-4 minutes. The appropriate secondary antibody diluted to 1:5000
with bovine serum albumin was placed over the membrane and left to incubate for at least
1 hr at room temperature on an orbital shaker. Signal intensity was detected using the ECL
chemiluminescence detection kit (GE Healthcare) and x-ray film (Fujifilm). Signal intensity

was measured using densitometry with Image J software.
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2.3 Cell viability

2.3.1 RT+TMZ experiments

200 cells/well were seeded into 96-well plates and incubated overnight to allow the cells to
adhere. The media for the control untreated plates was aspirated and fresh media was re-
added. The plate to be treated was exposed to 5Gy radiotherapy and incubated for
approximately 30 min. Subsequently, media was aspirated and fresh media with TMZ at the
appropriate concentration was re-added into each well followed by incubation of the plate
for the designated time period. After a designated incubation period CellTiter-Glo
Luminescent Cell Viability assay (Promega) was used according to the manufacturer’s
instructions. 40ulL of 1x CellTiter-Glo was added into each well and plates were left to
incubate for 10-15 min at room temperature. 30uL of the lysate was transferred into a
microplate reader, followed by reading of the microplate by a GLOMAX luminometer. The
luminescent signal was indicative of the amount of ATP generated in each well and assumed
to correlate with number of viable cells. The measurement of the untreated control plate

was set at 100% in order to normalise the viability measurement.

2.3.2 Tyrosine Kinase inhibitors
The protocol for the cell viability studies with TKls are the same as found in 2.4.1 except that

1uM of a TKI was used for each experiment.

2.4 Quantitative real-time polymerase chain reaction (qRT-

PCR)

Approximately 100,000 cells were seeded into each well of a 6-well plate and incubated
overnight. The media was aspirated and fresh media was pipette into the well. In cases
when cells are to be treated, the appropriate amount of an agent was pipette into the well
to achieve a designated concentration and left to incubate for a designated time period. The
RNeasy Mini Kit (Qiagen) was used according to the manufacturer’s instructions to isolate
total RNA. To verify the high quality of RNA and quantify the amount of RNA that has been
extracted the NanoDrop ND-1000 (NanoDrop Technologies) was used. If the Aygo/Az30 and
Az60/Ar30 ration was approximately 1.8-2.2 the RNA was considered to be of sufficient

quality.
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Reverse transcription (RT) was conducted using the High Capacity RNA-to-cDNA Kit (Applied
Biosystems) according to the manufacturer’s instructions; an equal amount of RNA was used
for the RT to ensure no biases were introduced during the RT process. A maximum of 2ug of
RNA was used and RT was conducted using the Thermocycler (Perkin Elmer) and PCR was
for 1 cycle at 37°C for 60 min, followed by 1 cycle of 95°C for 5 min after which cDNA

product was stored at -80°C. All RNA samples were stored at -80°C.

gPCR was initiated by forming a Master Mix containing 5uL Tagman Fast Advanced Master
Mix (Applied Biosystems), 0.5uL of primer, 3.5uL nuclease-free water and 1uL of cDNA, for a
total volume of 10uL which was pipette into a well of a 384-well plate in duplicate (Applied
Biosystems). The 384-well plate was read using the ViiA 7 Real-Time PCR system (Applied
Biosystems). The qPCR run was set as the following: an incubation period lasting 2 min at
50°C; a polymerase activation period for 20 seconds at 95°C; 40 cycles of PCR split with 1
second at 95°C to denature the cDNA and 20 seconds at 60°C annealing period. The internal

AACT

controls used were GAPDH transcripts. The 2 method was used to quantify the gene

expression levels.

2.5 Human phospho-receptor tyrosine kinase array

100,000 cells were seeded into a 10cm Petri dish and incubated overnight. The plate
designated to be treated was then irradiated with 5Gy and incubated for approximately 30
min after which the media was removed and cells were exposed to fresh media containing
the appropriate concentration of TMZ. The treated plate was then incubated for 7 days.
Cells were lysed and protein concentration was quantified (see 2.3). A concentration of
300ug was used to prepare the cell lysates and the phospho-RTK levels were analysed using
the Phospho-Receptor Tyrosine Kinase Array Kit (R&D Systems) according to the

manufacturer’s instructions. Signal intensity was detected and measured as with 2.3.

2.6 microRNA transfection

The miR-221 mimic (cat# 4464066), miR-221 inhibitor (cat# 4464084), miRNA inhibitor
negative control (cat# 4464076) and miRNA mimic negative control (cat# 4464058) were
purchased from Ambion, USA, and prepared according to manufacturer’s protocol. A final
concentration of 25nM of miRNA mimic, inhibitor and both controls was used for the

transfection. A 3:1 volume FUGENE (Promega):mimic/inhibitor ratio was chosen to be
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optimal. 30,000 cells were seeded into each well of a 6-well plate with media containing the
transfection agent and miRNA mimic/inhibitor. The next step was determined according to

the experiment being conducted.

To determine whether miR-221 regulates EGFR expression, the cells were then incubated
for 48 hrs before qRT-PCR (see 2.5) was conducted. To determine whether increased miR-
221 expression mediates treatment resistance, the 6-well plate designated as the plate to
be treated was irradiated and incubated for 30 min. The media of both the untreated plate
and treated plate was removed. TMZ-free media was pipetted into each well of the plate
designated as the untreated plate and TMZ-containing media was pipetted into the wells
designated as the treated plate. TMZ was administered at 1000uM and radiotherapy dose

was 5Gy. A cell viability assay (see 2.4) was conducted 1, 3 or 7 days after treatment.

2.7 In vitro wound healing assay

Approximately 100,000 cells were seeded into a 10 cm petri dish and incubated until 95-
100% confluency was reached after which mitomycin was added into the dish containing
media and cells at a final concentration of 10uM. Scratches across the dish were made with
a p200 pipette tip and fresh Opti-MEM media (Thermo Fisher Scientific, MA, USA) was then
replaced to remove debris before the dish was incubated. Phase-contrast images were
taken at 0 and 24 hrs after the scratch. To process and acquire images, an inverted
microscope (IX50, Olympus) and Leica Application Suite (LAS v4.5) were employed and

Imagel was used to quantify the rate of wound healing.

2.8 Patient survival analysis (RMH cohort)

RNA was first extracted from glioblastoma samples on formalin-fixed, paraffin-embedded
(FFPE) slides by using PureLink FFPE Total RNA Extraction Kit (Invitrogen, cat# KI560-02) and
the manufacturer’s instructions were followed, including performing the DNA digestion step
prior to reverse transcription. The RNA reverse-transcription and quantification was
conducted as previously mentioned in section 2.5. To evaluate the EGFR fold-change at
recurrence, ‘ACT recurrent — ACT primary’ was calculated to obtain a AACT and the 2 24
used to calculate the difference found in the recurrent tumour sample relative to primary

tumour sample. GAPDH was used as an internal control. Similarly, to evaluate the miR-221

fold-change at recurrence, ‘ACT recurrent — ACT primary’ was calculated to obtain a AACT

[117]



and the 2“7 used to calculate the difference found in the recurrent tumour sample
relative to primary tumour sample. RNU6B was used as an internal control. An expression

change of less than 30% was considered to have no change in gene expression.

To assess the correlation between EGFR and miR-221 expression using primary patient
tumour samples the ACT value for EGFR and miR-221 was first calculated for each patient.
These values were then plotted on a scatter plot and a Spearman r analysis was used to
assess the degree of correlation and significance. The Spearman was appropriate because
two out of the three tests - KS, Shapiro-Wilk and D’Agostino and Pearson omnibus -

indicated that the data passed for normality.

Survival times were already available in our databases and previously were obtained from
clinicians at the Royal Melbourne Hospital. Patients that were considered to have high and
low EGFR or miR-221 expression were stratified; no patient with less than 30% expression
difference between primary and recurrent was selected. A Kaplan Meier plot analysis was

conducted using GraphPad Prism.
2.9 Bioinformatics

2.9.1 OncoLnc (TCGA)

TCGA gene expression data was obtained from wusing the Oncolnc database

(www.oncolnc.org). For a given gene ‘X’, the gene ID was entered and ‘GBM’ was selected.

Patients belonging to either the lower and upper 25" or 35 percentiles were chosen for

the analysis.

2.9.2 MicroRNA target prediction

Three microRNA target prediction programs were used: TargetScan (www.targetscan.org),

microRNA.org and miRDB (www.mirdb.org). For the TargetScan analysis the human species

was selected before submitting the mRNA transcript of interest. All other parameters were

default.

2.10 Nanostring

To determine the miRNA expression in commercial glioblastoma cell lines treated with

radiotherapy and TMZ, nanostring was employed. Cell lines U87, U87-vlll, LN229, U251 and
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U138 were seeded into a 150mm x 15mm petri dish (Corning Inc.) and the dishes designated
to be the untreated control were incubated until 100% confluency was reached. Dishes
designated to be treated were irradiated with 5Gy before incubation for 30 min followed by
TMZ administration at 1000uM. The treated dishes were incubated for 7 days. All plates
were then given to Dr. Rachel Koldej based at the ACRF Translational Research Laboratory,
Royal Melbourne Hospital for nanostring analysis. The employed raw nanostring data used

in this thesis was generated in 2014.

2.11 Statistical analysis

The statistical analyses for all western blots, gRT-PCR and cell viability assays was conducted
with an unpaired, two-tail Student’s t-test was used to test for significance and a minimum
threshold of p<0.05 was chosen to determine significance. The following asterisks were used
to indicate level of significance: * = p<0.05, ** = p<0.01 and *** = p<0.001. The survival
analyses from Oncolnc used a log-rank t-test to determine significance and data was
displayed on a Kaplan-Meier plot. A Grubbs’ test with the alpha value set at 0.05 was used
to determine outliers for all analyses. For the survival analyses from the RMH recurrent
cohort, both log-rank t-test and Gehan-Breslow-Wilcoxon test were used and the p-values

are shown.
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Table 2-1: List of all cell lines used

Cell line | Commercial/Primary/Recurrent | SOURCE
us7 Commercial ATCC
U118 Commercial ATCC
U138 Commercial ATCC
LN229 Commercial ATCC
U251 Commercial ATCC
#4 Primary RMH
#15 Primary RMH
#20 Primary RMH
#28 Recurrent RMH
#35 Recurrent RMH
#39 Primary RMH
#41 Primary RMH

ATCC = American Type Culture Collection; RMH = Royal Melbourne Hospital.
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3.1 Introduction

Despite aggressive therapy glioblastoma patient survival time remains dismal and the
current treatment regimen, after the addition of TMZ, only marginally improves the survival
time achieved with radiotherapy alone. Key contributors to the observed poor survival are
molecular mechanisms that confer resistance to therapy and tumour recurrence as
discussed in Chapter 1. In fact, it has been reported that recurrence rates can be as high as
between 72-83% in studies with a median follow-up of 17-19 months for patients treated
with a TMZ-based regimen [729, 730]. Re-treatment with TMZ is an option upon recurrence
with some benefit observed in clinical trials; however, this benefit may only be obtained in
selected patients with MGMT-methylation and there is debate whether there is any reason
for relapsed patients to be re-treated with TMZ [258, 731]. Clearly, other strategies and

options are required to be put forth.

RTKs have been implicated as oncogenic drivers due to their collective role in promoting and
deregulating proliferation, invasion, migration and cell cycle progression. As discussed
earlier, several key RTKs have been thoroughly studied for their role in gliomagenesis but
clinical trials utilising RTK inhibitors have generated unsuccessful results. This lays in stark
contrast to the success of RTK-targeted therapies, such as cetuximab, erlotinib and gefitinib,
in other cancers such as metastatic colorectal cancer, pancreatic and non-small cell lung

carcinoma [493, 732].

In glioblastoma, focus on the failure of RTK targeted therapies has been multi-fold.
Inefficient BBB penetrative ability, redundant RTK activation that allows bypassing of the
targeted inhibition of the RTK, intrinsic heterogeneity in RTK signalling networks and
deregulated downstream signalling, such as PTEN deletions, have been proposed as possible
reasons for the apparent RTK resistance in clinical trials [594]. However, what is missing in
these explanations is the critical clinical context that RTK targeted therapy typically resides —
the role of radiotherapy and TMZ in conferring RTK therapy resistance. Indeed, writing
recently in 2015 for the journal Nature Reviews, Furnari et al. correctly states, while
commenting on possible mechanisms for RTK therapy resistance, that whether

chemotherapy selects for EGFRvllI-positive (and mTORC2) glioblastoma cells is unknown
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[501]. This succinctly highlights the gap in the literature regarding the contribution of

standard therapy towards resistance to RTK inhibition.

As previously mentioned, EGFR inhibition with erlotinib and gefitinib, and MET inhibition
with cabozantinib have yielded poor clinical results for glioblastoma patients. Given that
extensive effort has been exerted elucidating the oncogenic role of EGFR and MET in
glioblastoma, and EGFR and MET knockdown studies showed promising pre-clinical results,
this utter failure requires urgent addressing. We propose that previous pre-clinical models
studying resistance mechanisms activated in response to EGFR or MET targeting lack in
clinical relevance because the roles of radiotherapy and TMZ treatment in contributing to

said resistance were not accounted for.

Aims

Although RTK signalling and related downstream pathways have been extensively studied in
glioblastoma, their significance in resistance to standard therapy has been largely
overlooked hitherto. Given that RTKs have been found to be key drivers in maintaining
tumourogenic signals it can be reasonably hypothesised that persistent activation of a
number of RTKs maintain the survival of, and provide a mechanism for, the tumour cells to
escape treatment-induced cytotoxic insults. It is possible that these post-treatment
activated RTKs sustain the signalling required for key downstream pathways — such as the
STAT3, AKT and ERK signalling axes — to sustain survival. Therefore, the aim for this chapter

is:

To evaluate the differential expression of RTK and related downstream signalling pathways

and identify activated RTKs in resistant glioblastoma cells.

This aim first requires us to generate an in vitro model of treatment resistance. This will be
followed by analyses of multiple RTKs and downstream signalling pathways that are

activated in treatment-resistant glioblastoma cells.
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3.2 Results

3.2.1 Optimising treatment conditions and generating an in vitro

short-term resistant model

In order to determine the ideal length of time to adopt for future studies in the making of an
in vitro model of treatment resistance, multiple glioblastoma cell lines were exposed to 5Gy
irradiation and 1000uM TMZ then incubated for 1-10 days (Figure 3-1). Cell viability was
measured at the specified time by evaluating cell lines #15, #20, #39 and #41 (primary
human glioblastoma cell lines), and #28 and #35 (recurrent human glioblastoma cell lines).
All cell lines had reduced viability compared to untreated controls at all measured time
points except #15 (Figure 3-1 A), which did not reduce in viability at the Day 1 time point,
and #39 (Figure 3-1 C), which did not reduce in viability at both Day 1 and Day 3 points.
Furthermore, all cell lines, except #39 and #41, had significant reduction in cell viability from
Day 3 to Day 5. Since there was no significant reduction in viability across all cell lines
between cells treated for 7 and 10 days when compared to 5 days, the Day 7 time point was
considered to be short-term resistant to therapy. The use of the term ‘short-term resistant’
for our intent and purpose refers to the population of viable cells that persist after a specific
treatment time point. Given that this time point was Day 7 it was decided that all future
studies will adopt a treatment regimen of 5Gy irradiation plus 1000uM TMZ before
incubation for 7 days, unless stated otherwise. All cell lines had a cell viability reduction of at

least 80% at the Day 7 time point.
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Figure 3-1: Optimisation of treatment protocol. Primary (A) #15,(B) #20, (C) #39 and (D)

#41 and recurrent (E) #28 and (F) #35 glioblastoma cell lines were treated with 5Gy

irradiation and 1000uM TMZ then incubated for either 1, 3, 5, 7 or 10 days before cell

viability was assessed. Values are mean +SD. N=3. * p<0.05, ** p<0.01, *** p<0.001.
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3.2.2 RTK expression is reduced in glioblastoma cell lines after

radiotherapy and TMZ treatment

A phospho-RTK array was utilised to determine which RTKs changed in activity after short
term treatment with radiotherapy and TMZ compared to control untreated cells. Primary
glioblastoma cell lines #15 and #20 were chosen to be treated by 5Gy irradiation and
1000uM TMZ before incubation for 7 days. This array allowed for the observation of the
phosphorylation level differences of 49 RTKs in the untreated control cells compared to the
treated cells. Surprisingly, both #15 and #20 cells treated with radiotherapy and TMZ had
reduced phosphorylation of all RTKs after 7 days (Figure 3-2). Both #15 and #20 treated cells
had undetectable phosphorylated levels of all RTKs except the EGFR, ALK and AXL. The data
in which the phospho-RTK levels were reduced in the treated cells such that it is
undetectable is not shown. Only treated #15 had detectable levels of Insulin-R, IGF-R, MET,
PDGFR family and EphA-10. Out of all the RTK families assessed only the Insulin-R family -
consisting of Insulin-R, IGF-R and ALK - had detectable levels of activation in at least one of
the cell lines used after treatment (Figure 3-2 D). Therefore, it was concluded that

irradiation and TMZ reduced RTK activation in treated #15 and #20 cells.

Next, to verify our results obtained from the phospho-RTK array, western blot was utilised
for assessment of both phosphorylated RTK levels and the total protein expression of RTKs.
Given that both EGFR and MET are among two of the most studied and deregulated RTKs in
glioblastoma, these two RTKs were chosen for further validation studies with two additional
cell lines, the primary human glioblastoma cell line #41 and the established cell line LN229.
Western blot verified that phosphorylated levels of the EGFR and MET were reduced in all
cell lines treated; although, no detectable pEGFR was observed in treated and control LN229
(Figure 3-3 A-D). Interestingly, treated #20 pMET levels in the RTK array was undetectable,
though western blot analysis showed a pMET reduction of 5.1-fold. The variance is possibly
due to the difference in the two methods employed. Unexpectedly, total expression levels
of the EGFR and MET were also down-regulated in all treated cells compared to the
respective untreated controls (Figure 3-3 A-D). Furthermore, the MET and EGFR gene
expression was down-regulated in both cell line #20 and #41 after treatment compared to

untreated controls (Figure 3-3 I-J). Taken together, our data indicates that RTK activity is
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reduced in short-term resistant glioblastoma cell lines through reduction in RTK mRNA

expression.
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Figure 3-2: p-RTK array showed RTK activation was decreased after treatment.
Glioblastoma cell lines #15 and #20 were treated with irradiation and TMZ before RTK
activity levels of 49 RTKs were assessed. Cell lines (A) #15 and (B) #20 were treated with 5Gy
irradiation and 1000uM TMZ before RTK array was conducted. For both cell lines (i) show
low exposure and (ii) shows high exposure scans. Densitometry analysis was conducted on
all 49 RTKs and shown as (C) EGFR family (D) Insulin-R family (E) AXL family (F) MET family
(G) PDGFR family (H) EPH family. The pixel intensity of the untreated array was set at 100%
(and marked as control) and all kinase intensity values were normalised in the treated
arrays. The target map is also shown in (I) and the table was taken from the product data

sheet. N=1.
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Figure 3-3: Validation of RTK array showed that MET and EGFR protein and gene
expression is reduced after treatment. Primary glioblastoma cell lines (A) #15, (B) #20 and
(C) #41 plus established cell line (D) LN229 were treated with 5Gy irradiation and 1000uM
TMZ. pEGFR, EGFR, pMET and MET levels were analysed after 7 days. Band intensity was
analysed and densitometries for (E) #15, (F) #20, (G) #41 and (H) LN229 are shown. The (I)
MET and (J) EGFR mRNA expression levels decreased in cell lines #20 and #41 after
treatment with irradiation and TMZ and incubation for 7 days. All values are mean t* SD;

N=3.* p<0.05; ** p<0.01; *** p<0.001.
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3.2.3 Downstream signalling pathways can persist after standard

therapy regardless of down-regulated RTK gene expression

EGFR and MET activation increases downstream signalling pathways, including the STAT3,
AKT and ERK pathways. As we have demonstrated that treatment with irradiation and TMZ
led to reduced RTK activation and protein expression, we consequently hypothesised that
the activation of downstream signalling molecules would also be reduced. To evaluate this,
cell line #15, #20, #41, U87 and LN229 were treated (as previously) and both the
phosphorylation and protein expression levels of both untreated and treated cells were
analysed after 7 days. In all cell lines, except U87, pAKT and pERK levels were reduced after
treatment compared to untreated controls (Figure 3-4). As for pSTAT3 levels, treated cells
had reduced levels except for #20 and U87 which had significantly up-regulated STAT3
activation. Treatment did not lead to significant changes in the protein expression of any of
the three signalling molecules assessed. This data suggests that glioblastoma cell lines that
undergo treatment with radiotherapy and TMZ maintain persistent downstream signalling
pathway activation despite lower RTK activity. Furthermore, which pathways are activated

in short-term resistance cells is cell line-specific.
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Figure 3-4: Differential downstream signalling pathway activation in glioblastoma cells
after treatment. Cell lines (A) #15, (B) #20, (C) #41, (D) U87 and (E) LN229 were treated
irradiation and TMZ before levels of signalling proteins of three key signalling pathways:
STAT3, AKT and ERK. The levels of STAT3, AKT and ERK 1/2 activity differed across all cell
lines. All cell lines had reduced STAT3 activation after treatment except #20 and LN229. All
cell lines had reduced AKT and ERK 1/2 activation after treatment except U87. Protein fold
change was assessed and densitometries for (F) #15, (G) #20, (H) #41, (1) U87 and (J) LN229

are also shown. Values mean + SD. All are n=3: * p<0.05, ** p<0.01, *** p<0.001.
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3.2.4 Changes in RTK expression and signalling pathway activation is

both time- and dose-dependent

To determine when these changes in phoshphorylated and total protein expression
occurred within the 7 day treatment period, time- and dose-dependent studies were
performed. Both cell line #41 and #20 were exposed to 5Gy irradiation and 1000uM TMZ for
either 1, 3, 5 or 7 days. The reduction in pMET and total EGFR levels in treated #41 was
time-dependent. pMET levels were significantly reduced from Day 1 onwards and total EGFR
expression was only significantly reduced at Day 5, although a gradual reduction was
observed from Day 1 onwards. (Figure 3-5 A). MET protein expression was significantly
increased in treated #41 at Day 1 before MET expression levels were reduced back to the
untreated control levels. At Day 5 and Day 7 post-treatment cell line #41 MET expression
was significantly lower than the untreated control. Interestingly, treatment reduced #41
PEGFR levels at Day 1 before a significant up-regulation at the Day 3 time point followed by
reductions at Day 5 and 7. A similar pattern of activation was observed with pSTAT while
pAKT levels increased at Day 1 after treatment before a decrease (Figure 3-5 B). ERK 1/2

activation gradually reduced from the onset of treatment at Day 1 to Day 7.

Similar to #41, treated #20 cells had significantly higher MET protein expression levels
compared to untreated control before a reduction back to the levels observed in the
untreated cells (Figure 3-5 C). EGFR protein expression levels were significantly higher in the
treated #20 cells compared to the untreated control from Day 1 till Day 5 — only at the Day 7
time point was EGFR protein expression significantly reduced compared to the untreated

control.

Next, for the dose-dependent study both cell lines underwent 5Gy radiotherapy only or in
addition to either 100uM or 1000uM of TMZ, followed by an incubation period of 7 days.
The reduction in MET activation and expression was dose-dependent in treated #41 cells;
although radiotherapy alone led to a reduction in pMET and MET levels this was furthered
with the addition of TMZ (Figure 3-5 D). Radiotherapy alone induced a significant increase in
PEGFR with #41, but the supplementation with 100uM TMZ led to a reduction such that
pPEGFR was not significantly altered compared to the untreated control. Only administrating

radiotherapy with 1000uM TMZ was pEGFR levels reduced significantly compared to the
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untreated control. Lastly, EGFR protein expression was only reduced when radiotherapy was

supplemented with TMZ.

Both MET and EGFR protein expression significantly increased in #20 after treatment with
radiotherapy alone; however supplementing radiotherapy with 100uM TMZ led to no
change in MET and EGFR protein expression compared to the untreated control (Figure 3-5
E). Only radiotherapy plus 1000uM TMZ led to a significantly reduced MET and EGFR protein
expression. To summarise, the change in protein expression and activation levels of MET

and EGFR is both time- and TMZ dose-dependent in the selected glioblastoma cell lines.

A) o B)
S .
é\ 's- 'b _\‘o ’\ ,&0 » o, " '\
S Ff & S
C Q Q A > )
S & & & &
— pMET - - pSTAT3
STAT3
R—— . s
e — pAKT
b G - pecrR L L1 1 A R

——— —

GAPDH GAPDH
C) D)
& T et
S & R —— i T
GAPDH RT(Gy) 2 5 5 5
PR wean - o a0

E)

RT(Gy) = 5
T™Z (uM) - 0 100 1000

[135]



TIME POINT

#41

abueyd p|o4

0)

#41

&3 pMET

3 MET

E3 pEGFR
E3 EGFR

L NNOOOT + A5
L WNOOT + A9g
L Aluo A9g

L 10JJU0D

L NN00OT + A9g

WNQOT + A9g

L Aluo Aog
L |0J]u0D

L NNOOOT + A9
L WN0O0T + A9g
L A|uo £o9g

L |0JJU0D

L NNOOOT + A5
L NNOOT + A9g

Ajuo Aog

il ve]

[
10
N

N
o

1 1
o
- -

abueyd pjo4

[136]



TIME POINT

#20
4
* E3 MET
3 B3 EGFR
S *
g
O 27 =
E :.:. IIIII
C] =
L1 =
i =
oLEAEAEA B ]
YYD O A SN D B A
Q© ©
o PP o PP PP
#20
2.5+
* B3 MET
E3 EGFR

Fold Change

Figure 3-5: Change in MET and EGFR protein expression levels after treatment is both dose
and time dependent. Cell line (A) #41 was treated with 5Gy irradiation and 1000uM TMZ
before MET and EGFR expression was assessed 1, 3, 5 or 7 days after treatment. Next (B)
#41 was treated with 5Gy irradiation and 1000uM TMZ and downstream signalling pathway
activation was assessed at various time points after treatment. (C) Blot shows the time
point study using cell line #20, only MET and EGFR expression was assessed (D) #41 MET
and EGFR expression levels were assessed after 5Gy irradiation plus varying concentrations
of TMZ. (E) Blot shows dose dependent study results using cell line #20, only MET and EGFR
expression was assessed. Densitometry for (F) #41 time point, (G) #41 dose dependent
study, (H) #20 time point and (1) #20 dose dependent are also shown. Values are mean *

SD. * p<0.05, ** p<0.01, *** p<0.001.

[137]



3.2.5 LC3 is a potential biomarker for treatment resistance in

glioblastoma

As EGFR activity has been linked to the induction of autophagy and as our results show that
radiotherapy plus TMZ treatment reduces EGFR activity, we next evaluated whether
autophagy is induced in treatment resistance. Treated #41 was incubated for 1, 3, 5 or 7
days before LC3 levels were assessed, whereas both treated #20 and #4 were incubated for7
days only (Figure 3-6). Radiotherapy plus TMZ induced a significant increase in LC3 levels
from Day 1 onwards to Day 7 in #41 (Figure 3-6 A). LC3 protein levels peaked at Day 3 and
was more than 20-fold higher compared to the untreated #41. The 7-day post-treatment
LC3 protein expression in #20 was up-regulated compared to the untreated #20, which
showed no detectable band (Figure 3-6 B). Similarly, treated #4 cells showed significantly
up-regulated LC3 levels compared to the untreated control (Figure 3-6 C). Patient clinical
data obtained from the TCGA via Oncolnc supported the inverse correlation observed in our
short-term resistant cell lines. Specifically, a high EGFR-LC3A and high EGFR-LC3B co-
expression had significantly association with favourable survival compared to low EGFR-
LC3A and low EGFR-LC3B co-expression, respectively (Figure 3-6 F-G). Taken together,
autophagy-related gene expression confers poor survival in glioblastoma. Importantly, the
treatment-induced down-regulation of EGFR is associated with high levels of the autophagic
marker LC3, suggesting that the level of LC3 protein expression is a biomarker for treatment

resistance in glioblastoma.

Clinical data was obtained from the TCGA server via OncolLnc, an online database that has
stored gene expression from glioma patients. A number of autophagy-related genes were
selected for gene expression analysis. Patients were stratified into the top and bottom 30"
percentile of expression. It was observed that high ATG9B, WIPI2 and LC3A were
significantly associated with poor survival in glioblastoma patients (Figure 3-7 A-C). In
addition, a high LC3A-WIPI2 signature was significantly associated with poorer survival
compared to a low ATG9B-WIPI2 signature (Figure 3-7 D). Furthermore, high-LC3A
expressing glioblastoma patients had poorer survival rates compared to high-LC3A
expressing low grade glioma patients; this was also the case when comparing low-LC3A
expressing glioblastoma patients with low-LC3A expressing low grade glioma patients

(Figure 3-7 E-F).
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Figure 3-6: LC3 levels increases in response to irradiation and TMZ therapy and inversely
correlates with EGFR expression. Cell line (A) #41 was treated with irradiation and TMZ
before LC3 protein expression was assessed with western blot at various time points. Cell
lines (B) #20 and (C) #4 were treated with irradiation and TMZ and LC3 protein expression
was compared to the untreated counterpart 7 days after treatment. LC3 levels increased
after treatment in both cell lines. Densitometry analyses for (D) #41 and (E) #4 is shown.
Values are means + SD. (F) Patient data from the TCGA database was obtained. High-EGFR
expressing glioblastoma patients were cross-matched with low-LC3A expressing
glioblastoma patients and survival rates were compared with low-EGFR and high-LC3A
expressing glioblastoma patients. The latter group had significantly worse survival rates
compared to the former group. The same type of analysis was conducted with LC3B-

expressing glioblastoma patients and shown in (G). High-LC3B/Low-EGFR expressing
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glioblastoma patients had significantly worse survival compared to the Low-LC3B/High-EGFR

expression patients. * p<0.05; *** p<0.001.
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Figure 3-7: Autophagy-related genes are highly expressed in poor surviving glioblastoma
patients. Bioinformatics data obtained from the TCGA showed that expression of
autophagy-related genes correlates with poor survival. The top and bottom 30™ percentile
of (A) ATG9B, (B) WIPI2 and (C) LC3A expressing glioblastoma patients were selected and a
survival curve analysis was performed. (D) High-expressing LC3A and high-expressing WIPI2

patients were cross-matched and patients belonging to both gene groups were included for
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further analysis. The same was done for low-expressing LC3A and low-expressing WIPI2
patients. Survival curve analysis showed that high-expressing LC3A/high-expressing WIPI2
patients had significantly worse survival compared to low-expressing LC3A/low-expressing
WIPI2 patients. (E) The survival rates of the top 30t percentile of LC3A-expressing
glioblastoma patients were compared to the top 30" percentile of LC3A-expressing low
grade glioma (LGG) patients. High-LC3A glioblastoma patients had worse survival compared
to high-LC3A LGG patients. (F) The same type of analysis was conducted for low-LC3A
expressing glioblastoma and LGG patients. Low-LC3A expressing glioblastoma patients had

worse survival compared to low-LC3A expressing LGG patients.
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3.3 Discussion

Even with an aggressive treatment regimen — commonly referred to as the Stupp protocol
but may consist of varying combinations and schedules of radiotherapy and TMZ therapy —
patient survival time is only marginally better than standard radiotherapy alone. It is largely
agreed upon that a main impetus behind the clinical efficacy of TMZ being attenuated are
resistance mechanisms that allow for tumourogenic signalling to persist despite the
cytotoxic lesions formed by radiotherapy and TMZ. There is however, a lack of consensus for
a hierarchical model signifying the importance of a particular class of signalling molecules.
Nonetheless, RTKs have garnered considerable attention due to their collective role in signal
transduction pathways in cancer, including glioblastoma. Glioblastoma requires a number of
signalling-driven endpoints for its malignant characteristics, including but not limited to:
proliferation, invasion, migration, angiogenesis, anti-apoptosis, cell cycle progression and
DNA repair. RTK signal transduction pathways are an integral component for these signalling
endpoints. The influence of a RTK-based therapeutic paradigm for glioblastoma has
furthered due to the successes in such a paradigm after its adoption in several other
cancers. A number of RTK agents have been trialled in the hope of complementing the
Stupp protocol; however, to date, no single drug has successfully - and consistently - shown
efficacy in either primary or recurrent glioblastoma patients. This lack of success signifies
the urgency that is before us to identify novel biomarkers for treatment resistance so that
future therapies can supplement the Stupp protocol by selectively targeting those very

signalling pathways that provide the tumour an escape mechanism.

3.3.1 Down-regulation of key RTKs in radiotherapy- and TMZ-treated

glioblastoma cells

We initially hypothesised that RTK-driven signalling will be activated as a response in
surviving cell populations to stimulate downstream signalling pathways to promote survival
and tumourigenesis. This hypothesis was consistent with previous studies using both protein
and gene expression analysis detailing the critical role of RTKs in glioblastoma
tumourigenesis. Our RTK screen, however, invalidated the strongly supported hypothesis
which highlights the importance in the use of clinically relevant therapeutic regimens in pre-
clinical studies. Using an in vitro model of treatment resistance we showed that down-

regulation of RTKs is a feature in our cell lines after standard therapy with irradiation and
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TMZ (Figure 3-2). This observation, that the activity levels of 49 RTKs were reduced in

treated cells, suggests that redundant activation of RTKs was not triggered as a response.

Furthermore, EGFR and MET gene expression was also down-regulated after treatment
(Figure 3-3). It has been demonstrated that berberine-induced down-regulation of EGFR
causes senescence in glioblastoma cells [733]. This initially suggested that the surviving cells
in our experiments may have preferentially shifted from a highly proliferative and
tumourogenic state to senescence. We therefore assessed the activation of STAT3, AKT and
ERK downstream pathways since these signalling molecules are known for promoting
glioblastoma proliferation and progression (Figure 3-5). Surprisingly, however, in all cell
lines except #15 at least one of the downstream signalling molecules was up-regulated in
the treated cell population. As we may rule out alternative RTKs as potential drivers of
sustained downstream pathway activity we propose here that RTK-independent
mechanisms are driving STAT3, AKT or ERK signalling, thereby conferring resistance to the
surviving cell population and sustaining the tumourogenic capacities of these cell lines.
Speculatively, it is possible that interleukin receptor signalling is a source for the sustained
signal transduction and, indeed, studies have highlighted the role of this class of receptors in
activating the three assessed pathways [734] [735, 736] [737]. Although, ultimately, further
study is required to elucidate these exact mechanisms for the observed sustained

downstream pathway signalling.

3.3.2 Autophagy marker LC3 is up-regulated in treatment-resistant

cells

EGFR activity is considered to have an inhibitory effect on autophagy induction and
autophagy is known to be induced upon EGFR inhibition [738]. Furthermore, the role of
autophagy in resistance is a matter of debate. For instance, Palumbo’s works have
suggested up-regulated autophagy to carry a sensitising effect towards therapy [637, 739].
Specifically, autophagy inhibition, via silencing of beclin-1 and ATG7, suppressed the
combined cytotoxic effects of radiotherapy and TMZ in T98G cells [739]. In addition,
autophagy inhibition in EGFR-silenced TMZ-resistant T98G glioblastoma cells rescued
clonogenicity [637]. In contradiction, a more recent paper put forth evidence that inhibition

of TMZ-induced autophagy triggers the apoptotic pathway [740]. Notably, the EGFR-AKT-
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mMTOR pathway is known to inhibit autophagy in various cancers, including glioblastoma, and
combining AKT inhibition with EGFR inhibition augmented LC3ll levels in glioblastoma cell
lines [631, 741]. Therefore, considering the decreased EGFR signalling upon treatment with
radiotherapy and TMZ in our cells we next aimed to analyse whether increased autophagy is

associated with treatment resistance.

Given that our resistant #20 and #41 cells had lacking EGFR expression and down-regulated
pAKT levels, we hypothesised that LC3 expression is increased in this resistant
subpopulation (Figure 3-6). TCGA data suggested that autophagy markers are associated
with patient survival supporting, albeit inconclusively, the position that autophagy is a
resistance mechanism (Figure 3-7). Our hypothesis was validated when treated #4, #20 and
#41 cells had increased LC3 levels compared to parental populations. However, time point
LC3 analysis with #41 revealed that LC3 expression may be time-dependent as we observed
peak levels at the Day 3 time point. Despite EGFR #41 post-treatment levels were the lowest
at Day 7, coupled with the observation of an increase in pAKT at Day 1, LC3 levels did not
peak at Day 7 nor were expression levels reduced at Day 1. This suggests that EGFR-AKT
signalling does not directly inversely correlate with LC3 and autophagy can be induced
independently of the EGFR-AKT activity. This is consistent with Sugita and colleagues
demonstrating that non-EGFR expressing non-small cell lung cancer cell lines treated with
gefitinib exhibit autophagy induction as indicated by increased LC3 expression [742].
Therefore, a decrease in EGFR activity or expression is not essential for autophagy induction,
but rather autophagy activation as a cyto-protective mechanism is not limited to EGFR

activity.

3.4 Conclusion

To conclude, in this chapter we have shown that resistant glioblastoma cells have reduced
RTK activation. Furthermore, it was demonstrated that the protein and gene expression of
EGFR and MET is also reduced; however, a reduction of RTK activity after treatment did not
lead to down-regulation of STAT3, AKT and ERK 1/2 in all cell lines employed suggesting RTK
independent mechanism maintain tumourogenic signal transduction. Our results
demonstrated that this reduction in RTK expression was both time- and dose-dependent.

Lastly, the autophagic marker LC3 was highly expressed in treated cells and may be a
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potential biomarker for treatment resistance. In the next chapter we will explore whether
similar molecular differences are seen with long term stably acquired resistance to

radiotherapy and TMZ.
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4.1 Introduction

Glioblastoma recurrence is regarded to be inevitable despite aggressive treatment with
radiotherapy and TMZ. Recurrence may be attributed partially to the difficulty in achieving
complete resection or arise due to poor penetration of the therapy due to factors such as
BBB penetration, bioavailability and tumour penetration; however, a treatment-resistant
subpopulation is also likely to be at least partly responsible for tumour mass repopulation.
These subtypes may contain specific genetic alterations conferring advantageous
capabilities to withstand the otherwise cytotoxic insults induced by radiotherapy and TMZ.
For the purposes of our study glioblastoma recurrence refers only to recurrence initiated by

treatment-resistance.

Two dominant theoretical paradigms exist that attempt to explain glioblastoma recurrence
initiated by treatment-resistance (Figure 4-1). The first suggests that resistance develops
through spontaneous random mutations such that it is regarded that the tumour mass
possess inherently a resistant subpopulation at the onset of treatment [743]. In other
words, the recurrent mass is a subtype selected for by standard therapy that possesses a
genetic makeup that allows for being predisposed to resistance and initiating recurrence.
The second suggests that recurrence is initiated by a subpopulation of cells that have
acquired genetic alterations that arise from treatment [743]. In this model, resistance
develops through an adaptation process in response to a specific condition, such as therapy
[743]. Therefore, an account of recurrence requires an explanation in the origin of

resistance and this question will be explored in this chapter.

Whether EGFR confers poorer survival in glioblastoma is controversial with contradicting
reports. We have demonstrated in Chapter 3 that short-term treatment with radiotherapy
and TMZ led to reduced RTK activity and EGFR and MET gene expression. A possible avenue
for deciphering the role of EGFR in resistance is to analyse the EGFR status upon recurrence.
MET expression has been suggested to be a predictor of poor survival and progression-free
survival [568, 569]. In addition, a study by Liu et al. reported recently that MET expression in
recurrent glioblastoma is higher than primary glioblastoma and a net increase in the number
of MET-positive patients at recurrence than primary tumours [568]. Although there is clinical

data available reporting on the change in EGFR and MET status after recurrence there is a

[147]



gap in the literature studying the role of EGFR and MET in recurrence at the fundamental
biological level. Therefore, we aim to study the role of EGFR and MET in both treatment
resistance and recurrence. Given that a number of clinical trials that have unsuccessfully
employed agents that target EGFR or MET in either newly diagnosed or recurrent
glioblastoma in conjunction with TMZ, an account for such a failure is lacking in the
literature. The aim in this chapter is to address this gap.

Aim

Given the above our aim for this chapter is to:

Elucidate the role of EGFR and MET in treatment-resistance initiated recurrence.
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Figure 4-1: Origins of glioblastoma recurrence. Two broad theories attempt to explain the
source for tumour recurrence in glioblastoma. One view is that an inherently resistant pre-
existing subpopulation of tumour cells exists within the parental population and this
resistant population is selected during therapy (left). The alternative explanation is that
therapy induces a subpopulation to acquire resistance as a consequence of genetic and

epigenetic alterations (right). RT = Radiotherapy; TMZ = Temozolomide.
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4.2 Results

4.2.1 Generation of in vitro recurrent glioblastoma model

Currently, there is a lack in the number of studies that have utilised standard therapy in the
generation of a recurrence model in vitro. Given that treatment resistance contributes to
tumour recurrence in glioblastoma there is an urgent requirement to address this gap.
Therefore, we first aimed to generate a recurrent in vitro model that potentially mimics the

same features in recurrence found in the clinical tumour recurrence.

Primary glioblastoma cell lines #15, #20 and #41 were subject to 5Gy irradiation and
concomitant TMZ at 1000uM followed by a 7-day incubation period. After a change in media
and a 3-day treatment-free period the regenerated tumour population was again subject to
the same treatment regimen of irradiation and TMZ which was followed by another 7-day
incubation period (Figure 4-2 A). Cells were re-cultured in TMZ-free media after the end of
the second 7-day incubation period and allowed to repopulate the culture flask — a period of
2 months was required for this repopulation phase to be complete. This method allowed us
to successfully generate a resistant #41 variant (#41R) (Figure 4-2 B). #41 cell line resistance
was tested by subjecting both the parental and resistant cell line to 5Gy irradiation plus
either 500uM or 1000uM TMZ followed by a 7-day incubation period before a cell viability
assay was conducted. The resistant #41 variant (#41R) was significantly more resistant to
therapy compared to the parental cell line. However, a resistant #15 and #20 was unable to
be generated (data not shown). Previously, a TMZ-resistant U87, U251 and U118 variant
was generated in our laboratory (by Dr Rodney Luwor and Dr Stanley Stylli) after continuous
exposure to TMZ for 6 months. The resistance of these three cell lines was tested by
subjecting both parental and variant cells to 500uM and 1000uM TMZ for a 7-day incubation
period before a cell viability assay was conducted. All three resistant variants were
significantly more resistant at both TMZ doses compared to the corresponding parental cell
line (Figure 4-2 C-E). The #41R was significantly more proliferative compared to the parental
cell line; after 5 days the #41R cell number was more than 15 times the Day 0 time point
while the #41 parental cell line (#41P) was only above 5 times the Day 0 time point (Figure
4-2°F).
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Figure 4-2: Treatment resistant cells were successfully generated. (A) Treatment protocol
employed to generate treatment resistant #41 cells (#41R). Next Parental (B) #41 cells and
their counterpart long-term treated cells were treated with 5Gy irradiation plus the
indicated dose of TMZ. After incubation for 7 days #41R cells were significantly more viable
than the parental cells at both doses of TMZ. (C) - (E) show the cell viability difference
between long-term treated U87R, U251R and U118R and the respective parental controls.
Cell viability was compared to corresponding untreated controls. (F) #41 resistant cells
(#41R) were significantly more proliferative than the parental line. Cell viability was
measured 3 and 5 days after seeding. The control was set as the viability measured one day

after seeding for each respective cell line. All values are meanz SD; n=3; *** p<0.0001.
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4.2.2 Glioblastoma recurrent cells lack EGFR and MET protein and

gene expression, and are resistant to RTK inhibition

In chapter 3, short-term treated resistant cells showed decreased EGFR and MET protein
and gene expression in addition to increased LC3 protein expression. To test whether this is
also the case in the recurrent cells EGFR and MET activation and protein expression was
assessed using both #41P and #41R. Both the #41P and #41R were treated with 5Gy
irradiation and 1000uM TMZ before a 7-day incubation period. Interestingly, the untreated
#41R cells showed a lack in both EGFR and MET protein expression (Figure 4-3 A). Although
we previously showed that short-term treated resistant cells have elevated levels of the

autophagic marker LC3 the #41R cells had decreased LC3 compared to #41P (Figure 4-3 B).

To quantify relative EGFR and MET mRNA levels in the resistant cells qRT-PCR was
performed (Table 4-1). We observed that #41R, U87R and U251R had undetectable levels of
both EGFR and MET gene expression at the maximum cycle number 40. Table 4-1 lists the
ACT values for EGFR and MET mRNA expression for #41 Parental (#41P), U87 Parental (U87)
and U251 Parental (U251) cells as calculated by the equation ACT = EGFR CT value ( or MET
CT value) — GAPDH CT value. Furthermore, all resistant cell lines - #41 resistant (#41R), U87
resistant (U87R) and U251 resistant (U251R) cells - showed no detectable levels of EGFR and

MET mRNA expression.

To rule out promoter methylation as the reason for reduced EGFR we used a demethylating
agent. 10uM treatment with the demethylating agent azacitidine (also called 5-aza) for 48
hours showed no increase in EGFR gene and protein expression in #41R cells, indicating that
EGFR promoter methylation may not be causing the reduced EGFR gene expression in #41R

(Table 4-1 & Figure 4-3 C).

The hypothesis that EGFR- and MET-lacking recurrent cells are resistant to RTK inhibitors
was tested. Both #41P and #41R were treated with the EGFR inhibitors — erlotinib, gefitinib,
afatinib and lapatinib — and crizotinib and cabozantinib which are multi-kinase inhibitor that
also targets MET. Cells were treated with 1uM and incubated for 7 days before a cell
viability assay was performed. #41R cells were more resistant to all six RTK inhibitors
compared to #41P (Figure 4-4 A-F). Interestingly, erlotinib, afatinib and lapatinib were the

only agents that did not significantly reduce #41R cell viability when compared to the
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untreated #41R control. Similarly, U87R was also more resistant to erlotinib and
cabozantinib compared to the parental U87 (U87P) (Figure 4-4 G-H). While erlotinib
significantly reduced U87R cell viability compared to U87R untreated control, cabozantinib
showed no such effect. Taken together, our data suggests that resistance to RTK inhibitors

in recurrent cells is mediated by a loss of EGFR and MET expression.

#41pP #41R
| — pEGFR
—_— EGFR
o -~ pMET
— MET
TREATMENT 2 * = *
&
o o

Figure 4-3: Recurrent cells lack EGFR, MET and LC3 protein expression. (A) Both #41P and
#41R cells were treated with irradiation and TMZ before incubation for 7 days. As expected
EGFR and MET protein expression was reduced in #41P cells; however #41R untreated cells
lacked EGFR and MET protein expression. (B) Blot shows the levels of LC3 in both parental
and resistant #41 cells. The #41R cells showed no detectable levels of LC3. (C) #41R was
treated with 10uM of azacitidine and EGFR protein expression was assessed with western

blot after 48 hours.

[154]



Table 4-1: EGFR and MET gene expression is reduced in resistant cell lines.

EGFR GENE #41P #41R #41R+ U87P  U87R  U251P U251R
EXPRESSION 5-aza
ACT value 8.56 u/D u/D 8.43 U/D 19.10 u/D

SD 0.30 0.75 0.65

MET GENE #41P #41R us7p U87R U251P U251R
EXPRESSION

ACT value 8.01 u/D 8.10 u/D 17.07 U/D

SD 0.05 0.54 0.19
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Figure 4-4: Resistant cells are resistant RTK inhibitors. Resistant cell lines #41 and U87 were
treated with RTK inhibitors and cell viability was compared to the parental line. Cell line
#41P and #41R were exposed to EGFR inhibitors (A) erlotinib, (B) gefitinib, (C) afatinib, (D)
lapatinib, and MET inhibitors (E) crizotinib and (F) cabozantinib and cell viability was
measured 72 hours later. #41R was significantly more resistant to all drugs compared to
#41P. U87P and U87R were also treated with (G) erlotinib and (H) cabozantinib and cell
viability was 72 hours later. U87R was significantly more resistant to both drugs compared

to U87P. All values are mean * SD; n=3; * p<0.05, **p<0.01, ***p<0.001.
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4.2.3 A low-EGFR expressing subpopulation of cells is pre-disposed to
treatment resistance

To investigate whether a pre-existing subpopulation was inherently sensitive to treatment
we performed a serial cell dilution to cultivate colonies originating from a single cell. After 3
months we were successfully able to obtain a single cell derived population of U251 (U251-
V) and U87 cells (U87-V). When comparing the total EGFR expression of parental U251 with
the U251-V we observed higher EGFR protein expression levels in the U251-V cells (Figure 4-
5 A). Additionally, U251-V showed higher EGFR gene expression (Figure 4-5 B). Consistent
with our previous findings, cell viability assays showed that the U251-V cells were
significantly more sensitive to the treatment of 5Gy irradiation and 1000uM TMZ at both
Day 3 and Day 7 (Figure 4-5 C). Conversely, U87-V displayed lower EGFR protein expression
(Figure 4-5 D) and EGFR gene expression (Figure 4-5 E) compared to the parental U87 cells.
When both U87 parental cells and U87-V cells underwent 5Gy radiotherapy plus 1000uM
TMZ treatment U87-V cells were significantly more resistant to therapy compared to the
parental population expression (Figure 4-5 F). Consistently with our previous results,
subpopulation of cells with increased EGFR displayed greater sensitivity to erlotinib (Figure

4-5G).
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Figure 4-5: Subpopulation of low EGFR-expressing cells is more resistant to treatment.
Colonies originating from either single U251 or U87 parental cells were generated after
serial cell dilution. After 2-3 months the U251 colony expressing higher EGFR and a U87
colony expressing lower EGFR compared to the parental line was selected for further
analysis. (A) Western blot analysis shows a difference in EGFR expression between parental
U251 cells and the U251-V cells which originated from single U251 cell. Substantially higher
EGFR expression was observed in the U251-V cells. (B) A subpopulation of U887 GBM cells
(U87-V) expressing lower level of EGFR protein compared to the parental population. (C)
Similarly, EGFR mRNA levels in U251-V were significantly higher compared to U251 parental

population. (D) Shows the differences in cell viability between U251 parental and U251-V
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after treatment. U251 parental and U251-V cells were treated with 5Gy irradiation and
1000uM TMZ before incubation for 3 and 7 days. U251-V cell viability reduced more than
the parental after treatment at both time points and these differences were significant. (E)
The U87-V population also displayed no detectable level of EGFR gene expression as
guantified by qRT-PCR. (F) Cell viability assay showed that U87-V cells were significantly
more resistant to radiotherapy and TMZ compared to the parental population. (G) High-
EGFR expressing (i) U251-V and low EGFR-expressing (ii) U87-V were treated with 1uM of
erlotinib. Cell viability assays showed U251-V and U87-V cell populations were significantly
more sensitive and resistant to treatment compared to the corresponding controls,
respectively. Values are means * SD; N.S = not significant; RT = radiotherapy; *p<0.05,

**p<0.01, ***p<0.001; n=3.
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4.2.4 Human patient glioblastoma lose EGFR upon recurrence

Our results thus far suggest that a low-EGFR treatment-resistant subpopulation is selected
for by radiotherapy and TMZ. To further validate this position human patient-derived
recurrent glioblastoma cell lines were employed. Consistently, recurrent glioblastoma cell
line #28 and #35 had decreased EGFR gene expression compared to both primary
glioblastoma cell lines #41 and #20 (Figure 4-6 A). This was also observed when analysing

MET gene expression levels (Figure 4-6 B).

Matched primary and recurrent samples from 36 different glioblastoma patients were
available for analysis. We, therefore, analysed the gene expression of both primary and
recurrent samples from each patient to evaluate frequency for loss of EGFR upon
recurrence. Patients with differential EGFR gene expression of less than 30% between
primary and recurrent samples were considered to have stable expression. Only two
patients out of the entire 36-patient cohort were, therefore, considered to have stable

expression (Figure 4-8 A).

Before stratifying the cohort according to treatment received we observed that 12 and 22
patients had reduced and increased EGFR expression, respectively (Figure 4-7 A-B). 7 and 8
patients from the respective groups had a change of greater than 5-fold. Interestingly, in
this cohort low recurrent EGFR expressing patients had a worse prognosis, though this

difference was not significant (Figure 4-7 C).

To better associate recurrent EGFR expression, patient survival and treatment-resistant
recurrence we selected patients who were treated with radiotherapy alone or TMZ alone or
the Stupp Protocol from our recurrent cohort. We first plotted all patients that received any
therapy in addition to resection (Figure 4-8 A). A total number of 31 patients were selected
for this analysis out of the original 36 patients. The remaining five patients did not receive
radiotherapy or TMZ, four of these patients had an increase in EGFR expression and one had
a decrease in EGFR at recurrence. From the 31 patients selected, 25 had received the Stupp
Protocol regimen (81%). 9 patients from the Stupp Protocol group had reduced recurrent
EGFR expression (36%), 1 patient had no change (4%) and 15 patients had increased EGFR
expression (60%). The majority of the Stupp Protocol treated patients that lost EGFR

expression had a greater than 5-fold decrease (6/9 patients, 66%) while Stupp Protocol
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treated patients that had a 5-fold increase in EGFR were in the minority amongst patients
that had increased EGFR (5/15 patients, 33%). A total of 3 patients were treated with
radiotherapy only; 1 of these patients had no EGFR changes, 1 had an increase more than 5-
fold and 1 had an EGFR expression decrease of less than 5-fold. Similarly, 3 patients received
TMZ only; 2 of these patients had an EGFR increase of less than 5-fold at recurrence and 1

patient had a decrease of more than 5-fold.

Survival rates of patients that received any treatment in addition to surgical resection were
analysed with high recurrent EGFR expression and low recurrent EGFR expression separated
into two groups (Figure 4-8 B). 18 patients were in the high EGFR expressing group and 10
patients were in the low EGFR expressing group (outliers were deselected). The analysis
revealed that patients with decreased recurrent EGFR expression had a lower median
survival time compared to patients with increased recurrent EGFR expression (13.7 months
vs. 21.9 months) and a hazard ratio of 0.47 (High EGFR/ Low EGFR) represents a risk of 2.13
times more for the low EGFR expressing group compared to high expression. Similar results
were also obtained when only patients treated with the Stupp Protocol were selected for
the analysis (Figure 4-8 C). The greatest difference between the two groups was observed
when Stupp Protocol treated patients were divided into either the greater than 5-fold EGFR
increase group or greater than 5-fold EGFR decrease group. The median survival time was
almost double in the high EGFR expressing group compared that of the low EGFR expressing
group (32.1 months vs. 16.6 months), and although the survival curves were not statistically
significant according to two tests, the p-value was 0.07 while a hazard ratio of 0.28
demonstrates 3.57 times more risk for the low EGFR expressing patients compared to high

EGFR expression (Figure 4-8 D).
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Figure 4-6: Recurrent glioblastoma cell lines have reduced EGFR and MET gene expression.
Patient-derived recurrent glioblastoma cell lines #28 and #35, in addition to primary
glioblastoma cell lines #20 and #41, had EGFR and MET gene expression levels quantified by
gRT-PCR. (A) #20, #28 and #35 EGFR levels relative to #41 EGFR levels are shown. (B) #20,
#28 and #35 MET levels relative to #41 MET levels are shown. All values are mean % SD;

*p<0.05, **p<0.01, ***p<0.001; n=3.
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Figure 4-7: EGFR expression decreases in one-third of recurrent glioblastoma tumours. A)
The EGFR expression in recurrent tumours relative to the corresponding paired primary
tumours. 12 out of 36 glioblastoma recurrent tumours analysed presented a loss in EGFR
expression. 2 patients had less than 10% increases in EGFR expression between primary and
recurrent tumours. (i) Recurrent EGFR expression relative to primary tumour in which the
fold-change is less than 10-fold. (ii) Recurrent EGFR expression relative to primary tumour in
which the fold-change is greater than 10-fold. B) Kaplan-Meier plot presenting the survival
rates of the group which gained EGFR expression upon recurrence and the group which had
reduced EGFR expression upon recurrence. The survival cure was not statistically significant
though the EGFR loss group had worse median survival time. MST = Median survival time.
Log-Rank = Mantel-Cox method; GBW = Gehan-Breslow-Wilcoxon method; HR = Hazard

Ratio (High:Low); n = number of patients.
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Figure 4-8: Subset of Stupp Protocol treated patients have decreased EGFR expression at
recurrence and trend towards poorer survival. Recurrent patients that were treated with
radiotherapy and TMZ were selected from the recurrent cohort. (A) Chart showing the EGFR
expression changes in all patients from the recurrent cohort that were treated with
radiotherapy only, TMZ only or the Stupp Protocol. (B) All patients that received
radiotherapy alone or TMZ alone or in combination were grouped according to EGFR

expression change. (C) The survival rates of patients treated with the Stupp Protocol that
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had an increase in EGFR expression at recurrence were compared with patients who had
decreased EGFR expression at recurrence. (D) The survival rates of patients treated with the
Stupp Protocol that had a greater than 5-fold increase in EGFR expression at recurrence
were compared with patients who had a greater than 5-fold decrease in EGFR expression at
recurrence. MST = Median Survival Time; Log-Rank = Mantel-Cox method; GBW = Gehan-

Breslow-Wilcoxon method; HR = Hazard Ratio (High:Low); n = number of patients.
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4.3 Discussion

Glioblastoma recurrence is considered to be inevitable due to the limitations of current
therapy and a significant contributor is treatment resistance initiating tumour recurrence.
Currently, there is no consensus in the literature on a standard of biomarkers for both
treatment resistance and recurrence. Moreover, supplementary therapeutic agents have
not been successful in improving standard therapy calling in the need to better understand

the mechanisms driving resistance-initiated recurrence.

4.3.1 Low EGFR and MET is an attribute of treatment resistance

As discussed previously in chapter 1 and 3, glioblastoma studies employing treatment
resistance models are lacking which has limited our understanding in the genetic alterations
conferring resistance and consequent recurrence. In this chapter we aimed to generate an
in vitro recurrence model to further characterise the role of EGFR and MET in driving
tumour resistance (Figure 4-2 A). To the best of my knowledge, the model that generated a
#41 in vitro recurrent cell line is a first in the glioblastoma literature (Figure 4-2 B). Although
previous publications have generated resistant cell lines (as previously mentioned) these did
not adequately represent recurrence as it occurs in the clinic due to only utilising TMZ or
radiotherapy. The U87R, U251R and U118R cell line differs from the #41R in this regard as
the former cell lines were selected after 6 months of TMZ treatment and must be
considered as TMZ-resistant cell lines rather than an in vitro representation of clinical
recurrence (Figure 4-2 C-E). Unfortunately, apart from #41R, we were not able to
successfully generate a #15R or #20R. This may possibly due to the aggressive therapy
employed in the protocol coupled with the relative sensitivity of the respective resistant

subpopulation.

Our data shows that recurrent cell lines selected by either standard therapy or TMZ alone
have decreased EGFR and MET expression which is consistent with chapter 3 that concluded
resistant cells have low RTK activity (Figure 4-3). Interestingly, cell lines #41R, U87R and
U251R did not present a detectable level of EGFR and MET gene expression in the qRT-PCR
analysis (Table 4-1). Therefore, from the tools available to us — western blot and qRT-PCR -

the conclusion that the surviving subpopulation does not express EGFR and MET can be
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justified. Nonetheless, single-cell RNA sequencing is required for further studies to verify our

results and the subsequent conclusion.

Our results, interestingly, suggest that recurrence does not require the re-activation of the
key EGFR and MET RTKs and this was consistently observed even as late as the 30th culture
passage (data not shown). Treatment with DNA methylation removal agent 5-azacitidine
also did not rescue #41R EGFR and MET protein expression. This further supports the
existence of other redundancy pathways maintaining tumourigenicity in the absence of
EGFR and MET. Combined with the results from chapter 3 we can conclude that low EGFR
and MET expression confers resistance to standard therapy and this suppression is

maintained at recurrence.

4.3.2 A possible reason for the failure of RTK inhibition

As discussed previously, many clinical trials using RTK inhibitors have been unsuccessfully
trialled in the glioblastoma clinic. Given that the RTK therapy paradigm is aimed to
supplement the standard therapy involving radiotherapy and TMZ we explored the response
in our recurrent models to RTK inhibition. We expected that our recurrent models are
resistant to RTK inhibitors given the lack in EGFR and MET. Indeed, both #41R and U87R
were resistant to monotherapy with EGFR and MET inhibitors compared to parental controls
(Figure 4-4). Interestingly, the effectiveness of erlotinib and gefitinib differs when
administered towards #41R; although erlotinib was ineffective in reducing #41R viability,
gefitinib treatment significantly led to a decrease in #41R compared to the untreated #41R.
Although this may appear to be contradictory given that #41R lacks EGFR gene expression
and both agents are EGFR specific, an empirically validated explanation is available. Gefitinib
has been shown to have EGFR-independent mechanisms of action. For example, autophagy
induction is still present in gefitinib-treated lung cancer cells lacking the EGFR [742].
Similarly, erlotinib anti-tumour activity has been observed to be independent of EGFR
expression in lung cancer cells in vivo [744]. Therefore, it is plausible to suggest that the
difference in effectiveness between EGFR inhibitors is due to the targeting of EGFR-
independent. Furthermore, as we have seen, downstream signalling pathways are
differentially activated in resistant cell lines and it follows that it is possible that gefitinib
may target these pathways specifically linked to #41R tumourigenicity. The same line of

reasoning can be utilised to explain the significant reductions in #41R cell viability after
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crizotinib or cabozantinib treatment. Specifically, crizotinib and cabozantinib are both well-
known multi-kinase inhibitors that are not restricted to targeting MET. Therefore, the
reduction in #41R may be due to the re-expression of other RTKs upon recurrence though
this requires further study. U87R subjected to cabozantinib did not reduce cell viability
possibly due to down-regulation of the other targets of the agent. Taken together, we
conclude that resistance to EGFR and MET inhibition can be attributed to radiotherapy and
TMZ down-regulating EGFR and MET levels leading to the recurrent population to be

inherently resistant to the supplementary RTK inhibitors.

4.3.3 Glioblastoma heterogeneity drives recurrence

Heterogeneity is a hallmark of glioblastoma such that ‘glioblastoma multiforme’ is a
common naming alternative to glioblastoma. As our novel results have potentially led to a
breakthrough in the RTK-based paradigm in glioblastoma we suggested that radiotherapy
and TMZ combine to select for low EGFR expressing cells from which derives the low EGFR
expressing recurrent population. To test this hypothesis we performed a serial cell dilution,
a method employed to study heterogeneity [745, 746]. This led to the generation of single-
cell derived high EGFR protein and mRNA expressing U251 in addition to a low EGFR protein
and mRNA U87 variant (Figure 4-5 A-B and D-E). Consistent with our previous results the
U251-V had increased sensitivity to both standard and EGFR inhibition therapy while the
U87-V was resistant to both types of treatment (Figure 4-5 C and F-G). Our results re-
emphasise, therefore, the heterogeneous nature of glioblastoma and its consequent
challenge to targeted therapy. It must be noted, however, that our results do not
necessarily invalidate the possibility of acquired resistance contributing to recurrence even
though it supports the inherent resistance model. Nonetheless, the absence of our
glioblastoma recurrent cell lines in establishing complete heterogeneity, as present in the
parental population, indicates that acquired resistance may not be a significant factor as we

would expect heterogeneity levels to be re-established.

4.3.4 Patient analysis
The relevance of EGFR with regards to survival is controversial with contradicting results
[747, 748]. Similarly, EGFR status at recurrence differs with patients being reported to have

gained or loss EGFR expression [749] [750]. To begin the investigation we first analysed both

[172]



EGFR and MET mRNA levels in patient-derived recurrent glioblastoma cell lines and
compared expression levels with two primary glioblastoma cell lines. Consistently, we found
that recurrent glioblastoma cell lines had significantly lower EGFR and MET mRNA levels

(Figure 4-6 A-B).

Next we obtained 36 recurrent patient tumour samples with paired primary samples from
patients at the Royal Melbourne Hospital, Victoria, to investigate the role of EGFR at
recurrence. We first divided the recurrent patient cohort according to whether they lost or
gain EGFR expression at recurrence and observed that 12 recurrent had decreased EGFR
(Figure 4-7). Next we selected patients that received radiotherapy alone, TMZ alone or the
Stupp Protocol, leading to the exclusion of five patients that did not receive any mode of
treatment in addition to surgical resection (Figure 4-8). Interestingly, from the cohort that
received any additional treatment and the Stupp Protocol treated patients, 11 patients and
9 patients had reduced EGFR compared to the primary tumour sample, respectively. In
other words, 75% of patients that lost EGFR expression at recurrence received the Stupp
Protocol. We therefore suggest reduced recurrent EGFR may be a phenomenon more
associated with the Stupp Protocol than other modes of treatment — a conclusion that is
consistent with our pre-clinical data. The rate of EGFR loss at recurrence is higher than
reported elsewhere, such as by van den Bent and colleagues, even after taking into account
the difference in the set threshold defining expression change [749]. Finally, although the
survival analysis did not produce a significant difference the hazard ratio consistently
showed that low EGFR at recurrence carried an increased risk, with the worst risk in patients
with greater than 5-fold EGFR decrease compared to the opposing group — the latter group,
interestingly, also showed the most favourable median survival time compared to any other
subdivided cohort. Increasing the sample size may produce a statistically significant

outcome.

4.4 Conclusion

The results from our study suggest that standard therapy resistance and subsequent
recurrence is due to radiotherapy and TMZ selecting for low EGFR and MET expressing cells.
This leads to ineffectiveness of EGFR and MET inhibition as a mode of therapy and possibly

the reason for the failure of the rationale behind targeting these proteins in the clinic
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yielding positive results. Clinical specimens obtained from glioblastoma patients revealed
that a substantially high number of patients lose EGFR expression at recurrence and have a
modest poorer survival rate. In the next chapter we will evaluate the role of miRNAs in
glioblastoma cell resistance to radiotherapy and TMZ, in addition to investigating miRNA-

mediated suppression of EGFR and MET expression.
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5.1 Introduction

MicroRNAs (miRNAs) are non-coding, short single stranded RNA molecules, approximately
22 nucleotides in length, that are capable of regulating gene expression via direct binding to
the mRNA. The association between miRNA and cancer was established relatively recently
with a study in 2002 reporting that 13q14 chromosomal regions deleted in leukemia cell
contain the genes for the tumour suppressors miR-15 and miR-16, which are commonly
down-regulated [751]. Since then, miRNA analysis has been established and is a burgeoning
field in cancer research on the basis that a miRNA-based therapeutic paradigm can re-
establish a normative miRNA expression and, consequently, proteomic profile. Indeed,
within the last decade this school of thought has blossomed and the potential of miRNA to
overcome chemotherapeutic resistance is a main focus at both the basic science and clinical

ends of precision medicine [752, 753].

Through miRNA binding directly to mRNAs protein translation is suppressed. Therefore, it is
possible to divide miRNAs into two categories: tumour suppressors and tumour promoters.
Tumour suppressors have complementary binding sites to the mRNAs of oncogenic drivers.
For example, in glioblastoma, miR-16 target genes include the anti-apoptotic Bcl2, the cell
cycle and proliferation promoter cyclin D1 and the pro-invasion and EMT-associated Sox5,
with direct binding leading to anti-proliferation, pro-apoptosis and cell cycle arrest[754]. On
the other hand, tumour promoting miRNAs binding activities are known to stimulate
oncogenic drivers by inhibiting the translation of mRNAs that would otherwise suppress
tumourigenesis. An example is miR-221 over-expression inducing a down-regulation of the
migration suppressor PTPu [687]. Similarly, knockdown of miR-21, which is over-expressed
in glioblastoma tissues, was first identified in glioblastoma to lead to caspase-dependent
apoptosis [646]. Later miR-21 has been found to complementary bind to key apoptotic
pathways and componenet such as the p53 pathway components the TGF-beta pathway
and APAF1 in addition to promoting invasion and migration via enhanced Sox2 and beta-

catenin signalling [755, 756].

In glioblastoma, EGFR signalling is promoted by or correlated with miRNAs such as miR-566,

miR-200c and miR-148a [757, 758]. Up-regulating other miRNAs, such as miR-148a, miR-
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219-5p and miR-133, are reported to induce EGFR suppression and activation of associated
tumourogenic pathways [759, 760] [761]. MET is also regulated by miRNAs such as miR-562
and miR-144-3p [660]. However, literature regarding the MET-miRNA relationship is lacking.
Using the Scopus database only 13 articles are generated after a search with the keywords
‘c-MET’, ‘glioblastoma’ and ‘microRNA’ and only 28 studies are generated if ‘c-MET’ is

substituted out for ‘MET’.

Aims

Currently, there is a substantial gap in the literature regarding the interplay between
miRNA-mediated therapeutic resistance in glioblastoma and either EGFR or MET. To
highlight this, a literature search in the Scopus database generates 88 studies in search
consisting of ‘EGFR’, ‘glioblastoma’ and ‘microRNA’ but this filters down to 18 articles if
‘temozolomide’ is added on to the list of keywords during the search. Clearly, there is a
need to further explore and expand our knowledge within this field of enquiry. Therefore,

our aim in this chapter is to:

Examine the role of miRNA-mediated suppression of EGFR and MET in therapeutic resistance

in glioblastoma.
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5.2 Results

5.2.1 Differentially expressed miRNAs in radiotherapy and TMZ

treated glioblastoma cell lines

To begin our investigation we first utilised Nanostring data generated previously using five
glioblastoma cell lines: LN229, U118, U138, U87 and U87vlll. The five cell lines were subject
to 5Gy radiotherapy plus 1000uM TMZ for 72 hrs before the expression of 800 miRNAs were
analysed. Next, we sorted the miRNAs that were both differentially expressed in the treated
cells compared to untreated control by more than 20% in at least one cell line and also were
predicted by one of three miRNA bioinformatics database to target either EGFR or MET or
both. The three miRNA bioinformatics databases used for our analysis were microRNA.org,

miRDB and TargetScan.

Using this selection criterion allowed the formulation of a preliminary list composed of
miRNAs that may potentially target both the EGFR and MET (Table 5-1). The shortlisted
miRNAs are as follows: miR-1266, miR-27b-3p, miR-520b, miR-197-3p, miR-148-3p, miR-
301a-3p, miR-30c-5p and miR-589-5p. Only miR-27b-3p and miR-589-5p were not up-
regulated by more than 1.5 fold in more than one cell line after treatment (Table 5-1 A). The
only miRNA to be predicted by at least two databases to target both EGFR and MET was
miR-27b-3p, which has been previously validated to target MET. The other seven miRNAs

were only predicted to target both genes by one database (Table 5-1 B).

A total of seven miRNAs that target EGFR and not MET satisfied the selection criteria: miR-
573, miR-1208, miR-574-3p, miR-874, miR-221-3p, miR-134 and miR-107 (Table 5-2). MiR-
573, miR-221 and miR-107 were up-regulated by over 1.5 fold compared to the respective
untreated controls in more than one cell line (Table 5-2 A). All miRNAs, except miR-1208,

were predicted by at least two databases to target EGFR (Table 5-2 B).

Seven miRNAs that target only MET and not EGFR satisfied the above selection criteria: miR-
29a-3p, miR-181a-5p, miR-181c-5p, miR-182-5p, miR-1912, miR-34a-5p and miR-943 (Table
5-3). From this list, miR-29a-3p, miR-181a-5p, miR-182-5p and miR-34a-5p were up-
regulated by more than 1.5 fold in the treated cells of more than one cell line compared to

the respective untreated control (Table 5-3 A). Only miRNAs, except miR-29a-3p, miR-181c-
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5p and miR-1912, were predicted to target MET by at least two databases (Table 5-3 B). A
list of all miRNAs that were up-regulated by more than 20% in the treated cells is given in

Table 5-4.
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Table 5-1: MiRNAs that are predicted to target EGFR and MET according to at least one
miRNA target bioinformatics database. (A) The expression fold change of each miRNA
relative to the untreated control. (B) Shows the miRNAs that are predicted to target both
EGFR and MET according to three miRNA target prediction softwares. The miRDB score and
the TargetScan score given are the target rank and target context scores, respectively. *miR-
520b: The EGFR miRDB score for miR-520f-5b was 74. The shown value for MET is for miR-
520b-5p specifically. *miR-148b-3p: The Target context score of -0.24 shown is for miR-148-
3p. *miR-301a-3p: The EGFR and MET Target context score of -0.04 and -0.41, respectively,
is for miR-301-3p. *miR-30c-5p: The EGFR Target context score of -0.01 shown is for miR-30-
5p specifically.*miR-589-5p: The MET miRDB score of 90 is for miR-589-3p. : The miRNA

family is poorly conserved across species as indicated by TargetScan. NA = Not available or

not found.
A)
MicroRNA Cell line + differential miRNA expression
LN229 U118 U138 us87 A-U87
miR-1266 1.43 1.67 1.03 0.91 2.33
miR-27b-3p 1.79 0.95 1.12 0.66 0.76
miR-520b 2.15 0.86 1.38 1.55 0.78
miR-197-3p 2.32 0.88 0.96 2.63 2.28
miR-148b-3p 1.19 1.03 0.98 1.67 2.97
miR-301a-3p 1.78 1.18 1.34 1.74 1.02
miR-30c-5p 1.84 1.53 0.21 1.02 1.17
miR-589-5p 1.53 1.24 0.97 1.22 1.30
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B)

miRNA miRSVR
EGFR MET
} miR-1266 -0.305 | -0.176
miR-27b-3p | -0.94 | -0.75
*miR-520b -0.17 -0.65
$miR-197-3p -0.55
*miR-148b-3p -0.97
-0.49
-0.67
*miR-301a-3p -1.06
*miR-30c-5p -0.34
$miR-589-5p -1.21

miRDB
EGFR | MET
NA 94
91 79
NA 86
NA NA
NA 72
NA 93
NA NA
NA *90
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EGFR

NA
-0.11
NA
-0.01

-0.24

-0.04

-0.01

-0.07

TargetScan

MET

-0.32
-0.12
NA
NA

-0.19

-0.41

NA

NA

Validation

NA

MET: [762, 763]
EGFR: [764]

NA

NA

NA

NA

NA



Table 5-2: MiRNAs that are predicted to target EGFR according to at least one miRNA
target bioinformatics database. (A) Differential miRNA expression relative to the untreated
control. (B) MiRNAs predicted to target EGFR according to three miRNA target prediction
softwares. ¥miR-574-3p: The TargetScan database indicates that this miRNA is poorly
conserved across species. A: The miRNA family is conserved only among mammals.*miR-

134: The TargetScan and miRDB score shown is for miR-134-5p.

A)
MicroRNA Cell line + differential miRNA expression
LN229 U118 U138 us7 A-U87

miR-573 2.65 1.06 2.80 0.83 0.86
miR-1208 1.23 2.39 1.05 1.14 1.12
miR-574-3p 1.24 1.27 1.06 1.24 1.40
miR-874 1.31 2.62 0.99 1.93 1.10
miR-221-3p 1.61 1.20 0.60 1.66 2.44
miR-134 1.12 1.24 1.93 0.74 0.78
miR-107 1.20 1.00 0.99 1.88 1.62
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B)
MicroRNA
miR-573
miR-1208

¥ miR-574-3p

**miR-874

miR-221-3p

A * miR-134

miR-107

MiRSVR

-1.09
-0.12
-0.85

-0.46

-0.33

-0.27

-1.06

-0.32

miRDB

80

NA

NA

NA

NA

59

NA

TargetScan
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NA

NA

-0.23

-0.08

-0.27

-0.42

-0.04

Validation

[765]
NA
[766]

Via directly targeting DOR
[767]

Downstream of EGFR [768,
769]. Increased EGFR
associated with increased
miR-221 [770]

[771] [772]

miR-107-5p: [773]



Table 5-3: MiRNAs that are predicted to target MET according to at least one miRNA
target bioinformatics database. (i) The expression fold change of each miRNA relative to
the untreated control. (ii) Shows the miRNAs that are predicted to target EGFR according to
three miRNA target prediction softwares. *miR-181a-5p: TargetScan score shown is for miR-

181-5p.*miR-34a-5p: The miRDB score of 80 shown is for miR-34b-5p; however the score of

98 is for miR-34a-5p. The TargetScan score of -0.63 is for miR-34a-5p and miR-34c-5p.

A)
MicroRNA Cell line + differential miRNA expression
LN229 U118 U138 us7 A-U87
hsa-miR-29a-3p 2.14 0.83 0.92 2.69 2.33
hsa-miR-181a-5p 1.19 0.90 1.54 2.50 2.55
hsa-miR-181c-5p 1.10 131 1.07 1.22 0.71
hsa-miR-182-5p 1.43 1.79 0.52 1.62 0.62
hsa-miR-1912 1.47 1.24 0.94 1.52 0.95
hsa-miR-34a-5p 1.68 1.13 1.43 1.23 2.68
hsa-miR-943 1.74 1.09 1.02 0.50 1.30
B)
MicroRNA MiRSVR miRDB TargetScan Validation
miR-29a-3p -0.65 NA NA NA
miR-181a-5p -0.87 NA -0.04 [774]
miR-181c-5p -0.94 NA NA NA
-0.87
miR-182-5p -0.52 64 -0.30 NA
-0.57
miR-1912 -0.80 NA NA NA
*miR-34a-5p -0.37 80 (34b-5p) -0.63 [775]
-0.92 98 (miR-34a-5p &
34c-5p)
miR-943 -1.07 55 NA NA
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Table 5-4: List of miRNAs differentially over-expressed by 220% in 3 or more treated cell

lines.

MicroRNA
miR-589-5p
miR-301a-5p
miR-197-3p
Mir-520b
miR-1266
miR-107
miR-874
miR-574p
miR-1912
miR-182-5p
miR-181a-5p
miR-34a-5p
miR-29a-3p
miR-221-3p

5.2.2 Differentially expressed miRNAs are associated with

glioblastoma survival

The differentially expressed miRNAs from Table 5-4, showing the miRNAs that are up-
regulated by more than 20% in the majority of cell lines, were further analysed using the
TCGA survival data from Oncolnc. Patients belonging to either the 25t percentiles of high
and low expressing groups or the 35t percentile of high and low expressing groups were
analysed. The 25t percentile was chosen to select a patient cohort that excludes differential
noise and the 35" percentile was chosen to incorporate a larger cohort, though ultimately
preferring these two percentiles is arbitrary. The majority of these miRNAs had unavailable
data pertaining to the relationship between glioblastoma patient survival rates or were
insignificantly associated with survival (Table 5-5). Except for miR-301a-3p, in which there
was a significant association between favourable glioblastoma survival and high expression

when patients were divided according to the 35 percentile (Figure 5-1 A).

The following miRNAs were associated significantly with glioblastoma survival after patients

were divided by both the 25% percentile and 35t percentile: miR-182-5p, miR-221-3p (miR-
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221), miR-34a-5p (miR-34) and miR-29a-3p (miR-29). High miR-182-5p expression was
associated with favourable glioblastoma patient survival at both the 25" and 35"
percentiles (Figure 5-1 B). On the contrary, high miR-221, miR-34 and miR-29 expression
was significantly associated with poorer glioblastoma survival at both the 25™ and 35"

percentiles (Figure 5-1 C-E).

Therefore, miR-29, miR-34 and miR-221 were selected for further study as these miRNAs
were up-regulated in the majority of our cell lines treated with radiotherapy and TMZ,
predicted to target EGFR (as is the case with miR-221) or MET (as is the case with miR-29
and miR-34) and, lastly, high expression of these miRNAs are associated with poorer
glioblastoma survival according to TCGA data. The binding sequences of these three miRNAs
with their respective target genes are shown in Figure 5-2. Both miR-29 and miR-221 are
predicted to target a single region of MET and EGFR, respective, while miR-34 is predicted to

target two regions of MET mRNA.
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Table 5-5: List of miRNAs with unavailable survival data or with non-significant association
with patient survival. Patients were stratified according to either top and bottom 25t
percentile or 35" percentile. The p-value for each survival curve is given. If miRNA data is

unavailable on Oncolnc ‘%’ will be displayed.

MicroRNA Data available p-value
25" percentile | 35" percentile
miR-589-5p x
miR-301a-3p 0.17 0.04
miR-197-3p 0.38 0.12
Mir-520b 0.54 0.32
miR-1266 x
miR-107 0.60 0.74
miR-874 x
miR-574-3p 0.42 0.14
miR-1912 x
miR-181a-5p 0.63 0.68
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Figure 5-1: Poor survival is associated with increased expression of short-listed miRNAs.
Shortlisted miRNAs that were over-expressed by in treated cells were further filtered
according to whether expression was associated with patient survival. (A) Kaplan-Meier plot
for 35™ percentile high- and low-expressing miR-301a-5p. Low miR-301a-5p expression was

associated with worse survival compared to high expression. (B) Kaplan-Meier plot for (i)
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25" and (ii) 35" percentile high- and low-expressing miR-182-5p. Low expression of miR-
182-5p was associated with worse survival compared to high expression. (C) Kaplan-Meier
plot for (i) 25™ and (ii) 35" percentile high- and low-expressing miR-34a-5p. High expression
of miR-34a-5p was associated with worse survival compared to low expression. (D) Kaplan-
Meier plot for (i) 25" and (ii) 35" percentile high- and low-expressing miR-29a-3p. High
expression of miR-29a-3p was associated with worse survival compared to low expression.
(E) Kaplan-Meier plot for (i) 25" and (ii) 35t percentile high- and low-expressing miR-221-
3p. High expression of miR-221-3p was associated with worse survival compared to low

expression.
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Figure 5-2: The base pairing between short-listed miRNAs and target genes. (A) miR-29a
target sequence and potential binding site with MET (sourced from microRNA.org). (B) The
two potential binding target areas of miR-34a with MET: (i) position 51-57 of MET and (ii)
position 2165-2171 of MET as indicated by TargetScan
(http://www.targetscan.org/vert_72/). (C) miR-221 target sequence and potential binding

site with EGFR (sourced from microRNA.org).
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5.2.3 The miR-34a is up-regulated in selected treatment resistant

glioblastoma cells

The expression levels of miR-29a and miR-34a - both predicted to target the MET mRNA and
considered tumour suppressors - were analysed using gRT-PCR in the high and low MET
expressing parental #41 and treatment resistant #41R cell line, respectively. Both miRNAs
were found to be significantly down-regulated in the resistant cells compared to the
parental #41 (Figure 5-3 A). However, when analysing the miR-34a levels in the resistant
U87R and U87-V relative to the parental U87, miR-34a was found to be up-regulated (Figure
5-3 B). Similarly, relative to the parental U251, miR-34a was up-regulated and down-
regulated in the resistant U251R and the sensitive U251-V, respectively (Figure 5-3 C).
Therefore, in selected resistant cell lines with low MET expression, miR-34a is up-regulated

and consistent with our hypothesis.

5.2.4 The miR-221 is highly expressed in resistant glioblastoma cells

Next, the expression levels of miR-221 was analysed in the high EGFR expressing #41
parental and the low EGFR expressing #41R variant using qRT-PCR. MiR-221 was significantly
up-regulated in the #41R compared to the #41P (Figure 5-4 A). Furthermore, miR-221 was
also up-regulated in U118R and U251R compared to the respective parental controls (Figure
5-4 B). Similarly, both the U87R and U87-V cell line (with reduced EGFR expression
compared to the parental cells) showed up-regulated miR-221 levels (Figure 5-4 C). MiR-221
was also highly expressed in #20 and #41 cells treated with 5Gy radiotherapy and exposed
to 1000uM TMZ for 7 days compared to the respective untreated controls (Figure 5-4 D).
Therefore, miR-221 is up-regulated in all tested resistant glioblastoma cell lines and

consistent with our hypothesis that the EGFR is negatively regulated by miR-221.
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Figure 5-3: miR-34a is highly expressed in treatment resistant cell lines. Expression levels
of miR-34a were analysed using qRT-PCR in several glioblastoma cell lines. (A) Relative to
the #41P, miR-34a levels in the #41R was significantly up-regulated. (B) U87R and U87-V
cells had up-regulated miR-34a relative to U87. (C) U251R and U251-V miR34a levels were
up- and down-regulated relative to U251 cells. All values are mean % SD; *p<0.05, **p<0.01;

n=3.
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Figure 5-4: miR-221 is up-regulated in treatment resistant cell lines. (A) Shows expression
levels of miR-221 in #41R relative to the parental cell line. (B) miR-221 expression levels in
U118R and U251R relative to the corresponding parental cell line. (C) MiR-221 expression
levels in U87R and U87-V relative to the parental U87. (D) #20 and #41 were treated with
irradiation and TMZ, incubated for 7 days and miR-221 levels were quantified in the treated

cells relative to the untreated control. All values are mean + SD; *p<0.05, **p<0.01; n=3.
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5.2.5 miR-221 regulates the EGFR expression in glioblastoma

recurrent cells

Given that miR-221 was up-regulated in both the TMZ-resistant cell lines and the recurrent
model #41R, we next examined whether miR-221 plays a role in mediating resistance to
radiotherapy and TMZ. For this experiment #41R was selected as it was the only cell line
generated resistant to both radiotherapy and TMZ and better replicates clinical resistance to
treatment. First, miR-221 mimic (pre-miR-221) and the miR-221 inhibitor (as-miR-221) were
transfected into the #41P and #41R, respectively (Figure 5-5 A). In the #41P cells,
transfected with pre-miR-221, miR-221 expression increased by 2 fold, relative to the
scrambled control. Similarly, miR-221 levels in #41R cells, transfected with as-miR-221

sequence, displayed a reduction of 2 fold, relative to scrambled control.

However, after evaluating EGFR mRNA levels in both transfected cell lines, only the #41P
transfected with pre-miR-221 led to a decrease in EGFR mRNA levels, by more than 2 fold as
measured by qRT-PCR (Figure 5-5 B). The EGFR mRNA levels in the #41R was not rescued
and remained undetectable after transfection with as-miR-221 (data not shown),

demonstrating that the EGFR gene may not be transcribed.

We next studied the relation between miR-221 over-expression, EGFR down-regulation and
therapeutic resistance. #41P cells transfected with pre-miR-221 - and therefore had reduced
EGFR expression - were significantly more resistant to therapy compared to the
unscrambled and non-transfected controls over the 7 day assay time period (Figure 5-5).
There was no difference in cell viability between the non-transfected #41P cells and the
negative scrambled control indicating that the reduction in cell viability after treatment to
be independent of the transfection method. Therefore, we conclude that increased miR-221

down-regulates EGFR and increases therapeutic resistance in primary glioblastoma cells.
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Figure 5-5: Up-regulating miR-221 leads to decreased EGFR levels and increased treatment
resistance. (A) #41P and #41R were transfected with pre-miR-221 and as-miR-221. Pre-miR-
221 and as-miR-221 treatment leads to significantly increased and decreased miR-221
levels, respectively. (B) Shows that pre-miR-221 reduces the level of EGFR expression in
#41P. Next, the #41P non-transfected, scrambled-transfected and pre-miR-221 transfected

cells underwent treatment with irradiation and TMZ. Cell viability was then measured (C) 1
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day (D) 3 days and (E) 7 days after treatment. All values are mean + SD; *p<0.05, ** p<0.01,
*** p<0.001; n=3.
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5.2.6 miR-221 is up-regulated in recurrent patient glioblastoma

Our results suggest that miR-221 suppresses EGFR expression leading to an increase of
tumour resistance to radiotherapy and TMZ. We next compared miR-221 levels between
patient-derived primary and recurrent glioblastoma cell lines. The primary cell lines #41 and
#20 were chosen in addition to recurrent cell lines #28 and #35. We found that miR-221 was
highly expressed in #28 and #35 compared to #41. Although both recurrent cell lines had
higher miR-221 expression compared to #20, this difference was not significant (Figure 5-6
A). It shall be recalled that this correlates with lower EGFR expression in both the recurrent

cell lines compared to the primary cell lines as observed in chapter 4.

To validate the in vitro observation of miR-221 negatively regulating EGFR, a glioblastoma
patient cohort (n=107) was used, which included the paired recurrent patient cohort from
chapter 4. Using gRT-PCR, the expression levels of miR-221 (along with EGFR as was
previously seen in chapter 4) was assessed. We first analysed the miR-221 levels in the
recurrent patient cohort (n=36) without stratifying according to treatment. The majority of
patients had increased miR-221 expression (19/36, 53%), eight patients had stable
expression (22%) and nine displayed decreased expression (25%) (Figure 5-6 B). In the
cohort which consisted of patients that were treated with radiotherapy alone, TMZ alone or
the Stupp Protocol (n=31), 25 patients were treated with the Stupp Protocol. 15/25 (60%)
Stupp Protocol treated patients had increased miR-221 levels and 7/25 (28%) patients had

decreased miR-221 levels (Figure 5-6 C).

Next, we analysed the survival rates of the recurrent patient cohort according to miR-221
differential expression. In the non-stratified cohort (n=27) high recurrent miR-221
expressing patients had significantly worse prognosis (according to the Gehan-Breslow-
Mantelcox test) compared to the low miR-221 expressing group (Figure 5-6 D). A similar
worse prognosis was also observed when patients that received any additional treatment
(radiotherapy alone, TMZ alone or Stupp Protocol) were selected and sorted according to
high and low miR-221 expression but this was not significant (Figure 5-6 E). Similarly, when
patients who were treated with the Stupp Protocol only were selected and sorted according
to miR-221 expression, high recurrent miR-221 expressing patients had a worse but

insignificant prognosis (Figure 5-6 F).
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Figure 5-6: Recurrent glioblastoma have increased miR-221 levels. (A) MiR-221 levels in
recurrent cell line #28 and #35, and primary cell line #20, relative to #41. Value shown is
mean = SD. (B) MiR-221 expression fold-change at recurrence for 36 patients. All values are
relative to the levels of miR-221 in the paired primary tumour. (C) MiR-221 expression fold-
change at recurrence for patients that received any additional therapy (radiotherapy or/and
TMZ) to surgical resection. All values are relative to the levels of miR-221 in the paired
primary tumour. (D) Survival curve after dividing patients who had increased miR-221 and
decreased miR-221. One patient was excluded as an outlier. (E) Survival curve with
recurrent patients who received any additional therapy (radiotherapy or/and TMZ) to
surgical resection. Patients were divided according to high and low miR-221 expression at
recurrence, relative to the paired primary tumour. (F) Survival curve with recurrent patients
who only received the Stupp Protocol. Patients were divided according to high and low miR-
221 expression at recurrence. MST = Median Survival Time; Log-Rank = Mantel-Cox
method; GBW = Gehan-Breslow-Wilcoxon method; HR = Hazard Ratio (High:Low); n=

number of patients.
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5.2.7 miR-221 inversely correlates with EGFR in glioblastoma patients
Using the same patient cohort further analysis was performed to evaluate the relationship
between miR-221 and EGFR in glioblastoma patients. A cohort of 34 patients with both
primary and recurrent samples was available for analysis. With each patient the fold-change
levels of miR-221 and EGFR at recurrence, relative to the primary tumour, were matched
and plotted on a scatter plot (Figure 5-7 A). Data analysis revealed a statistically significant
inverse correlation between miR-221 fold-change at recurrence and EGFR fold-change at
recurrence. Furthermore, when only patients with a fold difference of greater than 30%
were included, a similar significant inverse correlation was observed (Figure 5-7 B). Primary
tumours only were also assessed for a correlation between miR-221 and EGFR, and this
cohort consisted of a total of 105 patients. A significant inverse correlation between miR-
221 and EGFR was also observed (Figure 5-7 C). Patients with a lower miR-221 delta CT
(dCT) value (which inversely represents expression) had a higher EGFR dCT value; therefore,
an increase in miR-221 expression in primary tumours correlates with a decrease in EGFR

expression.

Lastly, recurrent patients were stratified accordingly into two groups. One group consisted
of patients with an increase in miR-221 and a decrease in EGFR expression at recurrence,
relative to the primary tumour. Patients who had higher miR-221 levels displayed a
significantly worse prognosis compared to low miR-221 expressing patients in the Gehan-
Breslow-Wilcoxon test and reached but did not cross the statistical significance threshold for
the log-rank test (Figure 5-7 D). When patients from the two groups were selected if they
received any treatment (radiotherapy or/and TMZ) in addition to surgical resection (Figure
5-7 E) or who were treated with the Stupp Protocol (Figure 5-7 F), high miR-221 expressing
patients had a worse prognosis though the differences were not significant, perhaps due to

the smaller sample size.
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Figure 5-7: miR-221 expression inversely correlates with EGFR expression. (A) The fold-
change of miR-221 and EGFR levels at recurrence of 34 patients compared to paired primary
tumours. The inverse correlation between miR-221 and EGFR levels was significant. (B) Only
patients with a fold-change in miR-221 and EGFR levels of greater than 30% were selected
(C) EGFR and miR-221 expression in 107 primary tumours were assessed and dCT values
were plotted. There was a significant inverse correlation between EGFR and miR-221. Two
values were excluded due to being outliers. (D) Kaplan-Meier plot after separating patients
who had increased miR-221 and decreased EGFR from decreased miR-221 and increased
EGFR. (E) Kaplan-Meier plot after selecting recurrent patients who were treated with
radiotherapy or/and TMZ in addition to surgical resection and separating patients who had
increased miR-221 and decreased EGFR from decreased miR-221 and increased EGFR. (F)
Kaplan-Meier plot after selecting recurrent patients who were treated with the Stupp
Protocol and separating patients who had increased miR-221 and decreased EGFR from
decreased miR-221 and increased EGFR. For the correlation plots: p= p-value; n= number of
patients; r = spearman correlation. For the Kaplan-Meier plot: MST = Median Survival Time;
Log-Rank = Mantel-Cox method; GBW = Gehan-Breslow-Wilcoxon method; HR = Hazard

Ratio (High:Low); n= number of patients.
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5.3 Discussion

Increasingly, miRNA regulation of tumourigenesis is becoming a main field of research into
glioblastoma signalling akin to the earlier era in which the RTK first gained attention.
MiRNAs are known as crucial gene expression regulators due to their role in
complementarily binding to the transcribed mRNA, thereby silencing its translation. Since
our previous chapters implicated the silenced EGFR and MET as key resistance mechanisms
in glioblastoma we now posited the miRNA to possess a key mediatory role between the
silenced RTK and resistance. MiRNA regulation of EGFR and MET is understudied perhaps
due to the relative novelty of miRNA regulation as a resistance mechanism in glioblastoma
and/or the traditional paradigm in which the RTK in particular EGFR and MET, was thought
to be a driver in glioblastoma resistance. This provided further urgency to choose to study
miRNA regulation as a means to resistance over other mechanisms, such as methylation
profile, gene transcription regulators and compensatory signalling, whether it be via RTKs or

otherwise.

In this chapter we have shown that miR-34a is up-regulated in a selected number of
treatment resistant cell lines. This finding is largely contradictory to the dominant
understanding of miR-34 in cancer. In several cancers, including lung, colon and prostate
cancer, miR-34 is regarded as a tumour suppressor [645]. In fact, miR-34 mimic has been
trialled in phase 1 clinical trial, although the study was prematurely discontinued due to
adverse events [645]. Only three articles are generated on Scopus with the key terms ‘miR-
34’ and ‘glioma’ and only one article is generated with key terms ‘miR-34’ and
‘glioblastoma’. In 2013, it was reported that rescuing miR-34 inhibits proliferation in pro-
neural, PDGFR-amplified glioblastoma cell lines and miR-34 target PDGFR-a [776]. It is likely
that miR-34 expression is cell line-specific and this may explain the differences in the three
resistant cell lines in our study. Nonetheless, given that miR-34 is highly expressed in a
number of resistant cell lines and down-regulated in the sensitive U251-V, it is possible that

the role of miR-34 differs compared to other malignancies though further study is required.

Compared to miR-34, miR-221 is better understood regarding its role in glioblastoma. It is

generally considered as an oncomiR, stimulating proliferation, invasion and tumourigenesis
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[687, 703]. However, the role of miR-221 in glioblastoma is found to be controversial with
conflicting accounts, perhaps because only recent studies have attempted to elucidate the
mechanism. For example, miR-221 was found to correlate with glioma grade and as-miR-221
treatment has been shown to increase apoptosis and target tumour suppressors in
glioblastoma cell lines [681, 687, 777]. Contradictorily, miR-221 was found recently to target
MGMT to increase sensitivity to TMZ and caspase-3 activation [686]. In addition to the
contradicting accounts, there is no report concerning the role of miR-221 in resistance to
radiotherapy and TMZ. This chapter demonstrated that pre-miR-221 can increase resistance
to radiotherapy and TMZ and, potentially, inhibition of miR-221 may be a potential

therapeutic strategy for glioblastoma.

Our results support the categorisation of miR-221 as an oncomiR and we have
demonstrated that treatment resistant cell lines have up-regulated miR-221 expression. Up-
regulation of miR-221 was also observed in the majority of Stupp Protocol treated patients
in a cohort consisting of recurrent patients. Notably, our data proposes that miR-221
mediates resistance via the down-regulation of EGFR. No account on the association
between miR-221 and EGFR exists for glioblastoma, though there have been reports on a
positive regulatory loop mapping EGFR upstream of miR-221 in breast and non-small cell
lung cancer [769] [768]. Our report differs from these two previous papers given that pre-
miR-221 was found to down-regulate EGFR and as-miR-221 led to an increase in EGFR,
which both maps miR-221 upstream of EGFR and contextualising the association as a
negative regulatory loop. We further validated these in vitro results in a cohort consisting of
recurrent patients (n=36) and primary glioblastoma patients (n=105) and observed an

inverse correlation between miR-221 and EGFR.

In this present study we also demonstrated that displaying low miR-221 expression at first
recurrence is associated with a favourable patient prognosis; however only in the cohort
that included all recurrent patients, which consisted of patients regardless of the treatment
received, was a significant association observed. A similar trend of favourable prognosis for
low miR-221 expressing patients was also observed when patients were selected according
to the treatment received but, perhaps due to the reduced sample size, the difference was

not significant. Also, the same conclusion was drawn when patients with high miR-221 and
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low EGFR expression at recurrence were compared with low miR-221 and high EGFR
expression — the cohort consisting of all available patients showed a significantly favourable
prognosis for the latter group but upon selecting patients that received radiotherapy or/and
TMZ only a trend towards a favourable prognosis was observed. Again, the requirement to
decrease the sample size is likely the reason for our survival analysis not reaching statistical
significance in the radio-chemotherapy treated cohort. Taken together, we propose that
increased miR-221 and the consequent EGFR is a potential biomarker to determine the

prognosis of recurrent glioblastoma patients.

5.4 Conclusion

In this chapter we have demonstrated that elevated miR-34 may be a resistance marker for
a subset of glioblastoma cells. Furthermore, we have established miR-221 to be up-
regulated in resistant and recurrent glioblastoma cells. The role of miR-221 in resistance and
recurrence was demonstrated to be mediated by miR-221 down-regulating the expression
of EGFR. Our data suggests that targeting miR-221 may be a potential treatment strategy to
complement the Stupp Protocol due to targeting the pre-existing subpopulation of resistant
glioblastoma cells. Future studies will require greater sample sizes to better elucidate the

significance of an antagonistic relationship between miR-221 and EGFR in patient survival.
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6.1 Introduction

Epithelial-Mesenchymal transition (EMT) refers to a process by which a cell undergoes a
transformation from a polarised epithelial cell associated with the basal membrane to a
mesenchymal cell detached from the degraded basal membrane, such that migration and
invasion capacities increase. Three subgroups of EMT have been proposed with specific
characteristics noted in each. The first is observed during embryogenesis and organ
development; the epiblast via EMT generates the primary mesenchyme. The second type
concerns tissue regeneration and inflammation-mediated fibrosis; epithelial cells, lining
organs such as the kidney and liver, can undergo EMT in conditions of chronic inflammation
stress that passage through the basement membrane before taking on a fibroblast
phenotype and relocate to the interstitium. The third, and which we shall concern ourselves
with in this chapter, is associated with tumour progression and metastasis; highly
proliferative epithelial cells acquire invasive capacities, detaching from the basal membrane
and ushering in the metastatic stage of cancer progression. Up-regulation of certain
pathways endow invasive and metastatic capacities that allow the cancer to colonise
secondary sites by reverting to an epithelial phenotype via process known as mesenchymal-

epithelial transition or MET (not to be confused with the RTK also called MET or c-MET).

The EMT process induces the neoplastic cell to alter its genetic and epigenetic profile.
Several RTKs have been implicated in EMT along with associated downstream signalling
pathways. These include MET, EGFR, PDGFR and FGFR which activate downstream pathways
and transcription factors supportive of EMT [563, 706]. Several downstream pathways have
also been implicated in EMT including the PI3K/AKT, STAT3 and MAPK/ERK pathways [778-
780]. The EMT process can be defined according to an expression profile of specific markers
of EMT that have been proposed, including: up-regulation of N-cadherin, Vimentin, CD44, B-
Catenin, TWIST1, Snail, ZEB1 and Slug [706]. It is also well established that miRNA regulate
EMT by targeting the EMT suppressors to promote motility and invasion or the EMT-
inducing transcription factors, such as miR-200 binding ZEB1 [781]. Interestingly, miR-221 is
recently being associated with EMT drivers in a number of different malignancies such as
breast cancer and extrahepatic cholangiocarcinoma and hepatocellular carcinoma [782-

784].
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Chemotherapeutic resistance has been argued to be induced by EMT in several cancers,
such as gefitinib-resistant non-small cell lung cancer, gemcitabine-resistant pancreatic
cancer and paclitaxel-resistant ovarian carcinoma cells [785-787]. In the Verhaak et al. 2010
report, a subtype of glioblastoma called ‘mesenchymal’ was described which had the worst
survival compared to all other described subtypes as well as relative absence in EGFR
genetic alterations and an abundance in alterations in the neurofibromin 1 and PTEN genes,
both pathways converging upon the AKT pathway [64]. EMT is associated with both
radiotherapy and TMZ resistance, as both therapies can increase the expression of EMT
pathway markers. Studies have shown that in radiotherapy-treated glioblastoma cells, the
mesenchymal signature, including that which was defined by Verhaak, 2010, was enriched
and another similar report has also been published [788, 789]. In T98G TMZ-treated cells,
EMT markers, such as TWIST1, Snail, Vimentin and B-Catenin, were significantly up-

regulated after 48 hours [790].

Aims

Given our previous chapters have demonstrated that resistance to radiotherapy and TMZ is
exhibited by low MET- and EGFR-, and high miR-221-expressing cells, we next explored the
possible role of EGFR- and MET-independent EMT in mediating resistance and recurrence in

our in vitro models. Our aim was:

Exploring EGFR and MET-independent signalling of EMT markers in glioblastoma resistance

and recurrence
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6.2 Results

6.2.1 Treatment-resistant and recurrent glioblastoma cells present

morphological alterations
To begin our investigation we first assessed the morphological differences between
parental, resistant and recurrent cells. EMT is known, and expected, to induce

morphological changes in its transitioning away from the parental cells function.

Both #41R and U87R cells were observed to have morphological alterations compared to
respective parental controls (Figure 6-1 A-B). These alterations include longer pseudopodia
in the recurrent cell lines. Cell spreading was measured by quantifying both cell lengths (the
angle providing the longest length possible was measured) and cell area. Both #41R and
#U87R had significantly longer length and greater areas compared to respective parental
controls (Figure 6-1 C-D). Similar morphological alterations were also observed in #35, #41
and U87 cells treated with 5Gy radiotherapy and 1000uM TMZ for 7 days (Figure 6-1 E-F).

Take together, both recurrent and resistant cells present morphology consistent with EMT.
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F)

(i) #41 treated (ii) U87 treated

Figure 6-1: Treatment resistant cells obtain a fibroblast-like morphology. (A) (i) The
morphology of #41P and (ii) #41R. (B) (i) The morphology of U87 and (ii) U87R. (C) Cell area
of #41R relative to #41P and U87R relative to U87. (D) Cell length of #41R compared to #41P
and U87R compared to U87. (E) A morphological comparison of (i) #35 untreated and (ii)
#35 treated cells. (F) Short-term treated (i) #41 and (ii) U87 cells also change morphology.

[215]



6.2.2 Recurrent cell lines have EGFR- and MET-independent high
capacity migration

EGFR signalling is known to promote glioblastoma migration and its inhibition can lead to
migratory suppression [791]. Similarly, MET activation has also been implicated in glioma
migration and invasion [792]. Given that our recurrent cell lines had decreased EGFR and
MET signalling, in addition to high miR-221 which also increases invasion and migration in
glioblastoma, we next investigated the migration capacity of these cell lines with a scratch
assay [703]. Cells were seeded onto a 10cm dish and incubated until approximately 90%
confluence was reached before a wound across the plate was generated and migration was
assessed 24 hours later. Surprisingly, both U87R and #41R retained aggressive migratory
capacities despite displaying reduced EGFR and MET expression compared to controls. U87R
cells had higher migration capacity compared to the U87 parental line (Figure 6-2 A-B).
However, there was no difference in migration rates between the #41 parental and #41R
cells. (Figure 6-2 C-D). This suggests that EGFR and MET may not be necessary for migration

in #41 cells or redundant pathways have been activated.

6.2.3 EMT markers are up-regulated in resistant glioblastoma cells

As our results have shown that recurrent and resistant cells are morphologically altered and
retain migration capacity we next hypothesised that these cells have acquired a
mesenchymal-like profile. To evaluate this we first assessed PDGFR expression and activity
in #41P/R, U87P/R and U251P/R. The levels of PDGFR activity in both #41R and U251R was
up-regulated compared to respective parental controls; although PDGFR was undetectable
in U87 parental and U87R cells via western blot (Figure 6-2 F, J). We also assessed
downstream signalling molecules AKT and ERK. There was no difference in both pAKT and
pPERK1/2 levels when comparing #41P with #41R; however, pAKT was higher in U87R

compared to the parental control (Figure 6-2 F, H).

Next, the protein expression levels of several EMT markers were assessed. The levels of N-
Cadherin, Vimentin and CD44 in #41P/R, U87P/R and U251P/R were analysed with western
blot. Consistently, CD44 and N-Cadherin was more highly expressed in #41R, U87R and
U251R cells compared to the respective parental controls; however, Vimentin was only up-

regulated in U87R and U251R and down-regulated in #41R (Figure 6-2 G, I-J). Additionally,
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Oct3/4 expression was highly up-regulated in #41R compared to #41P. E-Cadherin was

undetectable with western blot in all six cell lines used (data not shown). In summary, our

results suggest that EMT markers are highly up-regulated in glioblastoma recurrent cells.
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Figure 6-2: Resistant cell lines have persistent signalling related to EMT. Migration rate of
(A) U87, (B) U87R, (C) #41P and (D) #41R was assessed by a scratch assay. The migration
rate of U87R was higher than U87; however, there was no difference between #41P and
#41R. (E) Graphical representation of scratch assay. All values are relative to the Day 0
wound gap which was set at 100%. (F) PDGFR and downstream signalling molecules AKT and
ERK activation was detected in #41R. (G) Expression of EMT markers N-Cadherin and CD44
was detected in the #41R. Vimentin was down-regulated in the #41R relative to #41P. (H)
AKT activation was increased in U87R relative to U87P, in addition to (1) EMT markers CD44,
Vimentin and N-Cadherin. (J) U251R had increased levels of PDGFR activation in addition to
increased expression of N-Cadherin and Vimentin, relative to U251P. *** denotes p<0.001;

All values shown are mean + SD.
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6.2.4 AKT inhibition reverses EMT marker expression

As mentioned previously, AKT signalling has been suggested as an EMT driver in several
cancers. However, at the time of writing, the relationship between AKT, and CD44, N-
Cadherin and Vimentin in primary glioblastoma and treatment-resistance is understudied.
#41R, U87R and U251R were subject to 10uM of wortmannin for 72 hours and the levels of
the three EMT markers were assessed. pAKT was inhibited in all treated cells; furthermore
the protein expression of three EMT markers were also reduced after treatment (Figure 6-3
A-C). Therefore, we conclude that AKT signalling drives the activation of CD44, Vimentin and

N-Cadherin in treatment-resistant glioblastoma cells.
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Figure 6-3: Inhibition of PI3K-AKT pathway activation down-regulated EMT markers. Both
(A) #41R, (B) US7R and (C) were treated with the PI3K-AKT inhibitor wortmannin for 72
hours. Subsequently, the levels of N-Cadherin, CD44 and Vimentin were analysed in both
the untreated control and treated cells. Treatment with PI3K-AKT inhibition was found to

decrease the EMT-associated molecules N-Cadherin, CD44 and Vimentin.
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6.3 Discussion

Glioblastoma is a highly aggressive, invasive and migratory neoplasm, and these
characteristics render recurrence inevitable and complete resection improbable. EMT is
transformation process undergone by neoplastic cells driven by genetic alterations. These
transitioned cells are highly invasive and migratory, and a mesenchymal genetic signature
has been proposed as a marker for both resistance and poor patient survival in cancer,
including glioblastoma. However, EMT-like process in glioblastoma and its relationship with
resistance to standard therapy is understudied. Furthermore, many studies have attributed
EGFR and MET a key role in malignant EMT and considering both this attribution and our
previous results we aimed to elucidate the significance of EMT markers in TMZ-resistant

recurrent glioblastoma cells utilising our in vitro models.

6.3.1 Morphologically-altered glioblastoma resistant cells

We first observed the morphological changes that have occurred at both recurrence and in
resistant cells. Consistent with our hypothesis - that EMT is driving glioblastoma resistance
and recurrence — we observed that all recurrent and resistant cell lines have an elongated,
pseudopodia-like, cell spreading phenotype. This morphological criterion to discern the
activation of EMT has been utilised by other researchers, including Zhou and co-workers

[793].

6.3.2 EGFR- and MET-independent migration and the role of PDGFR in
EMT

Our results have shown that glioblastoma migration can be independent of EGFR and MET
signalling, and recurrent cells retain migratory capacity despite loss of EGFR and MET. The
presence of EGFR and MET being irrelevant to migration, as was seen when comparing the
migration rates of #41P and #41R, largely goes against the dominant paradigm that
currently exists in glioblastoma research [792, 794]. Potentially, the reactivation of AKT in
#41R and the maintenance of migration rate may be attributed to the up-regulation of p-
PDGFR compared to short-term treated #41cells — this up-regulation is likely a redundant
pathway mechanism in response to EGFR down-regulation. The proposed mechanism is in
need of experimental validation in glioblastoma; however, support for this proposal can be

found when searching beyond the glioblastoma field. Non-small cell lung cancer cell lines
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erlotinib resistance levels correlated with mesenchymal characteristics, such as higher
Vimentin and ZEB1 and lower E-Cadherin [795]. Additionally, mesenchymal-like non-small
cell lung cancer cells had increased pPDGFR-a and PDGFR-a [795]. Indeed, PDGFR expression
is required for EMT maintenance in in vivo carcinoma mouse models and thought to drive
EMT via the PI3K/AKT pathway [796]. Therefore, although further studies are required to
validate the EGFR bypassing RTK signalling pertaining to glioblastoma EMT, our data is

consistent with the larger scope of oncology research.

6.3.3 AKT regulation of EMT markers

Interestingly, although Vimentin was up-regulated in both U87R and U251R cells, it was
down-regulated in #41R cells. Likely, this is due to the variability in the relevance of a single
EMT marker in glioblastoma and given that glioblastoma EMT may differ from tumours of
epithelial origins, such as non-small cell lung cancer and breast cancer. Additionally, EMT
plasticity can allow for cells to revert to a MET-like state; therefore, it is possible that the
down-regulation of Vimentin in #41R is paradigmatic of the fluid nature of EMT-MET

process.

That Vimentin is a downstream substrate of AKT signalling is well-established in epithelial
carcinomas and the interaction is thought to be via direct AKT binding to Vimentin causing
the latter to phosphorylate [797-800]. However, N-Cadherin has been mapped upstream of
AKT has evident when N-Cadherin transfection increased AKT activation in bladder cancer
and silencing N-Cadherin inhibited AKT in melanoma and prostate cancer cell lines [801-
803]. Only recently, in 2018, it was shown that inhibiting AKT using MK2206 in U373 and
SHG44 cells down-regulated both Vimentin and N-Cadherin [804]. Our data is consistent
with the literature supporting Vimentin regulation by AKT in epithelial cancers though offers

a conflicting account by situating N-Cadherin downstream of AKT in glioblastoma.

Recently, Feng et al. inhibited Regulatory Factor X1 and observed a decrease in both CD44
and AKT activity in U87 and U251 cells [805]. To the best of my knowledge the positive
regulatory role of AKT in CD44 expression has yet to been demonstrated, rendering our
result novel in glioblastoma. On the contrary, stimulation of the CD44 variant isoform CDv66

can increase AKT activity in glioblastoma stem cell-like cells [806]. The difference between
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this previous study and our result may largely be due to our model being representative of

treatment-resistant recurrence and differences in cell lines.

6.4 Conclusion

To summarise the chapter, we have shown that treatment-resistant recurrent glioblastoma
cells exhibit a morphological alteration and up-regulation of EMT markers. Furthermore,
AKT was demonstrated as a positive regulator of EMT markers in glioblastoma and
reactivation of PDGFR activity was shown to be a possible compensatory RTK signalling

mechanism in response to down-regulation of EGFR and MET at recurrence.
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7.1 A novel treatment-resistant in vitro model

The failure in translating the rationale in targeting RTKs can perhaps be attributed to a
number of factors: a lack of consensus with regards to a biomarker for treatment resistance
in the glioblastoma literature; replicating in vitro data with an in vivo model; compensatory
RTK activation; RTK-independent mechanisms sustaining tumourogenic signalling; and the
lack of proper biological models leading to overstating or misplacing the significance of a
particular mechanism. Importantly, as we have discussed previously in Chapter 1, there is a
relative lack in studies investigating treatment resistance mechanisms, especially resistance
to both radiotherapy and TMZ. As we have discussed and demonstrated in previous
sections, though many research groups have utilised TMZ or radiotherapy to study the
response in glioblastoma, these models are not models for the study of resistance by that
very fact but, rather, models that study TMZ- or radiotherapy-induced mechanisms; these

are treatment-induced models rather than treatment-resistant models.

To distinguish between these two models requires definitions. In this thesis we defined
treatment-induced models as models that study the regulation of mechanisms that are
activated in response to treatment. In contrast, a treatment-resistance model was defined
as models that study the mechanisms that confer a specific, surviving sub-population of cells
with the capacity to survive treatment. Treatment-induced models, such as those utilised by
Munoz et al. and defined as “TMZ-resistant”, fall short of meeting the criteria for being
defined as treatment-resistance models as the former requires survival assays suggesting
the remaining cells are viable and can withstand treatment [807]. Consequently, Qi and
colleagues model does qualify as a bona fide treatment-resistance model particularly due to
survival assays supporting the claim that the surviving cells can withstand the employed
treatment conditions; therefore, their terming the surviving cells TMZ-resistant is also

warranted [808].

In Chapter 3 we aimed to address the problem of RTK signalling conferring treatment
resistance — which requires evaluating the significance of RTKs in glioblastoma resistance to
standard therapy — we first generated an in vitro model of radiotherapy- and TMZ-resistant
glioblastoma. Our model was generated after treatment with both radiotherapy and TMZ

for 7 days. Cell viability did not significantly reduce between Day 5 and Day7 post-treatment
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in any of the cell lines unlike the significant reduction between Day 3 and Day 5.
Furthermore, there was no significant reduction between Day 7 and Day 10 in any of the cell
lines used in the study. Due to this reason the time point of 7 days was chosen for future
studies and satisfies the criteria of treatment-resistance given that the surviving cells at Day
7 have demonstrated the capacity to withstand treatment. In other words, the lack of
viability reduction from Day 5 to 7 and Day 7 to 10 implies the surviving population does not
contain a sensitive sub-population; therefore the surviving population of cells at Day 7 is
justified in being termed treatment-resistant at least to a short-term, one-off challenge.
Although this follows that the Day 5 cell population can be justifiably be referred to as
treatment-resistant, the Day 7 time point was chosen to eliminate the possibility of
biological variance leading to carry-over sensitive cells from Day 3. The combination of
radiotherapy with TMZ in the generation of treatment-resistance makes this treatment-
resistance model a novel model. Using this model set a foundation for further studies to

examine specific resistance mechanisms found in glioblastoma.

7.2 Justifying the 1000uM TMZ dose

We have emphasised and one of our main critiques of the current literature is that previous
studies have not sufficiently incorporated a treatment regimen that replicates the treatment
received by glioblastoma patients which has ultimately resulted in the hindering of
translating pre-clinical findings. Throughout this thesis the treatment regimen for in vitro
experiments was set at 5Gy irradiation and 1000uM TMZ, unless otherwise stated such as
the dose-dependent and time point studies found in Chapter 3. Providing a proper
justification for choosing these dosages has been largely ignored hitherto and requires
addressing. Although our adoption for the 5Gy plus 1000uM TMZ treatment regimen was
ultimately based on previous optimisation experimental data from our lab, a justification
solely based on in vitro experiments is insufficient for the practical need to translate our

findings into the clinic.

It shall be recalled that the standard radiotherapy dose for the Stupp Protocol is 2Gy daily
for a period of 30 days, amounting to a total accumulative dose of 60Gy. In that regard, in
terms of accumulative dosage, a one-off 5Gy radiotherapy treatment before an incubation

period lasting 7 days is below the clinical dose. However, the generation of the #41R cell line
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which received 2 fractions 5Gy over a period of 14 day is closer in terms of total dose (see
Chapter 4). Previous reports adopting a hypofractionated doses in which 5Gy daily fractions
over a 2 week period reported no significant toxicities in human glioblastoma patients [809].
Therefore, though our 5Gy dose may not necessarily compose commonly adopted clinical

treatment regimens, the 5Gy radiotherapy has demonstrated to be a clinically viable option.

The 1000uM dose of TMZ was previously found to be sub-lethal in our laboratory and that
finding was again validated in our first experiment, as shown in Chapter 3. Therefore, the
1000uM dose was preferred over lower doses due to our cell lines showing high resistance
to the latter rendering the deciphering between sensitive and resistant cells difficult. A
problem arises, however, given it is regarded that the clinical relevant in vitro TMZ dose to
range between 50-100uM — at least 10-fold lower than the commonly used dose in our
project. This is indeed a limitation in our project. It shall be noted that our theoretical
paradigm foundational for the explanation of resistance explains that the resistant cells are
selected for rather than resistance being acquired. If this may be assumed to be true then it
follows that the selected cell population that pre-exists is unaltered by the high dose
adopted. Consequently, the difference between regimen consisting of high dose TMZ and a
low dose TMZ is that the selection of cells in the latter regimen is more genetically
heterogeneous compared to the former. In this way, the cell population that was selected
in our experiments will indeed compose the resistant population if we were to adopt a

treatment regimen consisting of 100uM TMZ.

7.3 The incoherence of targeted RTK therapy: Demonstration

of a failed clinical strategy

The logical argument for the examination of RTKs in our project was as follows:

1. glioblastoma cells require pro-tumourogenic signalling for its persistence

2. RTKs have been found to stimulate such signalling and be dysregulated in
glioblastoma

3. Glioblastoma maintains a pro-tumourogenic capacity post-treatment with
radiotherapy and TMZ

4. Therefore, increased RTK activity contributes to glioblastoma cell survival post-

treatment
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We tested the validity of this conclusion in Chapter 3 by first utilising a phospho-RTK array
that screens the activity levels of 49 different RTK. Primary glioblastoma cell lines were
subject to 5Gy radiotherapy and a 7 day exposure period with 1000uM TMZ before analysis
with the phospho-RTK array. We observed that treatment resistant glioblastoma cells had
reduced phosphorylated levels of all assessed RTKs. In addition, glioblastoma cell lines also
displayed reduced EGFR and MET gene expression. But with the majority of the cell lines
downstream signalling molecules — AKT, ERK and STAT3 — persisted with up-regulated
activation. These findings appear to oppose a few of the most common accounts given
pertaining to the functioning of RTK signalling networks: 1) a lack of redundant RTK
activation, 2) the disposability of RTK for sustaining cell survival and 3) alternative upstream

signalling for the continued oncogenic downstream pathways.

7.3.1 Significance in the lack of redundancy in RTK signalling

networks

Previous studies and a prevailing account for the failure of RTK targeted therapy suggest
that redundant RTK signalling allows the resistant cells to be independent of the targeted
RTK. But these studies differ from ours from only focussing on RTK inhibition without
combined radiotherapy and TMZ possibly leading to overstating the importance of such a
mechanism and its contribution to resistance. However, in the time point studies found in
Chapter 3 the increase in EGFR activity on Day 3 after treatment in our cells being
concurrent with down-regulation of MET activation is consistent with the compensatory
signalling theory. This suggests that compensatory RTK signalling is an intermediate pathway

rather than a contributor to radiotherapy and TMZ resistance.

Redundant signalling pathways as a means to tyrosine kinase inhibition ineffectiveness, as
described in Chapter 1, was rapidly adopted after the groundbreaking study by Stommel et
al. [810] Multiple RTKs were found activated in a panel of glioblastoma cell lines and only
the inhibition of multiple RTKs reduced survival and PI3K/AKT pathway activation [810].
Furthermore, forced constitutive expression of WtEGFR or EGFRvIll can replace MET
activation of PI3K, suggesting that inhibition of MET can still allow for sustained downstream
signalling due to the EGFR [810]. Additionally, a similar redundancy relationship between

EGFR and PDGFR has also been described previously in glioblastoma [811]. Down-regulation
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of the EGFR can lead to up-regulation of other members of the EGFR family, IGF-1R, MET,
PDGFR and AXL [398, 575, 812-814]. In fact, when reviewing EGFR-driven therapeutic
resistance, Azuaje et al. recently noted RTK inhibition resistance to be due to “robust
activation of survival pathways downstream of the EGFR” but more importantly also “other

RTK signalling activation” [815].

To counteract this has led to the theory that a RTK-based therapeutic paradigm will require
to target multiple RTKs simultaneously, hence the generation of agents such as crizotinib
and cabozantinib [816]. Theoretically, it follows that an effective RTK inhibition strategy will
require the targeting of all activated RTKs eliciting proliferative and other tumourogenic
signals — a practically improbable endeavour with the current means available. Our data
suggests such a strategy is not required and, even if clinically an option, will not resolve the
problem of radiotherapy and TMZ resistance. We found that RTK redundancy has not been
the driver for the resistance mechanisms which led to the failure of targeted RTK therapy as
a means to complement the Stupp Protocol but the down-regulation of RTKs induced by

combined radiotherapy and TMZ can instead reduce the efficacy of RTK inhibition.

7.3.2 Beyond EGFR and MET

Our data questions the view of centering the RTK family within the oncogenic addiction
model. By demonstrating in Chapter 3 and 4 that all 49 phospho-RTKs assessed had down-
regulated in 7 day treated cell lines and reduced EGFR and MET gene expression, but
persistent downstream signalling, we concluded that alternative RTK-independent signalling

pathways are the sources for resistant cell survival.

For over a decade it has been argued that the addition of RTK inhibitors can potentiate the
sensitisation effect of standard therapy. Much of the rationale for this predictivism stems
from RTK alterations being common in glioblastoma. Another source for support is found in
de-regulating RTK works that reported the causal role of RTK with regards to pro-
tumourigenicity. These types of studies, both in vitro and in vivo based, provided the
rationale groundwork for RTK-based therapies by demonstrating increased glioblastoma
aggressiveness is a consequence of up-regulating certain signal transduction pathways that
are contingent upon RTK signalling. Such examples are many in the literature. Ambrose et al.

concluded that IGF-1R “is strictly required for the growth of T98G” after its inhibition
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suspended growth induction stimulated by growth factors [817]. VEGFR inhibition with
axitinib reduced growth of orthotopic glioblastoma models and increased the survival times

of mice bearing U87-derived glioblastoma [818].

Many of the studies that have made claims for the translatability of their in vitro results
have in fact attempted to juxtapose the clinical context in which there is a strong
relationship between glioblastoma and the Stupp Protocol with the employment of a single
component of the Stupp Protocol (radiotherapy or TMZ). Only a subset from this group
gualifies to have focussed on treatment-resistance. A prototypical example was the recently
published paper by Kessler et al [819]. Here it was concluded that VEGFR-2 expression is an
attribute of a chemo-resistant subgroup of glioma because knocking down VEGFR-2
expression with shRNA sensitised glioblastoma cells to 10uM TMZ, although sh-VEGFR2 cells
were not sensitised to 8Gy radiotherapy. Importantly, experiments combining radiotherapy
with TMZ was absent which obscures the clinical significance of VEGFR-2 down-regulation
[819]. Moreover, it was concluded that chemotherapeutic “resistance” is promoted by
VEGFR-2. This is unfounded according to this thesis’ definition given that Kessler never
conducted any survival assay demonstrating that the surviving population at the one and
only time point chosen — at 72 hours - is any less or more resistant to a later time point
[819]. This is a crucial oversight as it does not follow that a surviving population at one
particular time point is resistant to TMZ. As we have seen in this present study our own
results suggest that the still sensitive whole population of cells that survived at Day 3 differs

in RTK activity compared to the treatment-resistant Day 7 cells (see Chapter 3).

The consequence of such an approach that only utilises a single component of standard
therapy is that the cell population that is selected for does not adequately represent the
population that is selected for during clinical treatment. In this way it is feasible to suggest
that increased signalling of a particular RTK in a population selected for by TMZ treatment,
such as VEGFR-2 as indicated by Kessler, is not clinically relevant unless patients are only
being treated with TMZ, which is not the case. This position and our results are consistent
with a 2018 paper showing that EGFRvIIl protein expression is up-regulated with
radiotherapy alone but reduces when combined with TMZ; however these authors did not

link treatment resistance with EGFR [820].
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7.3.2.1 Interleukin driven signalling as an alternative to EGFR and MET signalling

A possible mechanism for such RTK-independent activation of downstream pathways is
cytokine receptor-mediated signalling through interleukins. These receptors, unlike RTKs,
lack intrinsic enzymatic activity, but are found on the cell membrane and the ligand-
receptor complexes can act in both a paracrine and an autocrine manner [821] [822]. The
role of interleukin signalling in various cancers is well established. For example, IL-10 or IL-
22 stimulation activates the STAT3, AKT and MAPK pathways in cancers including lung and

breast cancer as well as osteosarcoma [734] [735, 736] [737].

Patient survival is lower in IL-6 amplificated glioblastomas and is well known to activate
STAT3 [823]. In glioblastoma cell lines it is known that IL-6 stimulation can promote invasion
and migration through up-regulation of pSTAT3 and the MAPK signalling and IL-6R
knockdown disrupts tyr705 pSTAT3 levels [824, 825]. In renal cell carcinoma, in vitro
treatment with tyrosine kinase inhibitors increased IL-6 levels stimulates AKT-mTOR
pathway activation [826]. Data regarding the IL-6/AKT pathway in glioblastoma is lacking
except for a recent paper which it was demonstrated that IL-6 phosphorylates AKT in
glioblastoma cell line 05MG [827]. IL-22 treatment activated IL-22R-AKT and IL-22R-STAT3 —

induced glioblastoma cell survival, though may inhibit pERK [828].

Further indication of interleukin-mediated compensatory signal transduction comes from
RTK inhibitor-resistant malignant cells. Indeed, head and neck squamous cell carcinoma cell
lines resistant erlotinib differentially expressed IL-6 and antagonising IL-6R reduced
erlotinib-resistant tumour volume growth in vivo; IL-8 stimulation led to EGFR-inhibitor
resistance in lung cancer cells [829] [830]. Although data regarding interleukin receptor
signalling bypassing tyrosine kinase inhibitors in glioblastoma is lacking, it is known that
radiotherapy alone can increase STAT3 activity [831]. Moreover, TMZ-resistant U87 cells
were also found to have elevated IL-6 and STAT3 expression [237]. Therefore, it is likely that
our treatment-resistant subpopulation have bypassed RTK-dependence with compensatory
signalling mediated by interleukin receptors. However, further studies are required to

validate this hypothesis.
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7.3.2.2 CD44 as an alternative for EGFR- and MET-driven signalling

The role of CD44 in treatment resistance is not fully known in glioblastoma. We have shown
in Chapter 6 that CD44 was up-regulated in treatment resistant recurrent cell lines that
expressed undetectable EGFR and MET gene expression - #41R, U87R and U251R. The CD44
is a transmembrane glycoprotein and a hyaluronan receptor that has been previously
described to be oncogenic. Both an EMT and stem cell associated marker, CD44 is capable of
driving signalling pathways to promote migration, invasion and proliferation. CD44 can form
complexes with and drive STAT3 activity and stimulate the ERK and AKT pathway in cancer
[832] [833]. This likely explains the persistent downstream signalling in our resistant cells in

the absence of both EGFR and MET gene expression, and RTK activity.

CDA44 is generally considered to be upstream of AKT, with inhibition of the former leading to
the down-regulation of the latter. In Chapter 6, we showed that inhibiting AKT signalling can
decrease CD44, thereby suggesting an alternative signalling pathway map in which both
CD44 and AKT relate via a circulatory positive regulation loop. Although CD44 is upstream
relative to AKT, this effect is most likely due to the inhibition of CD44 transcription factors
promoted by AKT signalling. Indeed, AKT has been found previously to activate transcription
factors in cancer, such as Sp1, EGR1, AP-1, ETS1 and NF-KB, which are positive regulators of
CDA44 transcription [834-838]. We therefore have described a novel interaction between
CD44 and AKT in glioblastoma. We propose that CD44 is an attractive therapeutic target in
treatment resistant glioblastoma cells since tumourogenic signalling pathways are likely
sustained via CD44 activity after radiotherapy and TMZ reduces RTK signalling and protein

expression.

7.3.3 Emphasising heterogeneity as an intrinsic resistance mechanism
By advocating and finding support with experimental validation that a pre-existing sub-
population of low EGFR and high miR-221 expressing cells re-initiates treatment resistant
recurrence supports the theoretical paradigm proposing that intrinsic heterogeneity drives
therapeutic resistance in cancer. The traditional disputes found in the glioblastoma
literature surrounding which single RTK needs to be inhibited are mostly as unwarranted as
they are, demonstrably, unfruitful. Our data advocates instead for a combinatorial

therapeutic regimen that pre-emptively targets the inherently resistant population of cells.
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Sustaining RTK expression and down-regulating miR-221 may be a potential strategy to

complement and increase the effectiveness of the Stupp Protocol.

7.3.3.1 Epigenetic mechanisms and loss of EGFR gene

Our data indicates that the radiotherapy and TMZ selects for a population of cells that have
lost EGFR expression (see Chapter 4). Interestingly, treatment with de-methylation agent
azacitidine failed to rescue EGFR expression suggesting that the silencing of EGFR expression
is not due to promoter methylation, but perhaps driven by either other epigenetic
mechanisms or an EGFR sequence mutation that disrupts transcription. Furthermore,
genomic instability, a hallmark of glioblastoma and cancer in general, did not result in re-
gaining EGFR as we did not observe an up-regulation of EGFR in high passage number #41R.
It must be stated that pPDGFR and pAKT levels were equivalent in #41P and #41R cells,
which emphasises both the difference between treatment resistant and recurrent
populations and the problem of genomic instability as the driver of re-instating tumour
heterogeneity (see Chapter 6). It is reasonable to suggest that the stability in the loss of
EGFR and MET gene expression does not translate into losing the gene expression of other
families of RTKs. Therefore, temporal heterogeneity, the idea that over time heterogeneity
develops, may not rescue EGFR expression but perhaps will re-instate overall RTK driven
tumourigenesis and signalling networks. The failure to observe the re-instating of EGFR gene
expression (as well as MET) contradicts a previous report describing that a low EGFR
expressing cell population re-expresses EGFR to re-state EGFR heterogeneity [503]. This is
likely due to our study only selecting for cells that are resistant to radiotherapy and TMZ,
and it is possible that a sub-population of cells in the previous study have lost the EGFR gene

but were not selected for, and therefore, not detected.

7.3.3.2 Invalidating the acquired resistance model

Although we have argued that an intrinsically resistant sub-population drives resistance and
subsequently supported this theory experimentally using single cell isolation assays, we
must remain cautious since this does not invalidate the acquired resistance model. The
strongest empirical data we have presented supporting the existence of intrinsic resistance
is the generation of the resistant U87-V and sensitive U251-V, low and high EGFR expressing
sub-populations, respectively; therefore, this serves as the best empirical test we have

available for the intrinsic resistance model. The intrinsic model for resistance (also
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sometimes referred to as the inherent resistance model in the present study) states that
radiotherapy and TMZ (in the specific context of glioblastoma) serves as a selection pressure
that leads to a resistant sub-population of cells repopulating the tumour population that
initiates recurrence. Both the U87-V and U251-V cell lines demonstrate that the parental
population is heterogeneous with regard to EGFR expression and these cell lines are
resistant and sensitive, respectively. Nonetheless, it does not follow that the population
isolated from the parental U87 and U251 cell lines are identical to the cell population
selected after exposing the parental population to radiotherapy and TMZ. It remains
possible that the low EGFR expressing population resistant to therapy had down-regulated
EGFR and up-regulated miR-221 in response to treatment. It may be so that to invalidate
one of the two resistant models studies requires utilising much more powerful
methodologies that adopt a single cell genomic approach to track cellular genetic and

proteomic alterations at the individual cell level.

7.4 Rethinking the significance of autophagy in glioblastoma

The role of autophagy in glioblastoma is controversial with reports suggesting autophagy to
be a resistance and tumourogenic mechanism, but contrary accounts describe an anti-
tumourogenic process termed autophagic cell death. EGFR signalling is counteractive to
autophagy activation, largely due to the EGFR driven PI3K/AKT activation of mTOR.
Therefore, we hypothesised that the reduced EGFR expression displayed by the short term
treated resistant cells and treatment resistant recurrent cells increases autophagy activation
(see Chapter 3). The up-regulation of LC3 throughout the 7 day period after radiotherapy
and TMZ treatment was consistent partially with our hypothesis stating the pro-resistance
effect of autophagy. However, although LC3 over-expression was observed, it did not
inversely correlate with EGFR expression across the time course suggesting an association
between EGFR and LC3 but not a direct negative regulatory network. The latter suggestion is
further supported by our #41R cells showing no detectable LC3 protein expression despite

lacking EGFR gene expression.

We propose that autophagy activation - measured with LC3 levels in the present study - is
not dependent on the negative regulation of EGFR activity and is a protective mechanism

activated in response to radiotherapy and TMZ. This explains the lack of LC3 in the
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treatment resistant recurrent cell line #41R since this cell line was not immediately exposed
to radiotherapy and TMZ before assessing LC3 levels. Therefore, the lack of any immediate

genotoxic stress may be the reason #41R LC3 levels were no different to #41P.

Indeed, EGFR inhibition with tyrosine kinase inhibitors can increase LC3 via reduction of AKT
signalling in glioblastoma cell lines [741]. Therefore, it may appear self-evident that EGFR
and LC3 are intertwined in a negative signalling network in which LC3 is the contingent
protein and EGFR the causal driver; however, these findings do not contradict, and can be
incorporated into, our proposal. LC3 up-regulation (and consequently autophagy activation)
upon EGFR inhibition can be reconciled with the view that LC3 is not contingent upon EGFR
signalling. This is because deprivation of EGFR signalling may have induced a stress response
by perturbing growth signalling such that autophagy allows for cell survival and acts as a
short term survival mechanism. It follows that autophagic cell death is theoretically possible
if the stress response is present in the long term. However, we observed a peak in LC3 levels
at Day 3 time point before levels began to reduce, the lowest LC3 expression being at the
Day 7 time point. This indicates that autophagic cell death may be prevented by resistant
cells by activating autophagy as an immediate survival mechanism before alternative
sustainable cell survival signalling is utilised. It has been argued extensively elsewhere that
short term autophagy leads to cellular senescence in the long term. Given that interleukins
are also noted to sustained cellular senescence and promote tumour progression, future

studies will need to further elucidate this relationship and validate our proposal [839].

Lastly, future studies require better models for the assessment of autophagy. Although LC3
may be involved in autophagy, mechanisms independent of autophagy may be involved in
LC3 up-regulation; therefore, multiple autophagy-related markers are required to allow for
a stronger conclusion. Furthermore, the increase in LC3 does not necessitate an increase in
autophagy. This is because LC3 up-regulation may only establish autophagy induction rather
than autophagic flux. For the latter to be established we are required to disrupt late-stage
autophagy by inhibiting the lysosome fusing with the autophagosome followed by
measuring the GFP-LC3 puncta. Therefore, in light of these considerations caution is
required when establishing our conclusions pertaining to the role of autophagy in treatment
resistance and recurrent glioblastoma, and more in-depth studies with improved controls

are in need.
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7.5 Establishing miR-221 as a therapeutic target in

glioblastoma

7.5.1 Does miR-221 regulate or bind EGFR?

As evident from above, the role of miR-221 is understudied in glioblastoma compared to
other drivers of glioma progression. In particular, an account on the relevance of miR-221 in
treatment resistant initiated glioblastoma recurrence has so far been ignored. Furthermore,
reports on miR-221:mRNA binding have largely overlooked the question of clinical relevance
and validation studies using a patient cohort are commonly absent. Our project has taken
these previous shortcomings into consideration in the methodologies employed in Chapter

5.

The regulation of EGFR via miR-221 has not been previously described in the literature. This
is perhaps unsurprising given that both miR-221 and EGFR are considered oncogenic,
leading to the assumption that any association between the two signalling molecules must

be through positive regulation.

In the present study we have concluded that miR-221 down-regulates the EGFR expression.
We demonstrated, using cell lines and human patient samples, the inverse relationship
between miR-221 and EGFR suggesting a strong biological and clinical relevance for our
results. However, our data has not established whether the EGFR is a direct target of miR-
221 and distinguishing between the two conclusions is of crucial importance for the biology
of EGFR and miR-221. Although our data demonstrated an inverse correlation between
EGFR and miR-221 the relationship can be explained by mechanisms other than direct
binding and mRNA degradation. Indirect down-regulation due to miR-221 targeting EGFR
transcription factors and regulatory proteins were possible mechanisms for our observation.
For future studies we could utilise luciferase reporter gene assays to confirm direct miR-
221:EGFR binding. A luciferase gene construct consisting of the EGFR target sequence that is
predicted to bind miR-221 and pre-miR-221 should be transfected into the cell — a reduction

in luciferase activity will validate that the EGFR is a direct target of miR-221.
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7.5.2 miR-221 regulation of EGFR is evolutionary conserved

MiR-221 was the only miRNA, out of the three short-listed miRNAs, to be over-expressed in
all the EGFR- or MET-suppressed resistant cell lines tested. This both supports, though short
of confirming, the tumourogenic role of miR-221 and the target validation process. A
possible reason for this success perhaps lies with the evolutionary conserved target
sequence pairing between miR-221 and EGFR, as indicated by TargetScan. According to
TargetScan, the aggregated probability of conserved miR-221 targeting EGFR is 0.62, the
fourth highest probability listed after miR-144-3p, miR-137 and miR-133. The probability of
conserved targeting suggests the likelihood of the miR-221 seed sequence to bind to the
EGFR mRNA is amongst the highest [840]. Phylogenetic conservation of target pairing is
likely to occur for biologically relevant or significant mechanisms since paired sequences are
more likely to have been selected across species due the functional interaction; therefore,
conservation due to selective pressure is both reliable evidence for target prediction and

biological relevance.

7.5.3 The clinical relevance of EGFR and miR-221 at recurrence

In Chapter 4 and 5 we utilised a patient cohort to validate our pre-clinical data. We
successfully demonstrated that a subset of Stupp Protocol treated patients that display
lower EGFR or higher miR-221 expression trend towards poorer survival; the presence of an
inverse correlation between EGFR and miR-221 within a cohort of primary and recurrent
tumours; and an association between poorer survival and a high miR-221 / low EGFR gene
expression signature at recurrence. Unfortunately, due to a small sample size of recurrent
patients the association did not cross the threshold for significance in most of the survival
analyses. Nonetheless, the survival trends that were reported warrants further investigation

in elucidating the clinical significance of the EGFR and miR-221 inverse correlation.

It must be noted that this patient analysis did not control for Karnofsky score which may
have introduced a bias into the final results. Future studies are required to ensure patients
with severe poor performance status are excluded from the analysis. Furthermore, in
addition to patient selection bias the tumour samples that were selected may also have
introduced another form of selection bias. It is feasible to suggest that the human patient

tumour sample we have termed recurrent did not originate from the treatment resistant
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population after first line therapy. Therefore, there is a possible difference in tumour
biology between our in vitro treatment resistant recurrent model and the recurrent tumour
samples collected and utilised as part of our human patient validation studies. Taken
together, although our clinical cohort studies consistent at least trended towards a
confirmation of our hypothesis future validation studies need to take into account the

limitations found in our project.

7.6 Establishing miR-34 as a therapeutic target for

glioblastoma

The role of miR-34 in resistance to radiotherapy and TMZ in glioblastoma has not been
explored at the time of writing. Although MET is a validated target of miR-34, we obtained
mix results regarding its expression in our #41R, U87R and U251R cells, as well as the
therapy resistant U87-V and therapy sensitive U251-V cells (see Chapter 5). Low MET
expressing #41R had lower miR-34 levels while low MET expressing cell lines U87R, U87-V
and U251R showed higher levels of miR-34 compared to the respective parental controls. In
several cancers, including lung, colon and prostate cancer, miR-34 is regarded as a tumour
suppressor [645]. In fact, miR-34 mimic has been trialled in phase 1 clinical trial, although
the study was prematurely discontinued due to adverse events [645]. Only three articles are
generated on Scopus with the key terms ‘miR-34’ and ‘glioma’ and only one article is
generated with key terms ‘miR-34’ and ‘glioblastoma’. In 2013, it was reported that rescuing
miR-34 inhibits proliferation in pro-neural, PDGFR-amplified glioblastoma cell lines and miR-
34 targets PDGFR-a [776]. It is likely that miR-34 expression is cell line-specific and this may
explain the differences in the three resistant cell lines in our study. Nonetheless, given that
miR-34 is highly expressed in U87R, U87-V and U251R it is possible that its role differs

compared to other malignancies though further study is required.
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7.7 Concluding remarks

This thesis has demonstrated that down-regulation of RTK activity is induced by
radiotherapy and TMZ, and the gene expression of two of the most studied RTKs in
glioblastoma — EGFR and MET — is suppressed. Our project has questioned the rationale
behind clinical trials in the past which attempted to complement the Stupp Protocol by
focussing on inhibiting these two RTKs for the treatment of glioblastoma. Supported by our
data, we proposed that the Stupp Protocol may select for a sub-population of resistant cells
that survive independently of RTK signalling, rendering treatment with tyrosine kinase

inhibitors ineffective.

To investigate mechanisms for the down-regulation of EGFR and MET, we showed that miR-
221 and miR-34 were up-regulated in treatment resistance cell lines. Furthermore, miR-221
can mediate resistance to radiotherapy and TMZ by down-regulating EGFR expression,
making it an ideal strategy to target this miRNA in addition to the Stupp Protocol. Given that
recurrent glioblastoma patients displaying high miR-221 and low EGFR associated or
trended towards poorer survival compared to their inverse counterparts supports the view
that targeting EGFR is ineffective for the more aggressive cases of glioblastoma but miR-221

is a potential therapeutic target.

To answer the question of how resistant cells are capable of driving tumourigenesis and
activate downstream signalling pathways, we observed that resistant cells displayed higher
levels of CD44, in addition to other stem cell and EMT associated proteins. The high CD44
expression was reversed by AKT inhibition highlighting the need to target converging points

of signalling pathways rather than upstream drivers.

The design of future clinical trials will need to take these reports into consideration. In the
current clinical context in which the Stupp Protocol is administered as first line therapy,
targeting RTKs may be ineffective. Instead inhibiting miR-221 and CD44 is an attractive
strategy for clinical trials as it may pre-emptively target the intrinsically resistant sub-
population of tumour cells that initiate recurrence. Lastly, this thesis emphasises the
importance of adopting both radiotherapy and TMZ in pre-clinical models to better

characterise glioblastoma biology and translate findings to the clinic.

[239]



REFERENCES

1.

Dolecek, T.A., et al., CBTRUS statistical report: primary brain and central nervous system
tumors diagnosed in the United States in 2005-2009. Neuro-oncology, 2012. 14 Suppl
5(Suppl 5): p. v1-v49.

Dobes, M., et al., Increasing incidence of glioblastoma multiforme and meningioma, and
decreasing incidence of Schwannoma (2000-2008): Findings of a multicenter Australian
study. Surg Neurol Int, 2011. 2: p. 176.

Tamimi, A.F. and M. Juweid, Epidemiology and Outcome of Glioblastoma, in Glioblastoma, S.
De Vleeschouwer, Editor. 2017, Codon Publications

Copyright: The Authors.: Brisbane (AU).

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hanif, F., et al., Glioblastoma Multiforme: A Review of its Epidemiology and Pathogenesis
through Clinical Presentation and Treatment. Asian Pacific journal of cancer prevention :
APJCP, 2017. 18(1): p. 3-9.

Minniti, G., G. Lombardi, and S. Paolini, Glioblastoma in Elderly Patients: Current
Management and Future Perspectives. Cancers, 2019. 11(3): p. 336.

Keime-Guibert, F., et al., Radiotherapy for Glioblastoma in the Elderly. New England Journal
of Medicine, 2007. 356(15): p. 1527-1535.

Darefsky, A.S., J.T. King, Jr., and R. Dubrow, Adult glioblastoma multiforme survival in the
temozolomide era: a population-based analysis of Surveillance, Epidemiology, and End
Results registries. Cancer, 2012. 118(8): p. 2163-72.

Scherer, H.J., A CRITICAL REVIEW: THE PATHOLOGY OF CEREBRAL GLIOMAS. J Neurol
Psychiatry, 1940. 3(2): p. 147-77.

Virchow, R., Vorlesungen uber Pathologie die krankhaften Geschwulste. Berlin: A Hirschwald,
1865.

DeAngelis, L.M. and I.K. Mellinghoff, Virchow 2011 or how to ID(H) human glioblastoma. )
Clin Oncol, 2011. 29(34): p. 4473-4.

Kettenmann, H. and A. Verkhratsky, Neuroglia: the 150 years after. Trends Neurosci, 2008.
31(12): p. 653-9.

Agnihotri, S., et al., Glioblastoma, a Brief Review of History, Molecular Genetics, Animal
Models and Novel Therapeutic Strategies. Archivum Immunologiae et Therapiae
Experimentalis, 2013. 61(1): p. 25-41.

Gill, A.S. and D.K. Binder, Wilder Penfield, Pio del Rio-Hortega, and the discovery of
oligodendroglia. Neurosurgery, 2007. 60(5): p. 940-8; discussion 940-8.

Parpura, V. and A. Verkhratsky, Astrocytes revisited: concise historic outlook on glutamate
homeostasis and signaling. Croatian medical journal, 2012. 53(6): p. 518-528.

Davis, L., SPONGIOBLASTOMA MULTIFORME OF THE BRAIN. Annals of surgery, 1928. 87(1):
p. 8-14.

Bianco, J., et al., On glioblastoma and the search for a cure: where do we stand? Cell Mol Life
Sci, 2017. 74(13): p. 2451-2466.

Bailey, P., Further remarks concerning tumors of the glioma group. Bull. Johns Hopkins Hosp,
1927. 40: p. 354.

Martin-Villalba, A., A.F. Okuducu, and A. Von Deimling, The Evolution of Our Understanding
on Glioma. Brain Pathology, 2008. 18(3): p. 455-463.

Canale, D.J. and L.D. Longo, Harvey Cushing and pediatric neurosurgery. Neurosurgery, 1990.
27(4): p. 602-10; discussion 610-1.

Chen, R., et al., Glioma Subclassifications and Their Clinical Significance. Neurotherapeutics :
the journal of the American Society for Experimental NeuroTherapeutics, 2017. 14(2): p.
284-297.

Scherer, H.)., A CRITICAL REVIEW: THE PATHOLOGY OF CEREBRAL GLIOMAS. Journal of
neurology, neurosurgery and psychiatry, 1940. 3(2): p. 147-177.

[240]



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.
38.

39.

40.

41.

42.

43,

44,

45.

Stoyanov, G.S. and D.L. Dzhenkov, On the Concepts and History of Glioblastoma Multiforme -
Morphology, Genetics and Epigenetics. Folia Med (Plovdiv), 2018. 60(1): p. 48-66.

Netsky, M.G., B. August, and W. Fowler, The longevity of patients with glioblastoma
multiforme. ) Neurosurg, 1950. 7(3): p. 261-9.

Louis, D.N., et al., The 2007 WHO Classification of Tumours of the Central Nervous System.
Acta Neuropathologica, 2007. 114(2): p. 97-109.

Kleihues, P., P.C. Burger, and B.W. Scheithauer, Histological typing of tumours of the central
nervous system. 2012: Springer Science & Business Media.

Kleihues, P., P.C. Burger, and B.W. Scheithauer, The New WHO Classification of Brain
Tumours. Brain Pathology, 1993. 3(3): p. 255-268.

Louis, D.N., et al., The 2016 World Health Organization Classification of Tumors of the
Central Nervous System: a summary. Acta Neuropathol, 2016. 131(6): p. 803-20.
Scheithauer, B.W., Development of the WHO Classification of Tumors of the Central Nervous
System: A Historical Perspective. Brain Pathology, 2009. 19(4): p. 551-564.

Kleihues, P., World Health Organization - Histological Typing of Tumours of the Central
Nervous System. Springer, 1993: p. 125.

Coons, S.W.,, et al., Improving diagnostic accuracy and interobserver concordance in the
classification and grading of primary gliomas. Cancer, 1997. 79(7): p. 1381-1393.

von Deimling, A, et al., <em>p53</em> Mutations Are Associated with 17p Allelic Loss in
Grade Il and Grade Ill Astrocytoma. Cancer Research, 1992. 52(10): p. 2987-2990.

Fults, D., et al., p53 mutation and loss of heterozygosity on chromosomes 17 and 10 during
human astrocytoma progression. Cancer Res, 1992. 52(3): p. 674-9.

Frankel, R.H., et al., p53 mutations in human malignant gliomas: comparison of loss of
heterozygosity with mutation frequency. Cancer Res, 1992. 52(6): p. 1427-33.

Louis, D.N., et al., COMPARATIVE-STUDY OF P53 GENE AND PROTEIN ALTERATIONS IN
HUMAN ASTROCYTIC TUMORS. Journal of Neuropathology and Experimental Neurology,
1993.52(1): p. 31-38.

Ohgaki, H., et al., Mutations of the p53 tumor suppressor gene in neoplasms of the human
nervous system. Mol Carcinog, 1993. 8(2): p. 74-80.

Ohgaki, H., et al., P53 MUTATIONS IN NONASTROCYTIC HUMAN BRAIN-TUMORS. Cancer
Research, 1991. 51(22): p. 6202-6205.

Zhang, Y., et al., The p53 Pathway in Glioblastoma. Cancers, 2018. 10(9): p. 297.

Brennan, Cameron W.,, et al., The Somatic Genomic Landscape of Glioblastoma. Cell, 2013.
155(2): p. 462-477.

Dong, Y. and H. Zhu, Single-strand conformational polymorphism analysis: basic principles
and routine practice. Methods Mol Med, 2005. 108: p. 149-57.

Watanabe, K., et al., Overexpression of the EGF receptor and p53 mutations are mutually
exclusive in the evolution of primary and secondary glioblastomas. Brain Pathology, 1996.
6(3): p. 217-223.

Ciardiello, F. and G. Tortora, A novel approach in the treatment of cancer: Targeting the
epidermal growth factor receptor. Clinical Cancer Research, 2001. 7(10): p. 2958-2970.
von Deimling, A., et al., Subsets of glioblastoma multiforme defined by molecular genetic
analysis. Brain Pathol, 1993. 3(1): p. 19-26.

Lang, F.F., et al., PATHWAYS LEADING TO GLIOBLASTOMA-MULTIFORME - A MOLECULAR
ANALYSIS OF GENETIC ALTERATIONS IN 65 ASTROCYTIC TUMORS. Journal of Neurosurgery,
1994. 81(3): p. 427-436.

Ohgaki, H., et al., Genetic Pathways to Glioblastoma. A Population-Based Study, 2004.
64(19): p. 6892-6899.

Fujisawa, H., et al., Loss of heterozygosity on chromosome 10 is more extensive in primary
(de novo) than in secondary glioblastomas. Lab Invest, 2000. 80(1): p. 65-72.

[241]



46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Mabher, E.A., et al., Marked genomic differences characterize primary and secondary
glioblastoma subtypes and identify two distinct molecular and clinical secondary
glioblastoma entities. Cancer Research, 2006. 66(23): p. 11502-11513.

Amalfitano, G., et al., Fluorescence In Situ Hybridization Study of Aneuploidy of Chromosomes
7, 10, X, and Y in Primary and Secondary Glioblastomas. Cancer Genetics and Cytogenetics,
2000. 116(1): p. 6-9.

Li, J., et al., PTEN, a putative protein tyrosine phosphatase gene mutated in human brain,
breast, and prostate cancer. Science, 1997. 275(5308): p. 1943-7.

Kon, H., et al., Structural and functional evidence for the presence of tumor suppressor genes
on the short arm of chromosome 10 in human gliomas. Oncogene, 1998. 16(2): p. 257-63.
Burton, E.C,, et al., Genetic aberrations defined by comparative genomic hybridization
distinguish long-term from typical survivors of glioblastoma. Cancer Res, 2002. 62(21): p.
6205-10.

Balesaria, S., et al., Loss of chromosome 10 is an independent prognostic factor in high-grade
gliomas. Br J Cancer, 1999. 81(8): p. 1371-7.

Lopez-Gines, C., et al., Association of chromosome 7, chromosome 10 and EGFR gene
amplification in glioblastoma multiforme. Clin Neuropathol, 2005. 24(5): p. 209-18.
Horiguchi, H., et al., Loss of chromosome 10 in glioblastoma: Relation to proliferation and
angiogenesis. Pathology International, 1999. 49(8): p. 681-686.

Parsons, D.W., et al., An integrated genomic analysis of human glioblastoma multiforme.
Science, 2008. 321(5897): p. 1807-12.

Balss, J., et al., Analysis of the IDH1 codon 132 mutation in brain tumors. Acta
Neuropathologica, 2008. 116(6): p. 597-602.

Nobusawa, S., et al., <em>IDH1</em> Mutations as Molecular Signature and Predictive
Factor of Secondary Glioblastomas. Clinical Cancer Research, 2009. 15(19): p. 6002-6007.
SongTao, Q,, et al., IDH mutations predict longer survival and response to temozolomide in
secondary glioblastoma. Cancer Sci, 2012. 103(2): p. 269-73.

Lv, S., et al., Correlation between IDH1 gene mutation status and survival of patients treated
for recurrent glioma. Anticancer Res, 2011. 31(12): p. 4457-63.

Deng, L., et al., Association between IDH1/2 mutations and brain glioma grade. Oncology
letters, 2018. 16(4): p. 5405-54009.

Toedt, G., et al., Molecular signatures classify astrocytic gliomas by IDH1 mutation status. Int
J Cancer, 2011. 128(5): p. 1095-103.

Ohgaki, H. and P. Kleihues, The Definition of Primary and Secondary Glioblastoma. Clinical
Cancer Research, 2013. 19(4): p. 764-772.

Tomczak, K., P. Czerwiniska, and M. Wiznerowicz, The Cancer Genome Atlas (TCGA): an
immeasurable source of knowledge. Contemporary oncology (Poznan, Poland), 2015. 19(1A):
p. A68-A77.

Cancer Genome Atlas Research, N., Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature, 2008. 455(7216): p. 1061-1068.

Verhaak, R.G.W., et al., Integrated genomic analysis identifies clinically relevant subtypes of
glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer cell,
2010. 17(1): p. 98-110.

Phillips, H.S., et al., Molecular subclasses of high-grade glioma predict prognosis, delineate a
pattern of disease progression, and resemble stages in neurogenesis. Cancer Cell, 2006. 9(3):
p. 157-173.

Noushmehr, H., et al., Identification of a CpG island methylator phenotype that defines a
distinct subgroup of glioma. Cancer Cell, 2010. 17(5): p. 510-22.

Ozawa, T., et al., Most human non-GCIMP glioblastoma subtypes evolve from a common
proneural-like precursor glioma. Cancer Cell, 2014. 26(2): p. 288-300.

[242]



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

Fadhlullah, S.F.B., et al., Pathogenic mutations in neurofibromin identifies a leucine-rich
domain regulating glioma cell invasiveness. Oncogene, 2019. 38(27): p. 5367-5380.

Miiller, J.P., Ueber den feinern Bau und die Formen der krankhaften Geschwiilste, von Dr.
Johannes Miiller. 1838: g. reimer.

A Classification of the Tumors of the Glioma Group on a Histogenetic Basis with a Correlated
Study of Prognosis. Archives of Neurology & Psychiatry, 1927. 17(4): p. 570-570.

Louis, D.N., et al., International Society of Neuropathology-Haarlem Consensus Guidelines for
Nervous System Tumor Classification and Grading. Brain Pathology, 2014. 24(5): p. 429-435.
Friedmann-Morvinski, D., Glioblastoma heterogeneity and cancer cell plasticity. Crit Rev
Oncog, 2014. 19(5): p. 327-36.

Yang, Z. and K.K. Wang, Glial fibrillary acidic protein: from intermediate filament assembly
and gliosis to neurobiomarker. Trends Neurosci, 2015. 38(6): p. 364-74.

Goyal, R., et al., Immunohistochemical expression of glial fibrillary acidic protein and CAM5.2
in glial tumors and their role in differentiating glial tumors from metastatic tumors of central
nervous system. Journal of neurosciences in rural practice, 2015. 6(4): p. 499-503.
Brommeland, T., et al., Serum levels of glial fibrillary acidic protein correlate to tumour
volume of high-grade gliomas. Acta Neurologica Scandinavica, 2007. 116(6): p. 380-384.

Liu, K.-W., et al., SHP-2/PTPN11 mediates gliomagenesis driven by PDGFRA and INK4A/ARF
aberrations in mice and humans. The Journal of clinical investigation, 2011. 121(3): p. 905-
917.

Endersby, R., et al., Nonredundant Functions for Akt Isoforms in Astrocyte Growth and
Gliomagenesis in an Orthotopic Transplantation Model. Cancer Research, 2011. 71(12): p.
4106-4116.

Radke, J., G. Bortolussi, and A. Pagenstecher, Akt and c-Myc Induce Stem-Cell Markers in
Mature Primary p53-/- Astrocytes and Render These Cells Gliomagenic in the Brain of
Immunocompetent Mice. PLOS ONE, 2013. 8(2): p. e56691.

Ming, G.L. and H.J. Song, Adult Neurogenesis in the Mammalian Brain: Significant Answers
and Significant Questions. Neuron, 2011. 70(4): p. 687-702.

Visvader, J.E., Cells of origin in cancer. Nature, 2011. 469: p. 314.

Lathia, J.D., et al., Cancer stem cells in glioblastoma. Genes & Development, 2015. 29(12): p.
1203-1217.

de Almeida Sassi, F., et al., Glioma revisited: from neurogenesis and cancer stem cells to the
epigenetic regulation of the niche. Journal of oncology, 2012. 2012: p. 537861-537861.

Zhu, Y., et al., Early inactivation of p53 tumor suppressor gene cooperating with NF1 loss
induces malignant astrocytoma. Cancer cell, 2005. 8(2): p. 119-130.

Doetsch, F., et al., EGF Converts Transit-Amplifying Neurogenic Precursors in the Adult Brain
into Multipotent Stem Cells. Neuron, 2002. 36(6): p. 1021-1034.

Alcantara Llaguno, S., et al., Malignant Astrocytomas Originate from Neural Stem/Progenitor
Cells in a Somatic Tumor Suppressor Mouse Model. Cancer Cell, 2009. 15(1): p. 45-56.
Jacques, T.S,, et al., Combinations of genetic mutations in the adult neural stem cell
compartment determine brain tumour phenotypes. The EMBO journal, 2010. 29(1): p. 222-
235.

Ghatzi, S.0., et al., Cell of Origin Determines Tumor Phenotype in an Oncogenic Ras/p53
Knockout Transgenic Model of High-Grade Glioma. Journal of Neuropathology &
Experimental Neurology, 2012. 71(8): p. 729-740.

Molofsky, A.V., et al., Astrocytes and disease: a neurodevelopmental perspective. Genes &
Development, 2012. 26(9): p. 891-907.

Liu, Y., et al., Glial fibrillary acidic protein-expressing neural progenitors give rise to immature
neurons via early intermediate progenitors expressing both glial fibrillary acidic protein and
neuronal markers in the adult hippocampus. Neuroscience, 2010. 166(1): p. 241-51.

[243]



90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kim, E., et al., Isolation and characterization of GFAP-positive porcine neural stem/progenitor
cells derived from a GFAP-CreER(T2) transgenic piglet. BMC veterinary research, 2018. 14(1):
p. 331-331.

Wen, P.Y. and S. Kesari, Malignant gliomas in adults. N Engl ) Med, 2008. 359(5): p. 492-507.
Lange, S.C., et al., Primary cultures of astrocytes: their value in understanding astrocytes in
health and disease. Neurochemical research, 2012. 37(11): p. 2569-2588.

Shandra, O. and S. Robel, Imaging and Manipulating Astrocyte Function In Vivo in the
Context of CNS Injury. Methods Mol Biol, 2019. 1938: p. 233-246.

Kirkpatrick, D.B., The first primary brain-tumor operation. 1984. 61(5): p. 809.

Greenblatt, S.H., Harvey Cushing's paradigmatic contribution to neurosurgery and the
evolution of his thoughts about specialization. Bull Hist Med, 2003. 77(4): p. 789-822.
Greenblatt, S.H., The crucial decade: modern neurosurgery's definitive development in
Harvey Cushing's early research and practice, 1900 to 1910. ) Neurosurg, 1997. 87(6): p. 964-
71.

Ulug, K., G.C. Kujoth, and M.K. Baskaya, Operating microscopes: past, present, and future.
2009. 27(3): p. E4.

De la Garza-Ramos, R., et al., Surgical complications following malignant brain tumor
surgery: An analysis of 2002-2011 data. Clinical neurology and neurosurgery, 2016. 140: p. 6-
10.

Ozdemir-Kaynak, E., A.A. Qutub, and O. Yesil-Celiktas, Advances in Glioblastoma Multiforme
Treatment: New Models for Nanoparticle Therapy. Frontiers in physiology, 2018. 9: p. 170-
170.

McGirt, M.J., et al., Association of surgically acquired motor and language deficits on overall
survival after resection of glioblastoma multiforme. Neurosurgery, 2009. 65(3): p. 463-9;
discussion 469-70.

Matsuda, M., et al., Prognostic analysis of patients who underwent gross total resection of
newly diagnosed glioblastoma. Journal of Clinical Neuroscience, 2018. 50: p. 172-176.
Almenawer, S.A,, et al., Biopsy versus partial versus gross total resection in older patients
with high-grade glioma: a systematic review and meta-analysis. Neuro-oncology, 2015.
17(6): p. 868-881.

Lara-Velazquez, M., et al., Advances in Brain Tumor Surgery for Glioblastoma in Adults. Brain
sciences, 2017. 7(12): p. 166.

Gaspar, L.E., et al., Supratentorial malignant glioma: patterns of recurrence and implications
for external beam local treatment. Int J Radiat Oncol Biol Phys, 1992. 24(1): p. 55-7.

Lacroix, M., et al., A multivariate analysis of 416 patients with glioblastoma multiforme:
prognosis, extent of resection, and survival. J Neurosurg, 2001. 95(2): p. 190-8.

Vuorinen, V., et al., Debulking or biopsy of malignant glioma in elderly people - a randomised
study. Acta Neurochir (Wien), 2003. 145(1): p. 5-10.

Sanai, N. and M.S. Berger, GLIOMA EXTENT OF RESECTION AND ITS IMPACT ON PATIENT
OUTCOME. Neurosurgery, 2008. 62(4): p. 753-766.

Marko, N.F., et al., Extent of resection of glioblastoma revisited: personalized survival
modeling facilitates more accurate survival prediction and supports a maximum-safe-
resection approach to surgery. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology, 2014. 32(8): p. 774-782.

Sanai, N., et al., An extent of resection threshold for newly diagnosed glioblastomas. 2011.
115(1): p. 3.

Li, Y.M., et al., The influence of maximum safe resection of glioblastoma on survival in 1229
patients: Can we do better than gross-total resection? 2016. 124(4): p. 977.

Stummer, W., et al., Extent of resection and survival in glioblastoma multiforme:
identification of and adjustment for bias. Neurosurgery, 2008. 62(3): p. 564-76; discussion
564-76.

[244]



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Uihlein, A., et al., Comparison of Surgery and Surgery Plus Irradiation in the Treatment of
Supratentorial Gliomas. Acta Radiologica: Diagnosis, 1966. 5(1): p. 67-78.

Barani, I.J. and D.A. Larson, Radiation Therapy of Glioblastoma, in Current Understanding
and Treatment of Gliomas, ). Raizer and A. Parsa, Editors. 2015, Springer International
Publishing: Cham. p. 49-73.

Walker, M.D., et al., Evaluation of BCNU and/or radiotherapy in the treatment of anaplastic
gliomas. 1978. 49(3): p. 333.

Walker, M.D., et al., Randomized Comparisons of Radiotherapy and Nitrosoureas for the
Treatment of Malignant Glioma after Surgery. New England Journal of Medicine, 1980.
303(23): p. 1323-1329.

Walker, M.D., et al., Evaluation of mithramycin in the treatment of anaplastic gliomas. 1976.
44(6): p. 655.

Weller, M., et al., Standards of care for treatment of recurrent glioblastoma--are we there
yet? Neuro-oncology, 2013. 15(1): p. 4-27.

Fine, H.A,, et al., Meta-analysis of radiation therapy with and without adjuvant
chemotherapy for malignant gliomas in adults. Cancer, 1993. 71(8): p. 2585-97.
Chemotherapy in adult high-grade glioma: a systematic review and meta-analysis of
individual patient data from 12 randomised trials. The Lancet, 2002. 359(9311): p. 1011-
1018.

Adamson, C,, et al., Glioblastoma multiforme: a review of where we have been and where we
are going. Expert Opinion on Investigational Drugs, 2009. 18(8): p. 1061-1083.

Westphal, M., et al., A phase 3 trial of local chemotherapy with biodegradable carmustine
(BCNU) wafers (Gliadel wafers) in patients with primary malignant glioma. Neuro Oncol,
2003. 5(2): p. 79-88.

Stevens, M.F.G., et al., Antitumor Activity and Pharmacokinetics in Mice of 8-Carbamoyl-3-
methyl-imidazo[5,1-<em>d</em>]-1,2,3,5-tetrazin-4(3<em>H</em>)-one (CCRG 81045; M
&amp; B 39831), a Novel Drug with Potential as an Alternative to Dacarbazine. Cancer
Research, 1987.47(22): p. 5846-5852.

Herait, P., et al., Phase Il study of mitozolomide (M & B 39,565) in colorectal and breast
cancer. Invest New Drugs, 1988. 6(4): p. 323-5.

Blackledge, G., et al., A phase Il study of mitozolomide in metastatic transitional cell
carcinoma of the bladder. Eur J Cancer Clin Oncol, 1989. 25(2): p. 391-2.

Harding, M., et al., Phase Il evaluation of mitozolomide in ovarian cancer. British journal of
cancer, 1988.57(1): p. 113-114.

Neijt, J.P., et al., Phase ii trial of mitozolomide in patients with advanced ovarian cancer: A
study of the eortc gynecological cancer cooperative group. Acta Oncologica, 1989. 28(5): p.
663-665.

van Oosterom, A.T., et al., Mitozolomide in advanced renal cancer. A phase Il study in
previously untreated patients from the EORTC Genito-Urinary Tract Cancer Cooperative
Group. Eur ) Cancer Clin Oncol, 1989. 25(8): p. 1249-50.

Gundersen, S., S. Aamdal, and O. Fodstad, Mitozolomide (NSC 353451), a new active drug in
the treatment of malignant melanoma. Phase |l trial in patients with advanced disease. Br )
Cancer, 1987.55(4): p. 433-5.

Newlands, E.S., et al., Phase | trial of temozolomide (CCRG 81045: M&B 39831: NSC 362856).
Br J Cancer, 1992. 65(2): p. 287-91.

Bower, M., et al., Multicentre CRC phase Il trial of temozolomide in recurrent or progressive
high-grade glioma. Cancer Chemotherapy and Pharmacology, 1997. 40(6): p. 484-488.
Newlands, E.S., et al., The charing cross hospital experience with temozolomide in patients
with gliomas. European Journal of Cancer, 1996. 32(13): p. 2236-2241.

O'Reilly, S.M.,, et al., Temozolomide: a new oral cytotoxic chemotherapeutic agent with
promising activity against primary brain tumours. Eur ) Cancer, 1993. 29a(7): p. 940-2.

[245]



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

Stupp, R., et al., Radiotherapy plus Concomitant and Adjuvant Temozolomide for
Glioblastoma. New England Journal of Medicine, 2005. 352(10): p. 987-996.

Yung, W.K,, et al., A phase Il study of temozolomide vs. procarbazine in patients with
glioblastoma multiforme at first relapse. Br ) Cancer, 2000. 83(5): p. 588-93.

Brada, M., et al., Multicenter phase Il trial of temozolomide in patients with glioblastoma
multiforme at first relapse. Ann Oncol, 2001. 12(2): p. 259-66.

Newton, H.B., et al., Procarbazine chemotherapy in the treatment of recurrent malignant
astrocytomas after radiation and nitrosourea failure. Neurology, 1990. 40(11): p. 1743-6.
Randomized trial of procarbazine, lomustine, and vincristine in the adjuvant treatment of
high-grade astrocytoma: a Medical Research Council trial. J Clin Oncol, 2001. 19(2): p. 509-
18.

Zhang, J., M. F.G. Stevens, and T. D. Bradshaw, Temozolomide: Mechanisms of Action, Repair
and Resistance. Current Molecular Pharmacology, 2012. 5(1): p. 102-114.

Messaoudi, K., A. Clavreul, and F. Lagarce, Toward an effective strategy in glioblastoma
treatment. Part I: resistance mechanisms and strategies to overcome resistance of
glioblastoma to temozolomide. Drug Discovery Today, 2015. 20(7): p. 899-905.
Rottenberg, D.A,, et al., In vivo measurement of brain tumor pH using [11C]DMO and
positron emission tomography. Annals of Neurology, 1985. 17(1): p. 70-79.

Whittle, I.R., et al., Assessment of physiological parameters within glioblastomas in awake
patients: a prospective clinical study. British Journal of Neurosurgery, 2010. 24(4): p. 447-
453,

Newlands, E.S., et al., Temozolomide: a review of its discovery, chemical properties, pre-
clinical development and clinical trials. Cancer Treatment Reviews, 1997. 23(1): p. 35-61.
Saleem, A, et al., Metabolic activation of temozolomide measured in vivo using positron
emission tomography. Cancer Res, 2003. 63(10): p. 2409-15.

Drablgs, F., et al., Alkylation damage in DNA and RNA—repair mechanisms and medical
significance. DNA Repair, 2004. 3(11): p. 1389-1407.

Denny, B.J., et al., NMR and Molecular Modeling Investigation of the Mechanism of
Activation of the Antitumor Drug Temozolomide and Its Interaction with DNA. Biochemistry,
1994. 33(31): p. 9045-9051.

Tisdale, M.J., Antitumor imidazotetrazines--XV. Role of guanine 06 alkylation in the
mechanism of cytotoxicity of imidazotetrazinones. Biochem Pharmacol, 1987. 36(4): p. 457-
62.

Patel, M., et al., Plasma and cerebrospinal fluid pharmacokinetics of intravenous
temozolomide in non-human primates. J Neurooncol, 2003. 61(3): p. 203-7.

Wei, K.-C., et al., Focused Ultrasound-Induced Blood—Brain Barrier Opening to Enhance
Temozolomide Delivery for Glioblastoma Treatment: A Preclinical Study. PLOS ONE, 2013.
8(3): p. e58995.

Ostermann, S., et al., Plasma and Cerebrospinal Fluid Population Pharmacokinetics of
Temozolomide in Malignant Glioma Patients. Clinical Cancer Research, 2004. 10(11): p.
3728-3736.

Meer, L., et al., In vivo metabolism and reaction with dna of the cytostatic agent, 5-(3,3-
dimethyl-1-triazeno)imidazole-4-carboxamide (DTIC). Biochemical Pharmacology, 1986.
35(19): p. 3243-3247.

Warren, K.E., Beyond the Blood:Brain Barrier: The Importance of Central Nervous System
(CNS) Pharmacokinetics for the Treatment of CNS Tumors, Including Diffuse Intrinsic Pontine
Glioma. Frontiers in Oncology, 2018. 8(239).

Ballabh, P., A. Braun, and M. Nedergaard, The blood-brain barrier: an overview: structure,
regulation, and clinical implications. Neurobiol Dis, 2004. 16(1): p. 1-13.

[246]



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Leggett, D.A.C., K.A. Miles, and B.B. Kelley, Blood—brain barrier and blood volume imaging of
cerebral glioma using functional CT: a pictorial review. European Journal of Radiology, 1999.
30(3): p. 185-190.

Groothuis, D.R,, et al., Quantitative measurements of capillary transport in human brain
tumors by computed tomography. Annals of Neurology, 1991. 30(4): p. 581-588.

Reardon, D.A,, et al., A Review of VEGF/VEGFR-Targeted Therapeutics for Recurrent
Glioblastoma. 2011. 9(4): p. 414.

Plate, K.H. and W. Risau, Angiogenesis in malignant gliomas. Glia, 1995. 15(3): p. 339-47.
Agarwala, S.S. and J.M. Kirkwood, Temozolomide, a Novel Alkylating Agent with Activity in
the Central Nervous System, May Improve the Treatment of Advanced Metastatic
Melanoma. The Oncologist, 2000. 5(2): p. 144-151.

Hofer, S. and K. Frei, Gefitinib concentrations in human glioblastoma tissue. ) Neurooncol,
2007. 82(2): p. 175-6.

Agarwal, S., et al., Delivery of molecularly targeted therapy to malignant glioma, a disease of
the whole brain. Expert reviews in molecular medicine, 2011. 13: p. e17-el7.

Berens, M.E. and A. Giese, "...those left behind." Biology and oncology of invasive glioma
cells. Neoplasia, 1999. 1(3): p. 208-19.

Silbergeld, D.L. and M.R. Chicoine, Isolation and characterization of human malignant glioma
cells from histologically normal brain. ) Neurosurg, 1997. 86(3): p. 525-31.

Baldock, A.L., et al., Patient-specific metrics of invasiveness reveal significant prognostic
benefit of resection in a predictable subset of gliomas. PLoS One, 2014. 9(10): p. e99057.
Riganti, C., et al., Temozolomide down-regulates P-glycoprotein in human blood—brain
barrier cells by disrupting Wnt3 signaling. Cellular and Molecular Life Sciences, 2014. 71(3):
p. 499-516.

Hau, P., et al., Pegylated liposomal doxorubicin-efficacy in patients with recurrent high-grade
glioma. Cancer, 2004. 100(6): p. 1199-1207.

Odia, Y., et al., A phase Il trial of tamoxifen and bortezomib in patients with recurrent
malignant gliomas. Journal of Neuro-Oncology, 2015. 125(1): p. 191-195.

Yu, L.J,, et al., Study of brain and whole blood PK/PD of bortezomib in rat models. Journal of
Clinical Oncology, 2006. 24(18 suppl): p. 12036-12036.

Harder, B.G., et al., Developments in Blood-Brain Barrier Penetrance and Drug Repurposing
for Improved Treatment of Glioblastoma. Frontiers in oncology, 2018. 8: p. 462-462.

Black, K.L. and N.S. Ningaraj, Modulation of Brain Tumor Capillaries for Enhanced Drug
Delivery Selectively to Brain Tumor. Cancer Control, 2004. 11(3): p. 165-173.

Serwer, L.P. and C.D. James, Challenges in drug delivery to tumors of the central nervous
system: An overview of pharmacological and surgical considerations. Advanced Drug
Delivery Reviews, 2012. 64(7): p. 590-597.

van Tellingen, O., et al., Overcoming the blood—brain tumor barrier for effective glioblastoma
treatment. Drug Resistance Updates, 2015. 19: p. 1-12.

Meer, L., et al., In vivo metabolism and reaction with DNA of the cytostatic agent, 5-(3,3-
dimethyl-1-triazeno)imidazole-4-carboxamide (DTIC). Biochem Pharmacol, 1986. 35(19): p.
3243-7.

Wilson, D.M. and D. Barsky, The major human abasic endonuclease: formation,
consequences and repair of abasic lesions in DNA. Mutation Research/DNA Repair, 2001.
485(4): p. 283-307.

Abbott, P.J. and R. Saffhill, DNA synthesis with methylated poly(dC-dG) templates. Evidence
for a competitive nature to miscoding by O6-methylguanine. Biochimica et Biophysica Acta
(BBA) - Nucleic Acids and Protein Synthesis, 1979. 562(1): p. 51-61.

Saffhill, R., G.P. Margison, and P.J. O'Connor, Mechanisms of carcinogenesis induced by
alkylating agents. Biochim Biophys Acta, 1985. 823(2): p. 111-45.

[247]



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Rossi, S.C., et al., Excision repair of O6-methylguanine synthesized at the rat H-ras N-methyl-
N-nitrosourea activation site and introduced into Escherichia coli. Carcinogenesis, 1989.
10(2): p. 373-7.

Mishina, Y., E.M. Duguid, and C. He, Direct Reversal of DNA Alkylation Damage. Chemical
Reviews, 2006. 106(2): p. 215-232.

Philip, P.A., et al., Methyl DNA adducts, DNA repair, and hypoxanthine-guanine
phosphoribosyl transferase mutations in peripheral white blood cells from patients with
malignant melanoma treated with dacarbazine and hydroxyurea. Clinical Cancer Research,
1996. 2(2): p. 303-310.

Fu, D., J.A. Calvo, and L.D. Samson, Balancing repair and tolerance of DNA damage caused by
alkylating agents. Nature reviews. Cancer, 2012. 12(2): p. 104-120.

Shooter, K.V., et al., The molecular basis for biological inactivation of nucleic acids. The
action of methylating agents on the ribonucleic acid-containing bacteriophage R17. The
Biochemical journal, 1974. 137(2): p. 303-312.

Marchesi, F., et al., Triazene compounds: Mechanism of action and related DNA repair
systems. Pharmacological Research, 2007. 56(4): p. 275-287.

Tentori, L. and G. Graziani, Pharmacological Strategies to Increase the Antitumor Activity of
Methylating Agents. Current Medicinal Chemistry, 2002. 9(13): p. 1285-1301.

Lawley, P.D. and D.H. Phillips, DNA adducts from chemotherapeutic agents. Mutat Res, 1996.
355(1-2): p. 13-40.

Lawley, P.D. and D.J. Orr, Specific excision of methylation products from DNA of Escherichia
coli treated with N-methyl-N’-nitro-N-nitrosoguanidine. Chemico-Biological Interactions,
1970. 2(2): p. 154-157.

Wallace, S.S., D.L. Murphy, and J.B. Sweasy, Base excision repair and cancer. Cancer Letters,
2012.327(1): p. 73-89.

Elder, R.H., et al., Alkylpurine-DNA-N-glycosylase knockout mice show increased susceptibility
to induction of mutations by methyl methanesulfonate. Molecular and cellular biology, 1998.
18(10): p. 5828-5837.

Roth, R.B. and L.D. Samson, 3-Methyladenine DNA Glycosylase-deficient
<strong><em>Aag</em></strong> Null Mice Display Unexpected Bone Marrow Alkylation
Resistance. Cancer Research, 2002. 62(3): p. 656-660.

Engelward, B.P., et al., Repair-deficient 3-methyladenine DNA glycosylase homozygous
mutant mouse cells have increased sensitivity to alkylation-induced chromosome damage
and cell killing. The EMBO journal, 1996. 15(4): p. 945-952.

Engelward, B.P., et al., Base excision repair deficient mice lacking the Aag alkyladenine DNA
glycosylase. Proceedings of the National Academy of Sciences of the United States of
America, 1997. 94(24): p. 13087-13092.

O'Connor, T.R. and J. Laval, Human cDNA expressing a functional DNA glycosylase excising 3-
methyladenine and 7-methylguanine. Biochem Biophys Res Commun, 1991. 176(3): p. 1170-
7.

Agnihotri, S., et al., A GATA4-regulated tumor suppressor network represses formation of
malignant human astrocytomas. The Journal of experimental medicine, 2011. 208(4): p. 689-
702.

Agnihotri, S., et al., Alkylpurine-DNA-N-glycosylase confers resistance to temozolomide in
xenograft models of glioblastoma multiforme and is associated with poor survival in
patients. The Journal of clinical investigation, 2012. 122(1): p. 253-266.

Pegg, A.E., M.E. Dolan, and R.C. Moschel, Structure, Function, and Inhibition of O6-
Alkylguanine-DNA Alkyltransferase, in Progress in Nucleic Acid Research and Molecular
Biology, W.E. Cohn and K. Moldave, Editors. 1995, Academic Press. p. 167-223.

Daniels, D.S., et al., DNA binding and nucleotide flipping by the human DNA repair protein
AGT. Nature Structural & Molecular Biology, 2004. 11(8): p. 714-720.

[248]



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212,

213.

214.

Fang, Q., S. Kanugula, and A.E. Pegg, Function of Domains of Human O6-Alkylguanine-DNA
Alkyltransferase. Biochemistry, 2005. 44(46): p. 15396-15405.

Sedgwick, B., et al., Repair of alkylated DNA: Recent advances. DNA Repair, 2007. 6(4): p.
429-442.

Kaur, P., et al., Hydrophobicity of methylated DNA as a possible mechanism for gene
silencing. Physical biology, 2012. 9(6): p. 065001-065001.

Guengerich, F.P., et al., 06-Alkylguanine-DNA Alkyltransferase: Low pKa and High Reactivity
of Cysteine 145. Biochemistry, 2003. 42(37): p. 10965-10970.

Moore, M.H., et al., Crystal structure of a suicidal DNA repair protein: the Ada O6-
methylguanine-DNA methyltransferase from E. coli. Embo j, 1994. 13(7): p. 1495-501.
Xu-Welliver, M. and A.E. Pegg, Degradation of the alkylated form of the DNA repair protein,
06 -alkylguanine-DNA alkyltransferase. Carcinogenesis, 2002. 23(5): p. 823-830.
Srivenugopal, K.S., et al., Ubiquitination-Dependent Proteolysis of O6-Methylguanine-DNA
Methyltransferase in Human and Murine Tumor Cells following Inactivation with O6-
Benzylguanine or 1,3-Bis(2-chloroethyl)-1-nitrosourea. Biochemistry, 1996. 35(4): p. 1328-
1334.

Lijinsky, W., et al., Effects of inhibition of O6-alkylguanine-DNA alkyltransferase in rats on
carcinogenesis by methylnitrosourea and ethylnitrosourea. Japanese journal of cancer
research : Gann, 1994. 85(3): p. 226-230.

Nakatsuru, Y., et al., 06-methylguanine-DNA methyltransferase protects against
nitrosamine-induced hepatocarcinogenesis. Proceedings of the National Academy of
Sciences of the United States of America, 1993. 90(14): p. 6468-6472.

Tsuzuki, T., et al., ACCELERATED PAPER: Targeted disruption of the DNA repair
methyltransferase gene renders mice hypersensitive to alkylating agent. Carcinogenesis,
1996. 17(6): p. 1215-1220.

Hickman, M.J. and L.D. Samson, Role of DNA mismatch repair and p53 in signaling induction
of apoptosis by alkylating agents. Proceedings of the National Academy of Sciences, 1999.
96(19): p. 10764-10769.

Atkins, R.J., et al., Repair mechanisms help glioblastoma resist treatment. Journal of Clinical
Neuroscience, 2015. 22(1): p. 14-20.

liricny, J., The multifaceted mismatch-repair system. Nature Reviews Molecular Cell Biology,
2006. 7(5): p. 335-346.

Hickman, M.J. and L.D. Samson, Apoptotic Signaling in Response to a Single Type of DNA
Lesion, O6-Methylguanine. Molecular Cell, 2004. 14(1): p. 105-116.

Gunther, W., et al., Temozolomide induces apoptosis and senescence in glioma cells cultured
as multicellular spheroids. Br ) Cancer, 2003. 88(3): p. 463-9.

Hirose, Y., M.S. Berger, and R.O. Pieper, Abrogation of the Chk1-mediated G(2) checkpoint
pathway potentiates temozolomide-induced toxicity in a p53-independent manner in human
glioblastoma cells. Cancer Res, 2001. 61(15): p. 5843-9.

Grasl-Kraupp, B., et al., In situ detection of fragmented DNA (TUNEL assay) fails to
discriminate among apoptosis, necrosis, and autolytic cell death: a cautionary note.
Hepatology, 1995. 21(5): p. 1465-8.

Kyrylkova, K., et al., Detection of Apoptosis by TUNEL Assay, in Odontogenesis: Methods and
Protocols, C. Kioussi, Editor. 2012, Humana Press: Totowa, NJ. p. 41-47.

Wlodkowic, D., J. Skommer, and Z. Darzynkiewicz, Flow cytometry-based apoptosis
detection. Methods in molecular biology (Clifton, N.J.), 2009. 559: p. 19-32.

Karran, P. and R. Hampson, Genomic instability and tolerance to alkylating agents. Cancer
Surv, 1996. 28: p. 69-85.

Branch, P., et al., Defective mismatch binding and a mutator phenotype in cells tolerant to
DNA damage. Nature, 1993. 362(6421): p. 652-654.

[249]



215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232,

233.

234.

Hampson, R., et al., Mismatch Repair Defects andO 6-Methylguanine-DNA Methyltransferase
Expression in Acquired Resistance to Methylating Agents in Human Cells. Journal of Biological
Chemistry, 1997. 272(45): p. 28596-28606.

von Bueren, A.O., et al., Mismatch repair deficiency: a temozolomide resistance factor in
medulloblastoma cell lines that is uncommon in primary medulloblastoma tumours. British
Journal Of Cancer, 2012. 107: p. 1399.

Bobola, M.S., et al., Minimally Cytotoxic Doses of Temozolomide Produce Radiosensitization
in Human Glioblastoma Cells Regardless of MGMT Expression. Molecular Cancer
Therapeutics, 2010. 9(5): p. 1208-1218.

Wallace, S.S., Base excision repair: A critical player in many games. DNA Repair, 2014. 19: p.
14-26.

Doetsch, P.W. and R.P. Cunningham, The enzymology of apurinic/apyrimidinic
endonucleases. Mutation Research-DNA Repair, 1990. 236(2-3): p. 173-201.

Trivedi, R.N., et al., The Role of Base Excision Repair in the Sensitivity and Resistance to
Temozolomide-Mediated Cell Death. Cancer Research, 2005. 65(14): p. 6394-6400.

Liu, L. and S.L. Gerson, Therapeutic impact of methoxyamine: blocking repair of abasic sites
in the base excision repair pathway. Curr Opin Investig Drugs, 2004. 5(6): p. 623-7.

Poletto, M., et al., Inhibitors of the apurinic/apyrimidinic endonuclease 1
(APE1)/nucleophosmin (NPM1) interaction that display anti-tumor properties. Molecular
carcinogenesis, 2016. 55(5): p. 688-704.

Yan, L., et al., Combined treatment with temozolomide and methoxyamine: blocking
apurininc/pyrimidinic site repair coupled with targeting topoisomerase Illalpha. Clin Cancer
Res, 2007. 13(5): p. 1532-9.

Goellner, E.M., et al., Overcoming temozolomide resistance in glioblastoma via dual
inhibition of NAD+ biosynthesis and base excision repair. Cancer research, 2011. 71(6): p.
2308-2317.

Montaldi, A.P. and E.T. Sakamoto-Hojo, Methoxyamine sensitizes the resistant glioblastoma
T98G cell line to the alkylating agent temozolomide. Clin Exp Med, 2013. 13(4): p. 279-88.
Mohammed, M.Z., et al., Development and evaluation of human AP endonuclease inhibitors
in melanoma and glioma cell lines. Br J Cancer, 2011. 104(4): p. 653-63.

van Nifterik, K.A., et al., Absence of the MGMT protein as well as methylation of the MGMT
promoter predict the sensitivity for temozolomide. Br J Cancer, 2010. 103(1): p. 29-35.
Kanzawa, T., et al., Inhibition of DNA repair for sensitizing resistant glioma cells to
temozolomide. 2003. 99(6): p. 1047.

Hermisson, M., et al., 06-methylguanine DNA methyltransferase and p53 status predict
temozolomide sensitivity in human malignant glioma cells. ) Neurochem, 2006. 96(3): p. 766-
76.

Garnier, D., et al., Divergent evolution of temozolomide resistance in glioblastoma stem cells
is reflected in extracellular vesicles and coupled with radiosensitization. Neuro Oncol, 2018.
20(2): p. 236-248.

Liu, G., et al., Analysis of gene expression and chemoresistance of CD133+ cancer stem cells
in glioblastoma. Mol Cancer, 2006. 5: p. 67.

Sato, A, et al., MEK-ERK Signaling Dictates DNA-Repair Gene MGMT Expression and
Temozolomide Resistance of Stem-Like Glioblastoma Cells via the MDM2-p53 Axis. STEM
CELLS, 2011. 29(12): p. 1942-1951.

Sunayama, J., et al., Crosstalk Between the PI3K/mTOR and MEK/ERK Pathways Involved in
the Maintenance of Self-Renewal and Tumorigenicity of Glioblastoma Stem-Like Cells. STEM
CELLS, 2010. 28(11): p. 1930-1939.

Li, M., et al., BKM120 sensitizes C6 glioma cells to temozolomide via suppression of the
PI3K/Akt/NF-kB/MGMT signaling pathway. Oncology letters, 2017. 14(6): p. 6597-6603.

[250]



235.

236.

237.

238.

239.

240.

241.

242.

243,

244,

245,

246.

247.

248.

249,

250.

251.

252,

253.

254,

Yi, G.Z., et al., Akt and B-catenin contribute to TMZ resistance and EMT of MGMT negative
malignant glioma cell line. Journal of the Neurological Sciences, 2016. 367: p. 101-106.

Qiu, Z.-K., et al., Enhanced MGMT expression contributes to temozolomide resistance in
glioma stem-like cells. Chinese journal of cancer, 2014. 33(2): p. 115-122.

Kohsaka, S., et al., STAT3 Inhibition Overcomes Temozolomide Resistance in Glioblastoma by
Downregulating MGMT Expression. Molecular Cancer Therapeutics, 2012. 11(6): p. 1289-
1299.

Nie, E., et al., MiR-198 enhances temozolomide sensitivity in glioblastoma by targeting
MGMT. Journal of Neuro-Oncology, 2017. 133(1): p. 59-68.

Khalil, S., et al., miRNA array screening reveals cooperative MGMT-regulation between miR-
181d-5p and miR-409-3p in glioblastoma. Oncotarget, 2016. 7(19): p. 28195-28206.

Chahal, M., et al., MGMT modulates glioblastoma angiogenesis and response to the tyrosine
kinase inhibitor sunitinib. Neuro-Oncology, 2010. 12(8): p. 822-833.

Kitange, G.J., et al., Evaluation of MGMT promoter methylation status and correlation with
temozolomide response in orthotopic glioblastoma xenograft model. Journal of Neuro-
Oncology, 2009. 92(1): p. 23-31.

Kitange, G.J., et al., Inhibition of Histone Deacetylation Potentiates the Evolution of Acquired
Temozolomide Resistance Linked to MGMT Upregulation in Glioblastoma Xenografts. Clinical
Cancer Research, 2012. 18(15): p. 4070-4079.

Paz, M.F., et al., CpG Island Hypermethylation of the DNA Repair Enzyme Methyltransferase
Predicts Response to Temozolomide in Primary Gliomas. Clinical Cancer Research, 2004.
10(15): p. 4933-4938.

Hegi, M.E., et al., MGMT Gene Silencing and Benefit from Temozolomide in Glioblastoma.
New England Journal of Medicine, 2005. 352(10): p. 997-1003.

Rivera, A.L., et al., MGMT promoter methylation is predictive of response to radiotherapy
and prognostic in the absence of adjuvant alkylating chemotherapy for glioblastoma. Neuro
Oncol, 2010. 12(2): p. 116-21.

Thon, N, et al., Predominant influence of MGMT methylation in non-resectable glioblastoma
after radiotherapy plus temozolomide. ) Neurol Neurosurg Psychiatry, 2011. 82(4): p. 441-6.
Lakomy, R., et al., MiR-195, miR-196b, miR-181c, miR-21 expression levels and O-6-
methylguanine-DNA methyltransferase methylation status are associated with clinical
outcome in glioblastoma patients. Cancer Science, 2011. 102(12): p. 2186-2190.

Zhang, K., et al., The prognostic value of MGMT promoter methylation in Glioblastoma
multiforme: a meta-analysis. Familial Cancer, 2013. 12(3): p. 449-458.

Binabaj, M.M., et al., The prognostic value of MGMT promoter methylation in glioblastoma:
A meta-analysis of clinical trials. Journal of Cellular Physiology, 2018. 233(1): p. 378-386.
Combs, S.E., et al., Prognostic significance of IDH-1 and MGMT in patients with glioblastoma:
one step forward, and one step back? Radiat Oncol, 2011. 6: p. 115.

Costa, B.M., et al., Prognostic value of MGMT promoter methylation in glioblastoma patients
treated with temozolomide-based chemoradiation: a Portuguese multicentre study. Oncol
Rep, 2010. 23(6): p. 1655-62.

Park, C.-K., et al., Methylation status of the MGMT gene promoter fails to predict the clinical
outcome of glioblastoma patients treated with ACNU plus cisplatin. Neuropathology, 2009.
29(4): p. 443-449.

Quinn, J.A,, et al., Phase Il trial of carmustine plus O(6)-benzylguanine for patients with
nitrosourea-resistant recurrent or progressive malignant glioma. J Clin Oncol, 2002. 20(9): p.
2277-83.

Quinn, J.A,, et al., Phase Il trial of temozolomide plus 06-benzylguanine in adults with
recurrent, temozolomide-resistant malignant glioma. ) Clin Oncol, 2009. 27(8): p. 1262-7.

[251]



255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Brandes, A.A., et al., Temozolomide 3 weeks on and 1 week off as first-line therapy for
recurrent glioblastoma: phase Il study from gruppo italiano cooperativo di neuro-oncologia
(GICNO). Br J Cancer, 2006. 95(9): p. 1155-60.

Norden, A.D., et al., Phase 2 study of dose-intense temozolomide in recurrent glioblastoma.
Neuro Oncol, 2013. 15(7): p. 930-5.

Han, S.J., et al., Phase Il trial of 7 days on/7 days off temozolmide for recurrent high-grade
glioma. Neuro-oncology, 2014. 16(9): p. 1255-1262.

van den Bent, M.J. and W. Taal, Are we done with dose-intense temozolomide in recurrent
glioblastoma? Neuro-oncology, 2014. 16(9): p. 1161-1163.

Gilbert, M.R., et al., Dose-Dense Temozolomide for Newly Diagnosed Glioblastoma: A
Randomized Phase Il Clinical Trial. Journal of Clinical Oncology, 2013. 31(32): p. 4085-4091.
Herceg, Z. and Z.-Q. Wang, Functions of poly(ADP-ribose) polymerase (PARP) in DNA repair,
genomic integrity and cell death. Mutation Research/Fundamental and Molecular
Mechanisms of Mutagenesis, 2001. 477(1): p. 97-110.

Benjamin, R.C. and D.M. Gill, ADP-ribosylation in mammalian cell ghosts. Dependence of
poly(ADP-ribose) synthesis on strand breakage in DNA. Journal of Biological Chemistry, 1980.
255(21): p. 10493-10501.

Okano, S., et al., Spatial and Temporal Cellular Responses to Single-Strand Breaks in Human
Cells. Molecular and Cellular Biology, 2003. 23(11): p. 3974-3981.

Schreiber, V., et al., Poly(ADP-ribose) Polymerase-2 (PARP-2) Is Required for Efficient Base
Excision DNA Repair in Association with PARP-1 and XRCC1. Journal of Biological Chemistry,
2002. 277(25): p. 23028-23036.

Ménissier de Murcia, J., et al., Functional interaction between PARP-1 and PARP-2 in
chromosome stability and embryonic development in mouse. The EMBO Journal, 2003. 22(9):
p. 2255-2263.

Curtin, N.J., et al., Novel Poly(ADP-ribose) Polymerase-1 Inhibitor, AG14361, Restores
Sensitivity to Temozolomide in Mismatch Repair-Deficient Cells. Clinical Cancer Research,
2004. 10(3): p. 881-889.

Nazarkina, Z.K., et al., XRCC1 interactions with base excision repair DNA intermediates. DNA
Repair (Amst), 2007. 6(2): p. 254-64.

Pleschke, J.M., et al., Poly(ADP-ribose) Binds to Specific Domains in DNA Damage Checkpoint
Proteins. Journal of Biological Chemistry, 2000. 275(52): p. 40974-40980.

Campalans, A, et al., XRCC1 interactions with multiple DNA glycosylases: A model for its
recruitment to base excision repair. DNA Repair, 2005. 4(7): p. 826-835.

Strém, C.E., et al., Poly (ADP-ribose) polymerase (PARP) is not involved in base excision repair
but PARP inhibition traps a single-strand intermediate. Nucleic acids research, 2011. 39(8): p.
3166-3175.

Godon, C,, et al., PARP inhibition versus PARP-1 silencing: different outcomes in terms of
single-strand break repair and radiation susceptibility. Nucleic Acids Res, 2008. 36(13): p.
4454-64.

Lindahl, T., et al., Post-translational modification of poly(ADP-ribose) polymerase induced by
DNA strand breaks. Trends in Biochemical Sciences, 1995. 20(10): p. 405-411.

Rouleau, M., et al., PARP inhibition: PARP1 and beyond. Nat Rev Cancer, 2010. 10(4): p. 293-
301.

Rottenberg, S., et al., High sensitivity of BRCA1-deficient mammary tumors to the PARP
inhibitor AZD2281 alone and in combination with platinum drugs. Proc Natl Acad Sci U S A,
2008. 105(44): p. 17079-84.

Albert, J.M,, et al., Inhibition of poly(ADP-ribose) polymerase enhances cell death and
improves tumor growth delay in irradiated lung cancer models. Clin Cancer Res, 2007.
13(10): p. 3033-42.

[252]



275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.
291.

292.

293.

Jones, P., et al., Discovery of 2-{4-[(3S)-piperidin-3-yl]phenyl}-2H-indazole-7-carboxamide
(MK-4827): a novel oral poly(ADP-ribose)polymerase (PARP) inhibitor efficacious in BRCA-1
and -2 mutant tumors. ) Med Chem, 2009. 52(22): p. 7170-85.

Donawho, C.K., et al., ABT-888, an Orally Active Poly(ADP-Ribose) Polymerase Inhibitor that
Potentiates DNA-Damaging Agents in Preclinical Tumor Models. Clinical Cancer Research,
2007.13(9): p. 2728-2737.

Barazzuol, L., et al., Evaluation of poly (ADP-ribose) polymerase inhibitor ABT-888 combined
with radiotherapy and temozolomide in glioblastoma. Radiation Oncology, 2013. 8(1): p. 65.
Liu, X., et al., Potentiation of Temozolomide Cytotoxicity by Poly(ADP)Ribose Polymerase
Inhibitor ABT-888 Requires a Conversion of Single-Stranded DNA Damages to Double-
Stranded DNA Breaks. Molecular Cancer Research, 2008. 6(10): p. 1621-1629.

Clarke, M.J., et al., Effective sensitization of temozolomide by ABT-888 is lost with
development of temozolomide resistance in glioblastoma xenograft lines. Mol Cancer Ther,
20009. 8(2): p. 407-14.

Lemasson, B., et al., Evaluation of Concurrent Radiation, Temozolomide and ABT-888
Treatment Followed by Maintenance Therapy with Temozolomide and ABT-888 in a
Genetically Engineered Glioblastoma Mouse Model. Neoplasia, 2016. 18(2): p. 82-89.
Karpel-Massler, G., et al., PARP Inhibition Restores Extrinsic Apoptotic Sensitivity in
Glioblastoma. PLOS ONE, 2014. 9(12): p. e114583.

Lesueur, P., et al., Radiosensitization Effect of Talazoparib, a Parp Inhibitor, on Glioblastoma
Stem Cells Exposed to Low and High Linear Energy Transfer Radiation. Scientific Reports,
2018. 8(1): p. 3664.

Kleinberg, L., et al., Phase | adult brain tumor consortium (ABTC) trial of ABT-888 (veliparib),
temozolomide (TMZ), and radiotherapy (RT) for newly diagnosed glioblastoma multiforme
(GBM) including pharmacokinetic (PK) data. Journal of Clinical Oncology, 2013. 31(15_suppl):
p. 2065-2065.

Parrish, K.E., et al., Efficacy of PARP Inhibitor Rucaparib in Orthotopic Glioblastoma
Xenografts Is Limited by Ineffective Drug Penetration into the Central Nervous System.
Molecular Cancer Therapeutics, 2015. 14(12): p. 2735-2743.

Vaidyanathan, A., et al., ABCB1 (MDR1) induction defines a common resistance mechanism in
paclitaxel- and olaparib-resistant ovarian cancer cells. Br ) Cancer, 2016. 115(4): p. 431-41.
Chalmers, A.l., et al., Phase I clinical trials evaluating olaparib in combination with
radiotherapy (RT) and/or temozolomide (TMZ) in glioblastoma patients: Results of OPARATIC
and PARADIGM phase | and early results of PARADIGM-2. Journal of Clinical Oncology, 2018.
36(15_suppl): p. 2018-2018.

Kizilbash, S.H., et al., Restricted Delivery of Talazoparib Across the Blood-Brain Barrier Limits
the Sensitizing Effects of PARP Inhibition on Temozolomide Therapy in Glioblastoma. Mol
Cancer Ther, 2017. 16(12): p. 2735-2746.

Kurzrock, R., et al., A phase | study of niraparib in combination with temozolomide (TMZ) in
patients with advanced cancer. Journal of Clinical Oncology, 2014. 32(15_suppl): p. 2092-
2092.

Weinstein, I.B., Disorders in cell circuitry during multistage carcinogenesis: the role of
homeostasis. Carcinogenesis, 2000. 21(5): p. 857-864.

Weinstein, I.B. and A. Joe, Oncogene Addiction. Cancer Research, 2008. 68(9): p. 3077-3080.
Sharma, S.V. and J. Settleman, Oncogene addiction: setting the stage for molecularly
targeted cancer therapy. Genes Dev, 2007. 21(24): p. 3214-31.

Zhou, P., et al., Antisense to cyclin D1 inhibits growth and reverses the transformed
phenotype of human esophageal cancer cells. Oncogene, 1995. 11(3): p. 571-80.

Gan, H.K., A.H. Kaye, and R.B. Luwor, The EGFRvIIl variant in glioblastoma multiforme.
Journal of Clinical Neuroscience, 2009. 16(6): p. 748-754.

[253]



294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.
307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Ansari, J., et al., Role of tyrosine kinase inhibitors in lung cancer. Anticancer Agents Med
Chem, 2009. 9(5): p. 569-75.

Gupta, S. and B.F. El-Rayes, Small molecule tyrosine kinase inhibitors in pancreatic cancer.
Biologics : targets & therapy, 2008. 2(4): p. 707-715.

Roskoski, R., Jr., Small molecule inhibitors targeting the EGFR/ErbB family of protein-tyrosine
kinases in human cancers. Pharmacol Res, 2019. 139: p. 395-411.

Ullrich, A. and J. Schlessinger, Signal transduction by receptors with tyrosine kinase activity.
Cell, 1990. 61(2): p. 203-212.

Wehrman, T,, et al., Structural and mechanistic insights into nerve growth factor interactions
with the TrkA and p75 receptors. Neuron, 2007. 53(1): p. 25-38.

Yuzawa, S., et al., Structural Basis for Activation of the Receptor Tyrosine Kinase KIT by Stem
Cell Factor. Cell, 2007. 130(2): p. 323-334.

Schlessinger, J., et al., Crystal Structure of a Ternary FGF-FGFR-Heparin Complex Reveals a
Dual Role for Heparin in FGFR Binding and Dimerization. Molecular Cell, 2000. 6(3): p. 743-
750.

Zhang, X., et al., An allosteric mechanism for activation of the kinase domain of epidermal
growth factor receptor. Cell, 2006. 125(6): p. 1137-49.

Ferguson, K.M., Structure-based view of epidermal growth factor receptor regulation. Annu
Rev Biophys, 2008. 37: p. 353-73.

Pandini, G., et al., Insulin/insulin-like growth factor | hybrid receptors have different
biological characteristics depending on the insulin receptor isoform involved. ) Biol Chem,
2002. 277(42): p. 39684-95.

Du, Z. and C.M. Lovly, Mechanisms of receptor tyrosine kinase activation in cancer.
Molecular Cancer, 2018. 17(1): p. 58.

Parsons, S.J. and J.T. Parsons, Src family kinases, key regulators of signal transduction.
Oncogene, 2004. 23(48): p. 7906-7909.

Yamaoka, K., et al., The Janus kinases (Jaks). Genome biology, 2004. 5(12): p. 253-253.
Colicelli, J., ABL tyrosine kinases: evolution of function, regulation, and specificity. Science
signaling, 2010. 3(139): p. re6-re6.

and, S.R.H. and J.H. Till, Protein Tyrosine Kinase Structure and Function. Annual Review of
Biochemistry, 2000. 69(1): p. 373-398.

Neet, K. and T. Hunter, Vertebrate non-receptor protein-tyrosine kinase families. Genes To
Cells, 1996. 1(2): p. 147-169.

Filippakopoulos, P., S. Miiller, and S. Knapp, SH2 domains: modulators of nonreceptor
tyrosine kinase activity. Current opinion in structural biology, 2009. 19(6): p. 643-649.
Parsons, J.T., Focal adhesion kinase: the first ten years. Journal of Cell Science, 2003. 116(8):
p. 1409-1416.

Mohammadi, M., et al., POINT MUTATION IN FGF RECEPTOR ELIMINATES
PHOSPHATIDYLINOSITOL HYDROLYSIS WITHOUT AFFECTING MITOGENESIS. Nature, 1992.
358(6388): p. 681-684.

Darnell, J.E., STATs and gene regulation. Science, 1997. 277(5332): p. 1630-1635.
Gassmann, M., et al., Aberrant neural and cardiac development in mice lacking the ErbB4
neuregulin receptor. Nature, 1995. 378(6555): p. 390-4.

Liu, J., et al., A dual role for ErbB2 signaling in cardiac trabeculation. Development, 2010.
137(22): p. 3867-3875.

Fong, G.-H., et al., Role of the Fit-1 receptor tyrosine kinase in regulating the assembly of
vascular endothelium. Nature, 1995. 376(6535): p. 66-70.

Silos-Santiago, I., et al., Severe Sensory Deficits but Normal CNS Development in Newborn
Mice Lacking TrkB and TrkC Tyrosine Protein Kinase Receptors. European Journal of
Neuroscience, 1997. 9(10): p. 2045-2056.

[254]



318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.
332.

333.

334.

335.

336.

337.
338.

339.

Brantley-Sieders, D.M. and J. Chen, Eph receptor tyrosine kinases in angiogenesis: from
development to disease. Angiogenesis, 2004. 7(1): p. 17-28.

Nikolova, Z., et al., Cell-type specific and estrogen dependent expression of the receptor
tyrosine kinase EphB4 and its ligand ephrin-B2 during mammary gland morphogenesis.
Journal of Cell Science, 1998. 111(18): p. 2741-2751.

Zhang, J. and S. Hughes, Role of the ephrin and Eph receptor tyrosine kinase families in
angiogenesis and development of the cardiovascular system. The Journal of Pathology, 2006.
208(4): p. 453-461.

Iwamasa, H., et al., Expression of Eph receptor tyrosine kinases and their ligands in chick
embryonic motor neurons and hindlimb muscles. Development, Growth & Differentiation,
1999. 41(6): p. 685-698.

Murai, K.K. and E.B. Pasquale, Eph receptors and ephrins in neuron—astrocyte communication
at synapses. Glia, 2011. 59(11): p. 1567-1578.

Ojeda, S.R. and Y.J. Ma, Epidermal growth factor tyrosine kinase receptors and the
neuroendocrine control of mammalian puberty. Molecular and Cellular Endocrinology, 1998.
140(1): p. 101-106.

Fabricant, R.N., J.E. De Larco, and G.J. Todaro, Nerve growth factor receptors on human
melanoma cells in culture. Proceedings of the National Academy of Sciences of the United
States of America, 1977. 74(2): p. 565-569.

Zenisek, S.C. and J.A. Fernandez-Pol, Modulation of protein phosphorylation in human colon
adenocarcinoma cell membrane preparations by epidermal growth factor in vitro.
International Journal of Cancer, 1982. 29(3): p. 277-282.

Ullrich, A., et al., Human epidermal growth factor receptor cDNA sequence and aberrant
expression of the amplified gene in A431 epidermoid carcinoma cells. Nature, 1984.
309(5967): p. 418-425.

Zwick, E., J. Bange, and A. Ullrich, Receptor tyrosine kinase signalling as a target for cancer
intervention strategies. 2001. 8(3): p. 161.

Sangwan, V. and M. Park, Receptor tyrosine kinases: role in cancer progression. Current
oncology (Toronto, Ont.), 2006. 13(5): p. 191-193.

Howard, P.L., et al., Redirecting tyrosine kinase signaling to an apoptotic caspase pathway
through chimeric adaptor proteins. Proceedings of the National Academy of Sciences of the
United States of America, 2003. 100(20): p. 11267-11272.

Fraser, J., et al., Interplay of autophagy, receptor tyrosine kinase signalling and endocytic
trafficking. Essays in biochemistry, 2017. 61(6): p. 597-607.

Regad, T., Targeting RTK Signaling Pathways in Cancer. Cancers, 2015. 7(3): p. 1758-1784.
Mahajan, K. and N.P. Mahajan, Cross talk of tyrosine kinases with the DNA damage signaling
pathways. Nucleic acids research, 2015. 43(22): p. 10588-10601.

Robinson, D.R., Y.M. Wu, and S.F. Lin, The protein tyrosine kinase family of the human
genome. Oncogene, 2000. 19(49): p. 5548-57.

Lemmon, M.A. and J. Schlessinger, Cell signaling by receptor tyrosine kinases. Cell, 2010.
141(7): p. 1117-1134.

Hunter, T. and J.A. Cooper, PROTEIN-TYROSINE KINASES. Annual Review of Biochemistry,
1985. 54(1): p. 897-930.

Blume-Jensen, P. and T. Hunter, Oncogenic kinase signalling. Nature, 2001. 411(6835): p.
355-365.

Hanahan, D. and R.A. Weinberg, The Hallmarks of Cancer. Cell, 2000. 100(1): p. 57-70.
Busse, D., et al., Tyrosine kinase inhibitors: Rationale, mechanisms of action, and implications
for drug resistance. Seminars in Oncology, 2001. 28: p. 47-55.

Fauvel, B. and A. Yasri, Antibodies directed against receptor tyrosine kinases: current and
future strategies to fight cancer. mAbs, 2014. 6(4): p. 838-851.

[255]



340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

Gschwind, A., O.M. Fischer, and A. Ullrich, The discovery of receptor tyrosine kinases: targets
for cancer therapy. Nature Reviews Cancer, 2004. 4(5): p. 361-370.

Westermark, B. and A. Wasteson, A platelet factor stimulating human normal glial cells.
Experimental Cell Research, 1976. 98(1): p. 170-174.

Ek, B. and C.H. Heldin, Characterization of a tyrosine-specific kinase activity in human
fibroblast membranes stimulated by platelet-derived growth factor. ) Biol Chem, 1982.
257(17): p. 10486-92.

Li, X., et al., PDGF-C is a new protease-activated ligand for the PDGF alpha-receptor. Nat Cell
Biol, 2000. 2(5): p. 302-9.

Bergsten, E., et al., PDGF-D is a specific, protease-activated ligand for the PDGF beta-
receptor. Nat Cell Biol, 2001. 3(5): p. 512-6.

Betsholtz, C., Biology of platelet-derived growth factors in development. Birth Defects
Research Part C: Embryo Today: Reviews, 2003. 69(4): p. 272-285.

Betsholtz, C., L. Karlsson, and P. Lindahl, Developmental roles of platelet-derived growth
factors. BioEssays, 2001. 23(6): p. 494-507.

Berenstein, R., Class Il Receptor Tyrosine Kinases in Acute Leukemia - Biological Functions
and Modern Laboratory Analysis. Biomarker insights, 2015. 10(Suppl 3): p. 1-14.

Chen, P.-H,, X. Chen, and X. He, Platelet-derived growth factors and their receptors:
structural and functional perspectives. Biochimica et biophysica acta, 2013. 1834(10): p.
2176-2186.

Verstraete, K. and S.N. Savvides, Extracellular assembly and activation principles of
oncogenic class lll receptor tyrosine kinases. Nature Reviews Cancer, 2012. 12: p. 753.
Binns, K.L., et al., Phosphorylation of tyrosine residues in the kinase domain and
juxtamembrane region regulates the biological and catalytic activities of Eph receptors. Mol
Cell Biol, 2000. 20(13): p. 4791-805.

Heldin, C.H., A. Wasteson, and B. Westermark, Growth of normal human glial cells in a
defined medium containing platelet-derived growth factor. Proc Natl Acad Sci U S A, 1980.
77(11): p. 6611-5.

Richardson, W.D., et al., A role for platelet-derived growth factor in normal gliogenesis in the
central nervous system. Cell, 1988. 53(2): p. 309-19.

Fleming, T.P., et al., Amplification and/or Overexpression of Platelet-derived Growth Factor
Receptors and Epidermal Growth Factor Receptor in Human Glial Tumors. Cancer Research,
1992. 52(16): p. 4550-4553.

Westermark, B., C.-H. Heldin, and M. Nistér, Platelet-derived growth factor in human glioma.
Glia, 1995. 15(3): p. 257-263.

Hosang, M., Suramin binds to platelet-derived growth factor and inhibits its biological
activity. Journal of Cellular Biochemistry, 1985. 29(3): p. 265-273.

Vassbotn, F.S,, et al., Activated platelet-derived growth factor autocrine pathway drives the
transformed phenotype of a human glioblastoma cell line. Journal of Cellular Physiology,
1994. 158(2): p. 381-389.

Strawn, L.M,, et al., Inhibition of glioma cell growth by a truncated platelet-derived growth
factor-beta receptor. Journal of Biological Chemistry, 1994. 269(33): p. 21215-21222.
Lokker, N.A,, et al., Platelet-derived Growth Factor (PDGF) Autocrine Signaling Regulates
Survival and Mitogenic Pathways in Glioblastoma Cells. Evidence That the Novel PDGF-C and
PDGF-D Ligands May Play a Role in the Development of Brain Tumors, 2002. 62(13): p. 3729-
3735.

Nister, M., et al., Expression of messenger RNAs for platelet-derived growth factor and
transforming growth factor-alpha and their receptors in human malignant glioma cell lines.
Cancer Res, 1988. 48(14): p. 3910-8.

Calzolari, F. and P. Malatesta, Recent Insights into PDGF-Induced Gliomagenesis. Brain
Pathology, 2010. 20(3): p. 527-538.

[256]



361.
362.
363.
364.
365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

The Cancer Genome Atlas Research, N., et al., Comprehensive genomic characterization
defines human glioblastoma genes and core pathways. Nature, 2008. 455: p. 1061.

Ozawa, T., et al., PDGFRA gene rearrangements are frequent genetic events in PDGFRA-
amplified glioblastomas. Genes & Development, 2010. 24(19): p. 2205-2218.

DeAngelis, L., Brain Tumors. The New England Journal of Medicine, 2001. 344(2): p. 114-123.
Behin, A., et al., Primary brain tumours in adults. The Lancet, 2003. 361(9354): p. 323-331.
Kleihues, P. and H. Ohgaki, Primary and secondary glioblastomas: From concept to clinical
diagnosis. Neuro-Oncology, 1999. 1(1): p. 44-51.

Hermanson, M., et al., Association of Loss of Heterozygosity on Chromosome 17p with High
Platelet-derived Growth Factor o Receptor Expression in Human Malignant Gliomas. Cancer
Research, 1996. 56(1): p. 164-171.

Karcher, S., et al., Different angiogenic phenotypes in primary and secondary glioblastomas.
International Journal of Cancer, 2006. 118(9): p. 2182-2189.

Joensuu, H., et al., Amplification of genes encoding KIT, PDGFRa and VEGFR2 receptor
tyrosine kinases is frequent in glioblastoma multiforme. The Journal of Pathology, 2005.
207(2): p. 224-231.

Cantanhede, |.G. and J.R.M. de Oliveira, PDGF Family Expression in Glioblastoma Multiforme:
Data Compilation from Ivy Glioblastoma Atlas Project Database. Scientific Reports, 2017.
7(1): p. 15271.

Puputti, M., et al., Amplification of <em>KIT, PDGFRA, VEGFR2</em>, and <em>EGFR</em>
in Gliomas. Molecular Cancer Research, 2006. 4(12): p. 927-934.

Reinmuth, N., et al., Combined anti-PDGFRa and PDGFRB8 targeting in non-small cell lung
cancer. International Journal of Cancer, 2009. 124(7): p. 1535-1544.

Weigel, M.T., et al., In vitro effects of imatinib mesylate on radiosensitivity and
chemosensitivity of breast cancer cells. BMC Cancer, 2010. 10: p. 412.

Ko, Y., et al., A multi-institutional phase ii study of SU101, a platelet-derived growth factor
receptor inhibitor, for patients with hormone-refractory prostate cancer. Clin Cancer Res,
2001. 7(4): p. 800-5.

Yang, J., et al., Platelet-derived growth factor mediates survival of leukemic large granular
lymphocytes via an autocrine regulatory pathway. Blood, 2010. 115(1): p. 51-60.

Laimer, D., et al., PDGFR blockade is a rational and effective therapy for NPM-ALK-driven
lymphomas. Nat Med, 2012. 18(11): p. 1699-704.

Lencioni, R, et al., Treatment of Intermediate/Advanced Hepatocellular Carcinoma in the
Clinic: How Can Outcomes Be Improved? The Oncologist, 2010. 15(suppl 4): p. 42-52.

Heo, Y.A. and VY.Y. Syed, Regorafenib: A Review in Hepatocellular Carcinoma. Drugs, 2018.
78(9): p. 951-958.

Druker, B.J., et al., Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine kinase in
chronic myeloid leukemia. N Engl ) Med, 2001. 344(14): p. 1031-7.

Joensuu, H. and S. Dimitrijevic, Tyrosine kinase inhibitor imatinib (STI571) as an anticancer
agent for solid tumours. Ann Med, 2001. 33(7): p. 451-5.

Nazarenko, I., et al., PDGF and PDGF receptors in glioma. Ups J Med Sci, 2012. 117(2): p. 99-
112.

Hong, J.D., et al., Silencing platelet-derived growth factor receptor-beta enhances the
radiosensitivity of C6 glioma cells in vitro and in vivo. Oncol Lett, 2017. 14(1): p. 329-336.
Galisteo, M.L,, et al., Activation of the nonreceptor protein tyrosine kinase Ack by multiple
extracellular stimuli. Proc Natl Acad Sci U S A, 2006. 103(26): p. 9796-801.

Mahajan, K., et al., Ackl mediated AKT/PKB tyrosine 176 phosphorylation regulates its
activation. PLoS One, 2010. 5(3): p. €9646.

Zhang, J., et al., PDGFR-B-activated ACK1-AKT Signaling Promotes Glioma Tumorigenesis.
International Journal of Cancer, 2015. 136(8): p. 1769-1780.

[257]



385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

Zhang, H., et al., PDGFRs are critical for PI3K/Akt activation and negatively regulated by
mTOR. The Journal of clinical investigation, 2007. 117(3): p. 730-738.

Kroll, J. and J. Waltenberger, The Vascular Endothelial Growth Factor Receptor KDR Activates
Multiple Signal Transduction Pathways in Porcine Aortic Endothelial Cells. Journal of
Biological Chemistry, 1997. 272(51): p. 32521-32527.

Strawn, L.M., Flk-1 as a target for tumor growth inhibition. Cancer Research, 1996. 56(15): p.
3540-3545.

Popescu, A.M., et al., Targeting the VEGF and PDGF signaling pathway in glioblastoma
treatment. International journal of clinical and experimental pathology, 2015. 8(7): p. 7825-
7837.

Purcaru, S.0., et al., Effect of VEGFR, PDGFR and PI3K/mTOR Targeting in Glioblastoma.
Current health sciences journal, 2015. 41(4): p. 325-332.

Carroll, M., et al., CGP 57148, a tyrosine kinase inhibitor, inhibits the growth of cells
expressing BCR-ABL, TEL-ABL, and TEL-PDGFR fusion proteins. Blood, 1997. 90(12): p. 4947-
52.

Wood, J.M,, et al., PTK787/ZK 222584, a Novel and Potent Inhibitor of Vascular Endothelial
Growth Factor Receptor Tyrosine Kinases, Impairs Vascular Endothelial Growth Factor-
induced Responses and Tumor Growth after Oral Administration. Cancer Research, 2000.
60(8): p. 2178-2189.

Yu, J.C., et al., Efficacy of the novel selective platelet-derived growth factor receptor
antagonist CT52923 on cellular proliferation, migration, and suppression of neointima
following vascular injury. ) Pharmacol Exp Ther, 2001. 298(3): p. 1172-8.

Gray, G.K., et al., NF-kB and STAT3 in glioblastoma: therapeutic targets coming of age.
Expert Review of Neurotherapeutics, 2014. 14(11): p. 1293-1306.

Han, T.J., et al., Inhibition of STAT3 enhances the radiosensitizing effect of temozolomide in
glioblastoma cells in vitro and in vivo. Journal of Neuro-Oncology, 2016. 130(1): p. 89-98.
Siveen, K.S., et al., Targeting the STAT3 signaling pathway in cancer: Role of synthetic and
natural inhibitors. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 2014. 1845(2):
p. 136-154.

Cenciarelli, C., et al., PDGFRa depletion attenuates glioblastoma stem cells features by
modulation of STAT3, RB1 and multiple oncogenic signals. Oncotarget, 2016. 7(33): p. 53047-
53063.

Piccirillo, S.G.M., et al., Distinct pools of cancer stem-like cells coexist within human
glioblastomas and display different tumorigenicity and independent genomic evolution.
Oncogene, 2009. 28: p. 1807.

Cenciarelli, C., et al., PDGF receptor alpha inhibition induces apoptosis in glioblastoma cancer
stem cells refractory to anti-Notch and anti-EGFR treatment. Molecular cancer, 2014. 13: p.
247-247.

Huang, G., et al., STAT3 phosphorylation at tyrosine 705 and serine 727 differentially
regulates mouse ESC fates. Stem cells (Dayton, Ohio), 2014. 32(5): p. 1149-1160.

Mathias, T.J., et al., The FLT3 and PDGFR inhibitor crenolanib is a substrate of the multidrug
resistance protein ABCB1 but does not inhibit transport function at pharmacologically
relevant concentrations. Invest New Drugs, 2015. 33(2): p. 300-9.

Greenall, S.A,, et al., Cyclin-dependent kinase 7 is a therapeutic target in high-grade glioma.
Oncogenesis, 2017. 6(5): p. e336-e336.

Kim, Y., et al., Platelet-derived growth factor receptors differentially inform intertumoral and
intratumoral heterogeneity. Genes Dev, 2012. 26(11): p. 1247-62.

Xiao, Q., et al., Soluble LRIG2 ectodomain is released from glioblastoma cells and promotes
the proliferation and inhibits the apoptosis of glioblastoma cells in vitro and in vivo in a
similar manner to the full-length LRIG2. PLoS One, 2014. 9(10): p. e111419.

[258]



404.  Xiao, Q., et al., LRIG2 promotes the proliferation and cell cycle progression of glioblastoma
cells in vitro and in vivo through enhancing PDGFRbeta signaling. Int J Oncol, 2018. 53(3): p.
1069-1082.

405. Momota, H., E. Nerio, and E.C. Holland, Perifosine Inhibits Multiple Signaling Pathways in
Glial Progenitors and Cooperates With Temozolomide to Arrest Cell Proliferation in Gliomas
<em>In vivo</em>. Cancer Research, 2005. 65(16): p. 7429-7435.

406. Hong, J.-D., et al., Silencing platelet-derived growth factor receptor-6 enhances the
radiosensitivity of C6 glioma cells in vitro and in vivo. Oncology letters, 2017. 14(1): p. 329-
336.

407. Neyns, B., et al., Phase Il study of sunitinib malate in patients with recurrent high-grade
glioma. Journal of Neuro-Oncology, 2011. 103(3): p. 491-501.

408. Raymond, E., et al., Phase Il study of imatinib in patients with recurrent gliomas of various
histologies: a European Organisation for Research and Treatment of Cancer Brain Tumor
Group Study. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology, 2008. 26(28): p. 4659-4665.

409. Phuphanich, S., et al., Phase Il study of MEDI-575, an anti-platelet-derived growth factor-a
antibody, in patients with recurrent glioblastoma. Journal of Neuro-Oncology, 2017. 131(1):
p. 185-191.

410. Lassman, A.B., et al., Phase 2 trial of dasatinib in target-selected patients with recurrent
glioblastoma (RTOG 0627). Neuro-oncology, 2015. 17(7): p. 992-998.

411.  Zustovich, F., et al., Sorafenib plus daily low-dose temozolomide for relapsed glioblastoma: a
phase Il study. Anticancer Res, 2013. 33(8): p. 3487-94.

412.  Schiff, D., et al., Phase 1/2 trial of temsirolimus and sorafenib in the treatment of patients
with recurrent glioblastoma: North Central Cancer Treatment Group Study/Alliance NO572.
Cancer, 2018. 124(7): p. 1455-1463.

413.  Zhou, Q. and J.M. Gallo, Quantification of sunitinib in mouse plasma, brain tumor and normal
brain using liquid chromatography-electrospray ionization-tandem mass spectrometry and
pharmacokinetic application. J Pharm Biomed Anal, 2010. 51(4): p. 958-64.

414.  Dai, H., et al., Distribution of STI-571 to the brain is limited by P-glycoprotein-mediated efflux.
J Pharmacol Exp Ther, 2003. 304(3): p. 1085-92.

415.  Duerinck, J., et al., Sunitinib Malate plus Lomustine for Patients with Temozolomide-
refractory Recurrent Anaplastic or Low-grade Glioma. Anticancer Res, 2015. 35(10): p. 5551-
7.

416. Brandes, A.A,, et al., EORTC study 26041-22041: Phase I/Il study on concomitant and
adjuvant temozolomide (TMZ) and radiotherapy (RT) with PTK787/ZK222584 (PTK/ZK) in
newly diagnosed glioblastoma. European Journal of Cancer, 2010. 46(2): p. 348-354.

417. Siegelin, M.D., et al., Sorafenib exerts anti-glioma activity in vitro and in vivo. Neuroscience
letters, 2010. 478(3): p. 165-170.

418. Porkka, K., et al., Dasatinib crosses the blood-brain barrier and is an efficient therapy for
central nervous system Philadelphia chromosome-positive leukemia. Blood, 2008. 112(4): p.
1005-12.

419. Carpenter, G., et al., Characterization of the binding of 125-I-labeled epidermal growth factor
to human fibroblasts. Journal of Biological Chemistry, 1975. 250(11): p. 4297-304.

420. Todaro, G.J., J.E. De Larco, and S. Cohen, Transformation by murine and feline sarcoma
viruses specifically blocks binding of epidermal growth factor to cells. Nature, 1976.
264(5581): p. 26-31.

421. Klapper, L.N,, et al., The ErbB-2/HER2 oncoprotein of human carcinomas may function solely
as a shared coreceptor for multiple stroma-derived growth factors. Proceedings of the
National Academy of Sciences, 1999. 96(9): p. 4995-5000.

422.  Graus-Porta, D., et al., ErbB-2, the preferred heterodimerization partner of all ErbB receptors,
is a mediator of lateral signaling. The EMBO journal, 1997. 16(7): p. 1647-1655.

[259]



423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

439.

440.

441.

442.

Guy, P.M., et al., Insect cell-expressed p180erbB3 possesses an impaired tyrosine kinase
activity. Proceedings of the National Academy of Sciences, 1994. 91(17): p. 8132-8136.
Olayioye, M.A,, et al., ErbB-1 and ErbB-2 acquire distinct signaling properties dependent
upon their dimerization partner. Mol Cell Biol, 1998. 18(9): p. 5042-51.

Yarden, Y. and M.X. Sliwkowski, Untangling the ErbB signalling network. Nature Reviews
Molecular Cell Biology, 2001. 2(2): p. 127-137.

Brandt, B., et al., Mechanisms of <em>egfr</em> Gene Transcription Modulation:
Relationship to Cancer Risk and Therapy Response. Clinical Cancer Research, 2006. 12(24): p.
7252-7260.

Ishii, S., et al., Characterization and sequence of the promoter region of the human epidermal
growth factor receptor gene. Proceedings of the National Academy of Sciences, 1985.
82(15): p. 4920-4924.

Kageyama, R., G.T. Merlino, and |. Pastan, A transcription factor active on the epidermal
growth factor receptor gene. Proceedings of the National Academy of Sciences of the United
States of America, 1988. 85(14): p. 5016-5020.

Clark, A.J., et al., Epidermal growth factor reqgulates the expression of its own receptor.
Proceedings of the National Academy of Sciences of the United States of America, 1985.
82(24): p. 8374-8378.

Kageyama, R., G.T. Merlino, and |. Pastan, Epidermal growth factor (EGF) receptor gene
transcription. Requirement for Sp1 and an EGF receptor-specific factor. ) Biol Chem, 1988.
263(13): p. 6329-36.

Ludes-Meyers, J.H., et al., Transcriptional activation of the human epidermal growth factor
receptor promoter by human p53. Molecular and cellular biology, 1996. 16(11): p. 6009-
6019.

Johnson, A.C., Activation of epidermal growth factor receptor gene transcription by phorbol
12-myristate 13-acetate is mediated by activator protein 2. ) Biol Chem, 1996. 271(6): p.
3033-8.

Hudson, L.G., et al., Identification and characterization of a requlated promoter element in
the epidermal growth factor receptor gene. Proc Natl Acad Sci U S A, 1990. 87(19): p. 7536-
40.

Rubinstein, Y.R., et al., Interferon regulatory factor-1 is a major regulator of epidermal
growth factor receptor gene expression. FEBS Lett, 1998. 431(2): p. 268-72.

Chen, L.L,, et al., A sequence-specific single-stranded DNA-binding protein that is responsive
to epidermal growth factor recognizes an S1 nuclease-sensitive region in the epidermal
growth factor receptor promoter. Cell Growth Differ, 1993. 4(12): p. 975-83.

Hou, X., A.C. Johnson, and M.R. Rosner, Identification of an epidermal growth factor receptor
transcriptional repressor. J Biol Chem, 1994. 269(6): p. 4307-12.

Reed, A.L., et al., Molecular cloning and characterization of a transcription regulator with
homology to GC-binding factor. ) Biol Chem, 1998. 273(34): p. 21594-602.

Englert, C., et al., WT1 suppresses synthesis of the epidermal growth factor receptor and
induces apoptosis. Embo j, 1995. 14(19): p. 4662-75.

Mialon, A., et al., DNA Topoisomerase | Is a Cofactor for c-Jun in the Regulation of Epidermal
Growth Factor Receptor Expression and Cancer Cell Proliferation. Molecular and Cellular
Biology, 2005. 25(12): p. 5040-5051.

Johnson, A.C,, et al., Activator Protein-1 Mediates Induced but not Basal Epidermal Growth
Factor Receptor Gene Expression. Molecular Medicine, 2000. 6(1): p. 17-27.

Zak, D.E., et al., Systems analysis of circadian time-dependent neuronal epidermal growth
factor receptor signaling. Genome Biol, 2006. 7(6): p. R48.

Ou, Y., et al., Kindlin-2 interacts with B8-catenin and YB-1 to enhance EGFR transcription
during glioma progression. Oncotarget, 2016. 7(46): p. 74872-74885.

[260]



443,

444,
445,

446.

447.

448.

449,

450.

451.

452.

453,

454,

455,

456.

457.

458.

459.

460.

461.

462.
463.

464.

465.

466.

Mizuguchi, A., et al., Ecotropic viral integration site 1 regulates EGFR transcription in
glioblastoma cells. ] Neurooncol, 2019. 145(2): p. 223-231.

Katahira, J., Nuclear export of messenger RNA. Genes, 2015. 6(2): p. 163-184.

Guillaudeau, A., et al., Adult diffuse gliomas produce mRNA transcripts encoding EGFR
isoforms lacking a tyrosine kinase domain. Int J Oncol, 2012. 40(4): p. 1142-52.

Piccione, E.C., et al., A novel epidermal growth factor receptor variant lacking multiple
domains directly activates transcription and is overexpressed in tumors. Oncogene, 2012.
31(24): p. 2953-67.

Zhou, M., et al., A novel EGFR isoform confers increased invasiveness to cancer cells. Cancer
Res, 2013. 73(23): p. 7056-67.

Sonenberg, N. and A.G. Hinnebusch, Regulation of translation initiation in eukaryotes:
mechanisms and biological targets. Cell, 2009. 136(4): p. 731-45.

Hershey, J.W.B., N. Sonenberg, and M.B. Mathews, Principles of translational control: an
overview. Cold Spring Harbor perspectives in biology, 2012. 4(12): p. a011528.

Ahsan, A, et al., Wild-type EGFR is stabilized by direct interaction with HSP90 in cancer cells
and tumors. Neoplasia (New York, N.Y.), 2012. 14(8): p. 670-677.

Kaszuba, K., et al., <kem>N</em>-Glycosylation as determinant of epidermal growth factor
receptor conformation in membranes. Proceedings of the National Academy of Sciences,
2015. 112(14): p. 4334-43309.

Freeze, H.H., Genetic defects in the human glycome. Nat Rev Genet, 2006. 7(7): p. 537-51.
Takahashi, M., et al., N-glycans of growth factor receptors: their role in receptor function and
disease implications. Clin Sci (Lond), 2016. 130(20): p. 1781-92.

Slieker, L.J., T.M. Martensen, and M.D. Lane, Synthesis of epidermal growth factor receptor
in human A431 cells. Glycosylation-dependent acquisition of ligand binding activity occurs
post-translationally in the endoplasmic reticulum. ) Biol Chem, 1986. 261(32): p. 15233-41.
Farhan, H., et al., MAPK signaling to the early secretory pathway revealed by
kinase/phosphatase functional screening. ) Cell Biol, 2010. 189(6): p. 997-1011.

Wendeler, M.W., J.P. Paccaud, and H.P. Hauri, Role of Sec24 isoforms in selective export of
membrane proteins from the endoplasmic reticulum. EMBO Rep, 2007. 8(3): p. 258-64.
Scharaw, S., et al., The endosomal transcriptional requlator RNF11 integrates degradation
and transport of EGFR. The Journal of cell biology, 2016. 215(4): p. 543-558.

Farhan, H., Regulation of EGFR surface levels by COPII-dependent trafficking. The Journal of
cell biology, 2016. 215(4): p. 441-443.

Burgess, A.\W., et al., An Open-and-Shut Case? Recent Insights into the Activation of
EGF/ErbB Receptors. Molecular Cell, 2003. 12(3): p. 541-552.

Ferguson, K.M., et al., EGF activates its receptor by removing interactions that autoinhibit
ectodomain dimerization. Mol Cell, 2003. 11(2): p. 507-17.

Sigismund, S., et al., Clathrin-independent endocytosis of ubiquitinated cargos. Proceedings
of the National Academy of Sciences of the United States of America, 2005. 102(8): p. 2760-
2765.

Robinson, M.S., Forty Years of Clathrin-coated Vesicles. Traffic, 2015. 16(12): p. 1210-38.
Rappoport, J.Z. and S.M. Simon, Endocytic trafficking of activated EGFR is AP-2 dependent
and occurs through preformed clathrin spots. Journal of Cell Science, 2009. 122(9): p. 1301-
1305.

Sorkin, A., et al., Epidermal Growth Factor Receptor Interaction with Clathrin Adaptors Is
Mediated by the Tyr974-containing Internalization Motif. Journal of Biological Chemistry,
1996. 271(23): p. 13377-13384.

Tomas, A., C.E. Futter, and E.R. Eden, EGF receptor trafficking: consequences for signaling
and cancer. Trends Cell Biol, 2014. 24(1): p. 26-34.

Azimzadeh Irani, M., S. Kannan, and C. Verma, Role of N-glycosylation in EGFR ectodomain
ligand binding. Proteins: Structure, Function, and Bioinformatics, 2017. 85(8): p. 1529-1549.

[261]



467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484,

485.

486.

487.

488.
489.

Roepstorff, K., et al., Differential effects of EGFR ligands on endocytic sorting of the receptor.
Traffic (Copenhagen, Denmark), 2009. 10(8): p. 1115-1127.

Garrett, T.P.J., et al., Crystal Structure of a Truncated Epidermal Growth Factor Receptor
Extracellular Domain Bound to Transforming Growth Factor a. Cell, 2002. 110(6): p. 763-773.
Garrett, T.P.J., et al., The Crystal Structure of a Truncated ErbB2 Ectodomain Reveals an
Active Conformation, Poised to Interact with Other ErbB Receptors. Molecular Cell, 2003.
11(2): p. 495-505.

Ogiso, H., et al., Crystal Structure of the Complex of Human Epidermal Growth Factor and
Receptor Extracellular Domains. Cell, 2002. 110(6): p. 775-787.

Dawson, J.P., et al., Epidermal Growth Factor Receptor Dimerization and Activation Require
Ligand-Induced Conformational Changes in the Dimer Interface. Molecular and Cellular
Biology, 2005. 25(17): p. 7734-7742.

Mattoon, D., et al., The tethered configuration of the EGF receptor extracellular domain
exerts only a limited control of receptor function. Proc Natl Acad Sci U S A, 2004. 101(4): p.
923-8.

Chung, 1., et al., Spatial control of EGF receptor activation by reversible dimerization on living
cells. Nature, 2010. 464: p. 783.

Low-Nam, S.T., et al., ErbB1 dimerization is promoted by domain co-confinement and
stabilized by ligand binding. Nature Structural &Amp; Molecular Biology, 2011. 18: p. 1244.
Ferguson, K.M., Structure-based view of epidermal growth factor receptor regulation. Annual
review of biophysics, 2008. 37: p. 353-373.

Dawson, J.P., Z. Bu, and M.A. Lemmon, Ligand-Induced Structural Transitions in ErbB
Receptor Extracellular Domains. Structure, 2007. 15(8): p. 942-954.

Hynes, N.E. and H.A. Lane, ERBB receptors and cancer: the complexity of targeted inhibitors.
Nature Reviews Cancer, 2005. 5(5): p. 341-354.

Reiter, J.L., et al., Comparative genomic sequence analysis and isolation of human and mouse
alternative EGFR transcripts encoding truncated receptor isoforms. Genomics, 2001. 71(1): p.
1-20.

Tsiambas, E., et al., Chromosome 7 Multiplication in EGFR-positive Lung Carcinomas Based
on Tissue Microarray Analysis. In vivo (Athens, Greece), 2017. 31(4): p. 641-648.

Carpenter, G. and S. Cohen, Epidermal growth factor. Annu Rev Biochem, 1979. 48: p. 193-
216.

Wee, P. and Z. Wang, Epidermal Growth Factor Receptor Cell Proliferation Signaling
Pathways. Cancers, 2017. 9(5): p. 52.

Holsken, A., et al., EGFR signaling regulates tumor cell migration in craniopharyngiomas. Clin
Cancer Res, 2011. 17(13): p. 4367-77.

Kokai, Y., et al., Synergistic interaction of p185c-<em>neu</em> and the EGF receptor leads
to transformation of rodent fibroblasts. Cell, 1989. 58(2): p. 287-292.

Ramirez, B.S., et al., Anti-EGFR activation, anti-proliferative and pro-apoptotic effects of
polyclonal antibodies induced by EGFR-based cancer vaccine. Vaccine, 2008. 26(38): p. 4918-
26.

Herbst, R.S., J.V. Heymach, and S.M. Lippman, Lung Cancer. New England Journal of
Medicine, 2008. 359(13): p. 1367-1380.

Masuda, H., et al., Role of epidermal growth factor receptor in breast cancer. Breast cancer
research and treatment, 2012. 136(2): p. 331-345.

Troiani, T., et al., Targeting EGFR in pancreatic cancer treatment. Curr Drug Targets, 2012.
13(6): p. 802-10.

Markman, B., et al., EGFR and KRAS in colorectal cancer. Adv Clin Chem, 2010. 51: p. 71-119.
Alterio, D., et al., Role of EGFR as prognostic factor in head and neck cancer patients treated
with surgery and postoperative radiotherapy: proposal of a new approach behind the EGFR
overexpression. Med Oncol, 2017. 34(6): p. 107.

[262]



490.

491.

492.

493.

494,

495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

Gridelli, C., et al., Erlotinib in Non-Small Cell Lung Cancer Treatment: Current Status and
Future Development. The Oncologist, 2007. 12(7): p. 840-849.

Wong, S.F., Cetuximab: an epidermal growth factor receptor monoclonal antibody for the
treatment of colorectal cancer. Clin Ther, 2005. 27(6): p. 684-94.

Mehra, R., R.B. Cohen, and B.A. Burtness, The role of cetuximab for the treatment of
squamous cell carcinoma of the head and neck. Clinical advances in hematology & oncology :
H&O, 2008. 6(10): p. 742-750.

Kelley, R.K. and A.H. Ko, Erlotinib in the treatment of advanced pancreatic cancer. Biologics :
targets & therapy, 2008. 2(1): p. 83-95.

Medina, P.J. and S. Goodin, Lapatinib: a dual inhibitor of human epidermal growth factor
receptor tyrosine kinases. Clin Ther, 2008. 30(8): p. 1426-47.

Snuderl, M., et al., Mosaic Amplification of Multiple Receptor Tyrosine Kinase Genes in
Glioblastoma. Cancer Cell, 2011. 20(6): p. 810-817.

Wilson, T.A., M.A. Karajannis, and D.H. Harter, Glioblastoma multiforme: State of the art and
future therapeutics. Surgical neurology international, 2014. 5: p. 64-64.

Mazzoleni, S., et al., Epidermal Growth Factor Receptor Expression Identifies Functionally and
Molecularly Distinct Tumor-Initiating Cells in Human Glioblastoma Multiforme and Is
Required for Gliomagenesis. Cancer Research, 2010. 70(19): p. 7500-7513.

Schulte, A., et al., Glioblastoma Stem—like Cell Lines with Either Maintenance or Loss of High-
Level EGFR Amplification, Generated via Modulation of Ligand Concentration. Clinical Cancer
Research, 2012. 18(7): p. 1901-1913.

Stummer, W., et al., Fluorescence-guided surgery with 5-aminolevulinic acid for resection of
malignant glioma: a randomised controlled multicentre phase Ill trial. Lancet Oncol, 2006.
7(5): p. 392-401.

Sottoriva, A., et al., Intratumor heterogeneity in human glioblastoma reflects cancer
evolutionary dynamics. Proceedings of the National Academy of Sciences, 2013. 110(10): p.
4009-4014.

Furnari, F.B., et al., Heterogeneity of epidermal growth factor receptor signalling networks in
glioblastoma. Nature Reviews Cancer, 2015. 15: p. 302.

Eskilsson, E., et al., EGFRvIII mutations can emerge as late and heterogenous events in
glioblastoma development and promote angiogenesis through Src activation. Neuro Oncol,
2016. 18(12): p. 1644-1655.

Del Vecchio, C.A., et al., EGFRvIII gene rearrangement is an early event in glioblastoma
tumorigenesis and expression defines a hierarchy modulated by epigenetic mechanisms.
Oncogene, 2012. 32: p. 2670.

Singh, S.K., et al., Identification of human brain tumour initiating cells. Nature, 2004. 432: p.
396.

Gan, H.K., A.N. Cvrljevic, and T.G. Johns, The epidermal growth factor receptor variant Ill
(EGFRVIII): where wild things are altered. The FEBS Journal, 2013. 280(21): p. 5350-5370.
Lee, J.C,, et al., Epidermal growth factor receptor activation in glioblastoma through novel
missense mutations in the extracellular domain. PLoS Med, 2006. 3(12): p. e485.

Sugawa, N., et al., Identical splicing of aberrant epidermal growth factor receptor transcripts
from amplified rearranged genes in human glioblastomas. Proc Natl Acad Sci U S A, 1990.
87(21): p. 8602-6.

Schmidt, M.H.H., et al., Epidermal growth factor receptor signaling intensity determines
intracellular protein interactions, ubiquitination, and internalization. Proceedings of the
National Academy of Sciences, 2003. 100(11): p. 6505-6510.

CHU, C.T., et al., Receptor dimerization is not a factor in the signalling activity of a
transforming variant epidermal growth factor receptor (EGFRvIll). Biochemical Journal, 1997.
324(3): p. 855-861.

[263]



510.

511.

512.

513.

514.

515.

516.

517.

518.

519.

520.

521.

522.

523.

524.

525.

526.

527.

Luwor, R.B., et al., The tumor-specific de2—7 epidermal growth factor receptor (EGFR)
promotes cells survival and heterodimerizes with the wild-type EGFR. Oncogene, 2004.
23(36): p. 6095-6104.

Stec, W., et al., Cyclic trans-phosphorylation in a homodimer as the predominant mechanism
of EGFRvlll action and regulation. Oncotarget, 2018. 9(9): p. 8560-8572.

Ymer, S.lI., et al., Glioma Specific Extracellular Missense Mutations in the First Cysteine Rich
Region of Epidermal Growth Factor Receptor (EGFR) Initiate Ligand Independent Activation.
Cancers, 2011. 3(2): p. 2032-2049.

Kancha, R.K., N. von Bubnoff, and J. Duyster, Asymmetric kinase dimer formation is crucial
for the activation of oncogenic EGFRVIII but not for ERBB3 phosphorylation. Cell
Communication and Signaling, 2013. 11(1): p. 39.

Schunemann, D.P., et al., Glutamate Promotes Cell Growth by EGFR Signaling on U-87MG
Human Glioblastoma Cell Line. Pathology & Oncology Research, 2010. 16(2): p. 285-293.
DIMITROPOULOS, K., et al., The Effects of Anti-VEGFR and Anti-EGFR Agents on Glioma Cell
Migration Through Implication of Growth Factors with Integrins. Anticancer Research, 2010.
30(12): p. 4987-4992.

Chen, H.-B., et al., Gambogenic acid-induced time- and dose-dependent growth inhibition
and apoptosis involving Akt pathway inactivation in U251 glioblastoma cells. Journal of
Natural Medicines, 2012. 66(1): p. 62-69.

Carrasco-Garcia, E., et al., Small tyrosine kinase inhibitors interrupt EGFR signaling by
interacting with erbB3 and erbB4 in glioblastoma cell lines. Experimental Cell Research,
2011.317(10): p. 1476-1489.

He, X.-y., et al., Gambogic acid induces EGFR degradation and Akt/mTORC1 inhibition
through AMPK dependent-LRIG1 upregulation in cultured U87 glioma cells. Biochemical and
Biophysical Research Communications, 2013. 435(3): p. 397-402.

Nishikawa, R., et al., A mutant epidermal growth factor receptor common in human glioma
confers enhanced tumorigenicity. Proceedings of the National Academy of Sciences of the
United States of America, 1994. 91(16): p. 7727-7731.

Ghildiyal, R., D. Dixit, and E. Sen, EGFR inhibitor BIBU induces apoptosis and defective
autophagy in glioma cells. Molecular Carcinogenesis, 2013. 52(12): p. 970-982.

Ung, N., et al., Anti-EGFR therapeutic efficacy correlates directly with inhibition of STAT3
activity. Cancer Biology & Therapy, 2014. 15(5): p. 623-632.

Fan, Q.-W., et al., EGFR Phosphorylates Tumor-Derived EGFRVIII Driving STAT3/5 and
Progression in Glioblastoma. Cancer Cell, 2013. 24(4): p. 438-449.

Mizoguchi, M., et al., Activation of STAT3, MAPK, and AKT in Malignant Astrocytic Gliomas:
Correlation With EGFR Status, Tumor Grade, and Survival. Journal of Neuropathology &
Experimental Neurology, 2006. 65(12): p. 1181-1188.

Mishima, K., et al., Growth Suppression of Intracranial Xenografted Glioblastomas
Overexpressing Mutant Epidermal Growth Factor Receptors by Systemic Administration of
Monoclonal Antibody (mAb) 806, a Novel Monoclonal Antibody Directed to the Receptor.
Cancer Research, 2001. 61(14): p. 5349-5354.

Yin, D., et al., miR-34a functions as a tumor suppressor modulating EGFR in glioblastoma
multiforme. Oncogene, 2012. 32: p. 1155.

Mellinghoff, I.K., et al., Molecular determinants of the response of glioblastomas to EGFR
kinase inhibitors. N Engl ) Med, 2005. 353(19): p. 2012-24.

Brown, P.D., et al., Phase I/ll trial of erlotinib and temozolomide with radiation therapy in the
treatment of newly diagnosed glioblastoma multiforme: North Central Cancer Treatment
Group Study N0O177. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology, 2008. 26(34): p. 5603-5609.

[264]



528.

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544,

545.

546.

547.

Prados, M.D,, et al., Phase Il study of erlotinib plus temozolomide during and after radiation
therapy in patients with newly diagnosed glioblastoma multiforme or gliosarcoma. J Clin
Oncol, 2009. 27(4): p. 579-84.

Lassman, A.B., et al., Molecular study of malignant gliomas treated with epidermal growth
factor receptor inhibitors: tissue analysis from North American Brain Tumor Consortium
Trials 01-03 and 00-01. Clin Cancer Res, 2005. 11(21): p. 7841-50.

Sathornsumetee, S., et al., Phase Il trial of bevacizumab and erlotinib in patients with
recurrent malignant glioma. Neuro Oncol, 2010. 12(12): p. 1300-10.

Clarke, J.L., et al., A single-institution phase Il trial of radiation, temozolomide, erlotinib, and
bevacizumab for initial treatment of glioblastoma. Neuro Oncol, 2014. 16(7): p. 984-90.
Yung, W.K.A., et al., Safety and efficacy of erlotinib in first-relapse glioblastoma: a phase Il
open-label study. Neuro-Oncology, 2010. 12(10): p. 1061-1070.

Peereboom, D.M,, et al., NABTT 0502: a phase Il and pharmacokinetic study of erlotinib and
sorafenib for patients with progressive or recurrent glioblastoma multiforme. Neuro-
oncology, 2013. 15(4): p. 490-496.

Wen, P.Y., et al., Phase I/l study of sorafenib and temsirolimus for patients with recurrent
glioblastoma (GBM) (NABTC 05-02). Journal of Clinical Oncology, 2009. 27(15_suppl): p.
2006-2006.

Peereboom, D.M.,, et al., Phase Il trial of erlotinib with temozolomide and radiation in
patients with newly diagnosed glioblastoma multiforme. Journal of Neuro-Oncology, 2010.
98(1): p. 93-99.

Reardon, D.A., et al., Phase 1 trial of dasatinib plus erlotinib in adults with recurrent
malignant glioma. Journal of neuro-oncology, 2012. 108(3): p. 499-506.

Raizer, J.J., et al., A phase Il study of bevacizumab and erlotinib after radiation and
temozolomide in MGMT unmethylated GBM patients. Journal of Neuro-Oncology, 2016.
126(1): p. 185-192.

Reardon, D.A,, et al., Phase 2 trial of erlotinib plus sirolimus in adults with recurrent
glioblastoma. ) Neurooncol, 2010. 96(2): p. 219-30.

van den Bent, M.J., et al., Randomized phase Il trial of erlotinib versus temozolomide or
carmustine in recurrent glioblastoma: EORTC brain tumor group study 26034. J Clin Oncol,
20009. 27(8): p. 1268-74.

Wen, P.Y,, et al., Phase I/Il study of erlotinib and temsirolimus for patients with recurrent
malignant gliomas: North American Brain Tumor Consortium trial 04-02. Neuro Oncol, 2014.
16(4): p. 567-78.

Franceschi, E., et al., Gefitinib in patients with progressive high-grade gliomas: a multicentre
phase Il study by Gruppo Italiano Cooperativo di Neuro-Oncologia (GICNO). British Journal Of
Cancer, 2007. 96: p. 1047.

Uhm, J.H., et al., Phase Il evaluation of gefitinib in patients with newly diagnosed Grade 4
astrocytoma: Mayo/North Central Cancer Treatment Group Study NO074. Int ) Radiat Oncol
Biol Phys, 2011. 80(2): p. 347-53.

Rich, J.N., et al., Phase Il Trial of Gefitinib in Recurrent Glioblastoma. Journal of Clinical
Oncology, 2004. 22(1): p. 133-142.

Brown, N., et al., Multi-Center Randomized Phase Il Study Comparing Cediranib plus Gefitinib
with Cediranib plus Placebo in Subjects with Recurrent/Progressive Glioblastoma. PLOS ONE,
2016. 11(5): p. e0156369.

Cooper, C.S., et al., Molecular cloning of a new transforming gene from a chemically
transformed human cell line. Nature, 1984. 311(5981): p. 29-33.

Scagliotti, G.V., S. Novello, and J. von Pawel, The emerging role of MET/HGF inhibitors in
oncology. Cancer Treatment Reviews, 2013. 39(7): p. 793-801.

Organ, S.L. and M.-S. Tsao, An overview of the c-MET signaling pathway. Therapeutic
advances in medical oncology, 2011. 3(1 Suppl): p. S7-S19.

[265]



548.

549.

550.

551.

552.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

Ma, P.C,, et al., c-Met: Structure, functions and potential for therapeutic inhibition. Cancer
and Metastasis Reviews, 2003. 22(4): p. 309-325.

Comoglio, P.M., S. Giordano, and L. Trusolino, Drug development of MET inhibitors: targeting
oncogene addiction and expedience. Nature Reviews Drug Discovery, 2008. 7(6): p. 504-516.
Maulik, G., et al., Role of the hepatocyte growth factor receptor, c-Met, in oncogenesis and
potential for therapeutic inhibition. Cytokine & Growth Factor Reviews, 2002. 13(1): p. 41-
59.

Fixman, E.D., et al., Pathways downstream of Shc and Grb2 are required for cell
transformation by the tpr-Met oncoprotein. ) Biol Chem, 1996. 271(22): p. 13116-22.
Rodrigues, G.A. and M. Park, Autophosphorylation modulates the kinase activity and
oncogenic potential of the Met receptor tyrosine kinase. Oncogene, 1994. 9(7): p. 2019-27.
Weidner, K.M., et al., Interaction between Gab1 and the c-Met receptor tyrosine kinase is
responsible for epithelial morphogenesis. Nature, 1996. 384(6605): p. 173-6.

Zhang, Y., et al., Function of the c-Met receptor tyrosine kinase in carcinogenesis and
associated therapeutic opportunities. Molecular cancer, 2018. 17(1): p. 45-45.

Liu, X., R.C. Newton, and P.A. Scherle, Developing c-MET pathway inhibitors for cancer
therapy: progress and challenges. Trends in Molecular Medicine, 2010. 16(1): p. 37-45.

Huh, C.-G,, et al., Hepatocyte growth factor/c-met signaling pathway is required for efficient
liver regeneration and repair. Proceedings of the National Academy of Sciences of the United
States of America, 2004. 101(13): p. 4477-4482.

Bladt, F., et al., Essential role for the c-met receptor in the migration of myogenic precursor
cells into the limb bud. Nature, 1995. 376(6543): p. 768-71.

Uehara, Y., et al., Placental defect and embryonic lethality in mice lacking hepatocyte growth
factor/scatter factor. Nature, 1995. 373(6516): p. 702-5.

Chmielowiec, J., et al., c-Met is essential for wound healing in the skin. The Journal of cell
biology, 2007. 177(1): p. 151-162.

Maina, F., et al., Uncoupling of Grb2 from the Met receptor in vivo reveals complex roles in
muscle development. Cell, 1996. 87(3): p. 531-42.

Salgia, R., MET in Lung Cancer: Biomarker Selection Based on Scientific Rationale. Molecular
Cancer Therapeutics, 2017. 16(4): p. 555-565.

Schag, K., et al., Identification of C-Met Oncogene as a Broadly Expressed Tumor-Associated
Antigen Recognized by Cytotoxic T-Lymphocytes. Clinical Cancer Research, 2004. 10(11): p.
3658-3666.

Jeon, H.-M. and J. Lee, MET: roles in epithelial-mesenchymal transition and cancer stemness.
Annals of translational medicine, 2017. 5(1): p. 5-5.

Kwak, Y., et al., C-MET overexpression and amplification in gliomas. International journal of
clinical and experimental pathology, 2015. 8(11): p. 14932-14938.

Petterson, S.A., et al., High levels of c-Met is associated with poor prognosis in glioblastoma.
Journal of Neuro-Oncology, 2015. 122(3): p. 517-527.

Kong, D.S., et al., Prognostic significance of c-Met expression in glioblastomas. Cancer, 2009.
115(1): p. 140-8.

Xie, Q., et al., Hepatocyte growth factor (HGF) autocrine activation predicts sensitivity to
MET inhibition in glioblastoma. Proceedings of the National Academy of Sciences of the
United States of America, 2012. 109(2): p. 570-575.

Liu, W., et al., c-Met expression is associated with time to recurrence in patients with
glioblastoma multiforme. Journal of Clinical Neuroscience, 2011. 18(1): p. 119-121.

Olmez, O.F,, et al., The immunohistochemical expression of c-Met is an independent
predictor of survival in patients with glioblastoma multiforme. Clinical and Translational
Oncology, 2014. 16(2): p. 173-177.

[266]



570.

571.

572.

573.

574.

575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

Li, Y., et al., c-Met signaling induces a reprogramming network and supports the
glioblastoma stem-like phenotype. Proceedings of the National Academy of Sciences, 2011.
108(24): p. 9951-9956.

Joo, K.M., et al., MET Signaling Regulates Glioblastoma Stem Cells. Cancer Research, 2012.
72(15): p. 3828-3838.

Kim, K.H., et al., Wnt/B-catenin signaling is a key downstream mediator of MET signaling in
glioblastoma stem cells. Neuro-Oncology, 2012. 15(2): p. 161-171.

De Bacco, F., et al., The <em>MET</em> Oncogene Is a Functional Marker of a Glioblastoma
Stem Cell Subtype. Cancer Research, 2012. 72(17): p. 4537-4550.

TASAKI, T., et al., MET Expressed in Glioma Stem Cells Is a Potent Therapeutic Target for
Glioblastoma Multiforme. Anticancer Research, 2016. 36(7): p. 3571-3577.

Jun, H.J., R.T. Bronson, and A. Charest, Inhibition of EGFR Induces a c-MET-Driven Stem Cell
Population in Glioblastoma. STEM CELLS, 2014. 32(2): p. 338-348.

Zhang, Y., et al., Inhibition of Bcl-2/Bcl-xL and c-MET causes synthetic lethality in model
systems of glioblastoma. Scientific Reports, 2018. 8(1): p. 7373.

Li, Y., et al., Interactions between PTEN and the c-Met pathway in glioblastoma and
implications for therapy. Molecular Cancer Therapeutics, 2009. 8(2): p. 376-385.

Piao, Y., et al., Novel MET/TIE2/VEGFR2 inhibitor altiratinib inhibits tumor growth and
invasiveness in bevacizumab-resistant glioblastoma mouse models. Neuro-Oncology, 2016.
18(9): p. 1230-1241.

Berthou, S., et al., The Met kinase inhibitor SU11274 exhibits a selective inhibition pattern
toward different receptor mutated variants. Oncogene, 2004. 23(31): p. 5387-5393.

Jun, H.J,, et al., Acquired MET expression confers resistance to EGFR inhibition in a mouse
model of glioblastoma multiforme. Oncogene, 2012. 31(25): p. 3039-3050.

Cheng, F. and D. Guo, MET in glioma: signaling pathways and targeted therapies. Journal of
Experimental & Clinical Cancer Research, 2019. 38(1): p. 270.

Lan, F., et al., miR-144-3p exerts anti-tumor effects in glioblastoma by targeting c-Met.
Journal of Neurochemistry, 2015. 135(2): p. 274-286.

Lal, B., et al., EGFRvIII and c-Met pathway inhibitors synergize against PTEN-
null/EGFRvIlI<sup>+</sup> glioblastoma xenografts. Molecular Cancer Therapeutics, 2009.
8(7): p. 1751-1760.

Martens, T., et al., A Novel One-Armed Anti-c-Met Antibody Inhibits Glioblastoma Growth
<em>In vivo</em>. Clinical Cancer Research, 2006. 12(20): p. 6144-6152.

Goodwin, C.R., et al., Crizotinib and erlotinib inhibits growth of c-Met+/EGFRVIII+ primary
human glioblastoma xenografts. Clinical Neurology and Neurosurgery, 2018. 171: p. 26-33.
Cloughesy, T.F., et al., Phase Il study of cabozantinib in patients with progressive
glioblastoma: subset analysis of patients with prior antiangiogenic therapy. Neuro-Oncology,
2017: p. nox151-nox151.

Wen, P.Y,, et al., Phase Il study of cabozantinib in patients with progressive glioblastoma:
subset analysis of patients naive to antiangiogenic therapy. Neuro-Oncology, 2017: p.
nox154-nox154.

Wen, P.Y,, et al., A phase Il study evaluating the efficacy and safety of AMG 102
(rilotumumab) in patients with recurrent glioblastoma. Neuro-oncology, 2011. 13(4): p. 437-
446.

Affronti, M.L., et al., Phase Il Study to Evaluate the Efficacy and Safety of Rilotumumab and
Bevacizumab in Subjects with Recurrent Malignant Glioma. Oncologist, 2018. 23(8): p. 889-
e98.

Cloughesy, T., et al., Randomized, Double-Blind, Placebo-Controlled, Multicenter Phase Il
Study of Onartuzumab Plus Bevacizumab Versus Placebo Plus Bevacizumab in Patients With
Recurrent Glioblastoma: Efficacy, Safety, and Hepatocyte Growth Factor and O(6)-

[267]



591.

592.

593.

594,

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

Methylguanine-DNA Methyltransferase Biomarker Analyses. J Clin Oncol, 2017. 35(3): p. 343-
351.

Loh, C.-Y,, et al., Signal Transducer and Activator of Transcription (STATs) Proteins in Cancer
and Inflammation: Functions and Therapeutic Implication. Frontiers in oncology, 2019. 9: p.
48-48.

Bromberg, J.F., et al., Stat3 as an Oncogene. Cell, 1999. 98(3): p. 295-303.

Levy, D.E. and J.E. Darnell, STATSs: transcriptional control and biological impact. Nature
Reviews Molecular Cell Biology, 2002. 3(9): p. 651-662.

An, Z., et al., Epidermal growth factor receptor and EGFRVIII in glioblastoma: signaling
pathways and targeted therapies. Oncogene, 2018. 37(12): p. 1561-1575.

Huang, P.H., et al., Quantitative analysis of EGFRVIII cellular signaling networks reveals a
combinatorial therapeutic strategy for glioblastoma. Proceedings of the National Academy
of Sciences, 2007. 104(31): p. 12867-12872.

Luwor, R.B., S.S. Stylli, and A.H. Kaye, The role of Stat3 in glioblastoma multiforme. Journal of
Clinical Neuroscience, 2013. 20(7): p. 907-911.

Wang, H., et al., Analysis of the activation status of Akt, NFkappaB, and Stat3 in human
diffuse gliomas. Lab Invest, 2004. 84(8): p. 941-51.

Ashizawa, T, et al., Effect of the STAT3 inhibitor STX-0119 on the proliferation of a
temozolomide-resistant glioblastoma cell line. Int J Oncol, 2014. 45(1): p. 411-8.

Lee, E.-S., et al., Inhibition of STAT3 reverses drug resistance acquired in temozolomide-
resistant human glioma cells. Oncology letters, 2011. 2(1): p. 115-121.

Yeom, S.-Y., D.-H. Nam, and C. Park, RRAD Promotes EGFR-Mediated STAT3 Activation and
Induces Temozolomide Resistance of Malignant Glioblastoma. Molecular Cancer
Therapeutics, 2014. 13(12): p. 3049-3061.

Manning, B.D. and A. Toker, AKT/PKB Signaling: Navigating the Network. Cell, 2017. 169(3):
p. 381-405.

Manning, B.D. and L.C. Cantley, AKT/PKB Signaling: Navigating Downstream. Cell, 2007.
129(7): p. 1261-1274.

Mahajan, K. and N.P. Mahajan, PI3K-independent AKT activation in cancers: a treasure trove
for novel therapeutics. Journal of cellular physiology, 2012. 227(9): p. 3178-3184.

Koul, D., et al., Inhibition of Akt survival pathway by a small-molecule inhibitor in human
glioblastoma. Mol Cancer Ther, 2006. 5(3): p. 637-44.

Molina, J.R., et al., Invasive Glioblastoma Cells Acquire Stemness and Increased Akt
Activation. Neoplasia, 2010. 12(6): p. 453-IN5.

Wang, Z., et al., Downregulation of Src enhances the cytotoxic effect of temozolomide
through AKT in glioma. Oncol Rep, 2013. 29(4): p. 1395-8.

Hirose, Y., et al., Akt Activation Suppresses Chk2-Mediated, Methylating Agent—Induced
G<sub>2</sub> Arrest and Protects from Temozolomide-Induced Mitotic Catastrophe and
Cellular Senescence. Cancer Research, 2005. 65(11): p. 4861-4869.

Kao, G.D., et al., Inhibition of phosphatidylinositol-3-OH kinase/Akt signaling impairs DNA
repair in glioblastoma cells following ionizing radiation. ) Biol Chem, 2007. 282(29): p. 21206-
12.

Chinnaiyan, P., et al., A randomized phase Il study of everolimus in combination with
chemoradiation in newly diagnosed glioblastoma: results of NRG Oncology RTOG 0913.
Neuro Oncol, 2018. 20(5): p. 666-673.

Ma, D.J,, et al., A phase Il trial of everolimus, temozolomide, and radiotherapy in patients
with newly diagnosed glioblastoma: NCCTG NO57K. Neuro Oncol, 2015. 17(9): p. 1261-9.
Koul, D., et al., Antitumor Activity of NVP-BKM120—A Selective Pan Class | PI3 Kinase
Inhibitor Showed Differential Forms of Cell Death Based on p53 Status of Glioma Cells.
Clinical Cancer Research, 2012. 18(1): p. 184-195.

[268]



612.

613.

614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

628.

629.

630.

631.

632.

633.

634.

635.

Prasad, G., et al., Inhibition of PI3K/mTOR pathways in glioblastoma and implications for
combination therapy with temozolomide. Neuro Oncol, 2011. 13(4): p. 384-92.
Cruickshanks, N., et al., Role and Therapeutic Targeting of the HGF/MET Pathway in
Glioblastoma. Cancers, 2017. 9(7): p. 87.

Lee, S., et al., Epidermal Growth Factor Receptor Signaling to the Mitogen Activated Protein
Kinase Pathway Bypasses Ras in Pancreatic Cancer Cells. Pancreas, 2016. 45(2): p. 286-292.
Shaul, Y.D. and R. Seger, The MEK/ERK cascade: From signaling specificity to diverse
functions. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 2007. 1773(8): p.
1213-1226.

McCain, J., The MAPK (ERK) Pathway: Investigational Combinations for the Treatment Of
BRAF-Mutated Metastatic Melanoma. P & T : a peer-reviewed journal for formulary
management, 2013. 38(2): p. 96-108.

Wortzel, I. and R. Seger, The ERK Cascade: Distinct Functions within Various Subcellular
Organelles. Genes & cancer, 2011. 2(3): p. 195-209.

Haas, B., et al., Inhibition of the PI3K but not the MEK/ERK pathway sensitizes human glioma
cells to alkylating drugs. Cancer Cell International, 2018. 18(1): p. 69.

Stepanenko, A.A,, et al., Temozolomide promotes genomic and phenotypic changes in
glioblastoma cells. Cancer Cell International, 2016. 16(1): p. 36.

Deschenes-Simard, X., et al., ERKs in cancer: friends or foes? Cancer Res, 2014. 74(2): p. 412-
9.

Pearson, J.R.D. and T. Regad, Targeting cellular pathways in glioblastoma multiforme. Signal
Transduction and Targeted Therapy, 2017. 2(1): p. 17040.

Rybak, A.P., R.G. Bristow, and A. Kapoor, Prostate cancer stem cells: deciphering the origins
and pathways involved in prostate tumorigenesis and aggression. Oncotarget, 2015. 6(4): p.
1900-1919.

Tanida, ., Autophagosome formation and molecular mechanism of autophagy. Antioxid
Redox Signal, 2011. 14(11): p. 2201-14.

Shintani, T. and D.J. Klionsky, Autophagy in health and disease: A double-edged sword.
Science, 2004. 306(5698): p. 990-995.

Hurley, J.H. and L.N. Young, Mechanisms of Autophagy Initiation. Annual review of
biochemistry, 2017. 86: p. 225-244.

Lum, J.J., R.J. DeBerardinis, and C.B. Thompson, Autophagy in metazoans: Cell survival in the
land of plenty. Nature Reviews Molecular Cell Biology, 2005. 6(6): p. 439-448.

Yoshii, S.R. and N. Mizushima, Monitoring and Measuring Autophagy. International journal
of molecular sciences, 2017. 18(9): p. 1865.

Ichimura, Y. and M. Komatsu, Selective degradation of p62 by autophagy. Seminars in
Immunopathology, 2010. 32(4): p. 431-436.

Koustas, E., et al., Co-targeting of EGFR and autophagy signaling is an emerging treatment
strategy in metastatic colorectal cancer. Cancer Letters, 2017. 396: p. 94-102.

Han, W., et al., EGFR Tyrosine Kinase Inhibitors Activate Autophagy as a Cytoprotective
Response in Human Lung Cancer Cells. PLOS ONE, 2011. 6(6): p. €18691.

Wei, Y., et al., EGFR-mediated Beclin 1 phosphorylation in autophagy suppression, tumor
progression, and tumor chemoresistance. Cell, 2013. 154(6): p. 1269-1284.

Chen, K.-L., et al., Targeting cathepsin S induces tumor cell autophagy via the EGFR—ERK
signaling pathway. Cancer Letters, 2012. 317(1): p. 89-98.

Pietrocola, F., et al., Regulation of autophagy by stress-responsive transcription factors.
Seminars in Cancer Biology, 2013. 23(5): p. 310-322.

Tan, X, et al., A Kinase-Independent Role for EGF Receptor in Autophagy Initiation. Cell,
2015. 160(1): p. 145-160.

Shen, J., et al., Autophagy inhibition induces enhanced proapoptotic effects of ZD6474 in
glioblastoma. British Journal of Cancer, 2013. 109(1): p. 164-171.

[269]



636.

637.

638.

639.

640.

641.

642.

643.

644.

645.

646.

647.

648.

649.

650.

651.

652.

653.

654.

655.

656.

657.

658.

Eimer, S., et al., Autophagy inhibition cooperates with erlotinib to induce glioblastoma cell
death. Cancer Biology & Therapy, 2011. 11(12): p. 1017-1027.

Palumbo, S., et al., Combined EGFR and Autophagy Modulation Impairs Cell Migration and
Enhances Radiosensitivity in Human Glioblastoma Cells. Journal of Cellular Physiology, 2014.
229(11): p. 1863-1873.

Tini, P., et al., Combined Epidermal Growth Factor Receptor and Beclinl Autophagic Protein
Expression Analysis Identifies Different Clinical Presentations, Responses to Chemo- and
Radiotherapy, and Prognosis in Glioblastoma. BioMed Research International, 2015. 2015: p.
13.

Choi, E.J., et al., Enhanced cytotoxic effect of radiation and temozolomide in malignant
glioma cells: targeting PI3K-AKT-mTOR signaling, HSP90 and histone deacetylases. BMC
Cancer, 2014. 14(1): p. 17.

Bartel, D.P., MicroRNAs: Target Recognition and Regulatory Functions. Cell, 2009. 136(2): p.
215-233.

Bartel, D.P., MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell, 2004. 116(2):
p. 281-297.

Bartel, D.P., Metazoan MicroRNAs. Cell, 2018. 173(1): p. 20-51.

Filipowicz, W., S.N. Bhattacharyya, and N. Sonenberg, Mechanisms of post-transcriptional
regulation by microRNAs: are the answers in sight? Nature Reviews Genetics, 2008. 9(2): p.
102-114.

Ambros, V., The functions of animal microRNAs. Nature, 2004. 431(7006): p. 350-355.
Rupaimoole, R. and F.J. Slack, MicroRNA therapeutics: towards a new era for the
management of cancer and other diseases. Nature Reviews Drug Discovery, 2017. 16: p. 203.
Chan, J.A., A.M. Krichevsky, and K.S. Kosik, MicroRNA-21 Is an Antiapoptotic Factor in Human
Glioblastoma Cells. Cancer Research, 2005. 65(14): p. 6029-6033.

Ciafre, S.A., et al., Extensive modulation of a set of microRNAs in primary glioblastoma.
Biochemical and Biophysical Research Communications, 2005. 334(4): p. 1351-1358.
Brognara, E., et al., Targeting the miR-221/miR-222 cluster in cancer therapy. Minerva
Biotecnologica, 2014. 26(2): p. 67-74.

Di Martino, M.T., et al., Mir-221/222 are promising targets for innovative anticancer therapy.
Expert Opinion on Therapeutic Targets, 2016. 20(9): p. 1099-1108.

Masoudi, M.S., E. Mehrabian, and H. Mirzaei, MiR-21: A key player in glioblastoma
pathogenesis. Journal of Cellular Biochemistry, 2018. 119(2): p. 1285-1290.

Conti, A,, et al., miR-21 and 221 upregulation and miR-181b downregulation in human grade
II-1V astrocytic tumors. Journal of Neuro-Oncology, 2009. 93(3): p. 325-332.

Feng, Y.-H. and C.-J. Tsao, Emerging role of microRNA-21 in cancer. Biomedical reports, 2016.
5(4): p. 395-402.

Ilhan-Mutlu, A., et al., Plasma MicroRNA-21 Concentration May Be a Useful Biomarker in
Glioblastoma Patients. Cancer Investigation, 2012. 30(8): p. 615-621.

Esquela-Kerscher, A. and F.J. Slack, Oncomirs - microRNAs with a role in cancer. Nat Rev
Cancer, 2006. 6(4): p. 259-69.

Svoronos, A.A., D.M. Engelman, and F.J. Slack, OncomiR or Tumor Suppressor? The Duplicity
of MicroRNAs in Cancer. Cancer Research, 2016. 76(13): p. 3666-3670.

Novakova, J., et al., MicroRNA involvement in glioblastoma pathogenesis. Biochemical and
Biophysical Research Communications, 2009. 386(1): p. 1-5.

Bhere, D., et al., microRNA-7 upregulates death receptor 5 and primes resistant brain tumors
to caspase-mediated apoptosis. Neuro-Oncology, 2017. 20(2): p. 215-224.

Kefas, B., et al., microRNA-7 inhibits the epidermal growth factor receptor and the Akt
pathway and is down-regulated in glioblastoma. Cancer Research, 2008. 68(10): p. 3566-
3572.

[270]



659.

660.

661.

662.

663.

664.

665.

666.

667.

668.

669.

670.

671.

672.

673.

674.

675.

676.

677.

678.

Kouri, F.M., C. Ritner, and A.H. Stegh, miRNA-182 and the regulation of the glioblastoma
phenotype - toward miRNA-based precision therapeutics. Cell Cycle, 2015. 14(24): p. 3794-
800.

Nie, X., et al., MicroRNA-562 negatively regulated c-MET/AKT pathway in the growth of
glioblastoma cells. OncoTargets and therapy, 2018. 12: p. 41-49.

Xue, J., et al., miR-182-5p Induced by STAT3 Activation Promotes Glioma Tumorigenesis.
Cancer Research, 2016. 76(14): p. 4293-4304.

Shi, L., et al., MiR-21 protected human glioblastoma U87MG cells from chemotherapeutic
drug temozolomide induced apoptosis by decreasing Bax/Bcl-2 ratio and caspase-3 activity.
Brain Research, 2010. 1352: p. 255-264.

Chao, T.-f., et al., MiR-21 mediates the radiation resistance of glioblastoma cells by
regulating PDCD4 and hMSH2. Journal of Huazhong University of Science and Technology
[Medical Sciences], 2013. 33(4): p. 525-529.

Ujifuku, K., et al., miR-195, miR-455-3p and miR-10a * are implicated in acquired
temozolomide resistance in glioblastoma multiforme cells. Cancer Letters, 2010. 296(2): p.
241-248.

Li, P., et al., MiR-181b suppresses proliferation of and reduces chemoresistance to
temozolomide in U87 glioma stem cells. Journal of Biomedical Research, 2010. 24(6): p. 436-
443,

Li, W., et al., miR-221/222 Confers Radioresistance in Glioblastoma Cells Through Activating
Akt Independent of PTEN Status. Current Molecular Medicine, 2014. 14(1): p. 185-195.
Besse, A, et al., MiR-338-5p sensitizes glioblastoma cells to radiation through regulation of
genes involved in DNA damage response. Tumor Biology, 2016. 37(6): p. 7719-7727.

Hayes, J., et al., A validated microRNA profile with predictive potential in glioblastoma
patients treated with bevacizumab. Molecular Oncology, 2016. 10(8): p. 1296-1304.
Ilhan-Mutlu, A., et al., Comparison of microRNA expression levels between initial and
recurrent glioblastoma specimens. Journal of Neuro-Oncology, 2013. 112(3): p. 347-354.
Zhang, W., et al., Whole-genome microRNA expression profiling identifies a 5-microRNA
signature as a prognostic biomarker in Chinese patients with primary glioblastoma
multiforme. Cancer, 2013. 119(4): p. 814-24.

Parker, N.R., et al., Correlation of MicroRNA 132 Up-requlation with an Unfavorable Clinical
Outcome in Patients with Primary Glioblastoma Multiforme Treated with Radiotherapy Plus
Concomitant and Adjuvant Temozolomide Chemotherapy. Transl Oncol, 2013. 6(6): p. 742-8.
Areeb, Z., et al., MicroRNA as potential biomarkers in Glioblastoma. Journal of Neuro-
Oncology, 2015. 125(2): p. 237-248.

Amini-Farsani, Z., et al., MiR-221/222 promote chemoresistance to cisplatin in ovarian cancer
cells by targeting PTEN/PI3K/AKT signaling pathway. Cytotechnology, 2018. 70(1): p. 203-
213.

Kim, J., et al.,, miR-221 regulates CD44 in hepatocellular carcinoma through the PI3K-AKT-
mTOR pathway. Biochemical and Biophysical Research Communications, 2017. 487(3): p.
709-715.

Liu, K., L. Wang, and E. Sun, Prognostic value of miR-221 in human malignancy: evidence
from 3041 subjects. BMC Cancer, 2019. 19(1): p. 867.

Jin, Z., et al., Serum expression level of miR-504 can differentiate between glioblastoma
multiforme and solitary brain metastasis of non-small cell lung carcinoma. J buon, 2017.
22(2): p. 474-480.

Swellam, M., et al., Clinical impact of circulating oncogenic MiRNA-221 and MiRNA-222 in
glioblastoma multiform. Journal of Neuro-Oncology, 2019. 144(3): p. 545-551.

Yang, J.-K., et al., Exosomal miR-221 targets DNM3 to induce tumor progression and
temozolomide resistance in glioma. Journal of Neuro-Oncology, 2017. 131(2): p. 255-265.

[271]



679.

680.

681.

682.

683.

684.

685.

686.

687.

688.

689.

690.

691.

692.

693.

694.

695.

696.

697.

698.

699.

700.

701.

Visani, M., et al., Expression of 19 microRNAs in glioblastoma and comparison with other
brain neoplasia of grades I—lll. Molecular Oncology, 2014. 8(2): p. 417-430.

Slaby, O., et al., MicroRNA-181 family predicts response to concomitant chemoradiotherapy
with temozolomide in glioblastoma patients. Neoplasma, 2010. 57(3): p. 264-9.

Zhang, C., et al., High level of miR-221/222 confers increased cell invasion and poor prognosis
in glioma. Journal of Translational Medicine, 2012. 10(1): p. 119.

Lukiw, W.J., et al., Up-regulation of micro-RNA-221 (miRNA-221; chr Xp11.3) and caspase-3
accompanies down-regulation of the survivin-1 homolog BIRC1 (NAIP) in glioblastoma
multiforme (GBM). ) Neurooncol, 2009. 91(1): p. 27-32.

Hua, Y., et al., miRConnect 2.0: identification of oncogenic, antagonistic miRNA families in
three human cancers. BMC Genomics, 2013. 14(1): p. 179.

Srinivasan, S., I.R. Patric, and K. Somasundaram, A ten-microRNA expression signature
predicts survival in glioblastoma. PLoS One, 2011. 6(3): p. e17438.

Chen, Y.-Y,, et al., Upregulation of miR-125b, miR-181d, and miR-221 Predicts Poor Prognosis
in MGMT Promoter-Unmethylated Glioblastoma Patients. American Journal of Clinical
Pathology, 2018. 149(5): p. 412-417.

Quintavalle, C., et al., miR-221/222 Target the DNA Methyltransferase MGMT in Glioma
Cells. PLOS ONE, 2013. 8(9): p. e74466.

Quintavalle, C., et al., miR-221/222 overexpession in human glioblastoma increases
invasiveness by targeting the protein phosphate PTPu. Oncogene, 2012. 31(7): p. 858-868.
Chen, L., et al., Downregulation of miR-221/222 sensitizes glioma cells to temozolomide by
regulating apoptosis independently of p53 status. Oncol Rep, 2012. 27(3): p. 854-60.

Hao, J., et al., miR-221/222 is the regulator of Cx43 expression in human glioblastoma cells.
Oncol Rep, 2012. 27(5): p. 1504-10.

Munoz, J.L., et al., Temozolomide resistance in glioblastoma cells occurs partly through
epidermal growth factor receptor-mediated induction of connexin 43. Cell Death & Amp;
Disease, 2014.5: p. e1145.

Aldaz, B., et al., Involvement of miRNAs in the Differentiation of Human Glioblastoma
Multiforme Stem-Like Cells. PLOS ONE, 2013. 8(10): p. e77098.

Xie, Q., et al., MicroRNA-221 targeting PI3-K/Akt signaling axis induces cell proliferation and
BCNU resistance in human glioblastoma. Neuropathology, 2014. 34(5): p. 455-464.

Zhang, C., et al., Co-suppression of miR-221/222 cluster suppresses human glioma cell
growth by targeting p27kip1 in vitro and in vivo. Int J Oncol, 2009. 34(6): p. 1653-60.

Xu, C.-H., et al., Silencing microRNA-221/222 cluster suppresses glioblastoma angiogenesis
by suppressor of cytokine signaling-3-dependent JAK/STAT pathway. Journal of Cellular
Physiology, 2019. 234(12): p. 22272-22284.

Zhang, C.-Z., et al., MiR-221 and miR-222 target PUMA to induce cell survival in glioblastoma.
Molecular Cancer, 2010. 9(1): p. 229.

Gillies, J.K. and I.A.J. Lorimer, Regulation of p27Kip1 by miRNA 221/222 in Glioblastoma. Cell
Cycle, 2007. 6(16): p. 2005-2009.

le Sage, C., et al., Regulation of the p27Kip1 tumor suppressor by miR-221 and miR-222
promotes cancer cell proliferation. The EMBO Journal, 2007. 26(15): p. 3699-3708.

Galardi, S., et al., CPEB1 restrains proliferation of Glioblastoma cells through the regulation
of p27Kip1 mRNA translation. Scientific Reports, 2016. 6(1): p. 25219.

Galardi, S., et al., NF-kB and c-Jun induce the expression of the oncogenic miR-221 and miR-
222 in prostate carcinoma and glioblastoma cells. Nucleic Acids Research, 2011. 39(9): p.
3892-3902.

Medina, R., et al., MicroRNAs 221 and 222 Bypass Quiescence and Compromise Cell Survival.
Cancer Research, 2008. 68(8): p. 2773-2780.

Burgoyne, A.M., et al., PTPmu suppresses glioma cell migration and dispersal. Neuro-
oncology, 2009. 11(6): p. 767-778.

[272]



702.

703.

704.

705.

706.

707.

708.

709.

710.

711.

712.

713.

714.

715.

716.

717.

718.

719.

720.

721.

722.

723.

Yang, F., et al., MiR-221/222 promote human glioma cell invasion and angiogenesis by
targeting TIMP2. Tumor Biology, 2015. 36(5): p. 3763-3773.

Cai, G., S. Qiao, and K. Chen, Suppression of miR-221 inhibits glioma cells proliferation and
invasion via targeting SEMA3B. Biological research, 2015. 48(1): p. 37-37.

Yao, D., C. Dai, and S. Peng, Mechanism of the Mesenchymal—Epithelial Transition and Its
Relationship with Metastatic Tumor Formation. Molecular Cancer Research, 2011. 9(12): p.
1608-1620.

Gheldof, A. and G. Berx, Chapter Fourteen - Cadherins and Epithelial-to-Mesenchymal
Transition, in Progress in Molecular Biology and Translational Science, F. van Roy, Editor.
2013, Academic Press. p. 317-336.

Gonzalez, D.M. and D. Medici, Signaling mechanisms of the epithelial-mesenchymal
transition. Science signaling, 2014. 7(344): p. re8-re8.

Perego, C,, et al., Invasive behaviour of glioblastoma cell lines is associated with altered
organisation of the cadherin-catenin adhesion system. Journal of Cell Science, 2002. 115(16):
p. 3331-3340.

Asano, K., et al., Correlation of N-cadherin expression in high grade gliomas with tissue
invasion. ) Neurooncol, 2004. 70(1): p. 3-15.

Noh, M.-G., et al., Prognostic significance of E-cadherin and N-cadherin expression in
Gliomas. BMC cancer, 2017. 17(1): p. 583-583.

Satelli, A. and S. Li, Vimentin in cancer and its potential as a molecular target for cancer
therapy. Cellular and Molecular Life Sciences, 2011. 68(18): p. 3033-3046.

Lin, L., et al., Analysis of expression and prognostic significance of vimentin and the response
to temozolomide in glioma patients. Tumour Biol, 2016. 37(11): p. 15333-15339.

Zhao, J., et al., High Expression of Vimentin is Associated With Progression and a Poor
Outcome in Glioblastoma. Appl Immunohistochem Mol Morphol, 2018. 26(5): p. 337-344.
Han, Y., et al., Overexpression of c-Met increases the tumor invasion of human prostate
LNCaP cancer cells in vitro and in vivo. Oncology letters, 2014. 8(4): p. 1618-1624.

Chen, C., et al., The biology and role of CD44 in cancer progression: therapeutic implications.
Journal of hematology & oncology, 2018. 11(1): p. 64-64.

Orian-Rousseau, V., et al., CD44 is required for two consecutive steps in HGF/c-Met signaling.
Genes & development, 2002. 16(23): p. 3074-3086.

Olsson, E., et al., CD44 isoforms are heterogeneously expressed in breast cancer and
correlate with tumor subtypes and cancer stem cell markers. BMC cancer, 2011. 11: p. 418-
418.

Ma, L., L. Dong, and P. Chang, CD44v6 engages in colorectal cancer progression. Cell Death &
Disease, 2019. 10(1): p. 30.

Wei, K.C,, et al., Evaluation of the prognostic value of CD44 in glioblastoma multiforme.
Anticancer Res, 2010. 30(1): p. 253-9.

Guadagno, E., et al., Immunohistochemical expression of stem cell markers CD44 and nestin
in glioblastomas: Evaluation of their prognostic significance. Pathol Res Pract, 2016. 212(9):
p. 825-32.

Tsidulko, A.Y., et al., Prognostic relevance of NG2/CSPG4, CD44 and Ki-67 in patients with
glioblastoma. Tumour Biol, 2017. 39(9): p. 1010428317724282.

Zhou, J., et al., CD44 Expression Predicts Prognosis of Ovarian Cancer Patients Through
Promoting Epithelial-Mesenchymal Transition (EMT) by Regulating Snail, ZEB1, and Caveolin-
1. Frontiers in oncology, 2019. 9: p. 802-802.

Wang, Z., et al., The Prognostic and Clinical Value of CD44 in Colorectal Cancer: A Meta-
Analysis. Frontiers in oncology, 2019. 9: p. 309-309.

Wang, H., et al., CD44(+)/CD24(-) phenotype predicts a poor prognosis in triple-negative
breast cancer. Oncology letters, 2017. 14(5): p. 5890-5898.

[273]



724.

725.

726.

727.

728.

729.

730.

731.

732.

733.

734.

735.

736.

737.

738.

739.

740.

741.

742.

743.

Felipe Lima, J., et al., EMT in Breast Carcinoma-A Review. Journal of clinical medicine, 2016.
5(7): p. 65.

Weller, M., et al., Individualized targeted therapy for glioblastoma: fact or fiction? Cancer J,
2012. 18(1): p. 40-4.

Miller, J.J. and P.Y. Wen, Emerging targeted therapies for glioma. Expert Opinion on
Emerging Drugs, 2016. 21(4): p. 441-452.

Chen, R., A.L. Cohen, and H. Colman, Targeted Therapeutics in Patients With High-Grade
Gliomas: Past, Present, and Future. Current Treatment Options in Oncology, 2016. 17(8): p.
42.

Ji, W., B. Sun, and C. Su, Targeting MicroRNAs in Cancer Gene Therapy. Genes, 2017. 8(1): p.
21.

Brandes, A.A,, et al., Recurrence Pattern After Temozolomide Concomitant With and
Adjuvant to Radiotherapy in Newly Diagnosed Patients With Glioblastoma: Correlation With
MGMT Promoter Methylation Status. Journal of Clinical Oncology, 2009. 27(8): p. 1275-1279.
Milano, M.T., et al., Patterns and timing of recurrence after temozolomide-based
chemoradiation for glioblastoma. International Journal of Radiation Oncology Biology
Physics, 2010. 78(4): p. 1147-1155.

Kong, D.-S., et al., Phase Il trial of low-dose continuous (metronomic) treatment of
temozolomide for recurrent glioblastoma. Neuro-Oncology, 2010. 12(3): p. 289-296.
Bogdanowicz, B.S., M.A. Hoch, and M.E. Hartranft, Flipped script for gefitinib: A reapproved
tyrosine kinase inhibitor for first-line treatment of epidermal growth factor receptor
mutation positive metastatic nonsmall cell lung cancer. Journal of Oncology Pharmacy
Practice, 2017. 23(3): p. 203-214.

Liu, Q., et al., Berberine Induces Senescence of Human Glioblastoma Cells by Downregulating
the EGFR—MEK—ERK Signaling Pathway. Molecular Cancer Therapeutics, 2015. 14(2): p. 355-
363.

Bi, Y., et al., Interleukin-22 promotes lung cancer cell proliferation and migration via the IL-
22R1/STAT3 and IL-22R1/AKT signaling pathways. Molecular and Cellular Biochemistry,
2016. 415(1): p. 1-11.

Li, P., et al., Interleukin-22 Promotes Osteosarcoma Cell Proliferation and Invasion via STAT3
Activation. Med Sci Monit, 2018. 24: p. 7802-7808.

Wang, S., et al., Interleukin-22 promotes triple negative breast cancer cells migration and
paclitaxel resistance through JAK-STAT3/MAPKs/AKT signaling pathways. Biochemical and
Biophysical Research Communications, 2018. 503(3): p. 1605-1609.

Sheikhpour, E., et al., A Survey on the Role of Interleukin-10 in Breast Cancer: A Narrative.
Reports of biochemistry & molecular biology, 2018. 7(1): p. 30-37.

Fung, C., et al., EGFR tyrosine kinase inhibition induces autophagy in cancer cells. Cancer
biology & therapy, 2012. 13(14): p. 1417-1424.

Palumbo, S., et al., Different Involvement of Autophagy in Human Malignant Glioma Cell
Lines Undergoing Irradiation and Temozolomide Combined Treatments. Journal of Cellular
Biochemistry, 2012. 113(7): p. 2308-2318.

Filippi-Chiela, E.C., et al., Single-cell analysis challenges the connection between autophagy
and senescence induced by DNA damage. Autophagy, 2015. 11(7): p. 1099-1113.

Cheng, Y., et al., MK-2206, a Novel Allosteric Inhibitor of Akt, Synergizes with Gefitinib
against Malignant Glioma via Modulating Both Autophagy and Apoptosis. Molecular Cancer
Therapeutics, 2012. 11(1): p. 154-164.

Sugita, S., et al., EGFR-independent autophagy induction with gefitinib and enhancement of
its cytotoxic effect by targeting autophagy with clarithromycin in non-small cell lung cancer
cells. Biochemical and Biophysical Research Communications, 2015. 461(1): p. 28-34.

Foo, J. and F. Michor, Evolution of acquired resistance to anti-cancer therapy. Journal of
Theoretical Biology, 2014. 355: p. 10-20.

[274]



744.

745.

746.

747.

748.

749.

750.

751.

752.

753.

754.

755.

756.

757.

758.

759.

760.

761.

762.

763.

764.

765.

Friess, T., W. Scheuer, and M. Hasmann, Erlotinib antitumor activity in non-small cell lung
cancer models is independent of HER1 and HER2 overexpression. Anticancer Res, 2006.
26(5a): p. 3505-12.

Abdallah, B.Y., et al., Single cell heterogeneity: why unstable genomes are incompatible with
average profiles. Cell cycle (Georgetown, Tex.), 2013. 12(23): p. 3640-3649.

Campoy, E.M,, et al., Intratumor heterogeneity index of breast carcinomas based on DNA
methylation profiles. BMC cancer, 2019. 19(1): p. 328-328.

Shinojima, N., et al., Prognostic Value of Epidermal Growth Factor Receptor in Patients with
Glioblastoma Multiforme. Cancer Research, 2003. 63(20): p. 6962-6970.

Hobbs, J., et al., Paradoxical relationship between the degree of EGFR amplification and
outcome in glioblastomas. Am J Surg Pathol, 2012. 36(8): p. 1186-93.

van den Bent, M.J., et al., Changes in the EGFR amplification and EGFRvIIl expression
between paired primary and recurrent glioblastomas. Neuro-oncology, 2015. 17(7): p. 935-
941.

Montano, N., et al., Expression of EGFRvIII in glioblastoma: prognostic significance revisited.
Neoplasia (New York, N.Y.), 2011. 13(12): p. 1113-1121.

Calin, G.A,, et al., Frequent deletions and down-regulation of micro- RNA genes miR15 and
miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A, 2002. 99(24): p.
15524-9.

Wang, V. and W. Wu, MicroRNA-Based Therapeutics for Cancer. BioDrugs, 2009. 23(1): p. 15-
23.

Hosseinahli, N., et al., Treating cancer with microRNA replacement therapy: A literature
review. Journal of Cellular Physiology, 2018. 233(8): p. 5574-5588.

Tian, R., et al., Differential expression of miR16 in glioblastoma and glioblastoma stem cells:
their correlation with proliferation, differentiation, metastasis and prognosis. Oncogene,
2017.36(42): p. 5861-5873.

Papagiannakopoulos, T., A. Shapiro, and K.S. Kosik, MicroRNA-21 Targets a Network of Key
Tumor-Suppressive Pathways in Glioblastoma Cells. Cancer Research, 2008. 68(19): p. 8164-
8172.

Luo, G., et al., MicroRNA-21 promotes migration and invasion of glioma cells via activation of
Sox2 and B-catenin signaling. Molecular medicine reports, 2017. 15(1): p. 187-193.

Zhang, K.-L., et al., MicroRNA-566 activates EGFR signaling and its inhibition sensitizes
glioblastoma cells to nimotuzumab. Molecular Cancer, 2014. 13(1): p. 63.

Serna, E., et al., Correlation between EGFR Amplification and the Expression of MicroRNA-
200c in Primary Glioblastoma Multiforme. PLOS ONE, 2014. 9(7): p. €102927.

Kim, J., et al., microRNA-148a Is a Prognostic oncomiR That Targets MIG6 and BIM to
Regulate EGFR and Apoptosis in Glioblastoma. Cancer Research, 2014. 74(5): p. 1541-1553.
Xu, F., et al., Growth of glioblastoma is inhibited by miR-133-mediated EGFR suppression.
Tumor Biology, 2015. 36(12): p. 9553-9558.

Rao, S.A.M., et al., miR-219-5p Inhibits Receptor Tyrosine Kinase Pathway by Targeting EGFR
in Glioblastoma. PLOS ONE, 2013. 8(5): p. e63164.

Fukumoto, I., et al., The tumor-suppressive microRNA-23b/27b cluster regulates the MET
oncogene in oral squamous cell carcinoma. Int ) Oncol, 2016. 49(3): p. 1119-29.

Jia, Y.J., et al., HDAC6 regulates microRNA-27b that suppresses proliferation, promotes
apoptosis and target MET in diffuse large B-cell ymphoma. Leukemia, 2018. 32(3): p. 703-
711.

Li, S., et al., MiR-520b/e Regulates Proliferation and Migration by Simultaneously Targeting
EGFR in Gastric Cancer. Cellular Physiology and Biochemistry, 2016. 40(6): p. 1303-1315.
Wang, L., et al., miR-573 is a negative regulator in the pathogenesis of rheumatoid arthritis.
Cellular & Molecular Immunology, 2016. 13(6): p. 839-849.

[275]



766.

767.

768.

769.

770.

771.

772.

773.

774.

775.

776.

777.

778.

779.

780.

781.

782.

783.

784.

785.

Chiyomaru, T., et al., Genistein Up-Regulates Tumor Suppressor MicroRNA-574-3p in
Prostate Cancer. PLoS ONE, 2013. 8(3).

Zhang, Y., et al., microRNA-874 suppresses tumor proliferation and metastasis in
hepatocellular carcinoma by targeting the DOR/EGFR/ERK pathway. Cell Death & Disease,
2018.9(2): p. 130.

Garofalo, M., et al., EGFR and MET receptor tyrosine kinase—altered microRNA expression
induces tumorigenesis and gefitinib resistance in lung cancers. Nature Medicine, 2012. 18(1):
p. 74-82.

Stinson, S., et al., TRPS1 Targeting by miR-221/222 Promotes the Epithelial-to-Mesenchymal
Transition in Breast Cancer. Science Signaling, 2011. 4(177): p. ra41-ra4l.

Ali, S., et al., Inactivation of Ink4a/Arf leads to deregulated expression of miRNAs in K-Ras
transgenic mouse model of pancreatic cancer. Journal of Cellular Physiology, 2012. 227(10):
p. 3373-3380.

Qin, Q., et al., miR-134 inhibits non-small cell lung cancer growth by targeting the epidermal
growth factor receptor. Journal of Cellular and Molecular Medicine, 2016. 20(10): p. 1974-
1983.

El-Daly, S.M., et al., miRs-134 and -370 function as tumor suppressors in colorectal cancer by
independently suppressing EGFR and PI3K signalling. Scientific Reports, 2016. 6: p. 24720.
Wang, P., et al., MicroRNA-107-5p suppresses non-small cell lung cancer by directly targeting
oncogene epidermal growth factor receptor. Oncotarget, 2017. 8(34): p. 57012-57023.
Korhan, P., E. Erdal, and N. Atabey, miR-181a-5p is downregulated in hepatocellular
carcinoma and suppresses motility, invasion and branching-morphogenesis by directly
targeting c-Met. Biochemical and Biophysical Research Communications, 2014. 450(4): p.
1304-1312.

Li, N., et al., miR-34a inhibits migration and invasion by down-regulation of c-Met expression
in human hepatocellular carcinoma cells. Cancer Lett, 2009. 275(1): p. 44-53.

Silber, J., et al., miR-34a Repression in Proneural Malignant Gliomas Upregulates Expression
of Its Target PDGFRA and Promotes Tumorigenesis. PLOS ONE, 2012. 7(3): p. e33844.
Brognara, E., et al., High levels of apoptosis are induced in human glioma cell lines by co-
administration of peptide nucleic acids targeting miR-221 and miR-222. Int J Oncol, 2016.
48(3): p. 1029-38.

Xu, W., Z. Yang, and N. Lu, A new role for the PI3K/Akt signaling pathway in the epithelial-
mesenchymal transition. Cell Adh Migr, 2015. 9(4): p. 317-24.

Wendt, M.K,, et al., STAT3 and epithelial-mesenchymal transitions in carcinomas. JAK-STAT,
2014. 3(1): p. €28975-e28975.

Navandar, M., et al., ERK signalling modulates epigenome to drive epithelial to mesenchymal
transition. Oncotarget, 2017. 8(17): p. 29269-29281.

Abba, M.L., et al., MicroRNA Regulation of Epithelial to Mesenchymal Transition. Journal of
clinical medicine, 2016. 5(1): p. 8.

Li, T., et al., MiR-221 mediates the epithelial-mesenchymal transition of hepatocellular
carcinoma by targeting AdipoR1. Int J Biol Macromol, 2017. 103: p. 1054-1061.

Li, J., et al., miR-221 Promotes Epithelial-Mesenchymal Transition through Targeting PTEN
and Forms a Positive Feedback Loop with 8-catenin/c-Jun Signaling Pathway in Extra-Hepatic
Cholangiocarcinoma. PloS one, 2015. 10(10): p. e0141168-e0141168.

Liang, Y.-K., et al., MiR-221/222 promote epithelial-mesenchymal transition by targeting
Notch3 in breast cancer cell lines. npj Breast Cancer, 2018. 4(1): p. 20.

Pan, H., et al., Long non-coding RNA BC087858 induces non-T790M mutation acquired
resistance to EGFR-TKIs by activating PI3K/AKT and MEK/ERK pathways and EMT in non-
small-cell lung cancer. Oncotarget, 2016. 7(31): p. 49948-49960.

[276]



786.

787.

788.

789.

790.

791.

792.

793.

794.

795.

796.

797.

798.

799.

800.

801.

802.

803.

804.

805.

806.

Wang, Z., et al., Acquisition of epithelial-mesenchymal transition phenotype of gemcitabine-
resistant pancreatic cancer cells is linked with activation of the notch signaling pathway.
Cancer Res, 2009. 69(6): p. 2400-7.

Kajiyama, H., et al., Chemoresistance to paclitaxel induces epithelial-mesenchymal transition
and enhances metastatic potential for epithelial ovarian carcinoma cells. Int J Oncol, 2007.
31(2): p. 277-83.

Stanzani, E., et al., Radioresistance of mesenchymal glioblastoma initiating cells correlates
with patient outcome and is associated with activation of inflammatory program.
Oncotarget, 2017. 8(43).

Meng, J., et al., A radiosensitivity gene signature in predicting glioma prognostic via EMT
pathway. Oncotarget, 2014. 5(13): p. 4683-93.

Kubelt, C., et al., Epithelial-to-mesenchymal transition in paired human primary and
recurrent glioblastomas. Int J Oncol, 2015. 46(6): p. 2515-25.

Parker, J.J., et al., Gefitinib selectively inhibits tumor cell migration in EGFR-amplified human
glioblastoma. Neuro-Oncology, 2013. 15(8): p. 1048-1057.

Awad, A.J,, et al., Targeting MET for glioma therapy. Neurosurgical Focus, 2014. 37(6): p. 7.
Zhou, Y.C,, et al., lonizing radiation promotes migration and invasion of cancer cells through
transforming growth factor-beta-mediated epithelial-mesenchymal transition. Int J Radiat
Oncol Biol Phys, 2011. 81(5): p. 1530-7.

Wee, P. and Z. Wang, Epidermal Growth Factor Receptor Cell Proliferation Signaling
Pathways. Cancers (Basel), 2017. 9(5).

Thomson, S., et al., Kinase switching in mesenchymal-like non-small cell lung cancer lines
contributes to EGFR inhibitor resistance through pathway redundancy. Clinical &
Experimental Metastasis, 2008. 25(8): p. 843-854.

Jechlinger, M., et al., Autocrine PDGFR signaling promotes mammary cancer metastasis. The
Journal of Clinical Investigation, 2006. 116(6): p. 1561-1570.

Fortier, A.-M., et al., Akt isoforms regulate intermediate filament protein levels in epithelial
carcinoma cells. FEBS Letters, 2010. 584(5): p. 984-988.

Yu, C., et al., Metadherin regulates metastasis of squamous cell carcinoma of the head and
neck via AKT signalling pathway-mediated epithelial-mesenchymal transition. Cancer
Letters, 2014. 343(2): p. 258-267.

Zhu, Q.S,, et al., Vimentin is a novel AKT1 target mediating motility and invasion. Oncogene,
2011. 30(4): p. 457-470.

Wang, R.C,, et al., Akt-Mediated Regulation of Autophagy and Tumorigenesis Through Beclin
1 Phosphorylation. Science, 2012. 338(6109): p. 956-959.

Rieger-Christ, K.M., et al., Novel expression of N-cadherin elicits in vitro bladder cell invasion
via the Akt signaling pathway. Oncogene, 2004. 23(27): p. 4745-4753.

Ciolczyk-Wierzbicka, D., D. Gil, and P. Laidler, The Inhibition of Cell Proliferation Using
Silencing of N-Cadherin Gene by siRNA Process in Human Melanoma Cell Lines. Current
Medicinal Chemistry, 2012. 19(1): p. 145-151.

Nalla, A.K., et al., N-cadherin mediates angiogenesis by regulating monocyte
chemoattractant protein-1 expression via PI3K/Akt signaling in prostate cancer cells.
Experimental Cell Research, 2011. 317(17): p. 2512-2521.

Ma, Y.-S., et al., DRR1 promotes glioblastoma cell invasion and epithelial-mesenchymal
transition via regulating AKT activation. Cancer Letters, 2018. 423: p. 86-94.

Feng, C., et al., Regulatory factor X1 is a new tumor suppressive transcription factor that acts
via direct downregulation of CD44 in glioblastoma. Neuro-Oncology, 2014. 16(8): p. 1078-
1085.

Jijiwa, M., et al., CD44v6 Regulates Growth of Brain Tumor Stem Cells Partially through the
AKT-Mediated Pathway. PLOS ONE, 2011. 6(9): p. e24217.

[277]



807.

808.

809.

810.

811.

812.

813.

814.

815.

816.

817.

818.

819.

820.

821.

822.

823.

824.

825.

826.

Munoz, J.L., et al., Delivery of Functional Anti-miR-9 by Mesenchymal Stem Cell-derived
Exosomes to Glioblastoma Multiforme Cells Conferred Chemosensitivity. Molecular therapy.
Nucleic acids, 2013. 2(10): p. e126-e126.

Qi, X.-c., et al., LRIG1 dictates the chemo-sensitivity of temozolomide (TMZ) in U251
glioblastoma cells via down-regulation of EGFR/topoisomerase-2/Bcl-2. Biochemical and
Biophysical Research Communications, 2013. 437(4): p. 565-572.

Hingorani, M., et al., Hypofractionated radiotherapy for glioblastoma: strategy for poor-risk
patients or hope for the future? The British journal of radiology, 2012. 85(1017): p. e770-
e781.

Stommel, J.M., et al., Coactivation of Receptor Tyrosine Kinases Affects the Response of
Tumor Cells to Targeted Therapies. Science, 2007. 318(5848): p. 287-290.

Szerlip, N.J., et al., Intratumoral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA
amplification in glioblastoma defines subpopulations with distinct growth factor response.
Proceedings of the National Academy of Sciences of the United States of America, 2012.
109(8): p. 3041-3046.

Clark, P.A., et al., Activation of multiple ERBB family receptors mediates glioblastoma cancer
stem-like cell resistance to EGFR-targeted inhibition. Neoplasia (New York, N.Y.), 2012. 14(5):
p. 420-428.

Chakravarti, A., J.S. Loeffler, and N.J. Dyson, Insulin-like Growth Factor Receptor | Mediates
Resistance to Anti-Epidermal Growth Factor Receptor Therapy in Primary Human
Glioblastoma Cells through Continued Activation of Phosphoinositide 3-Kinase Signaling.
Cancer Research, 2002. 62(1): p. 200-207.

Guo, G,, et al., A TNF-INK-AxI—ERK signaling axis mediates primary resistance to EGFR
inhibition in glioblastoma. Nature Neuroscience, 2017. 20: p. 1074.

Azuaje, F., K. Tiemann, and S.P. Niclou, Therapeutic control and resistance of the EGFR-driven
signaling network in glioblastoma. Cell communication and signaling : CCS, 2015. 13: p. 23-
23.

Zhang, Y., et al., XL-184, a MET, VEGFR-2 and RET kinase inhibitor for the treatment of
thyroid cancer, glioblastoma multiforme and NSCLC. IDrugs : the investigational drugs
journal, 2010. 13(2): p. 112-121.

Ambrose, D., et al., Growth regulation of human glioblastoma t98g cells by insulin-like
growth factor-1 and its receptor. Journal of Cellular Physiology, 1994. 159(1): p. 92-100.

Lu, L., et al., Single agent efficacy of the VEGFR kinase inhibitor axitinib in preclinical models
of glioblastoma. Journal of Neuro-Oncology, 2015. 121(1): p. 91-100.

Kessler, T., et al., Glioma cell VEGFR-2 confers resistance to chemotherapeutic and
antiangiogenic treatments in PTEN-deficient glioblastoma. Oncotarget, 2015. 6(31).

Lin, Y., et al., Effects of combined radiosurgery and temozolomide therapy on epidermal
growth factor receptor and variant lll in glioblastoma multiforme. Oncology letters, 2018.
15(4): p. 5751-5759.

Wang, X., et al., Structural biology of shared cytokine receptors. Annual review of
immunology, 2009. 27: p. 29-60.

Ségaliny, A.l., et al., Receptor tyrosine kinases: Characterisation, mechanism of action and
therapeutic interests for bone cancers. Journal of bone oncology, 2015. 4(1): p. 1-12.
Tchirkov, A., et al., Interleukin-6 gene amplification and shortened survival in glioblastoma
patients. British Journal of Cancer, 2007. 96(3): p. 474-476.

Liu, Q., et al., IL-6 promotion of glioblastoma cell invasion and angiogenesis in U251 and
T98G cell lines. Journal of Neuro-Oncology, 2010. 100(2): p. 165-176.

Wang, H., et al., Targeting Interleukin 6 Signaling Suppresses Glioma Stem Cell Survival and
Tumor Growth. STEM CELLS, 2009. 27(10): p. 2393-2404.

Ishibashi, K., et al., Overriding TKI resistance of renal cell carcinoma by combination therapy
with IL-6 receptor blockade. Oncotarget, 2017. 8(33).

[278]



827.

828.

829.

830.

831.

832.

833.

834.

835.

836.

837.

838.

839.

840.

Chen, H.-Y., et al., Musashi-1 requlates AKT-derived IL-6 autocrinal/paracrinal malignancy
and chemoresistance in glioblastoma. Oncotarget, 2016. 7(27).

Akil, H., et al., IL22/IL-22R Pathway Induces Cell Survival in Human Glioblastoma Cells. PLOS
ONE, 2015. 10(3): p. e0119872.

Stanam, A., et al., Upregulated interleukin-6 expression contributes to erlotinib resistance in
head and neck squamous cell carcinoma. Mol Oncol, 2015. 9(7): p. 1371-83.

Liu, Y.-N., et al., IL-8 confers resistance to EGFR inhibitors by inducing stem cell properties in
lung cancer. Oncotarget, 2015. 6(12).

Masliantsev, K., et al., Impact of STAT3 phosphorylation in glioblastoma stem cells
radiosensitization and patient outcome. Oncotarget, 2017. 9(3).

So, J.Y,, et al., Targeting CD44-STAT3 Signaling by Gemini Vitamin D Analog Leads to
Inhibition of Invasion in Basal-Like Breast Cancer. PLoS ONE, 2013. 8(1).

Yu, S., et al., Adhesion glycoprotein CD44 functions as an upstream regulator of a network
connecting ERK, AKT and Hippo-YAP pathways in cancer progression. Oncotarget, 2015. 6(5):
p. 2951-65.

Chen, Y., et al., Inactivation of PI3-K/Akt and reduction of SP1 and p65 expression increase
the effect of solamargine on suppressing EP4 expression in human lung cancer cells. Journal
of Experimental & Clinical Cancer Research, 2015. 34(1): p. 154.

Yu, J., et al., PTEN regulation by Akt-EGR1-ARF-PTEN axis. The EMBO journal, 2009. 28(1): p.
21-33.

Li, J., et al., PI-3K and Akt are mediators of AP-1 induction by 5-MCDE in mouse epidermal
Cl41 cells. The Journal of Cell Biology, 2004. 165(1): p. 77-86.

Smith, A.M,, et al., ETS1 transcriptional activity is increased in advanced prostate cancer and
promotes the castrate-resistant phenotype. Carcinogenesis, 2012. 33(3): p. 572-580.

Bai, D., L. Ueno, and P.K. Vogt, Akt-mediated regulation of NFkappaB and the essentialness
of NFkappaB for the oncogenicity of PI3K and Akt. International journal of cancer, 2009.
125(12): p. 2863-2870.

Ortiz-Montero, P., A. Londofio-Vallejo, and J.-P. Vernot, Senescence-associated IL-6 and IL-8
cytokines induce a self- and cross-reinforced senescence/inflammatory milieu strengthening
tumorigenic capabilities in the MCF-7 breast cancer cell line. Cell communication and
signaling : CCS, 2017. 15(1): p. 17-17.

Riffo-Campos, A.L., I. Riquelme, and P. Brebi-Mieville, Tools for Sequence-Based miRNA
Target Prediction: What to Choose? International journal of molecular sciences, 2016.
17(12): p. 1987.

[279]



