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ABSTRACT

Isocitrate Dehydrogenase (IDH)-wildtype Glioblastoma (GBM) is the most common and
aggressive malignant primary brain tumour in adults, it has a very poor prognosis with a median
survival of 14.6 months. Several mechanisms account for the dismal outcome including: (i) The
activation of epidermal growth factor receptor (EGFR)-induced pathways in 40—-60% of primary
GBMs contributes to faulty DNA repair mechanisms. EGFR variant III (EGFRvVIII), the most
common mutation, results in a ligand-independent and constitutively active receptor and more
aggressive disease; (i1) An imbalance in reactive oxygen species (ROS) and antioxidants. The
antioxidant systems involving thioredoxin (Trx) and glutathione (GSH) play a key role in
regulating the intracellular redox balance to protect cells from ROS-induced damage. To keep the
redox balance and survive after therapy, cancer cells increase their antioxidant systems to
counteract their augmented ROS levels. Consequently, redox regulation represents a potential
therapeutic target to overcome drug-induced resistance in cancer. Thioredoxin Reductase 1
(TrxR1) is part of the Trx system, and it can decrease the level of ROS. High levels of TrxR1 are

correlated with cancer progression in many malignancies.

Auranofin is an FDA- approved drug for rheumatoid arthritis, it is very well tolerated, it
crosses the blood brain barrier (BBB) and primarily targets TrxR1 leading to ROS increase. We
hypothesized that auranofin as a ROS inducer might sensitize GBM cells to the cytotoxicity of
EGFR inhibitors. ZR2002 is a single combi-molecule designed to target EGFR with its tyrosine
kinase inhibitor moiety while inflicting DNA damage to overcome the protective effect of EGFR-
induced DNA repair. ZR2002 induces high levels of DNA damage with concomitant inhibition of

EGFR-mediated MAPK/ERK and PI3K/AKT signaling pathways. ZR2002 had significantly



higher cytotoxic activity than Temozolomide (TMZ) or gefitinib (clinically approved tyrosine
kinase inhibitor), it crossed the BBB and significantly increased survival in highly aggressive

intracranial mouse models of GBM.

Auranofin, gefitinib, and ZR2002 were assessed in U887MG, U8S7EGFRwt, and
US7EGFRVIII GBM cell lines. All cell lines treated with ZR2002 experienced cytotoxic effects at
very low concentrations. The combination index for auranofin and gefitinib indicated synergistic

effects at different ratios of their respective 1Csos, while this was not the case for auranofin and

ZR2002.

Auranofin produced cytotoxic effects at very low concentrations and reduced the
clonogenic potential. The cell death mechanism found was apoptosis which occurred in a dose-
dependent manner. Although auranofin increased EGFR phosphorylation, the phosphorylation of
AKT was significantly decreased. While auranofin did not decrease TrxR expression, it
significantly reduced TrxR activity in the three cell lines using low concentration. Auranofin
increased ROS levels in all cell lines and N-acetylcysteine (NAC), a ROS scavenger prevented its
cytotoxic effect, suggesting the main mechanism of action of auranofin is the elevation of ROS.
The results using a combination approach with auranofin provide the proof-of- concept to
implement a new strategy to overcome drug resistance in GBM patients. Using GBM cell lines
isogenic for EGFRwt and EGFRVIII, we provide the first evidence that auranofin equally
decreased their viability and clonogenic potential through an ROS-dependent mechanism. We
further demonstrate that auranofin together with L- buthionine sulfoximine (L-BSO) produces
synergistic lethality in GBM cells irrespective of the subtype of EGFRwt and EGFRvVIII
overexpression. These findings reveal EGFRwt and EGFRVIII as potential vulnerabilities for

Trx/GSH co-targeting in GBM.



RESUME

Le glioblastome de type sauvage (GBM) a isocitrate déshydrogénase (IDH) est la tumeur
cérébrale maligne primitive la plus courante et la plus agressive chez les adultes, il a un tres
mauvais pronostic avec une survie médiane de 14,6 mois. Plusieurs mécanismes expliquent ce
résultat lamentable, notamment : (i) L'activation des voies induites par le récepteur du facteur de
croissance épidermique (EGFR) dans 40 a 60 % des GBM primaires contribue a des mécanismes
défectueux de réparation de I'ADN. La variante III de I'EGFR (EGFRvIII), la mutation la plus
courante, aboutit a un récepteur indépendant du ligand et constitutivement actif et a une maladie
plus agressive ; (ii) Un déséquilibre entre les especes réactives de I’oxygene (ROS) et les
antioxydants. Les systémes antioxydants impliquant la thiorédoxine (Trx) et le glutathion (GSH)
jouent un role clé dans la régulation de I'équilibre rédox intracellulaire afin de protéger les cellules
des dommages induits par les ROS. Pour maintenir I’équilibre redox et survivre aprés le traitement,
les cellules cancéreuses augmentent leurs systémes antioxydants pour contrecarrer 1’augmentation
des niveaux de ROS. Par conséquent, la régulation redox représente une cible thérapeutique
potentielle pour vaincre la résistance induite par les médicaments dans le cancer. La thiorédoxine
réductase 1 (TrxR1) fait partie du systeéme Trx et peut diminuer le niveau de ROS. Des niveaux

¢levés de TrxR1 sont corrélés a la progression du cancer dans de nombreuses tumeurs malignes.

L'auranofine est un médicament approuvé par la FDA pour le traitement de la polyarthrite
rhumatoide. Il est trés bien toléré, il traverse la barriére hémato-encéphalique (BHE) et cible
principalement TrxR1, entrainant une augmentation des ROS. Nous avons émis 'hypothese que
l'auranofine, en tant qu'inducteur de ROS, pourrait sensibiliser les cellules GBM a la cytotoxicité

des inhibiteurs de 'EGFR. ZR2002 est une molécule combinée unique congue pour cibler 'EGFR



avec son fragment inhibiteur de tyrosine kinase tout en infligeant des dommages a I'ADN pour
surmonter l'effet protecteur de la réparation de 'ADN induite par 'EGFR. ZR2002 induit des
niveaux ¢levés de dommages a I' ADN avec une inhibition concomitante des voies de signalisation
MAPK/ERK et PI3K/AKT médi¢es par I'EGFR. Le ZR2002 avait une activité cytotoxique
significativement plus ¢élevée que le t¢émozolomide (TMZ) ou le géfitinib (inhibiteur de la tyrosine
kinase cliniquement approuvé), il a traversé la BHE et a significativement augment¢ la survie dans

des mod¢les murins intracraniens trés agressifs de GBM.

L'auranofine, le géfitinib et le ZR2002 ont été évalués dans les lignées cellulaires U87MG,
US7EGFRwt et US7EGFRVIII GBM. Toutes les lignées cellulaires traitées avec ZR2002 ont
présenté des effets cytotoxiques a de tres faibles concentrations. L'indice de combinaison de
l'auranofine et du géfitinib a indiqué des effets synergiques a différents rapports de leurs IC50

respectives, alors que ce n'était pas le cas pour l'auranofine et le ZR2002.

L'auranofine produit des effets cytotoxiques a de trés faibles concentrations et réduit le
potentiel clonogénique. Le mécanisme de mort cellulaire découvert était 1’apoptose, qui se
produisait de maniere dose-dépendante. Bien que l'auranofine ait augmenté la phosphorylation de
I'EGFR, la phosphorylation de I'AKT a été significativement diminuée. Bien que 'auranofine n'ait
pas diminu¢ l'expression de TrxR, elle a considérablement réduit 'activité de TrxR dans les trois
lignées cellulaires en utilisant une faible concentration. L'auranofine a augmenté les niveaux de
ROS dans toutes les lignées cellulaires et la N-acétylcystéine (NAC), un piégeur de ROS, a
empéeché son effet cytotoxique, ce qui suggere que le principal mécanisme d'action de 1'auranofine
est I'¢lévation des ROS. Les résultats utilisant une approche combinée avec l'auranofine
fournissent la preuve de concept pour mettre en ceuvre une nouvelle stratégie visant a vaincre la

résistance aux médicaments chez les patients atteints de GBM. En utilisant des lignées cellulaires



GBM isogéniques pour EGFRwt et EGFRVIII, nous fournissons la premiere preuve que
I'auranofine diminue également leur viabilité et leur potentiel clonogénique par le biais d'un
mécanisme dépendant des ROS. Nous démontrons en outre que l'auranofine et la L-butthionine
sulfoximine (L-BSO) produisent une Iétalité synergique dans les cellules GBM, quel que soit le
sous-type de surexpression d' EGFRwt et d' EGFRVIII. Ces résultats révelent EGFRwt et EGFRvVIII

comme vulnérabilités potentielles pour le co-ciblage Trx/GSH dans GBM.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

In this study, we report different targeting strategies to overcome compensatory
mechanisms in the context of EGFR wild type or EGFRVIII overexpression in
glioblastoma. Aberrant expression of EGFR is highly relevant, as EGFR alterations have
recently been used as a molecular criterion that is diagnostic in GBM despite the absence
of malignant histological features. The frequency of amplification and overexpression is
linked to the aggressive behaviour and dismal prognosis for this group of patients.

. Auranofin/L-BSO combination treatment has potent synergistic cytotoxicity against GBM
cell lines with aberrant EGFR expression through a ROS-dependent mechanism. This
combination induced downregulation of AKT and EGFR in US87EGFRVIII cells; these
effects were less evident in US7EGFRwt cells, which could explain the slightly less
sensitivity to the treatment combination. However, the combination of auranofin/L-BSO
effectively killed US7MG, US7TEGFRwt and U887EGFRVIII cells, rendering a synergistic
combination index in all cells. These results suggest that targeting TrxR and GSH pathways
is a promising strategy for treating EGFR-driven GBM tumours. We do not discard other
off-targeted mechanisms, and pleiotropic effects might be involved in this potent
combination. Additional studies are warranted to investigate co-targeting Trx and GSH
antioxidant systems as a therapeutic strategy in GBM.

. Antagonistic effects were observed in the combination of auranofin and ZR2002 when
treating US7MG, U87EGFRwt and US7EGFRVIII cells, despite both drugs being very
potent as single treatments. Although cytotoxic effects were evident in the simultaneous
drug co-treatment, the drug interaction analysis showed largely antagonistic and minor
additive effects. Whether direct drug-drug interaction or opposite downstream signalling

12



pathways are the mechanisms responsible remains unknown. A significant decrease in
vitality was observed during the first 24 hours of sequential treatment with ZR2002 for two
or four hours of pretreatment, followed by 72 hours treatment of auranofin. These suggest
that some drug incompatibilities may occur when auranofin and ZR2002 are used
simultaneously, and to overcome this issue, a sequential drug combination strategy may
lead to more efficient results.

Synergistic effects in vitro were also evident in the combination treatment of auranofin and
gefitinib in U87MG, US7EGFRwt and U87EGFRVIII cells. This finding is interesting as
both drugs are FDA-approved, and assessing the combination's efficacy in clinical trials
could be easier to perform. This also encourages evaluating new generations of tyrosine
kinase inhibitors that may lead to potentiation/sensitizing effects in GBM. Additional
studies are warranted to investigate this strategy combination preclinically in vivo and in
clinical trials.

A combi-molecule strategy, where two active moieties of different drugs with distinct
mechanisms of action are constructed in a single molecule, was assessed in two cancer cell
models. JS440 possesses gefitinib and PRIMA-1M** components while JS470 has moieties
of Olaparib and PRIMA-1M¢'; the combi-molecules JS440 and JS470 did not demonstrate
superior cytotoxic effects in comparison to their corresponding individual drugs added in
equimolar concentrations in GMB and ovarian cancer cells, respectively. Compared to the
ZR2002 combi-molecule, which has demonstrated a low ICsg in different cancer cells, the
combi-molecules JS440 and JS470 do not have a DNA-alkylating mechanism, which
suggests targeting DNA is still a relevant mechanism that combi-molecules need to include

to maximize lethality.
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1.1. Overview of glioblastoma (GBM)

Gliomas are the most common malignant primary brain tumors in adults comprising a vast
array of diseases. Among these, Glioblastoma CNS WHO grade 4 (GBM; previously known as
Glioblastoma multiforme) is the most aggressive and the most frequent primary tumor of the
central nervous system in adults (median age at diagnosis, 65 years) [1, 2]. The 2021 World Health
Organization classification requires both histological and molecular diagnoses for GBM, now
defined as a high-grade glioma harboring wild-type isocitrate dehydrogenase (IDH1 and IDH2)
genes [1, 2]. GBM are characterized by rapid progression and a dismal prognosis with a median
survival of less than 15-18 months from the initial diagnosis [3-6], thus underscoring the pressing
need for the development of more effective therapeutic approaches [7].

Over the past two decades, the introduction of temozolomide in conjunction with
radiotherapy and surgical resection has not substantially improved the life expectancy of patients
with GBM, prompting the need for new therapeutic opportunities. The current standard-of-care
involves maximal safe surgical resection, fractionated radiation therapy, and concurrent/adjuvant

temozolomide [8-10].

Large-scale studies such as The Cancer Genome Atlas (TCGA) and the Chinese Glioma
Genome Atlas (CGGA) revealed significant inter-tumoral heterogeneity (heterogeneity between
tumors) [11-14] when classifying GBM based on grouping the transcriptional profile into subtypes
(proneural, classical, and mesenchymal) [14, 15], each with distinct aggressiveness and treatment
responses. Subsequent research using single-cell sequencing revealed significant intra-tumoral
heterogeneity and temporal changes in driver mutations between paired primary and recurrent
GBM tumours [16]. Precision oncology analyses based on a limited number of targets have

struggled to address this complexity. Understanding the mechanisms behind molecular
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heterogeneity is crucial for developing effective therapeutic strategies and overcoming drug

resistance [17].

1.2. Epidemiology and outcome of GBM

The Central Brain Tumor Registry of the United States (CBTRUS) Statistical Report 2016-
2020 showed the average Annual Age-Adjusted Incidence Rate (AAAIR) of all malignant brain
and other Central Nervous System (CNS) tumors was 6.94/100,000 persons. The CBTRUS also
found the most common of all malignant CNS tumour histopathology was GBM (50.9%), having
an incidence rate of 3.27/100,000 population, with occurrence in males: 4.09 (4.05-4.14) being
higher than females: 2.55 (2.52-2.58) [18]. The most commonly diagnosed histopathologies in
older ages were GBM, meningiomas, and tumours of the pituitary (median age of 66, 67, and 51
years, respectively) [18].

The five-year relative survival rate following diagnosis of a malignant brain and other CNS
tumors was 35.7%, being highest in persons aged 0-14 years (75.0%) and 15-39 years (71.9%) in
comparison to those aged 40+ years (21.1%) [18]. These statistics were obtained using criteria
from 2016 World Health Organization (WHO) Classification of Tumours of the Central Nervous
System (WHO-CNS4).

In Canada, glioblastoma has been the most commonly diagnosed neuroepithelial tumour
with an AAAIR 2010-2017 0f4.01/100,000 (excluding Quebec, where data is not collected by the
Canadian Cancer Registry (CCR) due to the lack of an agreement on data sharing), and
glioblastoma had the most unfavourable prognoses, with median survival times of <2.5 years [19].

Regarding all brain tumors, various studies have confirmed that ionizing radiation exposure

to the head and neck is a risk factor, while a history of atopic diseases such as allergies, asthma,
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eczema, and hay fever is a protective factor [20]. It is worth noting that most patients with

glioblastoma do not have a family history of cancer, but about 5% of all gliomas are familial.

1.3. GBM diagnosis and WHO classification of CNS tumors

The nervous system is anatomically divided into the central nervous system (CNS), which
includes the brain and spinal cord, and peripheral nervous system (PNS), which consists of the
sensory and motor nerves that connect the brain and spinal cord to the rest of the body. Within the
CNS, neurons are accompanied by other cells that are vital for normal function. Glial cells support
nerve cells in a variety of ways, supplying energy and nutrients and they help maintain the blood-
brain barrier. Glial cell tumors, called gliomas, are classified according to the type of cell involved.
Astrocytoma is the most common type of glioma, it develops from the star-shaped astrocytes which
have multiple roles, including the regulation of blood flow, homeostasis of extracellular fluid,
concentration of ions and neurotransmitters, energy provision, regulation of synapse function, and
synaptic remodeling [21]. Oligodendrogliomas are a less frequent type of glioma that develop from
the fried egg-shaped glial cells called oligodendrocytes, which promote electrical transmission by
surrounding nerve fibers in the CNS [22]. Glioblastoma is the most malignant form of astrocytoma

[23, 24].

Glioblastomas are typically identified when their rapid growth leads to symptoms, such as
seizures, worsening headaches, neurological problems, alterations in mental status, and indicators
of increased intracranial pressure, as they may displace or infiltrate brain structures [25]. Clinical
information and radiological findings can help narrow down potential diagnoses. GBM may be
diagnosed using magnetic resonance imaging (MRI) with contrast enhancement, which displays
the tumor as a mass with necrotic tissue and surrounding non-enhancing signal abnormalities, such

as edema and infiltrative tumor. Other features may include hemorrhage, cystic changes, or
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multicentric enhancement. However, differentiating images from metastasis, lower-grade gliomas,
and lymphomas can be challenging. Non-neoplastic neurological conditions like abscesses or
demyelinating lesions may also have a similar appearance. MRI is helpful for surgical planning as
it shows the tumor and its surrounding structures. Additionally, functional MRI can be used to
plan the optimal surgical trajectory for eloquent location of tumors, improving patient survival

[20].

The importance of molecular mechanisms in classifying glial neoplasms has become
increasingly recognized, going beyond traditional histologic diagnosis for evaluating prognosis
and treatment options. Molecular characteristics are now considered to have a more significant

relationship with glioma biology than histologic features [26].

By extending diagnostic capabilities beyond histology alone, the introduction of the WHO
classification system and the rise of immunohistochemistry has led to increased accuracy in
diagnosis. Molecular surrogates have further expanded the use of immunohistochemistry in
providing valuable information. Since this tumor is infamous for its histologic and cytologic
heterogeneity, which is reflected in its original name, "multiforme" many histological subtypes
and patterns have been recognized, including gliosarcoma, giant cell, small cell, granular cell,
epithelioid, and primitive neuronal component, with similar prognosis. A detailed description of
these variants has recently been published [27]. GBM is often distinguished by the presence of
mitotic activity, as well as prominent or even "glomeruloid" (due florid/clustered appearance)
microvascular proliferation (MVP) and/or necrosis as shown in Figure. 1.3.1. MVP refers to the
presence of multilayered microvessels with endothelial cells and pericytes in the vessel walls

displaying hypertrophy and hyperplasia, respectively [26]. Necrosis in these tumors frequently
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appears as irregular, serpiginous areas encompassed by densely packed, radially oriented tumor

cells, a phenomenon known as "pseudopalisading necrosis"[28].
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Figure. 1.3.1. Glioblastoma histological features. (a) Glomeruloid microvascular proliferation
(MVP) and (b) pseudopalisading necrosis, characterized by a garlandlike arrangement of
hypercellular tumor nuclei lining up around irregular foci of tumor necrosis containing pyknotic
nuclei. GBM morphology variants include: (c) Gliosarcoma; its most frequent form of
mesenchymal metaplasia, shows alternated islands of glial component (fibrillary cells, upper half
of image) and sarcomatous component (densely packed, fusiform/spindled cell, lower half of
image). (d) Giant cell GBM which contains numerous multinucleated pleomorphic giant cells, (e)
Small cell GBM, has oval monomorphic nuclei, mimicking oligodendroglioma. (f) Granular cell
GBM deceptively bland appearing, with abundant clear to granular eosinophilic cytoplasm,
mimicking macrophages. (g) Epithelioid GBM has closely packed large eosinophilic cells with
prominent nucleoli eccentric nuclei, high mitotic activity, along with microvascular proliferation
and focal necrosis; around half of them are positive for (h) BRAFYE mytation. (i) GBM with
primitive neuronal component; sharply demarcated hypercellular clones (left side), arising within
a diffuse glioma (right side), it is characterized by high nuclear/cytoplasmic ratio, nuclear molding
(conformity of adjacent cell nuclei to one another), mitotic activity, apoptotic bodies and highly
positive to (j) Ki-67 nuclear protein. Typically, they are losses of glial markers including glial
fibrillary acidic protein (GFAP) or oligodendrocyte transcription factor 2 (OLIG2), and gains of

neuronal marker expression, such as synaptophysin. Adapted from Ref. [29]
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The World Health Organization (WHO) Classification of CNS Tumours (the WHO Blue

Books) serves as a globally recognized diagnostic resource for identifying tumours [30]. The 2021

WHO Classification of Tumors of CNS Tumours (2021 WHO) (Figure 1.3.2) is the most recent

update and includes molecular criteria that allow for a diagnosis of GBM [31]. The 2021 WHO

incorporates new molecular data into the classification and grading of many entities based on

molecular alterations including DNA methylation in refining and defining certain entities. These

key molecular features have important implications beyond conventional histomorphology for

diagnostic, clinical practice, impact of treatment strategies, and the interpretation of clinical trials.
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Figure 1.3.2. Summary of the 2021 WHO classification of CNS tumors; newly identified tumor

types are highlighted in grey. Adapted from Ref. [32].
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Gliomas are now divided into those occurring primarily in adults “adult-type” or in children
“paediatric type”. The tumor grading in the 2021 WHO classification has changed from its 2016
version now employing Arabic numerals instead of Roman numerals (WHO CNS grades 1-4
instead of grades I-IV; corresponding from less to more aggressive behaviour); also, the

neoplasms are graded within types rather than across different tumor types [2].

Isocitrate dehydrogenase 1 and 2 (IDH1, IDH2) mutations are among the better prognostic
factors in gliomas [33]. Thus, gliomas are grouped as those with and without IDH mutations [30].
In the 2016 WHO classification, IDH1 or IDH2 mutations were included; however, their relevance
increased in the 2021 WHO classification for identifying GBM (Figure 1.3.3.) GBM is now
considered exclusively an IDHI1/IDH2-wildtype infiltrating astrocytic glioma in the adult.
Consequently, all IDH-wildtype adult-type diffuse astrocytic gliomas are classified as GBM, IDH-
wildtype, WHO CNS grade 4 [2]. On the other hand, the term secondary GBM or GBM IDH-
mutant from the 2016 WHO CNS classification (Figure 1.3.4), changed its name to astrocytoma,

IDH-mutant (despite some aggressive histology, but no GBM behavior).
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Histologically, GBM are characterized by prominent cellular and nuclear atypia, frequent
mitotic figures, areas of pseudopalisading necrosis, and vascular proliferation. Although histologic
features of tumor necrosis and/or microvascular proliferation contribute to the diagnosis of GBM,
they are not required if any of these 3 molecular features are identified: epidermal growth factor
receptor (EGFR) amplification or combined chromosome 7 gain and chromosome 10 loss (+7/—10)
or telomerase reverse transcriptase (TERT) promoter mutation (hotspots c.-124 (referred to as
C228T) and c.-146 (referred to as C250T)). Interestingly, even in the absence of high-grade
histopathologic features such as increased mitotic activity, necrosis, or microvascular
proliferation, IDH-wildtype infiltrating astrocytic gliomas (which were classified as low-grade
gliomas in 2016 WHO classification due to their histological characteristics) with these molecular
features behave aggressively like high-grade gliomas with poor overall survival comparable to
those GBM IDH-wildtype; this suggests that these tumors represented under-sampled GBM. This
change with high clinical impact was proposed in 2018 by a committee of neuropathologists named
the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy
(cIMPACT-NOW), which is the basis for the updated 2021 WHO classification of CNS tumors

[36].

Clinically, this revision is significant, as using the 2016 WHO guidelines, IDH-wildtype
low grade gliomas with molecular features of glioblastoma had almost the same radiographic and
histological findings as IDH-mutant low grade gliomas, making their distinction difficult; now the
additional molecular information indicates the correct classification of these tumors facilitating

proper treatment [33].

The absence of molecular features of GBM in a diffuse astrocytoma, IDH-wildtype CNS

WHO grade 2 or 3, is a rare entity and is not included in the 2021 WHO classification; it is
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recommended to conduct further molecular testing to determine its specific diagnosis including

BRAF alterations, histone mutations, and methylome profiling [31].

It is important to note that the classification and grading of IDH-mutant astrocytoma has
been updated. The terms "diffuse astrocytoma" and "anaplastic astrocytoma" for grades 2 and 3
tumors are no longer used, while a grade 4 designation has been added. The classification is now
Astrocytoma, IDH-mutant, CNS WHO grade 2, 3 and 4. Grade 2 and 3 tumors are still determined
by increased anaplasia and proliferative activity, while grade 4 can be identified by tumor necrosis,
microvascular proliferation, or homozygous loss of CDKN2A and/or CDKN2B. Because a low-
grade IDH-mutant astrocytoma can still be designated as grade 4 if it has homozygous deletion of
CDKN2A and/or CDKN2B, it is important to test for CDKN2A/B status on all IDH-mutant

astrocytomas.

1.4. Intratumor heterogeneity of GBM

Molecular profiling has helped to determine the genes and pathways that are commonly
affected in GBM. Furthermore, by analyzing additional factors such as gene expression and DNA
methylation across a wide range of tumors, researchers have identified three distinct transcriptional
subtypes of GBM [20], each with its own somatic alterations (Figure 1.4.1): The proneural gene
expression/RTK I/LGm6 DNA methylation group is characterized by amplifications of cyclin-
dependent kinase 4 (CDK4) and platelet-derived growth factor alpha (PDGFRa). Conversely, the
classical gene expression/classic-like/RTK II DNA methylation group frequently exhibits EGFR
amplifications and homozygous loss of CDKN2A/B. In the mesenchymal/mesenchymal-like
group, it is common to observe tumors with neurofibromatosis type 1 (NF1) loss and increased

infiltration of macrophages. All 3 molecular subgroups have TERT promoter mutations.
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The classification system provides a useful tool for research, but its application in the

not yet improved [20].

In 2008, The Cancer Genome Atlas (TCGA) group conducted a study on the genomic

hemizygous deletion
homozygous deletion

Figure 1.4.1 Overview of genetic expression and genomic changes in molecular subtypes of

glioblastomas. The neural subtype was further considered a contamination from normal brain

clinical settings remains unclear. Identifying subtypes within certain tumours is difficult due to the
presence of multiple subtypes within the same tumour. Furthermore, none of the existing subtypes
can predict treatment response. After initial treatment, subclones with unique characteristics, such
as DNA mismatch repair deficiency, may emerge. The study of genomic profiling has shed light
on the molecular pathogenesis of GBM and has given insight into potential genotype-directed

therapies for certain patients. Despite this progress, treatment outcomes for GBM patients have

characterization of GBM. They analyzed 206 specimens of GBM tissue and discovered significant

alterations in three core pathways: receptor tyrosine kinase (RTK)/rat sarcoma (RAS)/PI3K, p53,
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and RB in approximately 88%, 78%, and 87% of cases, respectively [14, 38]. RTK oncogene
mutations like EGFR, PDGFRA, and MET are common in GBM and make them favorable targets
for therapy [39]. More than 63% of the 378 GBM cases in the TCGA PanCancer atlas cohort
exhibit either amplification or gain of function mutations in at least one of these RTK [14]. The
most significant alteration in the RTK/RAS/PI3K pathway was in epidermal growth factor receptor
(EGFR) which was altered in 45% of the specimens [38]. This alteration results in the
overexpression of EGFR in GBM seen in the classical subtype. The PTEN gene had the most
significant inactivating change, affecting 36% of the specimens. This alteration removes the

negative feedback to PI3K, leading to an increase in cancer cell growth and a decrease in apoptosis.

Fluorescence in situ hybridization (FISH) studies revealed that some tumors have mosaic
amplification of multiple RTK alterations [39]. EGFR and PDGFRA amplifications were present
in the main tumor core, while only EGFR amplification was found in the infiltrating tumor edge

[40] (Figure 1.4.2).
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Figure 1.4.2 Autopsy of mosaic GBM case. (A) The MRI with contrast displays a large primary
tumor with ring enhancement in the left parietal lobe (arrow) and a smaller secondary lesion in the
right cingulate gyrus (arrowhead). (B and C) The main parietal tumor mass shows a mixture of
cells with either EGFR (red) or PDGFRA (green) amplification, while the invasive edge of the
main tumor (D) and corpus callosum (E) are infiltrated by GBM cells composed exclusively of
cells with EGFR amplification. The second mass in the right cingulate gyrus is also composed of
EGFR-amplified cells (F), and infiltrates (G) into the white matter of the right temporal lobe (H,
arrow). The colors indicate the percentage of EGFR-amplified or PDGFRA-amplified subclones

in each section, and the scale bars represent 40 um. Adapted from Ref. [40].
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1.5. Current standard of care of GBM

Treatment in patients involves surgery, radiation, and chemotherapy. However, patients
continue to have a poor prognosis despite receiving intense treatment. The progression-free
survival rate is only 7-8 months, with a median survival of 14-16 months and, after five years, the
overall survival rate is just 9.8% [38]. Clinically, O-6-methylguanine-DNA methyltransferase
(MGMT) is used as a predictive factor for treatment decisions. Patients with MGMT-methylated
(MGMT-) tumors have higher median overall survival (22-26 months) compared to non-MGMT-

methylated (MGMT +) tumors (12-15 months) [38].

Surgery for GBM aims to completely remove the tumor mass, with gross total resection
resulting in better outcomes. The goal is to leave the smallest possible residual postoperative
volume, which is correlated with survival. Surgical procedures involve the use of various
techniques such as stereotactic navigation systems, intraoperative monitoring, and fluorescent dye

visualization to maximize extent of resection and minimize risk of new neurologic deficits [20].

After a tumor is removed, GBM is typically treated with radiotherapy (60 Gy in 30
fractions) and concurrent temozolomide (TMZ) (75 mg/m?/day for six weeks), followed by
maintenance TMZ (150-200 mg/m?/day for five days for six cycles 28-day) [41]. Whether or not

to use TMZ depends on the patient's MGMT promoter methylation status.

Tumor treating fields (TTF) are a novel cancer treatment that provides low intensity,
intermediate frequency (200 kHZ), alternating electric fields to produce antimitotic effects
selective for dividing tumor cells with limited toxicity [42]. The treatment involves wearing a
portable device that delivers these electric fields via adhesive patches placed on the skin over the
head. Adding TTF during adjuvant TMZ can increase survival rates by a median of 4.9 months
with limited toxicity.
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Temozolomide is an oral alkylating pro-drug used to treat GBM and astrocytomas, which
can permeate the blood-brain barrier (BBB) due to its lipophilic properties. At a physiological pH,
TMZ is transformed into the short-lived active compound 5-(3-methyltriazen-1-yl) imidazole-4-
carboxamide (MTIC), which is subsequently hydrolyzed to 5-amino-imidazole-4-carboxamide
(AIC) and methyldiazolium. The latter reacts with the DNA and releases its methyl group [43].
TMZ modifies DNA or RNA by adding methyl groups to guanine at the N7 and O6 sites, and to
adenine at the N3 site [44]. Alkylation of the O6 site on guanine leads to the insertion of a thymine
instead of a cytosine opposite to the methylguanine during subsequent DNA replication [43]. It is
believed that O6-Methylated guanine lesions trigger the formation of DNA double-strand breaks
(DSBs), induce cell cycle arrest at G2/M, and eventually lead to apoptosis through a mechanism
that depends on mismatch repair (MMR) [45, 46]. Methylated sites can either remain mutated, be
repaired through DNA MMR, be eliminated by base excision repair (BER) with the help of a DNA
glycosylase like alkylpurine-DNA-N-glycosylase (APNG) or be demethylated by O6-
methylguanine methyltransferase (MGMT). Thus, cancer cells with high levels of MGMT, APNG,
and BER proteins are TMZ-resistant. TMZ efficacy is limited due to the fact that at least half of
the patients with GBM have high expression of MGMT, or lack of MMR [43]. MGMT promoter
methylation is a known response predictor; methylation status can increase by 50% the median
survival for GBM patients treated with TMZ, while where there is lack of methylation, TMZ has
little or no benefit [20]. Currently, the only predictive biomarker of treatment response to TMZ is

MGMT promoter methylation and the loss of the second allele of chromosome 10 [20].

1.6. Medical management and supportive care
Corticosteroids like dexamethasone are administered for peritumoral vasogenic edema

symptoms. Dexamethasone alleviates neurologic deficits and signs of increased intracranial
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pressure. Low doses are enough for most clinically symptomatic patients. However,
corticosteroids may negatively impact patient outcome due to immunosuppression, so they should
only be prescribed if patients are experiencing symptoms [20]. About 23% of GBM patients
experience seizures at diagnosis and 20% later during disease progression. Anti-epileptic drugs
(AED) are needed for patients with seizures, but there is no evidence to support prolonged AED
prophylaxis for those patients who have never had a seizure. Guidelines recommend gradually
discontinuing AEDs 1-2 weeks after surgery and avoiding long-term prophylaxis. Primary
perioperative prophylaxis is not necessary for those who have never had a seizure [20]. Patients
with GBM experience cognitive deficits, personality changes, and mood disturbances. Up to 91%
of these patients have cognitive deficits before treatment [20]. Clinicians rely on The Neurologic
Assessment in Neuro-Oncology (NANO) scale to evaluate the neurologic function of patients with
brain tumors. It is used in conjunction with radiographic assessments, patient-reported outcomes,

and cognitive testing to obtain a complete evaluation of their overall well-being [47].

Glioblastoma tumours often recur within 7 months of initial therapy; there is no clear
standard-of-care for these patients that have a median OS of 24-44 weeks. The National
Comprehensive Cancer Network (NCCN) recommends that clinical trials are the preferred option,
while surgery may be considered for large lesions [38]. Complete resections offer survival benefits.
Systemic therapy (TMZ rechallenge, nitrosoureas, bevacizumab, re-irradiation, and TTF) has not

shown to prolong survival. Palliative care is best for poor performance status [20].

1.7. Other treatments
Bevacizumab (BEV) is a humanised monoclonal antibody that targets the vascular
endothelial growth factor receptor (VEGF). It was approved in 2009 by the Food and Drug

Administration (FDA) for recurrent GBM. It can only cross the BBB where it is disrupted; it
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increases progression free survival (PFS) [20] and reduces peritumoral edema and related clinical

symptoms and corticosteroid use, but has no long-term survival benefit [38].

Nitrosoureas have good BBB penetration, they were the first line of treatment for GBM
before the discovery of TMZ. However, they remain a second-line treatment option due to the
induction of bone marrow suppression, liver and renal toxicity, and interstitial lung disease.
Nitrosoureas include lomustine, carmustine, and fotemustine; this last one is available in Europe,

but it is not approved in the US [20].

1.8. Receptor tyrosine kinases

Receptor tyrosine kinases (RTKs) are the main drivers in cell signaling by serving as
receptors for several growth factors, cytokines, and hormones. The RTK family is comprised of
several sub-families, including but not limited to fibroblast growth factor receptor (FGFR), insulin-
like growth factor receptor (IGFR), vascular endothelial growth factor receptor (VEGFR),
hepatocyte growth factor receptor (HGFR), and ErbB [48]. To date there are over 60 RTKs
identified [49, 50]. RTKs and the downstream signal transduction pathways are the most well-

characterized networks associated with glioma pathogenesis and progression.

Mutations in RTKs are also the most frequent alterations in GBM, namely, copy number
variation, structure variation, nucleotide variation, and over-activation of the autocrine growth
factor/receptor loop [50, 51]. RTKs cause deregulation of several important pathways, namely,
Ras/MAPK, PI3K/Akt/PTEN, PLC gamma/PKC, and Jak/STAT3 [52, 53]. RTKs, including
PDGFR, VEGFR, and FGFR, are the most critical signaling molecules involved in tumor
angiogenesis [54]. c-Met, also known as mesenchymal-epithelial transition factor, plays a crucial

role in migration, therapy resistance, and vasculogenesis [55]. RTKSs regulate the expression of
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transcription factors such as OLIG2, SOX2, and ZEB, which are relevant to GBM stem cells (GSC)
and serve as marker molecules for GSCs. The dynamic changes in the expression of RTKSs variants
over time and space in tumor entities contribute to the complexity of GBM and the development

of therapy resistance following recurrence [56-58].

1.9. Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase (RTK) which is
activated via extracellular ligand binding, and induces downstream signaling pathways that
regulate cell proliferation, differentiation, migration, and survival [59, 60]. The EGF
ligand/receptor system plays a crucial role in early embryonic development, wound healing, ion
transport, and the regeneration of stem cells in normal tissues like the skin, liver, and gut [61].
Tumor cells can increase their level of EGFR through various mechanisms, one of which is gene
amplification. This has been observed in several types of cancer such as breast carcinomas, non-
small-cell lung cancer (NSCLC), pancreatic cancer, hepatocellular carcinoma, squamous cell
cancer of head and neck and GBM [48, 62-64]. Overexpression of EGFR without gene
amplification can also occur due to increased activity of the EGFR promoter or deregulation at the
translational and post-translational levels [65]. EGFR is the most commonly RTK in GBM [66]
and can be overexpressed, and/or mutated in GBM [67-69]. EGFR gene alterations, including
amplification, mutation, rearrangement, and altered splicing have been reported in 57 percent of
GBMs [70]. EGFR amplification is one molecular alteration currently used to confirm GBM IDH-

wildtype grade 4 diagnosis [2].

The EGFR family comprises four homologous members: ErbB1/human epidermal growth
factor receptor 1 (EGFR or HER1), ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4. EGFR was

the first member discovered of the four members of this family [64]. The extracellular ligand-
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binding site of the EGFR protein comprises four domains: I, II, III, and IV. Following this are the
transmembrane region (TM), the intracellular juxtamembrane domain (iJM), the tyrosine kinase
(TK) domain, and the carboxyl-terminal tail (carboxy tail) with multiple tyrosine residues. In its
unstimulated state, EGFR exists as a monomer [71]. Domains II and IV interact with each other,
preventing the interaction of domains I and III, which are responsible for binding the ligand and
executing receptor activation. EGFR activation is triggered by ligand binding, which induces
receptor dimerization, such as homo-dimerization (EGFR-EFGR) or hetero-dimerization (EGFR
with HER2, 3, or 4) [72] leading to a series of structural rearrangements that culminate in the
asymmetric alignment of dimers between the two juxtaposed catalytic domains that triggers the
transphosphorylation of tyrosine residues by its TK domain (Figure 1.9.1). In EGFR wildtype
(wt), strong ligands induce symmetrical homo-dimerization and transient signaling, while weak
ligands induce asymmetrical homo-dimerization and sustained signaling to promote cellular

differentiations [73].
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Figure 1.9.1. Structure of EGFR and EGFR-induced receptor activation. Adapted from Ref [71].
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The signaling of the family of EGF is regulated by a group of ligands known as EGF-like
ligands. The high-affinity ligands for EGFR include transforming growth factor-alpha (TGF-a),
betacellulin, EGF, and heparin-binding growth factor, while the low-affinity ligands include
epiregulin, amphiregulin, epigen, and neuregulin 2b [71]. The activity of EGFR receptors is
suppressed by the accumulation of tyrosine phosphatase when they are not interacting with EGF-

like ligands.

1.9.1. Function

EGFR activates multiple signaling pathways, including the Ras/mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway, the phosphatidylinositol 3-
kinase (PI3K)/AKT pathway, the phospholipase C (PLC)/protein kinase C (PKC) signaling
cascade, and the signal transducer and activator of transcription (STAT) signaling pathway [74,
75]. EGFR signaling is critical for several cellular functions including survival, proliferation,
differentiation, migration, and resistance to apoptosis [74, 76] (Figure 1.9.1.1.). In addition to the
upregulation of EGFR or gene amplification, the EGFR-mediated pathway can be disrupted by
several alternative mechanisms, such as mutations in EGFR, the formation of heterodimers with

other ErbB family of proteins, and the excessive production of the receptor's ligands [71].
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Figure 1.9.1.1. EGFR and downstream signal pathways: (1) RAS/RAF/MEK/ERK, (2)

PI3K/AKT and (3) JAK/STAT pathways. Adapted from Ref [77].

1.9.2. EGFRVIII

EGFR mutant deletions in GBM include EGFRvariant I (EGFRvI; deletion of the N-
terminal), vII (deletion of exons 14-15), vIII (deletion of exons 2-7), vIV (deletion of exons 25-
27), and vV (deletion of exons 25-28) [66, 78]. EGFRvII and EGFRVIII are considered oncogenic
[79-81]. EGFRUVIII is the most frequent mutant version shown in around 25% of GBM [82, 83];
the deletion of its ECD results in inability to bind to its usual ligands (Figure 1.9.2.1) and be
weakly constitutively active (comparable to ~10% of ligand activated EGFR wildtype [EGFRwt]),
which is sufficient to support growth and promote malignant cell signaling [84, 85]. EGFRvIII
preferentially triggers downstream PI3K signaling via AKT phosphorylation (while EGFRwt does
mainly via MAPK and STATS3; Figure 1.9.2.2) [80, 86], and contributes to chemoradioresistance
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[87]. EGFRVIII could also be found in prostate cancer, breast cancer, non-small cell lung
carcinoma, ovarian cancer, and head and neck cancer, but not in normal tissue [65]. This variant
exhibits reduced phosphorylation levels at Y1045 as compared to EGFRwt, which consequently

inhibits its internalization and subsequent degradation via ubiquitination [86].
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Figure 1.9.2.1. Structure of EGFRVIII compared with EGFRwt. EGFRVIII shows almost complete
deletion of Domains I (leucin-rich) and II (cysteine-rich) compared to EGFRwt, resulting in a
deficiency in ligand binding. The transmembrane and intracellular regions of EGFR and EGFRvIII

are similar. Adapted from Ref. [66].
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EGFRuvlII

Figure 1.9.2.2. Downstream signaling specific to EGFR variants. (A) EGFRwt is activated upon
ligand binding through receptor homo- or heterodimerization. Once activated, EGFRwt strongly
signals via the MAPK and STAT3 pathways while also signaling via the PI3K pathway, albeit to
a lesser extent. (B) EGFRVIIIL, due to its truncated extracellular domain (ECD), is unable to bind
ligands but can initiate downstream signaling through homodimerization or heterodimerization
with EGFRwt. EGFRVIII signals strongly via the PI3K pathway and weakly via the STAT3
pathway. Notably, EGFRVIII strongly activates early MAPK signaling components, but this does

not translate to increased ERK signaling. Adapted from Ref. [86].

Whether EGFRVIII expression affects survival of patients with GBM is still controversial,
some studies have reported EGFRVIII positivity is a negative prognostic marker [88, 89]. Other
authors claim that EGFRVIII is a positive prognostic marker [90] while others reported no
differences in outcomes [91, 92]. A recent retrospective analysis that included 336 GBM patients
with different MGMT status and EGFRVIII found that the MGMT-/EGFRvVIII+ group showed the
most favorable survival after standard of care treatment (OS: 26.4 months) compared to
MGMT+/EGFRvIIl+, MGMT+/EGFRVIII-, and MGMT/EGFRvVIII-, with OS: 16.2; 15.2; 20.3

months, respectively [93].
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Multiple mutations can occur simultaneously in the same tumor, sometimes as subclonal
populations with changes over time, and exhibiting distinct dependencies on various ligands [92].
EGFR missense mutations, while less common than in-frame deletion mutations, have also been
observed in IDH wild-type GBM cases. Specifically, mutations such as R108G/K, A289V/T/D,

and G598V have been reported in 2.2%, 5.9%, and 1.8% of all cases, respectively [17].

1.9.3. EGFR targeted therapy for cancer treatment

Due to the widespread presence of EGFR mutations and the dependence on EGFR
signaling for the development of GBM, EGFR is a promising target for precision oncology in this
type of cancer. Significant progress has been made in anti-EGFR therapy, leading to the
recognition of EGFR as a critical target in anti-cancer drug development [94]. Currently, clinicians
have access to two types of anti-EGFR treatments. The first category consists of EGFR tyrosine
kinase inhibitors (TKIs), which inhibit the activation of downstream kinases by binding to the
catalytic site of EGFR. The second category includes monoclonal antibodies (mAbs), which block
the binding of ligands to the EGFR. Initial clinical trials targeting EGFR in GBM used EGFR TKIs
that had been repurposed primarily from non-small cell lung cancer (NSCLC). Clinical trials have
tested biological inhibitors, including antibodies, peptide vaccines, and chimeric antigen receptor
T (CAR T) cells. The monoclonal antibody (mAb) 806 targets EGFRVIII and EGFRwt. This
inhibitor is an antibody-drug conjugated form (ADC) with monomethyl auristatin F (ABT-414 or
Depatuxizumab mafodotin) that was tested in the INTELLANCE-2/EORTC phase II trial.
However, no difference in overall survival was found between the treatment groups, regardless of
the EGFR status. In addition, the treatment induced significant ocular toxicity [95].

EGFR has been targeted in clinical trials for GBM, but none have shown survival benefits

[96]. However, post-EGFRVIII targeting CAR T infusion has been successful in penetrating the
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tumour and causing a significant loss of EGFRvIII-positive tumour cells. CAR T cells can be
detected in the circulation yet three years after infusion [97].

Rindopepimut is a 14 amino acid peptide created to treat GBM through a dendritic cell
vaccine approach [98]. Clinical trials, including the ReACT Phase II trial for recurrent GBM and
ACTIV Phase III trial for newly diagnosed GBM, failed to show significant statistical results for
the primary endpoints [99, 100].

In general, clinical trials using biological inhibitors have not yet resulted in significant
improvements in patient outcomes [101-103]. Nonetheless, they have provided valuable insights
into the unique biology of EGFR in GBM, which will inform the development of a more effective

targeted therapy in the future.

1.9.4. EGFR tyrosine kinase inhibitors (TKIs)

Currently, there are three different generations of EGFR TKIs available, and the most
studied in glioma are from the first and second generations. First generation or type I EGFR
inhibitors, such as erlotinib and gefitinib, are of low molecular weight, and compete with adenosine
triphosphate (ATP) and reversibly bind to the intracellular tyrosine kinase domain of EGFR or
EGFRVIII suppressing autophosphorylation of the receptor and further downstream signaling
[104, 105]. In preclinical studies, gefitinib and erlotinib have demonstrated anti-glioblastoma
activity in vitro [106], including the decrease of cell viability, reduced EGF-induced
phosphorylation of EGFR, suppression of both Akt and ERK1/2 activation, with eventual
inhibition of the MAPK signaling pathway. The second generation of inhibitors, including
afatinib, neratinib, vandetanib, and dacomitinib, irreversibly inhibit EGFR and have the added

ability to inhibit other RTKs, such as Her2, PDGFR, MET, and VEGFR [107-109]. In a recent
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clinical trial, it was found that osimertinib, a third generation inhibitor able to cross the blood-brain
barrier, has demonstrated improved overall survival for recurrent GBM patients with EGFR

amplification and EGFRVIII mutations [110].

The lack of response to current EGFR TKIs in GBM may be attributed to the different
oncogenic variants of EGFR found in GBM compared to those found in NSCLC. In NSCLC,
mutations in the EGFR coding sequence are primarily located in the intracellular TK domain [111],
while in GBM, EGFR mutations are mainly found in the ECD [112] and include in-frame deletions
and/or missense mutations [83]. In GBM cells, the sensitivity to EGFR TKIs that are intended for
the TK domain of EGFR-mutant NSCLC can vary among the different EGFR alterations that are
specific to GBM [113-115]. Type I EGFR TKIs, such as gefitinib and erlotinib, exhibit affinity for
both activated EGFRwt and TK domain mutants [113]. In contrast, Type II TKIs, including
lapatinib and neratinib, display a higher affinity for ECD mutants compared to activated EGFRwt
[113]. Based on the simultaneous presence of amplified EGFRwt and ECD mutants, these results
imply that a TKI capable of blocking both EGFRwt and ECD mutant signaling pathways would

be necessary for effective treatment of EGFR-driven GBM.

Studies have shown that in patients with tumors containing the EGFRvIII mutation, there
is a consistent overexpression of EGFRwt [116]. EGFRVIII is believed to originate from amplified
full-length EGFR due to chromosome 7 rearrangements, as indicated by single nucleotide
polymorphism (SNP) analysis [117]. Additionally, approximately 25% of GBM patients have
amplified EGFR without mutations, indicating that overexpressed EGFRwt may play a role in the
development of some GBM cases [83]. Preclinical studies have demonstrated that suppressing the
growth and inducing cell death in GBM models derived from patients with amplified EGFRwt can

be achieved through genetic or pharmacological inhibition of EGFR [114, 118, 119]. Previous
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research has demonstrated that ectopic expression of EGFRwt has transforming properties, which
is consistent with the observed dependence on overexpressed EGFRwt for tumor growth [120].
Moreover, studies have elucidated that cells with EGFRwt and EGFRvVIII within the same tumor

foster growth and survival through paracrine or direct physical interactions [116, 121, 122].

The current EGFR TKIs have a major limitation that may have influenced their therapeutic
failure in patients, which is providing enough exposure to the brain due to the selective
permeability of the BBB. Drugs with specific physicochemical properties, such as low molecular
weight, low polar surface area, and a low number of rotatable bonds are somewhat more likely to
cross, but this physical barrier is highly effective and prevents the passage of more than 98% of
small molecule drugs [123]. While some areas of GBM may have disruptions in the BBB, a
significant portion of the tumor is still protected by an intact BBB [124]. According to studies on
the pharmacokinetics of TKIs, apart from erlotinib and lapatinib, most drugs fail to attain steady
state plasma concentrations that are effective in inhibiting cell proliferation in vitro. Moreover, the
first-generation TKIs were designed for NSCLC and are ineffective in penetrating the brain and

targeting the specific variants of EGFR present in GBM [96].

GBM that are driven by EGFR have shown to adapt to EGFR TKIs through various
mechanisms. One such mechanism is the de-repression of alternative RTKs like PDGFRf and
MET, which allows for adaptive bypass signaling [125, 126]. It is believed that this adaptive
kinome response is controlled by epigenetic changes, which have been linked to kinase inhibitor
resistance in other cancer types [127]. Expression of EGFRvVIII in U87 GBM cells can trigger a
malignant epigenetic state by promoting the activity of transcription factors that collaborate with
the chromatin reader BRD4 to reshape the active enhancer landscape and drive the formation of

tumors [128]. Inhibiting the oncogenic EGFR signaling pathway therapeutically may help to
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reprogram this malignant epigenetic state through enhancer remodeling, which could be a potential
mechanism for adapting to EGFR TKI in GBM. These findings imply that targeting epigenetic
mechanisms that enable adaptive responses to EGFR TKI may be a promising strategy for

developing combination therapies.

Resistance to EGFR-targeted therapies can also be attributed to the heterogeneity of
tumors, including presence of EGFR mutant variants. In patient-derived xenografts (PDX) of
GBM, it was observed that a single tumor comprises cells with varying levels of EGFRvIII
expression, which are regulated by extrachromosomal DNA (ecDNA). This leads to the presence
of two distinct cell populations: high EGFRvIII-expressing cells (EGFRvIIIMe"Y) and cells with
undetectable levels of EGFRVIII expression (EGFRvIII®) [129]. It is noteworthy that
EGFRvIIIMe" cells are more responsive to EGFR TKI compared to EGFRVIII®Y cells [129].
Following erlotinib treatment, studies using fluorescence in situ hybridization (FISH) have
revealed the translocation of ecDNA containing EGFRVIII onto cellular chromatin in the form of
homogeneous staining regions (HSR) [129]. However, it is noteworthy that the ecDNA population
was found to regenerate within a period of 72 hours after discontinuing the drug treatment, Figure

1.94.
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Figure 1.9.4. In GBM, the expression of EGFRVIII in GBM is facilitated by ecDNA. EGFR TKI
administration results in the disappearance of EGFRvIII ecDNA and mutant receptor expression.
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EGFRVIII translocates onto chromosomes at HSRs. Upon stopping EGFR TKI, the mutant

receptor is reinstated [129]. Adapted from Ref. [96].

Another study determined that inter-clonal communication between EGFRVIII and
EGFRwt led to the expression of genes that decreased sensitivity to EGFR TKIs: EGFRvVIII-
expressing U87 cells secreted IL-6, which activated NF-xB in EGFRwt-expressing cells, and NF-
kB subsequently by interacting with BRD4 induced the expression of the pro-survival protein

survivin [121].

Activation of the EGFR in response to genotoxic stress leads to its translocation into the
nucleus, where it has been observed to increase the induction of DNA repair genes such as XRCCl1
and ERCC1 [130]. EGFR has also been shown to interact with various DNA repair proteins,
including DNA-PKcs, RADS51, ATM, and BRCA1[131]. Therefore, inhibiting the EGFR pathway

with TKIs can result in the downregulation of these DNA repair genes.

1.9.4.1 Gefitinib / Iressa

The United States Food and Drug Administration (FDA) approved gefitinib (Figure
1.9.4.1) for clinical use as first EGFR inhibitor in patients with NSCLC in 2003 [132]. Unlike
erlotinib, gefitinib exhibits anti-tumor activity regardless of EGFR expression levels [133]. In
vitro, gefitinib inhibits GBM cell migration [134], reduces the proliferation of glioblastoma stem
cells [135], and enhances survival in pre-clinical orthotopic models [136]. However, despite
obtaining high concentrations in GBM tumor tissue (22-fold higher than in plasma) and significant

dephosphorylation of EGFR [137], clinical trials have shown limited effects.

Several Phase I/II studies have demonstrated that adding gefitinib to radiotherapy is well-

tolerated but does not improve survival [138, 139]. Investigating the possibility of combining
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EGFR-targeting drugs with other agents that work through different mechanisms may result in

improved treatment outcomes and provide more effective options for patients.
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Figure 1.9.4.1. Structure of gefitinib (originally named as ZD1839 and commercialized as

Iressa). Adapted from Ref. [140].
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1.9.5. Monoclonal antibodies

There are two types of EGFR-targeting antibodies clinically used: blocking antibodies,
which hinder the interaction of ligands with their corresponding receptors, and internalized
antibodies. Antibodies with both blocking and internalization properties are ideally the most
efficient in suppressing receptor function [74]. Many antibodies have been developed to date
against EGFR to treat GBM patients. One such antibody is cetuximab, which is an EGFR blocker
initially used for colorectal cancer. Cetuximab works by preventing ligand binding without
receptor activation [141]. A study demonstrated that cetuximab can effectively bind to both EGFR
and its variant EGFRVIII in U887MG cells [142]. This binding leads to internalization of
cetuximab—EGFRUVIII from the cell surface, resulting in a decrease in the phosphorylated form of
the EGFRVIII receptor in transfected cells and a significant reduction in cell proliferation.

However, these compounds have been found to be largely ineffective in GBM [143].

1.10. Combi-molecules

In the 2000s, a strategy was devised known as "combi-targeting," which involved the
creation of compounds referred to as "combi-molecules" that possessed two bioactive components
connected directly or through a linking unit within a single molecule. This design enabled a dual
mode of action, enabling the molecule to target multiple cellular targets simultaneously [144, 145].
Combi-molecules can offer a range of benefits including multiple mechanisms of action, improved
pharmacokinetic and pharmacodynamic properties, and a reduced likelihood of resistance in
comparison to their parent compounds. This class of compounds has been found to have superior
anticancer activity and can cause less harm to normal tissues [146-150], making it a highly

effective option.
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The classification of combi-molecules into three categories was based on their designs.
Type I combi-molecules depend on hydrolytic cleavage to activate their dual mechanism of action,
whereas Type II combi-molecules do not require metabolic activation to trigger their dual
properties (Figurel.10) [145]. Type III molecules exhibit features of both Type I and II combi-

molecules.

The group of Dr. Bertrand Jean-Claude (Director of the Drug Discovery Platform , McGill
University) has synthesized several combi-molecules and also demonstrated in vitro and in vivo
their anticancer effects in different cancer types including breast, lung, prostate cancers,

osteosarcoma and GBM [151-154].
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Figure 1.10. Structures of type Il combi-molecules. Adapted from Ref [155]
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1.10.1 Combi-molecule ZR2002

ZR2002 (6-(2-chloroethylamino)-4-anilinoquinazolines) is a single type II combi-
molecule with dual EGFR/DNA targeting property (Figure 1.10.1). ZR2002 targets EGFR with
its aminoquinazoline moiety which has high affinity for the ATP-binding site of EGFR working
as tyrosine kinase inhibitor, while its 2-chloroethyl moiety on the quinazoline ring inflicts strong
levels of DNA damage in an irreversible manner by being able to diffuse towards the nucleus and
alkylate DNA, to concomitantly overcome the protective effect of EGFR-induced DNA repair
[156]. This approach replicates the mechanism of action of classical alkylating agents, such as

TMZ, and EGFR TK inhibitors, such as Iressa, by targeting the same molecular pathway.
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Figure 1.10.1 Structure of ZR2002. ZR2002 is designed to achieve a dual purpose by blocking

receptor-mediated DNA repair signaling and inducing DNA damage in cells simultaneously.

Sharifi et al. in recent studies demonstrated the in vivo activity of ZR2002 at 150 mg/kg in
a TMZ-resistant glioma stem cell model [153, 157]. ZR2002 induced, in a dose-dependent manner,
high levels of DNA damage with concomitant blockage of EGFR phosphorylation and inhibition

of EGFR-mediated MAPK/ERK and PI3K/AKT signaling pathways [151]. ZR2002 showed
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significantly higher cytotoxic activity compared to TMZ or gefitinib, it crossed the BBB, and

significantly increased survival in highly aggressive intracranial mouse models of GBM [157].

1.11. Redox balance and cancer

1.11.1. Reactive oxygen species

Reactive oxygen species (ROS) is a collective term for a broad category of oxidants derived
from molecular oxygen [ 158]. These compounds constitute a large class of reactive species, known
as reactive nitrogen, sulfur, carbon, selenium, electrophile, and halogen species, which can
participate in redox reactions and induce oxidative modifications on biological macromolecules,
thereby playing a role in redox signaling and biological function. However, it is firmly established
that under supraphysiological conditions, ROS react indiscriminately with proteins, lipids, nucleic
acids, and carbohydrates, and also generate other reactive species with potentially harmful effects
[159]. The Reactive Species Interactome (RSI) is a comprehensive, multilevel concept introduced
in 2017 that describes the intricate network of interactions between reactive species and their

downstream biological targets, major cysteine thiols present in proteins, lipids, and DNA [160].

ROS can be classified as free radicals and non-radical species, based on the existence of
unpaired electrons in the outer molecular orbitals. Free-radical includes nitric oxide (NO°),
superoxide radical anion (O2"), hydroxyl radical (OH"), carbonate radical anion (COs3™), nitrogen
dioxide (NO>"), alkoxyl radical (RO"), and peroxyl radical (ROQ"). Non-radicals includes
hydrogen peroxide (H20>), peroxynitrite (ONOO /ONOOH), hypochlorous acid (HOCI), and
singlet oxygen ('02) [161]. Superoxide, hydrogen peroxide and hydroxyl radicals are the most

studied species in cancer [162].
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Within cells, ROS are generated at various locations via multiple pathways (Figure.
1.11.1.1). Under normal physiological conditions, the majority of ROS are generated in the
mitochondria as a result of aerobic cellular metabolism, accounting for approximately 90% of the
total ROS produced in the cell [163]. The mitochondrial ROS are byproducts of metabolic
processes and are generated from electron leakage during oxidative phosphorylation in the electron
transport chain (ETC) [164]. The ETC comprises complex I (NADH-ubiquinone oxidase) and
complex III (ubiquinone-cytochrome ¢ oxidoreductase), which are major sites of superoxide anion
generation [165]. During the process of cellular respiration, electrons are transported through a
series of complexes and ultimately react with molecular oxygen (O>) as the final electron acceptor.
This reaction produces Oz¢” [166], which is dismutated to H>O> by superoxide dismutase, either in
the mitochondrial matrix (by SOD2) or in the cytosol (by SODI) [167]. H2O2 is degraded in the
matrix by glutathione peroxidase (GPx) [162]. H2O2 is also a highly diffusible secondary
messenger, and several aquaporins facilitate its movement across membranes, earning them the
designation of "peroxiporins" [168]. The rate of H,O» transfer across membranes contributes to the
establishment of steady-state gradients. Although H>O: is not a free radical, it is capable of
catalyzing free radical reactions and inducing oxidative damage in living cells. For instance, H2O:
can accept an electron from free Fe?" through the Fenton reaction to form a short-life highly

reactive hydroxyl radical (OH™) that causes DNA damage [169, 170].

The membrane-bound enzymes NADPH oxidases (NOXs) also contribute to the generation
of ROS [171-173]; this is critical for immune cells such as macrophages and neutrophils,
particularly during the oxidative burst of the immune response [174-176]. Additionally, H2O2 can
be produced by various other oxidases located in different subcellular compartments, including the

endoplasmic reticulum (ER) and peroxisomes, as well as by several superoxide dismutases. Apart
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from intracellular sources, oxidants can also be produced as a result of the accumulation of
environmental factors known as the "exposome," which encompasses a range of molecular
components such as nutrients, pharmaceuticals, toxic substances, and pollutants, as well as

physical and psychological stressors like ultraviolet radiation, X-rays, and lifestyle factors [177].
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Figure. 1.11.1.1 Important H,O, modulators and targets: a) H>O2 sources (red), aquaporins (AQPs)
(yellow), sinks (green), and redox-sensitive targets and hubs (blue). Redox-sensitive targets act as
biological support hubs. Redox relay (electron transfer) reactions that transfer signalling oxidant
are examples of sinks. Additionally, superoxide dismutases (SODs) function as a sink for O»¢” and

a source of H>O2. b) The primary reactive oxygen species, O>~ and H»O», along with the

subcellular locations where they are generated. Adapted from Ref. [178].
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In the redox regulation of biological activities, H>O» is commonly considered the principal
ROS [151]. Within cells, H>O> concentration is strictly regulated, usually staying within the low
nanomolar range (roughly 1-100 nM). Growth factors, chemokines, or physical stressors can all
act as metabolic cues or stressors to increase the production of H>O», and effective reducing
systems can help remove it. "Oxidative eustress" or “good stress” refers to a condition of low-level
H>0O, maintenance and related physiological redox signalling [179, 180]. However, compared to
H>0: (10 M), the total cellular concentration of O»" is maintained at roughly 10"'! M (Figure.

1.11.1.2) [181].
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Figure. 1.11.1.2 The concentration of H>O5, in relation to cellular responses, can be categorized
into two ranges: oxidative eustress and oxidative distress. Oxidative eustress refers to the
physiological intracellular range, which is typically up to approximately 100 nM, and is associated
with beneficial responses. On the other hand, oxidative distress refers to higher concentrations of
H>0,, which are associated with stress responses and adaptation. Even higher exposure to H>O»

can lead to inflammatory responses, growth arrest, and cell death through various mechanisms,
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and is denoted in red, indicating predominantly deleterious effects. Green is used to denote

predominantly beneficial effects. Adapted from Ref. [159].

ROS exert their predominant influence on redox regulation through thiol-based
modifications of target proteins. O2™ reacts with Fe—S clusters, while H>O> reacts with the cysteine
(Cys) thiolate (S—) of a target protein to form sulfenate (SO—) [159]. This modification of protein

function can be caused by this reaction [162].

At low to moderate levels, ROS act as secondary messengers to modulate biological
functions by interacting with proteins, transcription factors, and genes involved in cell
proliferation, differentiation, and adaptation to metabolic and immune stress [178, 182, 183].
However, an excessive increase in ROS levels can be detrimental to cells due to oxidative damage
to key cellular components [184]. Very high ROS levels can ultimately lead to cell senescence or

cell death [185].

Whenever the equilibrium between the generation and elimination of ROS is disrupted, an
imbalance between oxidant production and antioxidant defense systems arises, leading to a
condition known as oxidative stress or distress [186]. Oxidative stress triggers inflammation,
mitochondrial dysfunction, and persistent DNA damage that causes replication errors, genomic
instability, activation of oncogenes, and inactivation of tumor suppressor genes, ultimately
resulting in cell proliferation, angiogenesis, survival, and the development of cancer (see
tumorigenic ROS levels, Figure. 1.11.1.3) [162, 170, 186-195]. For this work, the mechanisms
of ROS as redox signalling or tumor promotion represent an extensive topic that will not be
reviewed in depth, however, the regulation of ROS to induce/escape cancer cell death will be

highlighted.
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Cancer cells sustain their elevated levels of energy through the process of aerobic
glycolysis, which is followed by lactic acid fermentation, even in the presence of an abundance of
oxygen. This metabolic pathway is also known as the “Warburg effect” [196], and it is essential
for the cancer cells to adapt to conditions of low oxygen and minimal mitochondrial defects and

ROS production.

Because the generation of ROS is a byproduct of high proliferative rate and metabolic
activity, mitochondrial dysfunction [166], and a decrease in ROS-scavenging capacity [197] can
result in cancer cells producing a much higher level of ROS compared to non-transformed cells
[198]. Consequently, to counteract the detrimental effects of oxidative stress, it is believed that
cancer cells must actively upregulate multiple antioxidant systems (Figure. 1.11.1.3). Therefore,
targeting the ROS signaling pathways is a promising approach for cancer treatment. By increasing
ROS levels selectively in cancer cells [182, 185], pro-oxidant strategies can be employed to reach
a cytotoxic threshold, which can lead to irreversible lethal oxidative damage and potentially serve

as a viable strategy for cancer therapy [199-203].
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Figure. 1.11.1.3. Cancer cells can adapt to maintain their tumorigenic potential by balancing the
generation and the scavenging of ROS. ROS can act as mitogens and initiate cellular adaptations
that lead to cell survival, growth, proliferation, and differentiation in a controlled manner.
However, an accumulation of ROS can result from characteristics such as oncogene activation,
enhanced metabolism, hypoxia, or the loss of the tumor suppressor p53, leading to hyper-active
cell signaling and pro-tumorigenic signaling events. This moderate increase in ROS can promote
tumor growth through induction of metastasis, angiogenesis, and proliferation. To prevent
oxidative stress and damage to proteins, DNA, and lipids, cancer cells up-regulate ROS scavenging
systems to maintain ROS levels within a non-toxic range. Cancer cells function with ROS levels
that are high enough to support pro-tumorigenic cell signaling without inducing cell death, making
them ROS- and antioxidant-addicted. Therapeutic inhibition of endogenous antioxidants,
chemotherapy, and radiotherapy increases ROS levels and induce cancer cell death. Adapted from
Refs. [204] and [205].
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1.11.2. Cell antioxidant system

In mammalian cells, to protect the cells against ROS, sophisticated antioxidant systems
have evolved, among them glutathione (GSH), thioredoxin (Trx), superoxide dismutase (SOD),
and catalase systems are the most important and well studied. Their components and involved

antioxidant pathways are illustrated in Fig. 1.11.2.
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Figure. 1.11.2. The antioxidant pathways. There are four main antioxidant systems that play a
vital role in this process: the glutathione (GSH), thioredoxin (Trx), superoxide dismutase (SOD),
and catalase systems. GSH directly eliminates ROS through the action of glutathione peroxidase
(GPx) and glutathione S-transferase (GST). Trx eliminates ROS through peroxiredoxin (Prx) and
can be regenerated by thioredoxin reductase (TrxR) but is inhibited by thioredoxin interacting

protein (Txnip). SOD detoxifies ROS by converting O2~ to H202, which is further catalyzed to
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H>O by catalase and peroxidases (GPx and Prx). Both GSH and Trx rely heavily on NADPH
production for sustaining their activity, while SOD and catalase act independently of NADPH. 2-
AAPA= 2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulfanylthiocarbonylamino)phenylt
hiocarbamoylsulfanyl]propionic acid; AF= auranofin, MGd = motexafin gadolinium; SAS =
sulfasalazine; DMF = dimethylfumarate; EA = ethacrynic acid; PL = piperlongumine; BSO = L-

buthionine sulphoximine. Adapted from Ref. [206].

Superoxide dismutases (SODs) are the initial antioxidant enzymes discovered [207] and
catalyze the conversion of the highly reactive O>~ to oxygen and the less reactive species H2Ox.
Humans possess three forms of SOD, namely cytosolic copper-zinc SOD (CuZn-SOD/SOD1),
mitochondrial manganese SOD (Mn-SOD/SOD?2), and extracellular SOD (SOD?3) [208]. Catalase,
primarily located in peroxisomes, decomposes H20: into water and oxygen, while also detoxifying

substances such as phenols and alcohols [209, 210].

1.11.3. Thioredoxin system

The thioredoxin system, which includes nicotinamide adenine dinucleotide phosphate
(NADPH), thioredoxin reductase (TrxR), and thioredoxin (Trx), plays a crucial role in maintaining
the redox balance within cells and regulating various cellular processes. This system operates
through a catalytic cycle in which TrxR reduces oxidized Trx using NADPH, and the resulting
reduced Trx then acts as a reducing agent for target proteins [211]. This cycle helps shape the
intracellular gradients of hydrogen peroxide (H20.) in cells [212] and regulates processes such as
transcription, DNA damage recognition and repair, proliferation, and cellular protection against
apoptosis [211, 213-219]. The Trx system can be expanded to incorporate peroxiredoxin (Prx) and
Trx-interacting protein (TxNIP). Prx represents a family of six isoenzymes (I to VI) that reduce

alkyl hydroperoxides and H>O: to their corresponding alcohols or water by accepting electrons
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from Trx [53]. TxNIP impedes Trx activity by directly binding to the catalytic center of Trx [220],
preventing the reducing activity of Trx and inhibiting the interaction between Trx and its

downstream factors.

Glucose

l' Glycolysis
Pentose Glucose-6-
Phosphate | d==s:= hu hat wes = Lactate
Pathway phosphate
1 Oxidized Thioredoxin
S
s Protein
e b | (reduced)
Ns
Thioredoxin Thioredoxin
System reductase

(TrxR)
Reduced Thioredoxin

e °H Protein
Trx (oxidized)
N SH

NADP*

Figure. 1.11.3.1. Trx system. It serves as a primary antioxidant pathway in the body and plays a
crucial role in regulating the redox balance in mammalian cells. TrxR employs NADPH as a
catalyst to transform the oxidized state of Trx into its reduced state. The pentose phosphate

pathway provides NADPH. Adapted from Ref [221].

Mammalian Trx, a small redox protein weighing 12 kDa, features a conserved dithiol-
disulfide active site sequence (-Cys-Gly-Pro-Cys-). First identified in the early 1960s, it exhibits
reversible oxidation or reduction states. The reduced form of Trx, Trx-(SH)., reduces target
oxidized protein substrates that typically contain a disulfide group, which comprises two cysteine
groups. Conversely, the oxidized form of Trx, Trx-[SS], is reduced by TrxR in an NADPH-
dependent manner [211, 222]. This regulation of protein function influences a wide range of

physiological and biochemical cellular activities including cellular redox environment, inducing
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DNA synthesis, growth, apoptosis and cellular defense [197]. Human cells possess two types of
Trx: Trx1, encoded by the TXN gene, and Trx2, encoded by the TXN2 gene. Trx1 is present in the
cytoplasm and has also been detected in the nucleus of normal endometrial stromal cells, tumor
cells, and primary solid tumors [211]. In contrast, Trx2 has a mitochondrial translocation sequence

at its N-terminal region and plays a crucial role in maintaining mitochondrial ROS homeostasis

[223].

Mammalian TrxRs are dimeric flavoenzymes that contain selenium and have a molecular
mass of 58 kDa [224]. These enzymes belong to the TrxR family, which comprises three isoforms:
TrxR1, TrxR2, and TrxR3 [225]. Each isoenzyme is encoded by a separate gene: TXNRDI,
TXNRD2, and TXNRD3, respectively. Although their overall structures are similar, the expression
levels and localization of these proteins differ. TrxR1 is primarily found in the cytoplasm, TrxR2
in the mitochondria, and TrxR3 at low levels in the testis [226]. These proteins possess a conserved
catalytic site, comprising -Cys-Val-Asn-Val-Gly-Cys-, which is indispensable for their redox
activity, as illustrated in Figure 1.11.3.2. [211, 227]. The C-terminal sequence, consisting of -Gly-
Cys-SeCys-Gly-, plays a crucial role in communicating with the catalytic site, and is likewise
essential for their function. TrxRs catalyze the reduction of oxidized thioredoxin utilizing NADPH
as a cofactor [228]. NADPH is generated by glucose-6-phosphate dehydrogenase, which serves as
the rate-limiting enzyme of the pentose phosphate pathway. TrxR1 is overexpressed in human

cancer cell lines and primary tumors [197].
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Figure 1.11.3.2. The domain structures of human TrxR1, TrxR2, and glutathione-disulfide
reductase/glutathione reductase (GSR). The domain structures of hTrxR and hGSR are similar in
nature, however, hGSR does not possess a selenocysteine residue at its C-terminal active site. The
active site sequences are indicated in the upper portion of the motifs. Selenocysteine (U) is only

present at the penultimate C-terminal amino acid in hTrxR1 and hTrxR2. Adapted from Ref. [221].

The interaction between reduced Trx and apoptosis signal-regulated kinase 1 (ASK1)
results in the formation of a Trx-ASKI1 complex, which inhibits apoptosis. Conversely, the

dissociation of this complex activates ASK1 and promotes apoptosis in cancer cells (Figure

1.11.3.3.) [229-232].
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The expression of Trx and TrxR has been demonstrated to exhibit a significant correlation
with tumor grade, metastasis, and adverse prognosis in invasive carcinomas, including lung and
gastrointestinal malignancies, cervical cancers, oligodendroglial tumours, ovarian cancers, and

breast cancers [219, 233, 234].

Prior research has demonstrated that the chemical or genetic suppression of the Trx system
leads to the halting of the cell cycle. Tumour growth is significantly suppressed and the spread of
cancer cells to other organs is not detected in mice that have been injected with human breast
cancer MCF-7 cells and genetically modified with a redox domain mutant of Trx1 [235, 236]. In
addition, when human breast cancer MDA-MB-231 cells are genetically modified to have a non-
functional redox domain in the Trx1 protein, they show a decrease in the expression of matrix
metalloproteinase-9 and a reduction in invasion [237]. These findings indicate that Trx1 plays a

crucial role in facilitating the growth and spread of cancer cells.

Disrupting the activity of TrxR leads to a disturbance in redox homeostasis, which results
in an increase in oxidative stress triggering apoptosis and necrosis [238, 239]. Yoo et al. revealed
that reducing the expression of TrxR1 hinders tumor formation in a mouse xenograft model,
confirming the crucial role of TrxR1 in tumor progression [240]. Furthermore, knocking down

TrxR1 impedes the growth of cancer cells and the process of DNA replication [241].

Furthermore, the level of TrxR1 expression in tumour cells has been found to be correlated
with their sensitivity to cytotoxic drugs in a drug-dependent manner. In particular, the cytotoxicity
of cisplatin is increased in cells with high TrxR1 expression compared to those with low expression
[242]. Additionally, Yao et al. discovered that high cytoplasmic TrxR expression was significantly
linked to worse overall survival (OS) in adult glioblastoma patients [243]. In all cohorts, high TrxR

expression was associated with a poorer prognosis. Kemerdere et al. discovered that both serum
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and tissue levels of TrxR were elevated in patients with grade 4 astrocytoma, which implies a
potential role for TrxR in the progression of this type of cancer [244]. Additionally, Esen et al.
[233] found that not only grade 4 astrocytomas but also grade 1-4 gliomas displayed significantly
higher TrxR1 expression compared to normal brain tissue. Moreover, TrxR1 expression increased

as the tumour grade rose.

Regarding the TrxR1 gene expression and cytoplasmic immunostaining, it was found to be
highly correlated with the tumor grade and Ki-67 index [233]. In summary, TrxR may play a
significant role in tumor progression and resistance to chemotherapy, potentially due to its anti-
apoptotic functions [244]. These findings indicate that targeting the Trx system may be a promising
approach for the development of anticancer drugs. By suppressing the antioxidant system,
oxidative stress in tumor cells can be increased, leading to inhibition of tumor growth and

apoptosis.

1.11.4. Glutathione system

Glutathione (GSH) is a tripeptide thiol and the most prevalent antioxidant in cells,
safeguards cell membranes from harmful consequences, and plays a vital function in stabilizing
intracellular redox equilibrium, particularly during conditions of hypoxia and elevated levels of
ROS and NO [245]. It is available in both reduced (GSH, active) and oxidized states (glutathione

disulfide, GSSG, inactive) shown earlier in Fig. 1.11.2.

GSH synthesis comprises two consecutive steps. The initial phase involves an interaction
between cysteine and glutamate, which is catalyzed by the rate-limiting enzyme y-
glutamylcysteine synthetase (also known as glutamate-cysteine ligase or GCL) [246]. This
reaction results in the formation of y-glutamylcysteine, a crucial step in GSH generation that serves
as an active site for oxidizing agents, such as buthionine sulfoximine (L-BSO). Later, glutathione
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synthetase (also known as glutathione synthase or GS) adds glycine to the structure and concludes

the synthesis of GSH.

GSH plays a crucial role in sequestering ROS and generating GSSG. GSSG can be
reconverted to GSH with the help of the glutathione reductase enzyme (GRd or GSR) [162], which
utilizes NADPH as its electron source. NADPH is primarily obtained through the pentose
phosphate pathway. Under normal physiological conditions, most of the total glutathione (90%)
exists in its reduced form (GSH), while the remaining 10% is in the disulfide form (GSSG). Any
changes in this ratio can signify oxidative stress [247]. Additionally, to aid in the detoxification of
xenobiotics, which may affect cancer therapy [248], glutathione S-transferase (GST) actively

catalyzes the conjugation of GSH with its substrates.

GSTs are categorized based on their structure, and among them, GST-6 and GSTp1 have
been studied in relation to radiation exposure. The GSH system can be extended further to include
glutathione peroxidase (GPx) and glutaredoxin (Grx), which are closely linked to GSH and rely
on it for their antioxidant function. Grx is a crucial enzyme involved in processes such as
disulphide reduction and deglutathionylation. GPx catalyzes the reduction of free H,O> to water
and converts lipid hydroperoxides into their corresponding alcohols, with GSH serving as a
cofactor. GPx exists in eight isoforms (GPx1-8), which are present in various tissues and cell

fractions throughout the body [206].

The GSH system is one of the defense mechanisms that helps cells adapt to oxidative stress.
It is highly expressed in tumor tissues [246]. The Trx and GSH antioxidant pathways synergize to
drive cancer initiation and progression, and their upregulation in tumor tissue can confer drug
resistance to chemotherapy in cancer cells [249]. Trx and GSH are essential antioxidant systems

necessary for cell survival. In the case of tumors deficient in TrxR1, they are highly sensitive to
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pharmacological GSH deficiency as the survival and proliferation of these tumors depend on a
functional GSH system, both in vitro and in vivo [235]. Targeting both the Trx and GSH systems

simultaneously may have synergistic effects in cancer treatment [249].

1.11.5. Nuclear factor erythroid 2-related factor 2

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is a crucial
regulator of antioxidant pathways. Under normal conditions, Nrf2 is bound and suppressed by
Kelch like ECH-associated protein 1 (Keapl), which promotes Nrf2 degradation through the

proteasomal pathway.

Keap1 harbours several cysteine residues that can be subject to oxidation. Keap1 respond
selectively to various oxidants by multiple cysteine thiol groups [170, 250]. The oxidation process,
notably involving the formation of Cysl151 disulfide in the Keapl dimer [251], results in a
conformational shift that causes the release of Nrf2 from Keapl, which in turn prevents Nrf2
ubiquitylation, thereby enhancing Nrf2 stability and facilitating its subsequent nuclear

translocation.

Once in the nucleus, Nrf2 forms a dimer and binds to antioxidant responsive elements
(AREs). The binding of Nrf2-ARE regulates the expression of genes that are involved in the
cellular antioxidant and anti-inflammatory defense. These genes include phase 2 detoxification
enzymes such as glutathione, superoxide dismutase, glutamate-6-phosphate dehydrogenase, heat
shock proteins, and ferritin. Additionally, it regulates the expression of pro- and anti-inflammatory
enzymes such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and heme

oxygenase 1, while also regulating mitochondrial biogenesis [162, 252].
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Apart from oxidative stress, Nrf2 activation can also occur in response to cigarette
smoking, infections, or inflammation. When the Nrf2/ARE pathway is disrupted, it can lead to
oxidative stress, inflammation, and mitochondrial dysfunction [253]. The Nrf2-Keap1 system is
regulated by thioredoxin reductase 1 [254] and the sirtuin family of deacetylases [255]. Nrf2 is
considered a tumor suppressor due to its cytoprotective function in countering oxidative stress.
However, malignant cells can upregulate Nrf2 to protect against oxidative stress caused by
chemotherapeutic agents and radiotherapy, increasing their survival and imparting an oncogenic

property. As a result, Nrf2 can be a potential therapeutic target in cancer treatment [162].

1.11.6. EGFR and the relationship with reactive oxygen species

Previous studies reported the role of ROS in EGFR activation and the correlation between
ROS and EGFR in tumor progression and drug resistance [256-260]. Exposure to mild ROS levels
induced an aberrant pattern of phosphorylation and impaired EGFR trafficking and degradation,
leading to ROS-mediated tumor progression [261]. Aberrant EGFRVIII expression in GBM has
been associated with increased levels of ROS, DNA strand break accumulation, genome
instability, and a better sensitivity to DNA repair inhibitors [262]. Furthermore, the crosstalk of
EGFR with the GSH system is involved in GBM increased antioxidant capacity and drug

resistance.
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1.11.7. Redox adaptation/ redox resetting

Redox resetting occurs when cancer cells can modify their metabolism to counteract high
levels of ROS by enhancing their antioxidant systems, which allows them to adapt to a new redox
balance. This adaptation makes the cancer cells highly dependent on their antioxidant system for
survival, making it a potential target for anticancer treatment [162]. There is a mutual relationship
between the metabolism and redox balance of cancer cells, with a particular emphasis on the roles
of glycolysis, glutaminolysis, fatty acid oxidation, one-carbon metabolism, and the pentose
phosphate pathway [263]. The “threshold concept” implies the ability of cancer cells to keep their
intrinsic ROS levels at a threshold favourable for tumor growth below the threshold of excessive
cytotoxic ROS levels [264]. To this end, cancer cells rely on increasing expression and/or activity
of the main endogenous antioxidants, GSH and Trx systems, as key adaptive ROS-scavenging

mechanisms via a mechanism called redox resetting [265-269].

1.12. Auranofin, a TrxR inhibitor.

Auranofin is a phosphine complex containing gold (I) that was approved by the United
States Food and Drug Administration in 1985 for the primary treatment of rheumatoid arthritis and
is marketed under the brand name Ridaura [270, 271]. The drug complex consists of two parts: a
water-soluble aurothioglucose entity with a sulfur donor group, and a phosphine ligand that
provides lipophilic properties (Figure 1.12.1). Auranofin is a prodrug that undergoes irreversible
oxidation and hydrolysis and progressive deacetylation to form two active compounds: a
triethylphosphinenegold (I) cation, and a gold (I) thioglucose species, with a variable number of
acetyl groups [272]. Auranofin exhibits strong affinity towards sulfur and selenium ligand proteins

that have free cysteines exposed, owing to its chemical properties [273].
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Figure 1.12.1. Chemical structure of Auranofin. This complex comprises a linear molecule of

triethylphosphine and thiolate groups attached to a gold (I) center. Adapted from Ref [274].

Auranofin can be taken orally and reaches intestine within 20 minutes [275].
Approximately 25% of the dose is detected in the plasma mostly bound to albumin [276, 277].
Within 1 to 2 hours, the plasma concentration of auranofin can reach 60 to 90 pg/L [278-280] with
a half-life ranging from 17 to 25 days. On average, it takes 55 to 80 days for auranofin to be
eliminated from the body [223, 281, 282], with the majority (85%) being excreted through the

feces and the remaining 15% through the kidneys [280].

The main function of auranofin is to act as a pro-oxidant by interfering with the redox
system of the cell. This is achieved by strongly inhibiting the two isoforms of thioredoxin
reductases, TrxR1 and TrxR2 (Figure 1.12.2) [283-285]. TrxRs serve as antioxidants by
controlling the ROS levels, thereby protecting cells from the detrimental effects of oxidative stress.
TrxRs isoforms are selenoproteins containing a redox-active site that includes a selenocysteine
residue that is readily accessible and highly nucleophilic. This characteristic makes them highly
vulnerable to irreversible inhibition by auranofin [286, 287], thereby hindering electron transfer
[197]. Classic proteomic strategies and mass spectrometry-based redox proteomics analysis

reveals that TrxRs exhibit interaction with approximately four triethylphosphine gold (I) molecules
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[285] while auranofin oxidizes over five hundred cysteine-containing peptides [288, 289]. TrxRs
act in a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent manner, by
transferring electrons from NADPH to the active disulfide site on the oxidized thioredoxin (Trx)
protein. The reduced form of Trx functions as an electron donor for both peroxiredoxin and
ribonucleotide reductase [269]. By increasing the reduced form of Trx, cell growth is promoted,
transcription factors that regulate gene expression are activated, and programmed cell death is
inhibited, leading to cell survival. However, when TrxR is inhibited by auranofin, the levels of the
oxidized form of Trx rise, causing an increase in intracellular oxidized substances and ROS,

ultimately leading to apoptosis [221].

Auranofin
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Figure 1.12.2. The impact of auranofin-induced inhibition of TrxR within the cell. Adapted from

Ref. [221].

Studies have shown that the TrxR1/Trx1 system is upregulated in different types of cancer

such as breast, ovarian, colorectal, lung, pancreatic, and gastric cancers [216, 221, 290-292] as
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well it has been implicated in the resistance of several human tumour cells to chemotherapeutics
[284, 293, 294]. As a result, auranofin is a promising repurposing therapeutic option against cancer

by targeting this system.

Auranofin has demonstrated significant anticancer effects in various types of cancer types,
either alone [289, 295-322] or in combination with other drugs [323-325]. Anticancer effects of
auranofin include high levels of oxidative stress and hampered reductive pathways in both the
cytoplasm and mitochondria [284, 326, 327]. As an example, research has shown that the ability
of auranofin to kill human chronic leukemia and gastric cancer cells was linked to mitochondrial

dysfunction and accumulation of ROS [296, 328].

A study showed that auranofin alone effectively inhibited multiple key nodes in the
PI3BK/AKT/mTOR signaling pathways and elicited cytotoxic effects in NSCLC cells [303]. The
combination of auranofin with the AKT inhibitor MK2206 causes simultaneous inhibition of the
TrxR1 and AKT pathways, inducing robust ROS production, and apoptosis [329]. Interestingly,
synthetic lethality occurred while targeting AKT and TrxR1 through the Keap1/Nrf2 antioxidant
system [329]. Tumour Suppressor Candidate 2 (TUSC2) negatively regulates cancer growth and
progression in multiple cancer types [330]. The same previous research group discovered that the
addition of auranofin-TrxR inhibition sensitized NSCLC cells to TUSC2 overexpression/erlotinib
treatment combination and resulted in increased cell apoptosis and colony formation inhibition

[197].

Guo-Xin Hou et al. reported that auranofin decreased cell viability and sphere formation
of GBM stem cells in a concentration-dependent manner. Interestingly, besides ROS increase,

auranofin caused ATP depletion by inhibition of glycolysis. Also the combination of auranofin
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with adriamycin decreased tumor growth in mice bearing xenografts of A549 human lung cancer

cells [331].

In GBM a study showed that auranofin induced cell death in different brain cancer cell
models, including neuroblastoma SK-N-AS cells, glioblastoma U251 cells, and patient-derived
GBM neurospheres [325]. Activating the Small-conductance Ca2+-activated K+ channels (SK
channel) in healthy brain cells with CyPPA results in a minor reduction in mitochondrial
respiration and a moderate rise in ROS within the mitochondria [332]. The application of auranofin
with CyPPA resulted in the promotion of apoptosis in U251 gliomas cells, as well as an increase
in the loss of mitochondrial transmembrane potential (MMP), lipid peroxidation, and
mitochondrial and cytosolic ROS in neuroblastoma cells. Additionally, this treatment combination

had a mild effect on non-cancerous brain cells [325].

A recent study found auranofin and cold atmospheric plasma synergized to trigger distinct
cell death mechanisms and immunogenic responses in GBM [323]. Auranofin monotherapy
caused a significant accumulation of intracellular ROS, yet this increase was more pronounced in
the combination treatment. In an in vivo setting, auranofin-induced inhibition of the antioxidant
system was able to sensitize GBM tumours to plasma treatment, decreasing tumour size and

increasing mice survival [323].

The inhibitory activity of auranofin against TrxR may lead to further pharmacologic effects
For example, auranofin was found to inhibit mitochondrial activity and to induce oxidative stress
in human cancer HepG2 and MCF-7 cells, it also inhibited the proteasome triggering the
endoplasmic reticulum stress by targeting proteasome-associated deubiquitinases (DUBs) UCHLS

and USP14 [301, 333].
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The anti-inflammatory properties of auranofin are associated with a blockade of the Janus
kinase 1 (JAK1)/ signal transducer and activator of transcription 3 (STAT3) signalling. Auranofin
inhibits IL-6-induced phosphorylation of JAK1 and STAT3 and the STAT3 translocation into the
nucleus [312, 334]. In cancer cells auranofin reduced the production of acute-phase proteins such
as haptoglobin, fibrinogen, C3 complement, and al-acid glycoprotein, as well as the gene

expression of vascular endothelial growth factor, all of which are regulated by STAT3 [312].

1.12.1. Clinical trials using auranofin

The CUSP9 (Coordinated Undermining of Survival Paths with 9 repurposed drugs)
treatment protocol started as a concept using several re-purposed drugs that had demonstrated
evidence of inhibiting one or more of the identified GBM growth and cell survival pathways,
eventually selecting a combination of nine drugs with specific rationale including auranofin [335].
This cocktail was further tested in patient-derived Glioblastoma Stem Cells (GSCs) demonstrating
high sensitivity to the combination treatment compared to each drug alone [336]. The 9 drugs of
the CUSP9v3 protocol included: aprepitant, auranofin, celecoxib, captopril, disulfiram
itraconazole minocycline, ritonavir, and sertraline, which their primary non-oncology use is for
nausea, rheumatoid arthritis, pain, hypertension, alcohol abuse, fungal infection, bacterial
infection, viral infection, and depression, respectively. The CUSP9v3 protocol was tested in a
clinical trial (NCT02770378) using the combination of the 9 drugs, in addition to the standard-of-
care, and temozolomide added metronomic (low-dose, repetitive, for long period) for recurrent
GBM. Results did not show significant safety concerns and after 3 years of daily, uninterrupted

use of CUSP9v3 regime three of ten originally enrolled patients were still alive [337].

In addition, auranofin has also been included in other phase I/II clinical trials to treat

patients with chronic lymphocytic leukemia, non-small cell lung cancer or small cell lung cancer,
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and ovarian, peritoneal, and fallopian tube cancers due to its promising evidence as an anti-cancer
agent (NCT01419691, NCT01737502, NCT01747798, and NCT03456700;

www.clinicaltrials.gov ).
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1.13. L-buthionine sulfoximine: a GSH inhibitor

L-Buthionine-sulfoximine (L-BSO) is a synthetic amino acid widely used in
pharmacological and biomedical studies that strongly blocks the biosynthesis of GSH because of
inhibition of YGCS. GSH is often up-regulated in chemotherapy—resistant tumors. Consequently,
by depleting GSH, L-BSO enhances the cytotoxicity of chemotherapeutic agents in drug-resistant
tumors [248]. L-BSO is less toxic than its predecessor methionine sulfoximine (MSO) and may be

safely administered intravenously in humans [248, 338].

HN?Z OH
NH,

Figure 1.13. The molecular structure of L-BSO. Adapted from Ref. [248].

A systematic review has revealed the cytotoxic potential of L-BSO against cancer cells.
The collected data indicate that, depending on the concentration and cell line, the exposure to L-
BSO alone can exhibit cytotoxic activity. However, L-BSO is more effective when combined with
other well-established drugs to enhance cytotoxicity by depleting the antioxidant capacity of GSH
[248]. When utilized as a pretreatment or concurrently with anticancer therapy, L-BSO
demonstrates enhanced tumor growth suppression, however, more pronounced effects are

observed when L-BSO is administered simultaneously with other chemotherapeutics [248].

Among the chemotherapeutic agents used in co-treatment with L-BSO, alkylating agents

and platinum analogues were found to be particularly effective in exhibiting antitumor effects. It
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was observed that these agents induced programmed cell death via both apoptotic and non-

apoptotic pathways [248].

L-BSO has shown anticancer effects in vitro in different cancer cells, including breast,
colon, myeloma, and leukemia in a time-dependent cytotoxicity (24 h ICso of 100 uM, 850 uM,
450 uM, and 2 pM, respectively). In an in vivo mice model it was well tolerated despite high doses;
however, it did not decrease tumour growth or improve survival in tumour-harboring mice unless
used in combination with melphalan (L-PAM) [339]. In ovarian cancer cells, the concentration of
L-BSO needed to reach 50% of the maximum cytotoxic effect (EC50) was 56.23 mM for ES2

cells and 38.49 mM for OVCAR-3 cells [340].

L-BSO was found to induce apoptosis in esophageal cancer cells when treated with 1 mM
[341]. Furthermore, L-BSO was demonstrated to increase apoptosis and cleaved PARP expression
in hepatocellular carcinoma cell lines when treated with 200 uM, and when combined with the
structural analog of pyruvic acid, 3-BP, it resulted in a decrease in tumour growth and an increase

in apoptotic index in a mouse model of disease [342].

L-BSO elicited cytotoxic effects for most 18 human neuroblastomas (IC9o = 2.1->1000
uM) below equivalent steady state plasma levels of L-BSO reported in adult human trials; the same
study reported that L-BSO (500 uM for 72 h) induced apoptosis as detected by DNA laddering,

nuclear morphology, and TUNEL staining of DNA fragments using flow cytometry [343].

The selective toxicity of L-BSO towards melanoma cells was evident both in vitro and in
vivo. In vitro studies revealed that L-BSO caused a decline in the GSH levels of melanoma cells,

which led to impaired clonogenic survival. /n vivo studies showed that L-BSO treatment in mice
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injected with melanoma cells resulted in extended animal survival and reduced metastatic spread

of tumor cells [344].

According to the systematic review no obvious toxicity was observed in animals, rat or
mouse species, both genders, when L-BSO was administered in different dosage regimens, such
as a single dose of 32 mmol/kg, multiple doses totaling 72 mmol/kg, or daily water consumption
containing 20 mM L-BSO for 45 days [345, 346]. While there was no direct toxicity associated
with continuous L-BSO administration, most tissues experienced a subsequent GSH depletion that
rendered them more vulnerable to the harmful effects of other substances, including heavy metals
[347] and medications [348]. According to another report, oral administration of L-BSO (20 mM)
in mice for 14 days did not result in any toxic signs [348]; however, the combination with
paracetamol caused hepatocyte and renal tubule epithelium necrosis, which in turn led to the death

of 9 out of 10 mice [349].

Phase I or pilot clinical trials have demonstrated that L-BSO has minimal toxicity in
patients with neuroblastoma [350], myeloblastic leukemia [351], and a cohort of individuals
carrying ovarian, lung, melanoma, colorectal, breast, pancreas and renal cancers [352]. Human
subjects received a 30-min infusion of 3 g/m? L-BSO, followed by a continuous infusion for 24 to
72 hours, with minimal adverse reactions, including nausea and vomiting [352]. Notably, L-BSO
was used at subtoxic concentrations to potentiate cytotoxic effects in most studies; toxic doses,

may require high plasma concentrations (roughly 500 uM) [353].
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1.14. Role of P53 in GBM

The p53 gene, often referred to as the "guardian of the genome," plays a significant role in
the development of cancer [354]. It is the most frequently mutated gene in human cancer overall.
Somatic mutations lead to the loss of wild-type p53 (wt-p53) activity and the gain of oncogenic
functions such as resistance to apoptosis and increased genome instability [355]. These mutations
also result in the deregulation of cell cycle control, senescence, apoptosis, and DNA repair (Figure
1.14). Consequently, cancer cells acquire new properties, such as increased invasion, migration,
angiogenesis, proliferation, genomic instability, and drug resistance [356]. Mutant-p53 is linked

to aggressive tumor phenotypes and poor patient survival [357].

The p53 tumor suppressor protein activates multiple target genes, including
p21Wafl/Cipl, GADD45A, Bax, Noxa, PUMA, KILLER/DRS, and Fas among others. The TP53
gene has been found to have alterations in approximately 25-30% of primary GBM cases [358],
with a higher incidence of TP53 mutations in the "proneural" subtype. Many of these mutations,
which are mainly missense mutations, occur within the DNA-binding domain of p53 and disrupt
its ability to bind to DNA and regulate target genes. This leads to impaired transactivation of the
p53 antagonist MDM2. Inhibition of MDM2-mediated degradation of mutant (mut)p53

contributes to the stabilization and increased expression of mutp53 protein [359].

Mutations in the TP53 gene result in the inactivation of wt-p53 or the formation of
cotetramers with co-expressed wt-p53 that act as dominant negative inhibitors. Additionally, some
TP53 missense mutations can give rise to oncogenic properties known as "gain-of-function"
(GOF) [360], which promote tumor cell invasion, prevent apoptosis, and increase resistance to
anticancer treatments. Previous studies have suggested that wt-p53 plays a role in regulating

MGMT levels in various human cancer cell lines, including GBM [361]. Therefore, strategies
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aimed at restoring wt-p53 function may also lead to decreased MGMT levels in GBM tumours,
potentially overcoming resistance to alkylating agents that are commonly used in GBM treatment.
[362]. Moreover, p53 activity is dependent on the TrxR1-Trx antioxidant system [363].
Interestingly, pS3 overexpression enhanced p53-induced ROS-accumulation leading to apoptosis
and necrosis in glioma cells [364]. Consequently, approaches that aim to restore the functionality
of wt-p53 may also result in an increase in ROS in GBM tumors. This increase in ROS could

potentially bypass resistance to ROS compensatory mechanisms [364].
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Figure 1.14. p53 is a stress response protein. pS3 serves as a critical molecular connection between
external stimuli and the cellular biological response that have tumor suppressor properties. In
response to stress, functional p53 activates protective mechanisms such as apoptosis, DNA repair,
senescence, and metabolic rewiring, as well as autophagy. However, when p53 is mutated, these
physiological responses can be disrupted, leading to abnormal cellular processes that contribute to

tumour development. Adapted from Ref. [363].
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1.15. APR-246 (Prima-1M¢%: a p53 stabilizer

As mentioned previously, primary GBM can be categorized into various subtypes based
on molecular characteristics, among these subtypes, the proneural and mesenchymal subtypes
exhibit the highest prevalence of p53 mutations, with rates of 54% and 32% respectively [15].
Other malignancies such as High-Grade Serous Ovarian Cancer (HGSOC) are also frequently
associated with p53 mutations, with more than 96% of patients that can either result in gain-of-

function (oncogenic) and loss-of-function (loss of p53 activity) mutations [365-368].

The prevalence of TP53 mutations in human tumors has spurred the development of
therapeutic approaches aimed at targeting mutant pS3 in cancer. Pharmacologically reactivating
mutant p53 is believed to lead to significant cell death. This concept is supported by research that
demonstrates the prompt eradication of tumours through apoptosis and/or senescence when

functional p53 is reintroduced in mouse tumours in vivo [369-371].

A quarter-century ago, a collection of small molecules was discovered through chemical
library screening or rational drug design that had the ability to restore the wild-type tumor
suppressor activity of mutant p53 [372-375]. This finding increased optimism for the development
of innovative and efficient cancer treatments that could overcome the proliferative and anti-
apoptotic advantages gained through the loss of p53 function in various types of cancer, including

gliomas [376-380].

A library screening led to the identification by Bykov and colleagues of the molecule
PRIMA-1. PRIMA-1 and its methylated analog form PRIMA-1MET (also named as APR-246 or
Eprenetapopt) have been studied in several models, alone or associated with other cancer

treatments [356].
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Studies have demonstrated that PRIMA-1 and PRIMA-1MET can effectively hinder the
growth and trigger apoptosis in ovarian, osteosarcoma, and lung cancer cells that harbor mutp53,
both in vitro and in vivo [372, 381, 382]. PRIMA-1 and PRIMA-1MET have shown anticancer
effects such as inhibition of cell proliferation and vitality, inhibition of colony formation and
cancer cell migration, induction of apoptosis by the activation of caspases in varied mutp53 cells
[356]. The sensitivity to the cytotoxic effects of PRIMA-1 and PRIMA-1MET varied with ICsos
ranging from 0.75 uM to 200 uM [356]. However, PRIMA-1MET is more active than PRIMA-1
[383], exhibiting superior permeability properties [384], and demonstrating cytotoxicity towards
prostate and melanoma cell lines, regardless of TP53 mutational status [385, 386]. No significant

IMET  was used in human normal cells

cytotoxic impact has been reported when PRIMA-
(hematological and fibroblasts); similarly, it is well tolerated in in vivo studies using doses ranging
from 20 mg/kg/day to 400mg/kg/day [356]. From a clinical perspective, PRIMA-1MET was among

the p53 rescuing small molecules with favorable safety and pharmacokinetic profiles, having

already undergone clinical trials [387-389].

PRIMA-1 and PRIMA-1MET are prodrugs that are converted into methylene quinuclidinone
(MQ), a Michael acceptor (a,B-unsaturated carbonyl that creates a carbon-carbon bond) that reacts
covalently with thiol groups of mutp53, as well as wt p53 (Figure 1.15.1) [390]. The specific
molecular mechanisms responsible for the reactivation of mutp53 by PRIMA-1 and PRIMA-1MET
are not yet fully understood. Nevertheless, it is established that these compounds induce proper

folding of the mutated protein [372, 383, 391]. Specifically Cys124 of the p53 core domain, has

been identified as a possible target of PRIMA-1 [392].
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Figure 1.15.1 Chemical structures of PRIMA-1MET (APR-246) and PRIMA-1. Both compounds
undergo metabolism to produce the active moiety, methylene quinuclidinone (MQ). MQ forms a
covalent bond with thiol groups in mutp53, and it also binds to TrxR, transforming the enzyme
into an active oxidase. Moreover, MQ binds to GSH, reducing the amount of free GSH in the cell.

Both later processes result in an increase in ROS. Adapted from Ref. [384].

In GBM, GSCs represent a disease reservoir leading to resistance and recurrence, and
MGMT expression, is also an important predictor of response. Previous studies have shown that
wtp53 down-regulates MGMT [361, 393, 394]. With this notion, reactivating p53 could serve as
a strategy to sensitize¢ MGMT positive cells to standard treatment. Patyka et al. showed that
PRIMA-1MET produced cytotoxic effects on various patient-derived GSCs with varying levels of
MGMT regardless of p53 status. However, low MGMT and mutp53 levels were linked to

increased cell sensitivity to PRIMA-1MET [362]. PRIMA-1MET induced activation of wtp53, and
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downregulated MGMT in MGMT positive GSCs cells [362]. Despite PRIMA-1MET did not induce
PARP-1 or caspase-3 cleavage in GSCs, it disrupted neutrospheres evoking necrotic cell death.
These effects were observed at lower concentrations compared to established GBM cell lines

[362].

Studies have shown PRIMA-1 and PRIMA-1MET produce massive ROS induction which
presumably contributes to the anti-tumor activity, and can trigger a p53-dependent [390] or
independent cell death [395, 396]. ROS induction results from a combination of decrease of

antioxidant capacity and the increase of pro-oxidant activity.

PRIMA-1MET inhibits anti-oxidant enzymes—such as TrxR1 [397] Prx3, or GPx-1 [398]
and also converts TrxR1 to an active NADPH oxidase increasing the oxidant activity [397]. The
decrease of cellular GSH occurs due to the fact that PRIMA-1MET /MQ binds to and depletes
cellular GSH [395, 399, 400]. Additionally, mutp53 sensitizes tumour cells to PRIMA-1MET
induced oxidative stress, by inhibiting the synthesis of GSH because mutp53 binds to and inhibits
the antioxidant transcription factor Nrf2 [401], leading to decreased expression of SLC7A11 and
consequent inhibition of system xc—[395]. SLC7A411 encodes the functional subunit of the cystine-
glutamate antiporter, system xc— [402]. The import of cystine through system xc— provides the
predominant source of intracellular cysteine for de novo synthesis of GSH. The decreased
expression of SLC7A11, sensitizes cells to TrxR1 inhibition and GSH depletion by PRIMA -1MET
[395], providing an explanation for the selectivity of PRIMA-1MET against mutp53 cancer cells.
Consequently, SLC7A411 expression is a marker for sensitivity of mutp53-carrying tumors to
PRIMA-IMET Interestingly PRIMA-1MET shows synergy in ROS production with inhibitors of
GSH synthesis or cysteine transporter (for example with L-BSO) inducing cell death irrespective

of p53 status [356].
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Recently, another mechanism of action found of PRIMA-1 and PRIMA-1MET entails the
activation of XBP1, GRP78, and CHOP, which are important components of the endoplasmic
reticulum stress response, commonly referred to as the unfolded protein response (UPR) [356].
The UPR response is activated when there is an accumulation of unfolded or misfolded proteins
in the endoplasmic reticulum and aims to restore normal cell function by degrading misfolded
proteins and increasing the production of molecular chaperones. When the UPR becomes

overwhelmed, it may lead to apoptosis [356].

More than 10 clinical trials have been completed or are ongoing using PRIMA-1MET in
combination with chemotherapy, including ovarian cancer, prostate cancer, esophageal cancer
myelodysplastic syndromes, acute myeloid leukemia, and non-Hodgkin lymphomas. To mention,
one of these a Phase II clinical trial (NCT03268382) assessed the efficacy and safety of combined
treatment with PRIMA-1MET and pegylated liposomal doxorubicin in platinum-resistant recurrent
HGSOC with mutated TP53 where it showed a disease control rate of 70% [403]. Another Phase
Ib/IT clinical trial (NCT02098343) was assessed similarly in patients with platinum sensitive
recurrent HGSOC with mutated TP53 using carboplatin with or without PRIMA-1MET and a

disease control rate of 75% was reported [403].
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1.16. Combi-molecule JS440

JS440 is an experimental combi-molecule that was designed to have components of
PRIMA-1MET and gefitinib with the purpose to have dual action: p53 stabilizer and EGFR TKI; it
was synthesized by the postdoctoral fellow Dr. Julie Schmitt (Cancer Drug Research laboratory,
McGill University, CA) in Dr. Bertrand Jean-Claude’s research group (Director of the Drug
Discovery Platform, and Professor in the Division of Experimental Medicine, McGill University).

Currently there is no information publicly available about its cytotoxic effectiveness in preclinical

studies.

O\H/\/LLO/\/N\@N

JS440

Chemical Formula: C39H34BrNsOg
Molecular Weight: 640,54

Figure 1.14.2. Structure of JS440
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1.17. Targeting DNA damage response pathways

The most effective non-surgical treatment options for glioma include DNA-damaging
agents, such as radiation therapy (RT) and cytotoxic chemotherapy. It is a promising strategy to
increase the effectiveness of these therapies while minimizing harm to normal tissue, especially in
tumours like GBM. One innovative approach is to target the unique DNA repair vulnerabilities in
GBM, which contains a significant stem cell compartment where DNA repair is heightened and

contributes to treatment resistance [404].

The DNA damage response (DDR) is a series of signaling and effector events that occur
after DNA damage. This response is summarized in Figure 1.17. DNA double-strand breaks
(DSBs) are the most common toxic lesions caused by DNA-damaging agents, but single-strand
breaks (SSBs) are also important for lethality [405]. Unrepaired SSBs can slow down replication
forks, which can indirectly increase the number of DSBs, especially under conditions of replication
stress. Using DDR inhibitors with DNA-damaging agents can increase the number of unrepaired

DSBs and SSBs in cells, potentially enhancing chemo- and radio sensitivity [20].
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Figure 1.17. Overview of types of DNA damage and DDR. Proteins like histone YH2AX initially
detect damage, which is rapidly phosphorylated by ATM at a specific serine residue in response
to chromatin structure alteration at DSB sites. This activation leads to the recruitment of repair
proteins, including BRCAT1 and the MRN complex (MRE11, Rad51, NBS1). The repair of DSBs
is carried out by the end-joining pathway, which involves the kinase DNA-PK and Ku protein
binding partners, as well as the homologous recombination pathway, which involves Rad51 and
associated proteins. Single-strand breaks (SSB) and replication stress cause stalled replication
forks, which activate PARP and recruit repair factors, including XRCCI1, to promote chromatin
remodeling at the break site and base excision repair. ATR and ATM function in the initial
signaling cascade and as transducers to downstream activation of the cell cycle checkpoint
inhibitors Chk1 and Chk2, which produce cell cycle delay to facilitate repair. Points in the pathway

at which specific inhibitors are available are indicated. As predicted from their roles in the DDR

103



pathway, ATM and ATR inhibitors sensitize cells to a broad range of DNA damaging agents that
cause single or double strand breaks. PARP inhibitors (PARPi) and cell cycle checkpoint
inhibitors, including Weel inhibitors, are specifically effective in cells undergoing rapid

replication. Adapted from Ref. [20].

Poly (ADP-Ribose) polymerase (PARP) represents a group of enzymes that catalyze the
formation of linear or branched polymers of ADP-ribose (PAR) using NAD+ as a substrate,
functioning as a radiosensitizer [406]. When PARP detects single-strand DNA breaks, it attaches
to DNA through its DNA-binding domain to cause structural changes and initiates the synthesis
of a linear chain of adenosine diphosphate ribose. The auto-PARylation of PARP on its auto-
modification domain is a signal that recruits DNA ligase III (LiglIl), DNA polymerase beta (polp),
and scaffolding proteins such as X-ray cross-complementing gene 1 (XRCC1) to repair the
damaged DNA, a process known as base excision repair (BER) [407]. Poly (ADP-ribose)
glycohydrolase (PARG) degrades the PAR chain to recycle PARP. Currently, there are 18
members in the PARP family, but PARP1 and PARP2 play major roles in repairing DNA,
especially the first one. Additionally, the other members perform different functions, and the
PARylation of proteins, including histones and various transcription factors, can also regulate
multiple cellular processes such as caspase-independent apoptosis by transporting apoptosis-

inducing factors into the nucleus [408-410].

The expression of PARP-1 was found to be high in various types of cancers [409]. Initial
studies showed that PARP inhibitors suppressed the activity of PARP and impeded the base
excision repair (BER) system by competing with the substrate NAD+ [411]. This led to the
accumulation of N-methylpurine DNA damage (N7-methylguanine and N3-methyladenine)

caused by TMZ, and ultimately increased sensitivity to TMZ and other alkylating agents. Higuchi
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et al. discovered that the role of PARP inhibitor as a TMZ sensitizer was independent of base
excision repair [412]. There may be other pathways that PARP inhibitors target to enhance the
effectiveness of chemoradiotherapy. For instance, continuous inhibition of PARP-1 activity delays
the recurrence of GBM by promoting radiation-induced senescence [412]. PARP inhibitors can
increase the sensitivity of cells, including glioma stem cells, to ionizing radiation. This is because
the radiation produces single-stranded DNA damage, which is necessary for its therapeutic effect
[413]. Although overexpressing PARP can promote resistance to radiation [414, 415], the PARP
inhibitors can still sensitize cells to radiation even in glioma stem cells, which overexpress PARP,

because the radiation generates single-stranded DNA damage to exert clinical effect.

The mechanism by which PARP inhibitors suppress tumor growth is known as "synthetic
lethality." In certain cases of breast and ovarian cancer with BRCA mutations, which indicate a
lack of the homologous recombination repair (HR) system, PARP-mediated BER serves as a
compensatory mechanism. Therefore, the inhibition of PARP can enhance the anti-tumour effect
[416, 417]. In gliomas, the frequent deletion of PTEN, which occurs in primary GBM, can impact
genomic stability by decreasing the expression of RADS5I1, an essential component of the
homologous recombination repair process [418]. In vitro studies have shown that cell lines with
PTEN deficiency are more sensitive to PARP inhibitors than PTEN wild-type cell lines [406].
Recent studies have also demonstrated that IDH1/2 mutations not only impair the HR system but
also compromise the BER associated with PARP by decreasing NAD+ availability. This may
explain why patients with IDH1/2 mutations have a better prognosis than those with wild-type
IDH when receiving chemoradiotherapy, and it also makes tumour cells sensitive to PARP

inhibitors [419-421].
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1.17.1. Olaparib: a PARP inhibitor

Olaparib, also known as AZD2281 and marketed as Lynparza, is an orally administered
inhibitor of PARP. Olaparib (Figure 1.17.1.1) is specifically designed to competitively inhibit
NAD+ at the catalytic site of PARP1 and PARP2 [422]. The function of these enzymes is of

paramount importance in detecting and mending DNA SSBs through the BER pathway.

Figure 1.17.1.1 Molecular structure Olaparib; C24H23FN4O3; the molecular weight is 435.08

g/mol. Adapted from Ref. [423]

Inhibition of BER pathway by olaparib results in the accumulation of unrepaired SSBs,
which subsequently leads to the formation of deleterious DSBs. In normal cells, DSBs can be
effectively repaired with high fidelity through the homologous recombination (HR) pathway or
non-homologous end-joining (NHEJ), although the latter is an error-prone repair process that may

lead to genetic instability [422].

In tumours with HR repair deficiencies, such as those lacking functional BRCA1/2 genes,
olaparib induces synthetic lethality [421]. This phenomenon arises from the interaction of two
molecular events that ultimately result in cell or organismal death (Figure 1.17.1.2) [417]. In
contrast, PARP inhibition has no significant impact on normal cells with intact HR repair

pathways, as these cells are capable of accurately repairing DSBs through HR [424].
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Figure 1.17.1.2 Proposed PARP inhibitors mechanisms of action. Left: PARP1 typically
recognizes DNA single strand breaks (SSBs) and becomes activated in response, resulting in
PARP1 auto-PARylation and the assembly of DNA repair proteins to initiate the repair process.
Right: The presence of PARP inhibitors (PARPi) has two consequences. Initially, PARPi
diminishes the activity of PARPI, hindering the recruitment of DNA repair proteins to the
damaged locations. This results in the persistence of SSBs. Additionally, PARPi captures PARP1
at DNA lesions, forming harmful complexes that cause the replication fork to collapse, ultimately
leading to cell death. Continuous SSBs and collapsing of replication forks will ultimately result in
DNA double strand breaks (DSBs). In cells that are proficient in HR, DSBs can be efficiently
repaired. However, cells that are defective in HR are unable to repair DSBs accurately, leading to

cell death, phenomenon known as synthetic lethality. Adapted from Ref. [425].
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Olaparib has been authorized for the treatment of patients with recurrent ovarian cancer
and a BRCA mutation, and it has been demonstrated to provide significant clinical benefits to these
patients. Although only about 25% of patients with serous ovarian cancer have germline or somatic
BRCA mutations, research indicates that approximately half of them have HR deficient tumors
[368, 426-428]. This suggests that the population that may benefit from olaparib may extend

beyond those with BRCA mutations.

Currently, the FDA has approved three PARP inhibitors for use in women with ovarian
cancer: olaparib, rucaparib, and niraparib [424]. Among these, olaparib is the only one that has

been granted FDA approval for front-line maintenance therapy in patients with BRCA mutations.

In 2018 the FDA granted approval for olaparib as a monotherapy and then in 2020 also in
combination with bevacizumab for the first-line maintenance treatment of BRCA-mutated
advanced ovarian cancer [429], a substantial modification to the standard of care for adult patients
receiving initial therapy for ovarian cancer. The approval for olaparib monotherapy was based on
the results of the SOLO-1 trial [430, 431], while the approval in combination with bevacizumab
was based on the PAOLA-1 trial [432]. In patients with BRCA-mutated tumours, olaparib
monotherapy was shown to reduce the risk of disease progression or death by 70% compared to
placebo. Meanwhile, olaparib in combination with bevacizumab demonstrated a 67% reduction in
the risk of disease progression or death compared to bevacizumab alone in HR deficient-positive

tumours [429].

Olaparib has demonstrated encouraging results in patients with metastatic breast or prostate
cancer who possess a germline BRCA mutation [423]. In the context of gliomas, there may be
potential benefits from utilizing PARP inhibitors in combination with other therapies, such as
radiotherapy, chemotherapy (serving as a chemo- and/or radiosensitizer), and immunotherapy,
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particularly in specific subgroups like IDH-mutant gliomas [423, 433]. IDH mutations can lead to

a phenotype similar to that caused by mutations in the BRCA1/2 genes [419]; this mutation results

in a neomorphic (new function) activity that converts a-ketoglutarate into the oncometabolite 2-

hydroxyglutarate [434] which disrupts the HR pathway, making the tumour cells sensitive to

PARP inhibitors.

The combination of PARP inhibitors and radiotherapy, which is part of the GBM standard of

care, may exhibit synergistic effects through multiple mechanisms:

1.

The BER pathway is a critical process for repairing ionizing radiation-damaged bases.
However, the use of PARP inhibitors can impede this pathway, resulting in increased
sensitivity to radiation in glioma cells, with sensitizer enhancement ratios ranging from 1.2
to 1.7 [413]. Notably, this effect appears to be dependent on replication, as higher levels of
replication lead to greater DNA turnover and damage.

The ability of cancer stem cells to persist is a factor that contributes to radioresistance. One
mechanism that enables cancer stem cells to survive is the enhancement of DNA damage
repair pathways [435]. It has been suggested that PARP inhibitors may play a role in
mitigating this response [436].

Tumour hypoxia is a well-known contributor to radioresistance, and PARP inhibitors have
demonstrated the potential to mitigate this effect. By exerting a vasodilatory effect, PARP
inhibitors can reduce tumor hypoxia, thus enhancing radiosensitivity [437]. Furthermore,
PARP inhibitors may possess separate anti-angiogenic effects, which can further increase
radiation sensitivity [438, 439].

Radiotherapy has proven to be effective in disrupting the BBB, assisted by contemporary

localization methods, including focused ultrasound, electric field modulation, and laser
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therapy [440]. These strategies may facilitate the delivery of PARP inhibitors into tumor

tissues [424].

Pharmacokinetics of olaparib in GBM has been investigated in the OPARATIC trial [441].
Patients diagnosed with recurrent GBM were administered olaparib prior to undergoing
neurosurgical resection. Subsequently, olaparib concentrations in tumour core and tumour margin
samples were measured using mass spectrometry. Olaparib was detected in all tumour core
samples obtained from the 27 patients and in all tumour margin samples obtained from the 9

patients at radiosensitizing concentrations, indicating reliable penetration.

The use of olaparib in the treatment of recurrent GBM warrants further investigation due
to the drug's successful penetration into both the core and margin regions of the tumor at
concentrations similar to those observed in breast cancer patients; this may be due to the disruption
of the BBB caused by tumor invasion [441]. Despite its inability to cross the intact BBB in
preclinical models [442], these findings suggest that clinical testing of olaparib in GBM,
particularly in combination with radiation therapy, is justified. Furthermore, these observations
highlight the limitations of traditional preclinical models in predicting clinical pharmacokinetics

of drugs at the BBB.

In a recent pharmacokinetic investigation involving mouse intracranial BRCA2mut capan-
1-luc tumour xenograft models, the efficacy of niraparib was evaluated in comparison to olaparib
[443]. The results indicated that niraparib demonstrated superior tumour exposure, consistent
distribution within the brain, and more potent inhibition of tumor growth when compared to

olaparib [433].
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The ongoing clinical trial (ISRCTN51253312), PARADIGM-2 consists of two parallel
phase I studies of olaparib and radiotherapy or olaparib and radiotherapy plus TMZ in patients
with newly diagnosed GBM, with treatment stratified by MGMT status [444]; it showed some

encouraging results with no significant safety concerns.

1.18. Combi-molecule JS470

JS470 is an experimental combi-molecule that was designed to include components of
PRIMA-1MET and Olaparib, Figure 1.18, with the purpose to have dual actions: as p53 stabilizer
and as DNA repair inhibitor; it was synthesized by postdoctoral fellow Dr. Julie Schmitt (Cancer
Drug Research laboratory, McGill University, CA) in Dr. Bertrand Jean-Claude’s research group
(Director of the Drug Discovery Platform, and Professor in the Division of Experimental Medicine,
McGill University). Currently there is no information publicly available about its cytotoxic

effectiveness in preclinical studies.

Chemical Formula: C3oH35FN5Og
Molecular Weight: 577,61

JS470

Figure 1.18. Structure of JS470
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1.19. Challenges in GBM

The progress of creating more effective treatments for GBM is hindered by the slow and
inefficient clinical trial process. The challenge is that many agents' ability to cross the BBB and
achieve therapeutic concentrations in the tumour while inhibiting the appropriate molecular
pathways is either unknown or insufficient. To address this, there is a need for more "window-of-
opportunity" phase 0 surgical trials early in the drug development process. In these trials, patients
receive the therapeutic agent for 1-2 weeks before surgery, and the tumor samples from both
enhancing and non-enhancing areas are analyzed for drug concentrations and pharmacodynamic
effects. Developing more efficient clinical trial networks focused on these studies is essential to
identify agents that deserve further development [20]. Most treatments for GBM have been
initially evaluated through uncontrolled single-arm studies, where progression-free survival (PFS)
or overall survival (OS) were compared to contemporary or historical controls as the main outcome
measures. Despite evidence indicating that only around one-third of patients with GBM benefited
from TMZ, no single therapeutic biomarker, including MGMT promoter methylation, has been
consistently utilized.

The BBB is a vital consideration when it comes to treating GBM. These tumours are
located within and intertwined with the brain, and they exploit the brain's natural defense
mechanism against toxins via the BBB. The BBB is composed of endothelial cells linked by tight
junctions against a basement membrane, surrounded by pericytes and astrocyte foot processes.
This barrier restricts the diffusion of compounds to small, uncharged, lipid-soluble molecules,
which is why most drugs do not cross the BBB to a significant degree. Additionally, the BBB is
reinforced with ATP-binding cassette transporter family proteins, which are drug efflux

transporters on the luminal side of the BBB that remove toxic metabolites, xenobiotics, and drugs
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from the brain. Together, these components prevent 98% of all small molecules from crossing the
BBB. Although some parts of GBM tumors can have a leaky, compromised BBB, significant
regions of the tumor, particularly the infiltrative tumor edge left behind in patients after resection,

still have an intact BBB, which impedes effective drug delivery [124].

Glioblastoma also presents a significant therapeutic challenge due to its pronounced inter-
and intratumoral heterogeneity. GBM, the first cancer to be characterized by The Cancer Genome
Atlas, has been found to possess numerous distinct genetic drivers [14]. The variations among
GBM are additionally intricate due to the presence of intratumoural heterogeneity at both
molecular and functional levels. For instance, various areas within a tumour may consist of cells
with different genetic compositions, transcriptional subtypes, and/or rates of proliferation.
Although the effect of intratumour heterogeneity on therapeutic outcome is not well understood,
preclinical studies indicate that functionally distinct glioma cells within a tumour (such as putative
glioma stemlike cells compared to more differentiated cells) can respond differently to TMZ or
ionizing radiation [435, 445, 446]. This differential response may explain the resistance to these

conventional treatments.

Glioblastoma has been shown to adapt and survive in response to targeted tyrosine kinase
inhibitors through various mechanisms, such as dynamic regulation of extrachromosomal DNA,
chromatin remodeling to a slow-cycling/drug-tolerant persistent state, suppression of PTEN tumor
suppressor, and reactivation of oncogenic signaling pathways (e.g. phosphatidylinositol-3 kinase,
Ras-mitogen-activated protein kinase signaling) [129, 447, 448]. This redundancy in restoring
oncogenic signaling flux can occur through RTK switching or the coactivation of multiple RTKs,
both of which can maintain persistent oncogenic signaling to promote tumour viability. Although

some targeted molecular therapies have shown benefit, most have failed due to low BBB
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penetration of the drugs used, redundant signaling pathways, molecular heterogeneity, and
increased toxicity of drug combinations, requiring suboptimal dosing. Alternative combination
approaches, such as those that target orthogonal signaling/functional networks to induce synthetic

lethality in GBM, have been proposed as a potential solution [20].

Precision oncology for GBM has failed not only for lack of molecular stratification in
clinical trials, but due to fundamental differences in its EGFR biology relative to other EGFR-
driven neoplasms. Decades of work has shown that EGFR-mutant GBM (e.g., EGFRVIII) rely on
sustained signaling to drive tumor initiation and maintenance (proliferation, growth, survival, and
metabolism) [449, 450]. Mutational distribution in EGFR in GBM is distinct from NSCLC [83,
113]. NSCLC harbor TK domain mutations and their molecular detection by random biopsy
sampling is sufficient to establish the diagnosis of EGFR-mutant NSCLC and guide therapy with
TKI. In contrast, multiple different oncogenic EGFR variants, both deletions and mis-sense

mutations, typically co-exist with EGFR amplification in GBM [83].

GSCs subpopulations of GBM are characterized by stem cell-like properties with the
ability to self-renew and differentiate, constituting the diverse hierarchy of cells composing the
tumour; they are considered to be at the top of the hierarchy of cellular differentiation,
characterized by the highest entropy and capacity for adaptation, they escape chemo-RT and
proliferate residual tumor cells following treatment with capacity for multipotent differentiation
[451]. One of the states characterizing GSCs is the entrance into quiescence. The quiescent state
protects these cells, particularly from antiproliferative agents, and is thus an important factor of
therapy resistance. Other mechanisms, including the ones mentioned in the previous paragraphs,
epigenetic modifications, increased drug efflux, epithelial-to-mesenchymal transition, IncRNA,

and exosome-mediated cell-cell communications, were suggested to be characteristic of the
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tumour stem cell-like population in lung and thyroid cancers resistant to kinase inhibitors [452].
Therefore, similar aspects could be employed by GSC to circumvent the toxic effects of small

kinase inhibitors.
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1.20. Thesis rationale and objectives

Glioblastoma (GBM), the most prevalent primary brain malignancy characterized by a
dismal prognosis, has been the focus of extensive research in recent years, with the development
of novel therapies such as tumour-treating fields. Despite these efforts, substantial improvements
in patient outcomes have yet to be achieved, emphasizing the need for new strategies aimed at
enhancing the treatment options available for individuals diagnosed with GBM. A recent update
to the WHO classification of central nervous system tumours utilized EGFR
amplification/overexpression as a diagnostic criterion for GBM. Given the significant prevalence
of EGFR alterations in GBM, which affects approximately 50% of patients, and the prominent role
of the EGFRVIII mutated version associated with high proliferation and genomic instability, it is

crucial to identify therapeutic options for this patient population.

This study aimed to evaluate various drugs using a combinatorial approach owing to the
high heterogeneity that characterizes GBM. Employing drugs that target multiple mechanisms of
action to kill cancer cells is the most effective strategy to circumvent compensatory pathways and

can include both experimental and repurposed drugs.

Aberrant EGFRVIII expression in GBM has been associated with increased ROS levels,
DNA strand break accumulation, genome instability, and better sensitivity to DNA repair
inhibitors [262]. The impact of EGFRwt or EGFRVIII overexpression in response to a pro-oxidant
Trx/GSH co-targeting strategy to reach the lethal ROS threshold is currently unknown in GBM.
Hence, increased intrinsic ROS levels in EGFRvIII-positive GBM and the role of EGFR
overexpression in potentially distinct antioxidant capacity underlies the rationale for investigating

a pro-oxidant Trx/GSH co-targeting strategy in EGFR-positive GBM cells.
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We hypothesized that combining auranofin, a pro-oxidant drug, with a second oxidant
agent, L-BSO, would overcome redox adaptation and subsequent drug resistance in GBM cell lines

stably expressing EGFRwt and EGFRVIII.

Auranofin may also sensitize GBM cells to TKIs such as gefitinib or the combi-molecule
ZR2002 in GBM cell lines stably expressing EGFRwt and EGFRvVIII. ZR2002 has shown
promising preclinical in vitro and in vivo results in GBM owing to its dual targeting of DNA and

EGEFR properties.

Finally, following the multi-target approach, we aimed to investigate the efficiency of new

1 MET

combi-molecules targeting mutp53, using the rescuing-p53 PRIMA - moiety with the tyrosine

kinase inhibitor gefitinib (JS440) in a GBM model, or with olaparib (JS470) in an HGSOC model.

Objective 1: To evaluate cytotoxic effects and molecular changes induced by auranofin in GBM.

Objective 2: To assess the efficacy of auranofin in combination with ZR2002 or gefitinib.

Objective 3: To evaluate combi-molecule strategy compared to single drugs regarding toxicity in

GBM and HGSOC models.

Objective 4: To assess the efficacy and molecular changes induced by auranofin in combination

with L-BSO.
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Chapter 2 - MATERIALS AND METHODS
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2.1. Cell culture and reagents

U87MG and its isogenic counterparts stably transfected to overexpress EGFR
(U87/EGFRwt) or EGFRVIII (U87/EGFRvIIT) GBM cell lines (kindly provided by Dr. Bertrand
Jean-Claude [154]) and T98G (glioma cells positive for EGFR and MGMT [362, 453]) were
obtained from American Type Culture Collection. Cells were maintained either in 1X DMEM
(Cat. No. 11885092, Gibco, Life Technologies Corporation, Carlsbad, CA, USA), low glucose
(1g/mL), L-glutamine (4 mM), sodium pyruvate (1mM), phenol red; or 1X DMEM, (Cat No 319-
010-CL, Wisent Inc, St-Jean-Baptiste, QC, Canada) low glucose (1g/mL), L -glutamine (4 mM),
sodium pyruvate (1mM), and phenol red. All 1X DMEM was supplemented with 10% premium
fetal bovine serum (FBS) (Cat. No. 080-150, Wisent Inc.), 1X penicillin-streptomycin 50 U/mL

(Cat. No. 15070063, Gibco), and incubated in 5% CO; atmosphere at 37°C.

PEOI cells are high-grade serous ovarian cancer (HGSOC) epithelial cells obtained from
a patient 22 months after the initial relapse following treatment with cisplatin, 5-fluorouracil, and
chlorambucil while the patient was still sensitive to platinum-based chemotherapy [454].
Subsequently, PEO4 cells were isolated from the same patient following a second relapse after the
patient became resistant to platinum-based chemotherapy. These cells were cultured in RPMI 1640
medium (Mediatech, Manassas, VA, USA) supplemented with 5% fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA, USA), 5% bovine serum (Life Technologies, Auckland,
New Zealand), 0.01 mg/mL of human insulin (Roche, Indianapolis, IN, USA), 10 mM HEPES
(Corning, Corning, NY, USA), 100 IU penicillin (Mediatech), 100 pg/mL streptomycin
(Mediatech), 2 mM L-Alanyl-L-Glutamine (Glutagro, Corning), and 1 mM sodium pyruvate

(Corning).
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Cells were treated with dimethyl sulfoxide (DMSO, Cat. No BPBP231, Fisher Scientific
Company, Fair Lawn, NJ, USA) as a vehicle control, auranofin (AU; Cat. No 15316-25, Cayman
Chemical Co. Ann Arbor, MI, USA), N-Acetyl cysteine (NAC; Cat. No A9165, Sigma, Saint
Louis, MO, USA), L-buthionine sulfoximide (L-BSO; Cat. No B2515, Sigma), gefitinib (Cat. No,
SML1657, Sigma), PRIMA-1MET (APR-246, Cat. No. 3710, Tocris Bioscience, Bristol, UK), and
olaparib (AZD2281, Cat. No SML3705, Sigma). ZR2002 (McGill University, CA, patent
#US7879861B2, USA [455]), a quinazolin combi-molecule EGFR and DNA damaging
irreversible inhibitor [151, 156, 157], was kindly provided by Dr. Bertrand Jean-Claude. JS440
(combi-molecule having PRIMA-1MET/gefitinib) and JS470 (combi-molecule having PRIMA-

1MET/olaparib) were both synthesized and provided by Dr. Julie Schmitt (McGill University, CA).

2.2. Cell vitality assay

Glioblastoma cells growing at 70% confluency were harvested and seeded in triplicate in
96-well plates at a density of 2.5x10° cells/well and were allowed to adhere overnight at 37°C
under 5% COz. The cells were then treated with AU, NAC, L-BSO, or a combination of the drugs
at varying concentrations for 72 h. Similar conditions were used to treat cells with ZR2002,
gefitinib, PRIMA-1MFT | and JS440; a similar procedure was done in PEO1 and PEO4 treated with
JS470, PRIMA-1MET and olaparib. Cell vitality (a measure of cellular well-being via assessing the
activity of the mitochondria [456]) was measured by adding 10 pl/well of 5 mg/ml MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Cat. No M6494, Invitrogen, Life
Technologies Corporation, Carlsbad, CA, USA) in 1X Phosphate Buffered Saline (PBS, Cat. No
311-012, Wisent Inc) solution. Cells were incubated for 4 h at 37°C in 5% CO; where tetrazolium
dye is reduced to insoluble formazan, then 100 pl/well of 10% sodium dodecyl sulfate

(SDS)/0.01M HCI was added to stop the assay [457]. The absorbance was recorded at 570 nm on
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a Bio-Tek Cytation 3 Multi-Mode Reader (Serial No. 131106B, Agilent, Santa Clara, CA, USA)
following overnight incubation. Blank controls were subtracted and % cell vitality relative to

control was calculated.

2.3. Total cell count and viability

To determine the count and viability of GBM cellular samples, triplicate cultures were
trypsinized, separated by centrifugation at 1000 x g for 3 min, and washed with 1X PBS. The cells
were resuspended in the ViaCount reagent (Cat. No. MCH600103, EMD Millipore, Hayward, CA,
USA), incubated at room temperature for 5 min, and analyzed by flow cytometry using a Muse
cell analyzer (EMD Millipore Cat. No 0500-3115, Serial No. 72001504335, Burlington, MA,
USA). The ViaCount reagent distinguishes viable and non-viable cells based on the differential
permeability of two DNA-binding dyes, providing the exact cell count of suspended cells and the
percentage of viable cells. The Muse® 1.4.0 Analysis Software (EMD Millipore) was used to
collect and examine the data. Cells treated with DMSO were used as controls. The percentage of
viable (live) cells was represented in relation to the total cell number under each experimental
condition. The cell number was represented as a percentage relative to the cell number in the

control (100%) [458].

2.4. Clonogenic survival assays

During the exponential growth phase, the GBM cells were trypsinized, and 3 x 10? single-
cell suspensions were seeded in triplicate in complete medium in 6-well plates and incubated to
adhere overnight at 37°C, 5% CO,. The next day, the medium was replaced with DMSO control
or drug-containing medium, and the cells were kept in an incubator at 37°C for 9—11 days. After
fixing with 10% formalin and staining with 0.05% crystal violet, colonies containing more than 50

cells were counted. The surviving fraction was normalized to the plating efficiency of the
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corresponding DMSO controls using the following formula: (number of colonies/ number of cells
plated) / (plating efficiency of DMSO-treated control cells x 100). Plating efficiency of DMSO-
treated control cells = number of colonies formed in DMSO control/number of cells plated x 100

[459].

To evaluate the residual toxicity of AU (chronic long-term effects) on GBM cells, 300
viable cells exposed to AU for 72 h were seeded in a 6-well plate containing drug-free medium
and allowed to grow for 9-11 days until DMSO-treated control cells exhibited positive colonies

(50 or more cells).

2.5. Western blot analysis

Cells were grown overnight in standard medium, treated for the times and drug
concentration shown in the result’s section. The cells were cooled down at 4 °C for 5 min, followed
by scraping, collection, and centrifugation at 1000 x g for 3 min; the supernatant was removed,
and the cell pellet was resuspended in 1 mL of ice-cold 1X PBS. The samples were centrifuged at
2000 x g for 5 min, the supernatant was discarded, and the cell pellets were quickly frozen in liquid
nitrogen and stored at -80 °C. Total proteins were isolated by adding lysis buffer to the cell pellets.
Lysis buffer was prepared by mixing 0.5% NP-40, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulphonyl fluoride (PMSF), 2 pg/mL aprotinin, 2 pg/mL pepstatin, 2 g/mL leupeptin,
50 mM sodium fluoride, and 1 mM sodium orthovanadate. The cell pellets were resuspended in
lysis buffer by gentle vortexing, and then were placed on ice in a shaker at 4 °C for 30 min. At 4
°C, the samples were centrifuged for 15 min at 12000 x g. The protein in the residue was then
removed and placed in a different tube. Protein concentrations in the samples were determined
using the Pierce BCA Protein Assay (Thermo Fisher Scientific Inc, Waltham, MA, USA). The

Cytation 3 Multi-Mode Reader from BioTek (Agilent) was used to quantify the absorbance at 562
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nm. Twenty-five ug of proteins per sample were subjected to electrophoretic separation using 10
or 12% SDS-PAGE (TGX Stain-Free FastCast Acrylamide kit, Cat. No. 161-0185; 1610185,
BioRad Laboratories Inc, Hercules, CA, USA), and subsequently transferred onto Immuno-Blot®
PVDF membranes (Cat. No.10026934, BioRad Laboratories Inc) using a Trans-Blot® Turbo™
transfer system (Serial No. 690BR014594, BioRad Laboratories Inc). Membranes were blocked
with 5% milk at room temperature for 1 h followed by 5 washes of 5 min with 1X TBS-Tween
and incubated at 4°C overnight with primary antibodies. Corresponding anti-mouse or anti-rabbit
horseradish peroxidase—conjugated secondary antibodies were used for 1 h incubation followed
by 5 washes of 5 min with 1X TBS-Tween. Protein detection was performed via a ChemiDoc
Imaging System (Serial No. 732BR1945, BioRad Laboratories Inc) using chemiluminescence

Clarity Western ECL Imaging System (Cat. No. 170-5060, BioRad Laboratories Inc).

Table 2.1: Primary and secondary antibodies used in this research project.

Antibody Catalogue No. Company Concentration
Akt 29208 Cell Signaling Technology, 1:1000
Danvers, MA, USA
Akt sc-81434 Santa Cruz, Dallas, TX, USA 1:500
ERK 9102L Cell Signaling Technology 1:1000
Goat anti-mouse IgG (H+L)- 170-6516 BioRad Laboratories Inc. 1:5000
HRP conjugate
Goat anti-rabbit IgG (H+L) 170-6515 BioRad Laboratories Inc. 1:5000
conjugate
NRF2 (D1Z9C) 127218 Cell Signaling Technology 1:1000
p53 (DO-1) sc-126 Santa Cruz 1:1000
p-Akt/Ser473 (193H12) 4058S Cell Signaling Technology 1:1000
PARP 9542L Cell Signaling Technology 1:1000
p-EGFR/Y 1068 (D7AS5) 3777S Cell Signaling Technology 1:1000
p-ERK 9106L Cell Signaling Technology 1:1000
EGFR (1005) sc-03 Santa Cruz 1:1000
TrxR1 (B-2) sc-28321 Santa Cruz 1:1000
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ubiquitin P37 58395 Cell Signaling Technology 1:1000
B-actin A5441 Sigma Lifesciences 1:10000
YH2A.X (Ser139) 05-636 EMD Millipore Corp. 1:1000

2.6. Microscopic fluorescence imaging

To visualize ROS using microscopy, GBM cells were seeded in an 8-chamber cell culture
slide (Cat. No. 229168, Ultident Scientific, Montreal, QC, Canada), and incubated overnight, then
treated with 3 uM AU for 24 h. Then the media was replaced by red phenol-free media containing
5 uM of the general stress oxidative indicator CM-H2DCFDA (Cat. No. C6827, Invitrogen) for
20 min followed by 2 uM Hoechst 33342 dye (Cat. No. 62249, Thermo Scientific, Waltham, MA,
USA) or 0.1 ug/mL DAPI (Cat. No. D9542, Sigma) to stain nuclei for 10 min at 37 °C under 5%
CO.. Wells were washed once and left in 1X PBS. AxioVert.Al microscope (Cat. No. 491206-
0002-000, Zeiss, Oberkochen, BW, Germany) and EVOS M5000 Imaging System microscope

(Cat. No. 12563631, Invitrogen) were used to capture the images.

2.7. Detection of DNA damage

To evaluate the potential of AU to cause DNA damage in US7MG cells, cells were exposed
to 1, 3, or 5 uM AU for 48 h. Thereafter, cell samples were collected and centrifuged at 300 x g
for 5 min, and the supernatant was discarded. A cell suspension was prepared by adding 50 puL of
1X assay buffer (Multicolor DNA Damage, Cat. No. MCH200107; EMD Millipore Corp) to 1x10°
cells. An equivalent volume of fixation buffer was added to the cell suspension, which was then
incubated at 4°C for 10 min. The samples were then centrifuged at 300 x g for 5 min, and the
supernatant was removed. The cell suspension was reconstituted in 90 puL of 1X assay buffer per
100,000 cells and stained using 10 pL of antibody solution. This solution was prepared by mixing

5 pL of anti-phospho-ATM (Ser1981) with Phycoerythrin (PE), and 5 pL of anti-phospho-histone
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H2A.X (Ser139) labeled with PE-Cyanine®5 (PeCy5). The samples were incubated in the dark
for 30 min at room temperature. Next, 100 uL of 1X assay buffer were added, and the samples
were centrifuged at 300 x g for 5 min. The liquid above the sedimented material was removed, and
the cells were resuspended in 200 pL assay buffer. Cells were analyzed on the multicolor DNA

damage protocol using the Guava Muse® Cell Analyzer (EMD Millipore Corp).

2.8. Measurement of annexin-V translocation to the outside of the plasma membrane

The U87MG cells were treated with 1, 3, or 5 uM AU for 72 h. The cells were then
collected and resuspended as 1 x 10° cells in 100 pL of cell suspension. The suspension was placed
in a tube and stained with 100 pL of Annexin V & Dead Cell Reagent (Cat. No. MCH100105,
EMD Millipore Corp) for 20 minutes at room temperature in the dark. Annexin V, a calcium-
dependent phospholipid-binding protein, binds to phosphatidylserine (PS), which translocates to
the extracellular surface during apoptosis. The Dead Cell Reagent integrates into late apoptotic
and dead cells to detect live and dead cells. The cells were analyzed using the Guava Muse Cell

Analyzer and Annexin V and Dead Cell Protocol.

2.9. Detection of mitochondrial membrane depolarization

U87MG cells were harvested 24 h after treatment with 2 or 4 uM AU. Five x 10° cells were
resuspended in 500 pL of 1X assay buffer. One hundred microliters of the cell suspension were
placed in a 1.5 mL microcentrifuge tube and incubated for 20 min at 37 °C in 5% CO2 with 95 uL
of MitoPotential working solution prepared by diluting Muse MitoPotential Dye at 1:1000 in 1X
assay buffer. Each tube received five microliters of Muse MitoPotential 7-AAD reagent and was
incubated for five minutes at room temperature. Guava Muse Cell Analyzer was used following

the MitoPotential Protocol analysis (Cat. No. MCH100110).
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2.10. Measurement of caspase-3/7 activation

The Luminex Muse Caspase-3/7 assay (Cat. No. MCH100108) was utilized in this study.
U87MG cells were treated with 1, 3, or 5 uM AU for 48 hours. A tube containing a suspension of
5 x 10° cells was incubated in the dark for 30 minutes at 37°C in a 5% CO2 incubator with five
microliters of the Caspase-3/7 reagent working solution, which was prepared by diluting the stock
solution 1:8 with 1X PBS. This reagent includes a DNA-binding DEVD peptide substrate, which
once caspase-3/7 is activated, undergoes cleavage followed by translocation to the nucleus where
it binds DNA and emit fluorescence. The cells were stained for 5 minutes at room temperature in
the dark with 150 pL of the Muse Caspase 3/7-AAD substrate working solution, which was diluted
1:75 in 1X assay buffer. 7-AAD is a cell-permeable DNA-binding dye that integrates through cells
that have lost their membrane structural integrity. The analysis was performed using the caspase-

3/7 protocol on the Muse cell analyzer (Millipore).

2.11. Treatment with caspase inhibitor (z-DEVD-fmk)

For 2 h, US7MG and US87EGFRVIII cells were pretreated with 50 pM z-DEVD-fmk
(Catalog No.S7312, Selleck Chemicals, Houston, TX, USA), a selective irreversible caspase-3
inhibitor that also inhibits caspase-6, caspase-7, caspase-8, and caspase-10. Cell viability was
measured using cytometry and a Guava Muse Cell Analyzer after 24 h of treatment with five uM

AU.

2.12. Measurement of intracellular ROS and superoxide anions

To determine whether AU increased intracellular ROS generation in GBM cells, the cells
were seeded in 96 well plates, incubated overnight, and then treated with 3 or 6 uM AU alone or
in combination with 5 uM L-BSO for 2.5 or 24 h; thereafter, media was replaced by phenol red-
free media containing 5 uM of the general stress oxidative indicator CM-H2DCFDA (Cat. No.
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C6827, Invitrogen) for 20 min. Then, 2 uM Hoechst 33342 dye (Cat. No. 62249, Thermo
Scientific, Waltham, MA, USA) was added to stain the nuclei for 10 min at 37 °C in 5% CO?2.
CM-H2DCFDA was measured at ex/em 493/528 nm. Wells were washed once and left in 1X PBS.
For Hoechst 33342 staining, wells were measured in a plate reader at ex/em 350/450 nm and values
were used to normalize ROS levels. Similar procedure was applied to analyse ROS levels for cells

treated with ZR2002 and gefitinib at different concentrations.

The intracellular superoxide levels were measured using the Luminex Oxidative Stress Kit
(Cat. No. MCH100111, EMD Millipore Corp), which involved adding dihydroethidium (DHE), a
cell-permeable reagent that binds to DNA and produces red fluorescence when superoxide
interacts with it. Studies have suggested however, that DHE can be oxidized also by hydroxyl
radical, nitrogen dioxide, trioxidocarbonate radical anion, glutathione and cysteine thiyl radical
[460]. After treatment, the cells were collected and processed in 1X assay buffer at a concentration
of 1 x 10%to 1 x 107 cells per mL. The 1:100 dilution of Muse Oxidative Stress reagent in 1X assay
buffer resulted in an intermediate solution. This intermediate solution was further diluted 1:80 to
create the Muse Oxidative Stress working solution. The working solution was then pipetted into
10 pL of cells and incubated at 37 °C for 30 minutes. Following incubation, the Muse Cell

Analyzer (EMD Millipore Corp) assessed the stained samples using the Oxidative Stress protocol.

2.13. Determining drug interaction

At a cell confluency of 70%, cells were seeded in triplicate in 96-well plates with 2.5x10°
cells/well in DMEM supplemented and incubated at 37°C in 5% CO2. The cells were then treated
with varying concentrations of AU (1-3 pM), either alone or in combination with L-BSO (5 uM),
and allowed to grow for 72 h. After the MTT assay was performed to determine vitality, we used

the CompuSyn software to calculate drug interaction utilizing the combination index (CI)
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following the Chou-Talalay method [461]. Similar method was applied to analyse drug interactions
of AU-ZR2002 and AU-gefitinib. The fraction affected (fa)-value represents the fraction of cell

vitality affected by treatment.

2.14. Determination of TrxR activity

TrxR activity was measured with a thioredoxin reductase colorimetric assay (Cat. No.
ab83463; Abcam, Cambridge, MA, USA). The principle of the assay consists in reducing 5,5’-
dithiobis (2-nitrobenzoic) acid (DTNB) with NADPH to form TNB? ", and the absorbance is read
at 412 nm. Briefly, drug-treated cells were scraped and rinsed twice with 1X PBS on ice, and
centrifugated at 1000 x g for 3 min. The supernatant was decanted, and the cell pellets were snap-
frozen in liquid nitrogen and stored at -80°C until further studied. The cells were homogenized on
ice with 100 pL of cold 1X assay buffer containing 1X protease inhibitor cocktail (Cat. No.
ab65621, Abcam) and centrifuged at 2000 % g for 15 min at 4°C. Protein content of the supernatant
was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific); 50 ug of
protein was used for each analysis. The TrxR assays were carried out in 96-well microplate in
duplicates. The positive control and each sample received a reaction mix containing TrxR assay
buffer, DTNB solution, and NADPH. Samples and TrxR positive control were incubated 20 min
at 25°C with assay buffer or TrxR inhibitor to measure the background enzyme activity; total
DTNB reduction was measured by optical density (OD) at 0 min (A1AB and A1INH).) and at 20
min (A2AB and A2INH). Where AB is the assay buffer and INH is the inhibitor. A standard curve
was generated with 0, 10, 20, 30, 40, and 50 nmol/well of TNB standard. The following equation
was used to determine the OD of TNB? generated by TrxR: AA412 nm = (A2AB — A2INH) —
(A1AB — A1INH). TrxR activity was determined using the following formula: TrxR activity =

(AB x Sample Dilution Factor = nmol/min/ml = mU/ml) / ((T2 — T1) x V). Where AB nmol is
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calculated by applying AA412nm to the TNB standard curve. T1 is the time of the first reading
(min), T2 is the time of the second reading (min), and V is the pretreated sample volume (mL).

One unit of TrxR is the amount of enzyme that generates 1.0 umol of TNB per minute at 25 °C.

2.15. Glutathione (GSH) assay

GSH levels were measured using a GSH colorimetric assay (Cat. No ab239727, Abcam).
The assay consists of the use of a chromophore, which enzymatic reduction can be determined
kinetically by measuring the absorbance at 450 nanometers. The absorbance is directly
proportional to the reduced GSH that is present in each sample. The assays were carried out in 96-
well microplates in duplicates. Drug treated cells were placed on ice, collected by scraping, and
washed twice with 1 X PBS. Cells were centrifuged at 1,000 x g for 3 min, and the supernatants
were removed. Cells were resuspended in 1X PBS, and split into two tubes, centrifuged at 2,000
x g for 5 minutes, supernatants were discarded, and cell pellets were snap-frozen in liquid nitrogen
and stored at -80°C until analyzed. One set of samples was used to determine the protein
concentration (mg/mL) using the Pierce BCA protein assay kit (Thermo Fisher Scientific), as
previously described. The other set of pelleted cells were vortexed, and homogenized with 100 pL.
5% sulfosalicylic acid (SSA) solution and incubated on ice for 10 min. The samples were then
centrifuged at 12,000 x g at 4°C for 20 minutes, and the supernatant was collected and kept on ice.
The samples were diluted 5-fold using the GSH assay buffer, 10 uL of the diluted samples were
added per well in a 96-well plate for the sample well and the sample background control well. A
standard curve was produced with 0, 0.4, 0.8, 1.2, 1.6, and 2 nmol/well of the GSH standard. The
reaction mix was applied to the standard and sample wells, and absorbance was measured at 450
nm for 60 minutes at room temperature using a microplate reader. The absorbances corresponding

to two time-points were selected for each sample. Then, the rate of each standard and sample
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reading was calculated; rate = [(OD, — OD1)/t2 — t1)] where OD» = optical density at the second
time point, OD; = optical density for the first time point; t; = initial time (min), t> = second time.
The GSH amount in sample was calculated as (B/ [VxP]) x D = nmol/mg, where B is the amount
of GSH obtained from the standard curve (nmol), B = rate background corrected samples /slope
of the standard curve, V is the volume of sample added in each well (mL), P is the protein
concentration in mg/mL, and D is the sample dilution factor. The rate of the background corrected

samples was calculated by [rate sample — rate background control]-

2.16. TCGA data analysis

We performed comparative retrospective analyses to identify EGFR and y-GCL mRNA
expression correlated genes in GBM. For this, we examined available patient datasets from The
Cancer Genome Atlas Network (TCGA) projects GBM U133 microarray (Firehose Legacy). The
criteria for significant expression correlation were Pearson correlation coefficientr>0.3 or<—0.3,
Spearman correlation coefficient r > 0.4 or <— 0.4, and P values <0.05. The results shown here are
in whole or part based upon data generated by the TCGA Research Network:

https://www.cancer.gov/tcga.

2.17. Statistical analysis

We used GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA) for all statistical
analysis. Data are reported as mean + SEM and are representative of at least 3 independent
experiments unless otherwise stated. Statistics were performed using two-way ANOVA followed
by Tukey’s multiple-comparison test unless otherwise stated and p values < 0.05 were considered

statistically significant.
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Chapter 3 — RESULTS (Part 1)
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3.1. ZR2002 decreases vitality of GBM cells in a dose-dependent manner.

Shariff et al. demonstrated the efficacy and anticancer effects of ZR2002 in GBM cells
isogenic for EGFR [156, 157]. In an MTT assay using different concentrations of ZR2002 for 72
h and 120 h treatment, we showed that this drug decreased the vitality of US7MG, US7EGFRwt
and US7EGFRUVIII cells. ICsos of ZR2002 for US7MG and US7EGFRVIII cells were significantly

lower than for US7EGFRwt at 72 h and 120 h (Figure 3.1A and B).
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Figure 3.1. ZR2002 short-term toxicity in EGFR isogenic cell lines. Vitality of US7MG cells,
U87/EGFRwt, U87/EGFRVIII cells treated with ZR2002 at 72 h (A) and 120 h (B). Bars show the
mean = SEM (*p <0.05 * p <0.001, two-way ANOVA followed by Tukey’s multiple comparison

test).
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3.2. ZR2002 increases ROS in U87/EGFRVIII cells only at high concentrations

Whether ZR2002 induces an increase in general intracellular ROS is not known;
consequently, we determined the effect of ZR2002 at increasing concentrations after 2 h treatment
in US7MG and U87/EGFRVIII. Although we observed an increase in ROS in a dose dependent
manner, only the effects at high concentrations (16 and 32 uM) were statistically significant. There
were no significant differences when comparing US7MG and U87/EGFRVIII responses at the
same concentration of ZR2002 (Figure 3.2A). Furthermore, we measured the general intracellular
ROS in U87MG cells, U87/EGFRwt, and U87/EGFRVIII following 2.3 and 4.6 uM ZR2002 at 24
h of treatment. The concentration of 2.3 uM represents the average of IC50s among US7MGQG,
U87/EGFRwt, and U87/EGFRVIII. No statistically significant differences were found in ROS
levels using 2.3 or 4.6 uM ZR2002 in US7MG and U87/EGFRwt when comparing to vehicle
control; however, US7EGFRVIII showed statistically significant higher ROS levels at 2.3 uM
ZR2002 and no difference at 4.6 uM concentration compared to its vehicle control; ROS levels at
2.3 uM ZR2002 were also significantly higher in U87/EGFRvVIII compared to U87MG and no

difference compared to U87/EGFRwt as shown in Figure 3.2B.
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Figure 3.2. Effects of ZR2002 on intracellular levels of ROS in GBM cells. (A) ROS levels in
U87MG and US7EGFRVIII after 2 h treatment with different concentrations of ZR2002, (B) ROS
levels in US7MG, US87EGFRwt, and US7EGFRVIII after 24 h treatment with 2.3 and 4.6 uM
ZR2002. CM-H2DCFDA was used as the general ROS-sensitive probe; bars represent the mean +
SEM (*p < 0.05 **p < 0.01 ***p < 0.001, two-way ANOVA followed by Tukey’s multiple

comparison test).

3.3. NAC does not protect GBM cells against ZR2002 toxicity

To investigate whether the toxicity of ZR2002 was related to ROS generation, we used 1.8
uM or 3.6 uM of ZR2002 for 72 h followed by the presence or absence of 2 mM of the ROS
scavenger NAC in US7MG, US7EGFRwt, and U87EGFRVIII cells. The outcome of the treatment
was assessed by measuring vitality. No statistical differences were found in vitality when NAC

was added to ZR2002 in the 3 GBM cell types (Figure 3.3).
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Figure 3.3. ZR2002 (ZR) effects on cell vitality with and without NAC in EGFR isogenic cell
lines. Bar graphs show the mean + SEM (ns = not significant p > 0.05, two-way ANOVA followed

by Tukey’s multiple comparison test).

3.4. Auranofin in combination with ZR2002 decreases clonogenicity in US7EGFRWT cells

We tested 0.5 and 1 uM ZR2002 for colony formation capacity alone or in combination
with 0.5 or 1 uM auranofin in U§7EGFRwt cells, which previously showed to be the least sensitive
to ZR2002 in the vitality assay. Cells were incubated for 10 days. Concentrations of 0.5, 1 uM
ZR2002 and 0.5, 1 uM auranofin as single agents significantly decreased the % of positive colonies
compared to DMSO control; however, 1 uM ZR2002 produced no visible abortive colonies in
comparison to 1 pM auranofin in which some residual abortive colonies were present (Figure
3.4A). The combination of 0.5 uM ZR2002 with 0.5 uM auranofin decreased significantly the %
of positive colonies compared to single drugs alone and the DMSO control (Figure 3.4B).
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Figure 3.4. Clonogenicity of US7EGFRwt after treatment with ZR2002 alone or in combination

with auranofin. (A) Representative clonogenic assay (B) US7EGFRwt treated with 0.5, 1 uM
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ZR2002 (ZR), or 0.5, 1 uM auranofin (AU) alone or in combinations of 0.5/0.5 uM. Bars show
the mean £ SEM (**p < 0.01 ***p < 0.001, one-way ANOVA followed by Tukey’s multiple

comparison test).

3.5. Auranofin/ZR2002 combination is largely antagonistic in EGFR-positive GBM cells.
We assessed the combination index of ZR2002 together with auranofin at 72 h in U§7MG
cells, U87/EGFRwt, and U87/EGFRVIII cells, using ratios of the average ICsos for these drugs in
the three cell types. Drug interaction analysis showed that most combinations produced an index
equal to or higher than 1, which means the combination was antagonistic; with the exception of
US7EGFRwt cells, where corresponding ICsos or double ICsos for ZR2002/auranofin combination

produced some synergistic effects (Figure 3.5).
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Figure 3.5. Combination index of ZR2002 (ZR) — auranofin (AU) toxicity in EGFR isogenic cell
lines. US7MG cells, U87/EGFRwt, and U87/EGFRVIII cells treated with different ratios of their
corresponding drug ICsos were analysed using the Chou-Talalay method for drug combination
analysis. Synergism was determined when CI was <1, antagonism, CI >1, additive effect with CI
=I.
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3.6. One uM Auranofin and ZR2002 combination <2 pM is synergistic in U§7MG and
U87/EGFRVIII but not in US7/EGFRwt cells

To explore a different combination strategy, we decided to test the effects of 1 uM
auranofin together with different concentrations of ZR2002 for 72 h in the three cell lines. Effects
on vitality and the combination index showed that 1 uM auranofin combined with concentrations
lower than 2 uM ZR2002 were synergistic for US7MG and U87EGFRVIII cells; however,
combinations higher than 2 uM ZR2002 displayed antagonistic effects. For US7EGFRwt cells, no

relevant synergistic effects were observed using this combination strategy (Figure 3.6.).
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Figure 3.6. (A) Vitality and (B) the combination index using different concentrations of ZR2002
and a fixed concentration of 1 uM auranofin (AU) for 72 h treatment in U87MG, U87/EGFRwt,
and U87/EGFRVIII cells. The combination indexes were calculated using the method of Chou &
Talalay. Synergism was determined when CI was <1, antagonism, CI >1 or additive effect with CI

=].
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3.7. Auranofin/ZR2002 combination is antagonistic in EGFR-positive cells

Ratio combinations (double, half, and quarter) of 1.5 uM ZR2002 and 2.5 uM auranofin
which correspond to ratios of the average ICsos for these drugs in the three cell types, were
administered for 72 h and cell survival and combination index were assessed for in US7TMG,
U87/EGFRwt, and U87/EGFRVIII cells. No synergistic effects were observed at any drug
combinations in any of the GBM cell lines (Figure 3.7A). In contrast the combination was

antagonistic in all concentrations tested.
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Figure 3.7. Drug interaction analysis of ZR2002 (ZR) / auranofin (AU) combination. (A)
Combination index resulting from ratios of a standard mixture of 1.5 uM ZR2002 and 2.5 uM
auranofin for 72 h treatment in US7MG, U87/EGFRwt, and U87/EGFRVIII cells. Synergism
produces a CI <1, antagonism, CI >1 and additive effect CI =1. (B) Representative graphs of the

fraction affected (Fa) for the corresponding drug combinations in figure A.
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3.8. Auranofin combined with a fixed 0.5 pM ZR2002 is mostly antagonistic in EGFR-

positive cells

To explore another combination strategy, we decided to use a fixed concentration of 0.5
uM ZR2002 combined with varying concentrations of auranofin (0.5, 1, 3, and 6 uM) for 72 h in
U87MG, U87/EGFRwt, and U87/EGFRUVIII cells. No relevant synergistic effects were observed
using this combination strategy (Figure 3.8.A). As previously shown, ZR2002 was very effective

as single drug in comparison to combination with auranofin as shown in the fraction affected

(Figure 3.8.B).
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Figure 3.8. Drug interaction study using a fixed concentration of 0.5 uM ZR2002 (ZR) with
varying concentrations of auranofin. (A) Combination index of ratio concentrations of 0.5 uM
ZR2002 with 0.5, 1, 3, or 6 uM auranofin for 72 h treatment in U87MG, U87/EGFRwt, and

US87/EGFRVIII cells using the Chou & Talalay method. Synergism was determined when CI was
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<1, antagonism, CI >1 or additive effects with CI =1. (B) Representative graphs of the fraction

affected (Fa) for the corresponding drug combinations in panel A.

3.9. Sequential treatment with auranofin followed by ZR2002 is mostly antagonistic in
EGFR-positive cells

The sequential order of drug combination is another factor that can influence drug
interaction and potentiation effects. We evaluated synergistic, antagonistic, or additive effects
using pretreatment with 1 uM auranofin followed by varying concentrations of ZR2002 (0.5, 1, 3,
6 uM) for 72 h in US7MG, U87/EGFRwt, and U87/EGFRVIII cells. In general, no relevant
synergistic effects were observed using this combination strategy; at higher doses 3 uM ZR2002
produced some synergism in US7/EGFRwt, and 6 uM ZR2002 had a small effect with auranofin

in US7MG and U87/EGFRUVIII cells (Figure 3.9).
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Figure 3.9. Drug interaction study using auranofin pre-treatment followed by increasing doses of
ZR2002. The combination index was calculated using of 1 uM auranofin (AU) followed by 0.5,
1, 3, 6 uM ZR2002 (ZR) for 72 h treatment in U§7MG, U87/EGFRwt, and U87/EGFRVIII cells
using the Chou & Talalay method of drug interaction analysis. Synergism was determined when

CI was <1, antagonism when CI was >1 or additive effect when CI was =1.
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3.10. Sequential treatment with ZR2002 and auranofin is lethal in EGFR positive cells

To find the most effective drug combination for ZR2002 and auranofin, we used an MTT
assay to evaluate the effects of treatment with ZR2002 (1.3 uM) and auranofin (1.6 uM) alone in
comparison to preincubation (2 h and 4 h) with 1 uM ZR2002 or 1 uM auranofin followed by
ZR2002 (1.3 uM) or auranofin (1.6 uM) for 24 h, 48 h or 72h in US7MG, US87EGFRwt, and
US7EGFRUVIII cells. The most effective combination to decrease cell vitality were preincubation

of 2 h or 4 h with 1 uM ZR2002 followed by 1.6 uM auranofin in all GBM cells (Figure 3.10.).
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Figure 3.10. Drug interaction study using ZR2002 or auranofin for 72 h following pre-treatment
with the opposite drug for 2 or 4 h in EGFR positive cell lines. MTT assay documenting vitality
obtained after single and combined incubation with 1 or 1.3 uM ZR2002 (ZR) and 1 or 1.6 uM
auranofin (AU), in the sequences and time indicated. Synergy was noted in all drug combinations,
with the greatest effect produced by 1 uM ZR2002 followed by 1.6 uM auranofin for 24 h, 48 h

and 72 h in U87MG, US87EGFRwt, and US7EGFRVIII cells. Bars show the mean + SEM.

3.11. Gefitinib is cytotoxic in EGFR-positive GBM cells and increases ROS only in
US7EGFRwt cells
To investigate potential synergistic combinations using Gefitinib we first assessed the

effects of the drug alone in EGFR GBM isogenic cells. In an MTT assay using different
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concentrations of gefitinib for 72 h, we showed that this drug decreased the vitality of US7MG,
US7EGFRwt, and US7EGFRVIII cells. No significant difference was found in ICsos for gefitinib
among the cell lines (Figure 3.11A). Additionally, we measured intracellular ROS levels after 30
uM gefitinib. Although a notable ROS increase was observed in all cell lines, the only statistically
significant increase occurred in U87EGFRwt compared to vehicle-treated controls (Figure

3.11B.).
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Figure 3.11. Gefitinib short-term toxicity and intracellular ROS levels in EGFR isogenic cell lines.
(A) MTT assay showing vitality after different concentrations of gefitinib for 72 h in the three
GBM cell lines. (B) Intracellular ROS levels after 30 uM gefitinib (GEF) for 24 h in U§7MG,
U87/EGFRwt, and U87/EGFRVIII cells. CM-H2DCFDA was used as a general ROS-sensitive
probe. Bars show the mean + SEM (ns= not significant p > 0.05, *p < 0.05, two-way ANOVA

followed by Tukey’s multiple comparison test).
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3.12. Gefitinib and auranofin in combination are synergistic in EGFR-positive GBM cells
Next, we evaluated the interaction between gefitinib (30 uM) and auranofin (3 uM) in ratio
combinations, (double, half, and quarter) on cell vitality. Results showed that all combinations

were synergistic or additive as illustrated in Figure 3.12.
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Figure 3.12. Combination index of gefitinib/auranofin toxicity in EGFR isogenic cell lines.
U87MG, U87/EGFRwt, and U87/EGFRWVIII cells were treated with different concentration ratios
of gefitinib (GEF) and auranofin (AU) and cell vitality was used to quantify the drug interaction
using the Chou & Talalay method to calculate the combination index. Synergism was determined

when CI was <1, antagonism with CI >1, and additive effect with CI =1.
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3.13. Gefitinib/auranofin synergistically decrease viability in EGFR-positive GBM cells

To further confirm synergistic effects of gefitinib and auranofin in GBM EGFR cells we
performed MTT assays after 72 h of treatment with combinations of 1, 2, or 3 uM auranofin with
5, 10, or 20 uM of gefitinib in US7MG, US7EGFRwt and US7EGFRVIII cells. We observed that
concentrations of 5, 10, or 20 uM gefitinib sensitised the cells in terms of toxicity when combined
with auranofin 1, 2, or 3 uM as shown in Figure 3.13A. Representative images of cell morphology
after combination treatment are shown in Figure 3.13B. The drug combination index showed that
in U87MG cells most combinations were synergistic or additive; for US7EGFRwt cells only the
combinations of 20 uM gefitinib with auranofin were synergistic, whereas for US7EGFRVIII cells,

most combinations of 10 and 20 pM gefitinib with auranofin were synergistic (Figure 3.13C).
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Figure 3.13. The toxicity of gefitinib in EGFR isogenic cell lines. (A) MTT assays for cell vitality
after 72 h of treatment combinations using 1- 3 uM auranofin (AU) with 5 - 20 uM gefitinib (GEF)
in US7MG, US7EGFRwt, and US7EGFRUVIII cells. Bars show the mean + SEM (*p < 0.05, **p <
0.01, ***p < 0.001 two-way ANOVA followed by Dunnett’s multiple comparison test). (B) Cell
morphology of U87MG, US7EGFRwt and US7EGFRVIII cells treated with 20 uM gefitinib and 3
uM auranofin as single drugs or in combination. (C) Combination index analysis of drug

treatments from panel A in EGFR isogenic cell lines. Bars show the mean + SEM.
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3.14. GBM cells are sensitive to PRIMA-1MET regardless of EGFR status

PRIMA-1MET offers a promising effect by reverting the abnormal function of mutant p53

[356]. To test the efficacy of this drug to induce toxicity in GBM isogenic cells for EGFR we

conducted an MTT assay using different concentrations of PRIMA-1MET for 72 h in US7MG,

US7EGFRwt and U87EGFRVIII cells. PRIMA-IMET caused cytotoxicity in a dose dependent

manner in the 3 GBM cell lines; no statistical difference was found in the ICsos among the cell

lines (Figure 3.14).
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Figure 3.14. Short-term impact of PRIMA-1MET on GBM cells isogenic for EGFR. The vitality of

U87MG, U87EGFRwt and US7EGFRUVIII cells following different concentrations of PRIMA-

IMET for 72 h treatment was assessed by the MTT assay; bars show the mean + SEM (one-way

ANOVA; ns= not significant p > 0.05).
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3.15. JS440 does not provide lower ICso compared to combined PRIMA-1MET /Gefitinib to
GBM EGFR isogenic cells

JS440 is a combi-molecule that shares components of gefitinib and PRIMA-1MET, We
assessed the effect of JS440 in US7MG and T98G (positive for EGFR and MGMT), after 72 h of
treatment; we then compared the 1Csos of the individual drugs gefitinib and PRIMA-1MET, alone or
together at equimolar concentrations with JS440, and also with auranofin. Although there was a
decrease in the IC50 with JS440 compared to individual gefitinib and PRIMA-1MET both drugs
combined had still lower ICsos than JS440. Auranofin-treated cells showed the lowest ICso in

U87MG and T98G (Figure 3.15).
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Figure 3.15. Impact of 1S440 compared to single gefitinib and PRIMA-1MET or their combination,

and auranofin, on the vitality of U87MG and T98G cells. The MTT assay was performed after
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treatment for 72h with the indicated concentrations of gefitinib (GEF) and PRIMA-1MET (Prim)
alone or in combination, as well as JS440 and auranofin; the ICso of each drug or combination is
included above the corresponding illustration; bars show the mean + SEM, (ns= not significant p

>0.05 *p <0.05 **p <0.01 unpaired, two tailed t-test) when comparing the ICsos obtained.

3.16. Auranofin shows sub-micromolar cytotoxicity for cisplatin sensitive and resistant
HGSOC cells

To confirm the strong short-term toxicity of auranofin, we tested auranofin in a different
cancer: ovarian cancer represented by cisplatin-sensitive PEO1 and cisplatin-resistant PEO4 cells
[462]. Auranofin decreased the vitality of PEO1 and PEO4 cells in a dose dependent manner but

without difference in the ICsos between the cell lines (Figure 2.16.).
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Figure 3.16. Impact of Auranofin on vitality of PEO1 and PEO4 cells. MTT assay in PEO1 and
PEO4 cells treated with auranofin at different concentrations; bars show the mean + SEM (ns= not

significant p > 0.05 unpaired, two tailed t-test) when comparing the IC50s obtained.
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3.17. Auranofin decreases viability in PEO1 cells

Next, we validated that PEO1 cells treated with increasing concentrations of auranofin
were unhealthy (i.e., they had reduced vitality). We confirmed the toxic effect as we observed a
decrease in viability of PEOI cells treated with auranofin, with an ICso of 1.23 uM, which is

slightly higher than the 1Cso obtained with the vitality (i.e., MTT) assay (Figure 3.17).
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Figure 3.17. Impact of auranofin on the viability of PEOI1 cells. Cells were treated with increasing
concentrations of auranofin, and viability was assessed by flow cytometry; bars show the mean +

SEM.
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3.18. Combi-molecule JS470 did not provide an advantage over PRIMA-1MET and Olaparib
together in PEO1 and PEO4 cells

We explored the efficacy of the JS470 combi-molecule, which shares the components of
PRIMA-1MET and olaparib, in comparison to the individual drugs alone and together in equimolar
concentrations on the survival of PEO1 and PEO4 cells. JS470 did not produce a lower I1Csos than

PRIMA-1MET _olaparib in combination or in PEO1 and PEO4 cells.

Table 3.18.1. ICsos using JS470, Olaparib, PRIMA-IMET and Olaparib/ PRIMA-1MET (O+P) in

PEOI cells.
Drug in PEO1 ICso (uM) SEM (uM)
JS470 16.11 0.95
Oo+p 4.70 0.86
PRIMA-1MET 5.98 0.85
Olaparib 5.12 0.78

Table 3.18.2. ICsos using JS470, Olaparib, PRIMA-1MFT and Olaparib/ PRIMA-1MET (O+P) in

PEO4 cells.
Drug in PEO4 ICso (xM) SEM (uM)
JS470 26.377 2.50
O+P 8.738 1.3
PRIMA-1MET 8.787 1.5
Olaparib 154176.133 14237.8
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Chapter 3 — RESULTS (Part 2)
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3.1. Auranofin induces mitochondrial membrane depolarization, DNA damage, late
apoptosis, and caspase 3/7 activation in U§7MG GBM cells

Recent research has shown that auranofin has anti-cancer effects on various cancers [463],
including GBM [323-325, 464]. To investigate the cytotoxicity of auranofin in U§7MG GBM
cells, we treated them with DMSO (vehicle control) or auranofin (0-5 uM for 24 h, 48 h, or 72 h).
Our results revealed that auranofin caused a significant dose-dependent mitochondrial membrane
depolarization at 3 and 5 uM for 24 h (Figure 3.1A), it increased phosphorylation of the DNA
double-strand break (DSB) marker YH2AX (Ser139) at 5 uM for 48 h (Figure 3.1B), it increased
the number of late-stage apoptotic Annexin V/7AAD-positive cells (Figure 3.1C) at 3 and 5 uM
for 72 h and also increased caspase activation (Figure 3.1D) as determined by flow cytometry in

U87MGQG cells.
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Figure 3.1. Effects of increasing doses of auranofin (AU) on US7MG cells. (A) Mitochondrial
depolarization after 24 h treatment. (B) DNA damage after 48 h treatment. (C) Annexin V/ 7-AAD
staining after 72 h treatment. (D) Caspase 3/7 activation after 48 h. Bars show mean + SEM (** p

<0.01, *** p <0.001, one-way ANOVA followed by Dunnett’s multiple comparison test).
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3.2. Auranofin anticancer effects are caspase 3/7 independent

Studies on lung and cervical cancer cell lines showed that the anticancer effects of
auranofin were dependent on caspase activation [306, 322]. To investigate whether our previous
findings were also dependent on caspase activation, we treated US7MG cells with auranofin (5
uM) for 18 hours with or without a 1-hour preincubation with 50 uM of the pan-caspase inhibitor,
z-vad-fmk. We then used a flow cytometer to assess caspase-3/7 activation and viability. Our
results showed that exposure to 5 uM of auranofin caused a significant increase in caspase-3/7
activation, but when we added the pan-caspase inhibitor, z-vad-fmk, we observed an even higher
increase in caspase-3/7 activation (Figure 3.2A). This was consistent with a significantly greater
decrease in viability compared to treatment with auranofin or a vehicle solution (Figure 3.2B).
We also assessed the viability and quantified the total number of cells in U87MG and
US7EGFRUVIII cultures following exposure to auranofin (5 pM) with or without a 2-hour
preincubation with 50 uM of the caspase-3 inhibitor, z-devd-fmk. We did not observe any
significant recovery in viability or in the number of cells in either U§7MG or US7EGFRVIII cells

using z-devd-fmk prior to auranofin exposure (Figure 3.2C and D).
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Figure 3.2. Auranofin (AU) effects were caspase-3/7 independent in US7MG cells. (A) Caspase -
3/7 activation and (B) viability of U§7MG cells treated with 5 uM auranofin during 18 h with or
without 1 h preincubation with 50 uM the pan-caspase inhibitor z-vad-fmk. Bars show mean +
SEM (** p < 0.01, *** p < 0.001, one-way ANOVA and Dunnett's post-test). (C) Viability of
U87MG and US7EGFRUVIII cells and (D) total number of these cells after 24 h exposure to 5 uM
auranofin with or without 2 h preincubation with 50 uM of caspase-3 inhibitor z-devd-fmk. Bars
show mean £ SEM (** p < 0.01, *** p < 0.001, two-way ANOVA and Tukey’s multiple

comparison test).
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3.3. Auranofin induced short term cytotoxicity in both parental and isogenic EGFRwt or
EGFRvVIII GBM cells

Abnormal EGFR expression is associated with increased oxidative stress due to EGFR
hyperactivation [256, 262]. To investigate the hypothesis that auranofin affects the viability of
GBM cells with abnormal EGFR expression, we used parental US7MG cells and their isogenic
GBM cell lines that were stably transfected with EGFRwt (U87/EGFRwt) or EGFRVIII
(U87/EGFRVIII) [157]. First, we performed immunoblotting to assess Tyr1068 phosphorylation
(p-EGFR), expression in EGFRwt and EGFRVIII, and expression of TrxR1, the main target of
auranofin  [331, 333, 465]. As expected, US7MG cells did not express EGFR or p-EGFR.
US87/EGFRUVIII cells displayed higher p-EGFR expression than U87EGFRwt cells (Figure 3.3A).
Auranofin at a concentration of only 0.5 uM for 24 h, significantly decreased TrxR activity in
U87MG cells (p=0.003), US7/EGFRwt (p=0.004), and U87/EGFRVIII cells (p=0.025) compared
to the DMSO control (Figure 3.3B). No significant differences were observed among the three

isogenic cell lines tested.

We evaluated the cytotoxicity of auranofin on U87/EGFR isogenic cell lines by conducting
an MTT assay for 72 hours. The half-maximal inhibitory concentrations (IC50s) were 3.07+0.11
uM, 3.21£0.50 uM, and 3.13+0.45 uM for US7MG, U87/EGFRwt, and U87/EGFRVIII cell lines,
respectively. These values showed no statistical difference among the cell lines (Figure 3.3C).
However, the MTT assay measures metabolic activity, which may not directly correspond to the
actual viability of the cells. Therefore, we also measured viability and total cell number by flow
cytometry. Our results revealed that auranofin significantly decreased the viability and total
number of cells in a dose-dependent manner (Figure 3.3D-F). Auranofin, at an ICso of 3 uM,

decreased the total number of US7MG, U87/EGFRwt, and U87/EGFRVIII cells by 15%, 41%, and
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20%, respectively. Additionally, the viability was reduced to 11%, 39%, and 15% in each of these
cell lines. Notably, U87/EGFRVIII displayed a similar sensitivity to auranofin as did US7MG, but
it had a more significant decrease in both total cell number (p<<0.001) and cell viability (p<<0.001)

compared to US7EGFRwt. These findings are shown in Figure 3D-F and Table 3.1.
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Figure 3.3. Short-term impact of auranofin on EGFR isogenic cell lines. (A) Phosphorylated
EGFR (Tyr1068), total EGFR, TrxR1 and B-actin expression levels in three GBM cell lines,
US7MG, U87/EGFRwt, and U87/EGFRUVIIIL. (B) TrxR activity after treatment for 24 h with 0.5
UM auranofin compared to DMSO control. Bars show the mean + standard error of the mean
(SEM) (* p <0.05, ** p <0.01, two-way ANOVA and Sidak’s post-test). (C) MTT assay showing
the ICso in the EGFR isogenic cell lines treated with auranofin for 72 h (D-F) Viability and total
cell count in the cultures after 72 h of exposure to increasing concentrations of auranofin. All bars
show the mean = SEM (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA followed by

Tukey’s post-test).
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3.4. Auranofin induced long-term cytotoxicity in both parental and isogenic EGFRwt or
EGFRvVIII GBM cells

To investigate the long-term cytotoxicity of auranofin in U87/EGFR isogenic cells, we
carried out a clonogenic survival assay. The aim of this assay was to determine the drug's ability
to inhibit colony formation in these cells. Our results showed that auranofin caused long-lasting
cytotoxic effects (9-10 days) at concentrations lower than the ICso calculated using MTT (Figure
3.4A). Exposure to 0.25 uM, 0.5 uM, and 1.0 uM of auranofin significantly decreased the survival
fraction of US7MG, U87/EGFRwt, and U87/EGFRUVIII cells compared to their respective controls
(p<0.001 for the 3 cell lines) as shown in Figure 3.4B. In particular, the survival fraction of
U87MG, U87/EGFRwt, and U87/EGFRVIII cells at 0.5 pM auranofin was 0.19+0.08, 0.30+0.22,
0.130+0.13, respectively. Additionally, while there was no statistically significant difference
between U87/EGFRvVIII and U87MG (p>0.05), auranofin at 0.5 uM significantly decreased
US7/EGFRVIII clonogenic potential compared to U87/EGFRwt (p=0.036) (Figure 3.4B).
Furthermore, at a concentration of 1.0 uM, the drug significantly impeded colony formation, and
caused spindle-shaped cell morphology and scattered cells in abortive colonies compared to dense

colonies in the DMSO control (Figure 3.4C).
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Figure 3.4. Auranofin (AU) long-term impact on EGFR isogenic cell lines. (A) Colony formation
assay showing colony formation capacity at different concentrations of auranofin after 9-10 days
incubation. (B) The survival fraction of U87MG, U87/EGFRwt, and U87/EGFRVIII cells
decreased in a dose dependent manner with no significant difference among cell lines, except
between US7/EGFRwt and U87/EGFRVIII at 0.5 uM AU; bars show the mean =£SEM (*p < 0.05,
two-way ANOVA and Tukey’s post-test). (C) Microscopic images showing individual colony

disruption of GBM cells exposed to vehicle (-) or 1 uM of auranofin (+).
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3.5. Auranofin induced residual cytotoxicity in both parental and isogenic EGFRwt or
EGFRvIII GBM cell lines

To assess the residual/extended/chronic long-term cytotoxicity of auranofin, we exposed
cells to different concentrations of auranofin or a DMSO control for 72 hours, and then seeded the
surviving cells in drug-free medium for a colony formation assay. Over the course of 9-10 days,
the percentage of colonies that were formed decreased in a dose-dependent manner. Both
U87/EGFRVIII and U87MG cells exhibited similar sensitivity to auranofin's residual long-term
cytotoxicity at a concentration of 3 uM, although their sensitivity was significantly higher than

that of US7EGFRwt cells (p=0.002) (Figure 3.5A-B).
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Figure 3.5. Long-term effects (chronic) in a colony formation on U87MG, U87/EGFRwt, and
U87/EGFRVIII cells treated with auranofin (AU). (A) Colony formation capacity after GBM cells
were exposed for 72 h to different concentrations of AU followed by plating in drug-free media
and then incubation for 9-10 days. The bars show the mean + SEM (** p < 0.01, *** p <0.001,
one-way ANOVA and Dunnett’s multiple comparison test). (B) Representative colony formation

assay plates stained with crystal violet.
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Overall, these results reveal that overexpression of EGFRwt or EGFRvIII did not
substantially affect the short- or long-term cytotoxicity of auranofin, while U87/EGFRvVIII showed

heightened sensitivity to auranofin compared to U87/EGFRwt in vitro.

3.6. Auranofin leads to an increase in intracellular reactive oxygen species in EGFR isogenic
glioblastoma cells

Auranofin has been found to increase the production of ROS and to disrupt intracellular
redox homeostasis in several cancer cell lines [296, 305, 322, 323, 466, 467]. Using the fluorescent
ROS-sensitive probe CM-H2DCFDA, we measured auranofin-induced ROS levels in U87/EGFR
isogenic cell lines by quantifying fluorescence with a microplate reader. We observed that
auranofin at 6 uM for 2.5 h significantly increased ROS levels in all GBM cells (Figure 3.6A).

There was no significant difference in ROS levels among the cell lines.

Auranofin, at a concentration of 3 uM for 24 hours, significantly increased the levels of
reactive oxygen species (ROS) in the three isogenic cell lines compared to their respective controls
(UBTMQG, p<0.001; US7TEGFRwt, p<0.05; US7EGFRVIII, p<0.001) (Figure 3.6B). In particular,
the ROS increase was more pronounced in U87/EGFRVIII cells compared to U87/EGFRwt cells

(p<0.05), as demonstrated by both Figure 3.6B and fluorescence microscopy in Figure 3.6C.

The overproduction of ROS involves an increase in multiple types of ROS, including
superoxide anions. Flow cytometry analysis using the superoxide anion-specific probe
dihydroetidium (DHE) showed that auranofin significantly increased superoxide anions at a dose
of 5 uM, for 24 hours. At this concentration, US7EGFRVIII exhibited significantly less superoxide
anions compared to U§7EGFRwt and US7MG cells (P <0.001 and P <0.01, respectively) Figure

3.6D.
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Figure 3.6. Auranofin induced oxidative stress. (A) Relative fluorescence units (fold change) of
ROS intracellular levels detected using a plate reader after GBM cells were treated with 3 and 6
uM AU for 2.5 h. (B) Relative fluorescence units (fold change) of ROS intracellular levels detected
using a plate reader after GBM cells were treated with 3 uM auranofin for 24 h. (C) Microscopic
images after treatment with 3 pM auranofin (AU) for 24 h. U87MG, U87/EGFRwt, and
US87/EGFRUVIII cells exhibited increased intracellular ROS levels following 30 min incubation with
the general ROS indicator, CM-H2DCFDA, whereas nuclei were stained with DAPI. (D) US7MG,
U87/EGFRwt, and U87/EGFRUVIII cells treated with 3 or 5 pM AU for 24 h followed by staining
with dihydroethidium (DHE) to detect superoxide radical anion that was quantified by flow
cytometry. For all graphs bars show the mean + SEM (** p < 0.01, *** p < 0.001, two-way

ANOVA followed by Dunnett’s multiple comparison test).
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3.7. N-acetyl-cysteine (NAC) prevents intracellular ROS generation by auranofin in GBM
EGFR isogenic cells

Next, we used N-acetylcysteine (NAC), a conventional ROS scavenger [324, 468], to
determine whether ROS play a role in the cytotoxic effects of auranofin in U87/EGFR isogenic
cell lines. We treated the cells with 1- or 2-mM NAC for 72 hours and observed that the drug did
not significantly affect cellular metabolic activity, which we will refer to as vitality (Figure 3.7A).
We also used a general ROS-sensitive probe, CM-H2DCFDA, to visualize the intracellular ROS
levels following auranofin treatment at 3 pM for 24 hours. We found that the addition of 2 mM

NAC prevented the increase in ROS levels induced by auranofin in all cell lines (Figure 3.7B).
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Figure 3.7. Effects of NAC in auranofin (AU)-induced ROS in GBM EGFR isogenic cells. (A)
U87MG, U87/EGFRwt, and U87/EGFRVIII cellular vitality when cells were treated with 1- and
2-mM NAC for 72 h in an MTT assay; bars show the mean = SEM (p >0.05, two-way ANOVA
and Dunnett’s multiple comparison test). (B) Fluorescence microscopy images showing
intracellular ROS generation using AU in US7MG, U87/EGFRwt, and U87/EGFRVIII treated with
3 uM AU for 24 h, with and without NAC. Cells were probed with the general ROS indicator,

CM-H2DCFDA, whereas nuclei were stained with Hoechst 33342.
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3.8. NAC protects GBM EGFR isogenic cell lines from acute auranofin-induced toxicity
The MTT assay, conducted using auranofin at 3 uM alone or in combination with 2 mM
NAC for 72 hours, revealed that NAC significantly prevented the cytotoxic effects of auranofin
on the metabolic activity of the three cell lines (Figure 3.8A). The results showed that NAC
significantly decreased the cytotoxicity of auranofin by 34% in US7MG, 22% in U87/EGFRwt,
and 50% in US7EGFRVIII (all p < 0.001); the protective effect of NAC was more evident in
US7EGFRVIII cells than in US87MG and US7EGFRwt cells, with statistically significant
differences (p = 0.003 and p < 0.001, respectively) (Figure 3.8B). Additionally, NAC rescued the
auranofin-induced cell rounding observed by phase contrast microscopy (Figure 3.8C). The
efficacy of NAC in blocking auranofin-induced lethality was validated in U§7MG cells by flow

cytometry (Figure 3.8D).
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Figure 3.8. NAC prevents acute auranofin (AU)-induced toxicity. (A) MTT assay showing
decreased in vitality caused by AU (3 uM for 72 h) alone or in combination with 2 mM NAC; bars
show the mean = SEM (***p <0.001, two-way ANOVA, Tukey’s multiple comparison test). (B)
NAC protective effects on vitality relative to control in AU treated cells, bar graphs show the mean
+ SEM (*p < 0.05 **p < 0.01 ***p < 0.001, one-way ANOVA, Tukey’s post-test). (C)
Morphology of GBM cells treated with AU (3 uM for 72 h) with or without NAC. DMSO was
used as control. (D) Flow cytometry assay measuring viability in US87MG cells treated with AU
(3 uM for 72 h) in the presence or absence of NAC. Bars show the mean = SEM (*p < 0.05 ***p

<0.001, one-way ANOVA followed by Tukey’s multiple comparison test).

171



3.9. NAC protects GBM EGFR isogenic cells from chronic auranofin-induced toxicity

The addition of 2 mM NAC to the colony formation assay significantly attenuated the
cytotoxicity of 0.5 uM auranofin on the colony formation capacity of the three cell lines (p<<0.001)
compared to auranofin treatment alone (Figure 3.9A and B). Notably, NAC reversed the survival
fractions to 0.48 in US7MG, 0.71 in US7EGFRwt, and 0.9 in US7EGFRVIII. This protective effect
was more prominent in U87EGFRVIII cells than in U87MG cells (p=0.018); however, the

difference between US7EGFRVIII and US7EGFRwt cells was not statistically significant (p>0.05)

(Figure 3.9C).
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Figure 3.9. The toxicity of auranofin (AU) is mediated by ROS in GBM cells. (A) Survival
fraction calculated from colony formation capacity in cells treated with AU or AU in combination
with NAC; bars show the mean = SEM (***p < 0.001, two-way ANOVA followed by the Tukey’s
multiple comparison test). (B) Colony formation assay plates representative of Figure 2a. (C)
Protective effects provided by NAC on survival fraction when GMB cells were treated with 0.5
uM AU in the colony formation assay in Figure 2a; bars show the mean = SEM (*p < 0.05 one-

way ANOVA, followed by Tukey’s multiple comparison test)
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3.10. NAC prevents auranofin induced EGFR downregulation in US7EGFRUVIII cells
Previous research has indicated that there is a relationship between ROS and EGFRwt or

EGFRVIII and their downstream signaling pathways [256]. In this work, we examined the impact

of EGFR overexpression in EGFRwt or EGFRVIII on auranofin-induced toxicity and the role of

ROS in these effects using western blotting in U87/EGFR isogenic cell lines.

Auranofin treatment (ICso 3 uM for 24 h) led to an increase in the level of phospho-EGFR
(Tyr1068), a major autophosphorylation site of EGFR [469], in both U87/EGFRwt and
US7/EGFRVIII cells compared to the DMSO-treated control. However, owing to the high basal
phosphorylation level and subsequent oversaturation of the chemiluminescence signal in
US87/EGFRVIIL, we selected a low exposure time that produced a marked increase in p-EGFR
(Tyr1068) in US7EGFRVIII cells compared to the U87/EGFRwt cells. Exposure to 2 mM NAC
prevented p-EGFR(Tyr1068) upregulation in US7EGFRwt and US7EGFRVIII cells and prevented
auranofin-induced downregulation of total EGFR in U87EGFRVIII cells (Figure 3.10A).
Densitometric analysis confirmed the differential effects of auranofin in U87/EGFRVIII versus
U87/EGFRwt cells. The ratio of p-EGFR (Tyr1068)/total EGFR increased by 4-fold in
US7EGFRUVIII cells compared to DMSO controls, and treatment with 2 mM NAC completely

reversed the ratio to basal levels (Figure 3.10B).

Auranofin treatment induced cleavage of poly (ADP-ribose) polymerase (PARP-1), a
hallmark of apoptosis only in US7EGFRVIII cells, which displayed the cleaved fragment (89kDa);
however, this effect was prevented with 2 mM NAC. The anticancer activities of auranofin have
been linked to its ability to inhibit deubiquitinases that are involved in the proteasome-mediated

degradation of proteins [301, 315, 470, 471]. Anti-ubiquitin immunoblotting analysis revealed that
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treatment with 3 uM auranofin led to an increase in polyubiquitinated proteins in the three GBM

cell lines, an effect that was prevented by NAC (Figure 3.10C).
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Figure 3.10. Effect of auranofin on ROS-associated signaling in GBM cells. (A) The effects of
auranofin (ICso 3 uM, 24 h) in the presence or absence of 2 mM NAC on phosphorylated (Tyr1068)
EGFR and total EGFR in the three GBM cell lines. (B) Ratio of p-EGFR (Tyr1068)/total EGFR
of immunoblot in A. (C) PARP cleavage and protein polyubiquitination in cells treated with 3 uM

auranofin for 24 h in the presence or absence of 2 mM NAC.
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3.11. Targeting gamma-glutamylcysteine synthetase overcomes auranofin-induced
antioxidant response of US7EGFRwt cells

Although auranofin displays anticancer properties against various types of cancer cells, its
therapeutic efficacy as a monotherapy is quite limited in clinical settings [472]. Previous studies
reported GSH-induced compensation mechanisms in response to TrxR1 inhibition [235, 249, 267,
473-477]. Drug-induced redox resetting has recently been shown to result in drug resistance [301].
We analyzed the potential significance of co-targeting the TrxR1 and GSH antioxidant systems in
GBM. Nuclear factor erythroid 2-related factor 2 (Nrf2), a master transcription factor, controls
cellular Trx and GSH antioxidant response [478, 479]. Auranofin at 3 uM for 24 h increased Nrf2
expression in U§7MG, U87EGFRwt, and US7EGFRUVIII cell lines. This upregulation was blocked

by 2 mM NAC (Figure 3.11A). Under similar conditions, TrxR1 expression remained unchanged.

Next, we measured intracellular basal GSH levels [480, 481]; U87/EGFRwt and
US7EGFRUVIII both had significantly lower basal levels compared to parental U87MG (p<0.001)

and the level in U87/EGFRwt cells was less than in US7EGFRVIII (p=0.004). Figure 3.11B.

L-buthionine-sulfoximine (L-BSO) inhibits the enzyme gamma-glutamylcysteine
synthetase (y-GCL) [482], which is responsible for the synthesis of the main intracellular non-
enzymatic antioxidant GSH, resulting in a decrease of GSH levels. To examine the role of L-BSO
first, we demonstrated in an MTT assay that L-BSO at 2 or 10 uM for 72 h did not affect the
vitality of U§7MG, US7EGFRwt, and U87EGFRVIII cells (Figure 3.11C). We documented that
auranofin at 2 uM for 24 h, significantly increased GSH levels in US7EGFRwt cells (p=0.045),
compared to the DMSO control group, while U87MG and US7EGFRUVIII cells were unaffected
(»>0.05). Auranofin decreased GSH levels significantly in US7EGFRvVIII compared to U87MG

cells (p=0.046), while US7EGFRwt cells had higher GSH levels than in US7EGFRVIII cells
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(»=0.002). L-BSO at 5 uM significantly decreased GSH levels (»<0.001) in the three cell lines,
compared to their respective DMSO control group. While there was no significant difference
(»=0.210) between U7MG and US87EGFRVIII cells, US7TEGFRwt cells were significantly less
sensitive to L-BSO treatment compared to US7MG (p=0.046) and US7EGFRVIII (p=0.002) cells.
Auranofin and L-BSO combined treatment depleted significantly GSH levels compared to their

corresponding control group (»p<0.001) in the three cell lines as shown in Figure 3.11D.

To investigate the significance of y-GCL expression in the context of EGFR alterations in
GBM, we analyzed EGFR and y-GCL mRNA expression in a cohort of 528 GBM patients from
the TCGA GBM patient dataset. There was no correlation between EGFR and y-GCL mRNA
expression in GBM patient samples (n = 528). Interestingly, a subgroup of GBM patients based
on EGFR status (altered or wildtype) did have a low positive correlation between EGFR wildtype
and y-GCL mRNA levels (n = 284). Conversely, there was a very weak negative correlation

between altered-EGFR and y-GCL mRNA expression, (n = 244), as shown in Figure 3.11E.
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Figure 3.11. Targeting compensatory adaptive mechanisms in auranofin-treated GBM cells. (A)
GBM cells were treated with 3 uM AU with and without 2 mM NAC 24 h; Nrf2 antioxidant
response expression levels were assessed by western blotting. DMSO was used as vehicle control.
(B) MTT assay in in US7MG, U87/EGFRwt, and U87/EGFRVIII cells showing the effects on
vitality of 2 and 10 uM of L-BSO treatment for 72 h. (C) Basal GSH levels in U87MG,
U87EGFRwt, and US7EGFRVIII cells; bars show the mean £ SEM (**p <0.01 ***p <0.001, one-
way ANOVA followed by Tukey’s multiple comparison test). (D) GSH levels quantified in GBM
cells treated with 2 pM AU alone or combined with 5 uM L-BSO for 24 h; bars show the mean +
SEM (*p <0.05 ***p <0.001, two-way ANOVA followed by Dunnett's multiple comparison test).
(E) RNA expression correlation between EGFR status and y-GCL (L-BSO target) using The

Cancer Genome Atlas Network (TCGA) GBM patient dataset.
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3.12. Co-targeting TrxR and gamma-glutamylcysteine synthetase in EGFR isogenic cell
lines resulted in synergistic cytotoxicity

L-BSO inhibits y-GCL, leading to an intracellular decrease in GSH levels and an increase
in ROS, resulting in cytotoxic anticancer effects [482-484]. At a concentration of 5 uM for 72
hours, L-BSO did not significantly impact the vitality of U87MG, U87EGFRwt, and
US7EGFRUVIII cells. However, when combined with 1, 2, or 3 uM auranofin, L-BSO significantly
decreased vitality in the three GBM cell lines compared with auranofin treatment alone (p<0.001)

Figure 3.12A.

Figure 3.12B displays the ability of a non-toxic concentration of L-BSO (5 uM) to
potentiate the toxicity of auranofin (1, 2, or 3 pM) leading to drastic morphological changes, such
as increased cell rounding, detachment, and decreased cell density. Drug interaction analysis
showed that the combination of 5 uM L-BSO with auranofin at 1, 2, or 3 pM was synergistic
(combination index; CI<I) in all GBM cell lines. This is depicted in Figure 3.12C. Interestingly,
the addition of 2 mM NAC to the combination of auranofin 3 pM and L-BSO 5 uM partially
restored the vitality by 58% in U87MG, 54% in U87/EGFRwt, and 51% in US7EGFRVIII, as

shown in Figure 3.12D.

A colony formation assay confirmed that auranofin at 0.25 puM combined with L-BSO at 1
uM significantly decreased the clonogenicity of the three GBM cell lines, compared to auranofin

alone; this effect was more pronounced for US7/EGFVIII cells (Figure 3.12E and F).
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Figure 3.12 The effect of auranofin in combination with L-BSO on EGFR isogenic cell lines. (A)
U87MG, U87/EGFRwt, and U87/EGFRVIII cells were incubated with various concentrations of
auranofin (1-3 uM) in combination with 5 uM L-BSO and assessed for vitality using the MTT
assay. (B) Changes in cell morphology at drug combinations in the three cell lines documented in
panel A. (C) Combination index [CI] of auranofin and L-BSO analysed by the Chou & Talalay
method for drug combination analysis. Synergism was determined when CI was <1, antagonism
when CI was >1, and additive effect when CI was =1. The values are shown for each drug
concentration. (D) Effect of 2 mM NAC in mitigating the toxicity of 5 uM L-BSO and 3 uM
auranofin in combination for 72 h in the three cell lines, as determined by the MTT assay. (E)
Representative colony formation in the three cell lines exposed to 0.25 uM auranofin, 1 uM L-
BSO or their combination. (F) The survival fraction of GBM cells treated with auranofin + L-BSO
in the colony formation assay. For all graphs, bars show the mean + SEM (*** p <0.001, two-way

ANOVA Tukey’s multiple comparison test).
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3.13. The combination of auranofin and L-BSO increased oxidative stress

We assessed the effect of auranofin and/or L-BSO on intracellular levels of ROS. US7MG,
U87/EGFRwt, and U87/EGFRVIII cells were treated with auranofin at 3 uM, 5 uM L-BSO, or in
combination of both drugs for 24 h. The combination produced significantly higher levels of
intracellular ROS in comparison to the DMSO control in the three cell lines (U8§7MG, p<0.001,
U87/EGFRwt p<0.01; U87/EGFRVIII, p<0.001), and significantly higher levels than auranofin
alone in US7MG (p<0.001) and U87/EGFRVIII (p<0.001) cells, but not in U87/EGFRwt. Of note,
the auranofin/L-BSO combined treatment induced the highest ROS increase in U87/EGFRVIII
(15.7-fold) compared to US7MG (5.6-fold) or US7/EGFRwt (2.5-fold) as shown in Figure 3.13A.
The duration of exposure was an important factor, since treatment for 2 h produced smaller
changes, and a significantly greater level of intracellular ROS in comparison to DMSO controls
only occurred in U§7EGFRwt cells exposed to auranofin (1.6-fold), auranofin/L-BSO (1.7-fold)

(both p<0.001), and L-BSO (1.4-fold) (p<0.05), as shown in Figure 3.13B.

We also evaluated the effect of the auranofin/L-BSO combined treatment on superoxide
anion generation in the three cell lines. Auranofin at 3 pM combined with L-BSO at 5 uM for 24
h significantly increased superoxide generation compared to the DMSO controls (in US7MG
p<0.001, US7EGFRwt, p<0.01, US7EGFRVIII, p<0.001), or L-BSO alone (all GBM cells
p<0.001). Auranofin/L-BSO induced higher superoxide levels in US87MG cells than in
US7EGFRwt (p<0.001) and U87/EGFRVIII (p<0.01) cells (Figure 3.13C). At a shorter exposure
time of 12 h, the auranofin/L-BSO combination produced consistent effects, generating greater
superoxide levels in each cell line compared to their DMSO control group (US7MG p<0.01 and

U87/EGFRwt, p<0.05, U87/EGFRVIII, p<0.001). At this time point, superoxide levels were
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significantly higher in U87/EGFRVIII cells than in US7MG (p<0.01) and U87/EGFRwt (p<0.05)
cells (Figure 3.13 D).
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Figure 3.13. Effect of the auranofin (AU)/L-BSO combination on ROS levels in US7MG,
U87/EGFRwt, and U87/EGFRvVIII GBM cells. (A) Cells were treated with 3 uM AU and 5 pM L-
BSO for 24 h and ROS levels were quantified using general ROS indicator, CM-H2DCFDA, (B)
Relative Fluorescence Units (Fold Change) of intracellular ROS levels after 2 h exposure to 3 uM
AU/5 uM L-BSO combination or single drugs using CM-H2DCFDA measured in a plate reader.

(C) Dihydroethidium (DHE) was used to detect superoxide radical anion using a plate reader or

185



cytometer. (D) Superoxide generation after 12 h exposure to 3 uM AU/5 uM L-BSO combination
and single drugs using dihydroethidium (DHE) and quantified by flow cytometry. Bars indicate
the mean £ SEM (*p < 0.05 **p <0.01 ***p <0.001, two-way ANOVA followed by the Tukey’s

multiple comparison test)
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3.14. Auranofin/L-BSO in combination led to downregulation of total EGFR and AKT in
US7EGFRUVIII cells compared to US7EGFRwt cells

Next, we used western blotting to analyze the molecular effects of auranofin/L-BSO
combined treatment in U87/EGFR isogenic cell lines treated with 3 uM auranofin alone, 5 uM L-
BSO alone or their combination for 6 h. There was no effect on p-EGFR (Tyr1068) or total EGFR
expression in the U87/EGFRwt cell line. In sharp contrast, auranofin increased the
phosphorylation of p-EGFR (Tyr1068), which was further increased following treatment with the
auranofin/L-BSO combination in U§7EGFRVIII. Remarkably, these effects were associated with

decreased total EGFR expression.

The Ras/PI3K/AKT pathway is one of the major pathways that regulate cell proliferation,
survival, and differentiation downstream of EGFR signaling [485, 486]. Auranofin led to a
decrease in the phosphorylation of p-AKT (Ser473) in all three cell lines. Decreased p-AKT
(Ser473) accompanied by decreased total AKT was more pronounced following treatment with
the auranofin/L-BSO combination in U87/EGFRwt cells and to a greater extent in the

US7EGFRUVIII cell line (Figure 3.14A).

Cells treated with a sub-lethal dose of auranofin at 2 uM and auranofin plus 5 uM L-BSO
in combination for 24 h, exhibited high phosphorylation levels of the DNA damage marker yYH2AX
(Ser139) in U87/EGFRwt and US87EGFRVIII cells, but not in the U7MG cell line, while 2 mM
NAC treatment inhibited the effect in U87/EGFRwt and US7EGFRVIII. There was no effect of

either drug alone in any of the 3 cell lines (Figure 3.14B and C).
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Figure 3.14. Effects of auranofin (AU) and L-BSO alone and in combination on GBM EGFR
isogenic cell lines. (A) US7MG, U87/EGFRwt, and U87/EGFRVIII cells were treated with 3 uM
AU, either alone or in combination with 5 uM L-BSO for 6 hours, and the expression levels of
EGFR, AKT, and their respective phosphorylation were assessed by western blotting. (B) GBM
cells were treated with 2 uM AU, either alone or in combination with 5 uM L-BSO for 24 hours,

and the DNA damage marker YH2AX was analyzed.
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Chapter 4 - GENERAL DISCUSSION
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Glioblastoma IDH-wildtype CNS WHO grade 4 (GBM; previously known as Glioblastoma
multiforme) is the most aggressive and the most common primary tumor of the central nervous
system in adults (with a median age at diagnosis of 65 years). GBM is characterized by rapid
progression and a dismal prognosis, with a median survival of less than 15-18 months from the
initial diagnosis. Given the substantial prevalence of EGFR alterations in GBM, found in roughly
50% of patients, and the prominent role of the EGFRvVIII mutated version, which is associated with
high proliferation and genomic instability, it is essential to identify therapeutic options for this
patient population. The development of more effective treatment is of paramount importance and
cannot be overstated. In this study, we investigated potential strategies for future therapy by
including the targeting of EGFR and antioxidant pathways, using both experimental and
repurposed drugs in the GBM cell lines US7MG and isogenic counterparts stably transfected to

overexpress EGFR: U87/EGFRwt and EGFRVIIL.

The initial set of experiments involving the combi-molecule ZR2002 corroborated the
findings of Shariff [157] that this drug has potent short-term cytotoxic effects against EGFR-
positive GBM cells, at concentrations in the sub-micromolar range for 72 or 120 h in all cell lines,
although US7EGFRwt displayed a slight but significantly lower sensitivity to ZR2002 compared
to US7MG and U87EGFRVIIL. These results were consistent with independent experiments
conducted at the 72-h time point, which suggested a differential sensitivity based on EGFR
expression. Our study also found that ZR2002 was able to elevate ROS only at very high
concentrations, and the antioxidant NAC did not protect the U87MG, US7EGFRwt, and
US7EGFRVIII cells against ZR2002 toxicity. These results suggest that ROS generation is not the

primary mechanism of action of the drug.
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Although we observed that ZR2002 plus auranofin decreased clonogenicity in
US7EGFRwt cells to a greater extent than either drug alone, most of our results indicated that the
actions of ZR2002 and auranofin were largely antagonistic. For instance, various ratios of the ICs
of each drug when applied together only produced synergistic effects in US7TEGFRwt and not in
the other cell lines. However, when a fixed 1 micromolar concentration of auranofin was
combined with different concentrations of ZR2002, we observed dose-related effects, with slight
synergy in US87MG and U87EGFRUVIII at low concentrations and pronounced antagonism in all
cell lines as the concentration increased. Similar results were obtained with other fixed or ratio
combinations. These findings suggest that an interaction between the two drugs hinders their

actions when both are present, resulting in antagonism.

Considering these findings, we pursued a sequential treatment strategy, beginning with
auranofin and followed by ZR2002. This approach aimed to sensitize cells by first inhibiting TrxR
activity and inducing ROS. However, this strategy ultimately proved unsuccessful in
demonstrating synergistic effects. One explanation for this outcome may involve the presence of
compensatory mechanisms, whereby the inhibition of TrxR by auranofin leads to negative
regulation of Nrf2. Consequently, upregulation of Nrf2 could enhance antioxidant capacity and
downstream signaling of growth factor receptors. Notably, when the treatment order was reversed,
with ZR2002 administered first and auranofin second, we observed toxic effects in US7MG,
US7EGFRwt, and US87EGFRVIII cells after 24 hours, but a comprehensive analysis of the
combination index was not conducted. Based on our observations, ZR2002 proved to be a highly

potent drug, but its combination with auranofin as cotreatment failed to produce synergistic effects.

Gefitinib produced equal levels of short-term toxicity in all three cell lines, and 30 uM

significantly elevated intracellular ROS levels in all cell types, being most effective in
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U87EGFRwt. The combination of auranofin with gefitinib produced synergistic effects when
using the ratios of their corresponding ICso in the three cell lines. Additionally, when using fixed
drug concentrations, consistent results were obtained. It is noteworthy that in the EGFR-expressing
cells additive or antagonistic effects were seen at low concentrations of each drug, but
combinations equal to or less than ICso were still synergistic in the three types of GBM cells. This
finding is important as both drugs are FDA-approved, and it could be easier to assess their potential
efficacy in clinical trials. A limitation in therapy for GBM is the blood-brain barrier (BBB) that
prevents access to most chemotherapeutic drugs, but studies have shown that although gefitinib
poorly crosses the BBB (about 1-1.3%), radiotherapy [487], which is part of standard care for
GBM, can significantly increase the penetration of the drug [488] and may allow a lower

concentration of gefitinib to achieve a significant therapeutic response.

Prima-1M°* exhibits various mechanisms of action, one of which is to rescue mutp53 in
cancer cells. However, other mechanisms contributing to its toxicity, such as the increase in ROS
due to targeting TrxR and the induction of endoplasmic reticulum (ER) stress, have also been
described [384, 489]. The short-term toxicity of PRIMA-1M¢" was assessed in EGFR isogenic cells,
and the results demonstrated similar sensitivity in all three cell lines. Building on this observation
and in collaboration with the lab of Dr. Bertrand Jean-Claude (Division of Experimental Medicine,
McGill University), new anticancer molecules were created. JS440 was synthesized using

1 Met

components of Prima- and gefitinib. The short-term toxicity of JS440 was compared to that of

gefitinib combined with Prima-1M¢

in equimolar concentrations in glioma cells with wildtype and
mutant p53 status (US7MG and T98G, respectively). While the ICso of JS440 was like that of the
combined single drugs in U§7MG (wildtype p53), it was not the case for T98G (mutant p53). The

ICso values of the single drugs combined in equimolar concentrations were lower than that of
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JS440. One possible explanation may be that the structural changes required to covalently bind
both drugs into one might sacrifice the active relevant site of each drug, thereby losing some of

their cytotoxic activity.

Notably, the ICso values for auranofin in U§7MG and T98G cells were remarkably low
(1.2 and 3.1 micromolar, respectively), compared to the other drugs tested, except for ZR2002.
We then proceeded to evaluate auranofin's effectiveness in a model of platinum-sensitive and
platinum-resistant high-grade serous ovarian cancer (HGSOC) cells - PEO1 and PEOA4,
respectively. The short-term toxicity of auranofin was assessed in an MTT assay, revealing ICso
values in the submicromolar range for both cell lines. These findings were further validated by
flow cytometry in PEOI1 cells, which had an ICso value for auranofin of 1.23 micromolar,
consistent with the potency of targeting TrxR and providing additional support for the continued

use of auranofin in GBM cells expressing EGFR.

The compound JS470 comprises both PRIMA-1MET and olaparib (a PARP inhibitor), and
we sought to determine whether its cytotoxicity surpassed that of the individual drugs when
administered in equal concentrations to HGSOC PEO1 and PEO4 cells. Our findings indicated
that JS470 was not more toxic than the single drugs used in combination, which may be attributed
to significant structural changes that occur when the drug molecules are covalently bound,

potentially impeding their anticancer effects.

The second part of this work elucidated the complex relationship between auranofin and
GBM cells exhibiting aberrant epidermal growth factor receptor (EGFR) expression, including
EGFR wild-type (EGFRwt) and EGFR variant III (EGFRVIII), suggesting the potential value of
auranofin as a therapeutic agent in EGFR-driven GBM. Furthermore, this study emphasized the

synergistic lethality between auranofin and L-BSO in the eradication of GBM cells. It is proposed
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that co-targeting antioxidant systems in EGFR-overexpressing GBM cells would result in a lethal
level of oxidative stress. The combination of auranofin and L-BSO led to enhanced cytotoxicity,
likely due to the depletion of intracellular GSH levels and subsequent increase in ROS. This drug
combination represents a promising strategy for enhancing the efficacy of auranofin-based

treatments.

Auranofin is an FDA-approved drug, known for its clinical safety, and ability to
successfully penetrate the BBB at doses ranging from 0.2 to 5 umol/L [490]. Recent studies have
highlighted the promising anticancer effects of auranofin in various cancer types [289, 295-322]
alone or as part of a drug combination [323-325]. In glioblastoma, auranofin has also been used as
monotherapy or in drug combination [274] but studies to date have not provided information on
the effects of auranofin in the context of EGFR overexpression. EGFR alterations are present in
around 50% of GBMs cases [70] and, previous investigations have associated EGFR
hyperactivation with increased oxidative stress [262], which could provide a vulnerability to target

antioxidant systems.

Our research investigated the underlying mechanisms of auranofin-induced cytotoxicity,
yielding several important discoveries. Our findings indicated that auranofin caused DNA damage
and elevated levels of Annexin V, suggesting that it triggers apoptosis in U§7MG GBM cells.
These findings are consistent with previous results in other cancer cell lines [301, 305, 466, 467,
491]. Auranofin’s primary target, thioredoxin reductase 1 (TrxR1), was significantly inhibited in
both parental and EGFR-transfected cells. It is worth noting that the inhibition of TrxR alone may
not be sufficient to kill GMB cells, as evidenced by the fact that auranofin did not lead to cell death
when used at the low concentrations that inhibit TrxR. These results are consistent with those of

Van Loenhout et al. [323] and Abdalbari et al. [462], who tested auranofin in U87MG, and in
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ovarian cancer cells, respectively, and detected TrxR inhibition with subtoxic concentrations,

suggesting other mechanisms might be involved in its induced toxicity.

Our study also determined the concentrations of auranofin required for 50% inhibition of
metabolic activity (ICsos) in the EGFR-transfected cells, revealing that all three cell lines had
similar ICso values, suggesting that the presence of EGFRwt or EGFRVIII did not substantially
alter the sensitivity to auranofin. However, using flow cytometry and assessing total number and
viability of cells, and monitoring their morphological changes, we showed that U37TEGFRwt was
slightly less sensitive to auranofin. These discrepancies have been previously reported by Jakstys,
B. et al. [492] and they concluded that colony formation assay was the most reliable indicator of
cellular health, pointing out the limitations of the methods used when assessing drug toxicity in

cell cultures.

Long-term cytotoxic effects of auranofin were assessed through clonogenic assays, and it
was found that auranofin inhibited colony formation at concentrations lower than the ICso,
underscoring its potential to inhibit the clonogenic capacity of GBM cells. Notably, US7EGFRVIII
cells were statistically significant less sensitive to auranofin toxicity in comparison to U87TEGFRwt
cells, suggesting that EGFRvVIII expression may modulate auranofin-induced cytotoxicity.
However, this difference was not observed in the extended long-term toxicity assay, indicating

that EGFRwt and EGFRVIII do not substantially differ their long-term response to auranofin.

Compounds that inhibit TrxR enzymatic activity result in increased oxidative stress [493,
494]. Oxidative stress plays a central role in auranofin-induced cytotoxicity, as evidenced by
increased ROS levels in GBM cells upon auranofin treatment [324]. In our study, we employed
N-acetyl cysteine (NAC) to mitigate oxidative stress. NAC is widely recognized for its ability to
reduce ROS by providing cysteines necessary for GSH synthesis, an antioxidant that effectively
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scavenges ROS molecules [468]. The addition of NAC, as ROS scavenger, effectively protected
GBM cells from auranofin-induced oxidative stress significantly improving cell viability. This
effect was particularly pronounced in US7EGFRVIII cells, further highlighting the role of EGFR

variants in modulating auranofin-induced oxidative stress.

Our study also examined the impact of auranofin on EGFR signaling pathways. Our
findings indicated that auranofin treatment led to degradation of EGFR and AKT, which are critical
signaling molecules in cell proliferation and survival [485, 486]. Importantly, the addition of NAC
prevented these effects, underscoring the role of ROS in mediating the EGFR and AKT
degradation induced by auranofin. EGFRvIII-expressing cells showed greater vulnerability to
EGFR degradation. Interestingly, auranofin increased the phosphorylation of EGFR at Tyr1068,
an effect in which phosphorylation is dependent on ROS modulation. This increase in EGFR
phosphorylation has been explained by studies showing that ROS transiently inactivates protein
tyrosine phosphatases (PTPs) to enhance or prolong EGFR activation [495-497]. H2O: inactivates
protein-tyrosine phosphatase 1B (PTP1B) by oxidizing its catalytic site cysteine, most likely to
sulfenic acid [495]. Dagnell et al. discovered that TrxR1/NADPH directly protects PTP1B from
inactivation when present during the H2O2 exposure. This protection was dependent on the
concentration of TrxR1 and independent of Trx1 and Prx2. The protection was blocked by

auranofin and required an intact selenocysteine residue in TrxR1 [498].

Casitas B-lineage lymphoma (Cbl or c-Cbl) is a RING ubiquitin ligase that negatively
regulates protein tyrosine kinase (PTK) signalling [499, 500]. It has been demonstrated that ROS
including H>O» activates and aberrantly phosphorylates the EGFR, leading to the loss of ¢-Cbl-
mediated ubiquitination of the receptor [501-503]. As a result, the receptor is not targeted for

clathrin-mediated internalization and degradation, thus prolonging receptor signaling. In our study
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despite high p-EGFR (Tyr1068)-induced expression, auranofin alone and in combination with L-

BSO, led to very high downregulation of EGFRVIII and AKT and resulted in higher cell death.

Nrf2 upregulation after auranofin exposure indicated activation of the cellular antioxidant
response, an effect that was reversed by NAC. Additionally, auranofin-induced protein
polyubiquitination was mitigated by NAC treatment, suggesting that auranofin-induced poly-
ubiquitination is related to auranofin-mediated ROS increase. Some studies have shown that
auranofin inhibits proteasome-associated deubiquitinases to induce the accumulation of
polyubiquitinated proteins [333, 465, 470]. At present, it is not clear which of these mechanisms

may be involved in the polyubiquitination produced by auranofin in GBM.

Intriguingly, combining auranofin with L-buthionine-sulfoximine (L-BSO), the inhibitor
of gamma-glutamylcysteine synthetase (y-GCL) and GSH synthesis, yielded synergistic cytotoxic
effects in GBM cells, likely due to the depletion of GSH levels and the consequent increase in
ROS beyond levels generated by auranofin alone. This synergy emphasizes the significance of
targeting antioxidant pathways in combination with existing therapies. The observed increase in
GSH levels in US7EGFRwt cells following auranofin treatment indicates a compensation
mechanism in response to the oxidative stress induced by the inhibition of TrxR. Nevertheless, the
inclusion of L-BSO with auranofin effectively eliminated this phenomenon, leading to increased
lethality in cells treated with auranofin-L-BSO compared to those receiving auranofin alone. These
findings align with the growing interest in developing combination therapies that exploit the

vulnerabilities of cancer cells related to redox balance [200].

Numerous studies have assessed auranofin and L-BSO in treating various types of cancer,
including mesothelioma, human lung cancer, rhabdomyosarcoma, and pancreatic cancer, yielding
promising results [305, 462, 467, 471, 504]. However, the current study is the first to investigate
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the impact of these drugs in a context of EGFR overexpression in GBM cell lines. The only clinical
trial in glioblastoma using auranofin involved a limited cohort of 10 patients with recurrent GBM
and no genetic mutation profile stratification; auranofin treatment was included in a combination
strategy involving 9 repurposing drugs in the CUSP9v3 Treatment Protocol (NCT02770378). For
L-BSO, there have only been two clinical trials conducted in patients with neuroblastoma
(NCT00002730, NCT00005835), and they demonstrated that L-BSO is a tolerable drug.
Interestingly, The Cancer Genome Atlas Program (TCGA) analysis supports the potential clinical
relevance of the current findings, indicating potential modulation of redox pathways by EGFR
alterations in the initiation and progression of various cancers. In silico analysis of TCGA data
revealed significant positive correlations between EGFR wildtype expression and the expression
of y-GCL, involved in GSH biosynthesis, potentially rendering EGFR wildtype tumors more

vulnerable to y-GCL inhibitors like L-BSO, providing potential benefit to this subgroup of patients.

In conclusion, AU/LBSO combined treatment is highly synergistic against GBM cell lines
with aberrant EGFR expression in vitro through a ROS-dependent mechanism. This study is a
strong foundation for investigating this drug combination in vivo. The following illustration

(Figure 4.1) summarizes this proposal's basic concepts and potential value.
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Co-targeting Trx/GSH strategy
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Figure 4.1 Model for combining auranofin and L-buthionine-sulfoximine (L-BSO) to kill
malignant cells in glioblastoma, derived from studies on U87MG, U87/EGFRwt, and
U87/EGFRVIII glioblastoma cell lines. Auranofin targets thioredoxin reductase 1 (TrxR1) to
increase cellular levels of damaging reactive oxygen species (ROS) while L-BSO targets gamma-
glutamylcysteine synthetase (y-GCL) to block glutathione (GSH) biosynthesis and decrease
antioxidant capacity. Each drug induces a different level of cytotoxicity in each of the three cell
lines, and the combination of both drugs creates synergistic effects, including an increase in ROS,
DNA damage, the downregulation of phospho-AKT, and the depletion of GSH, all of which
contribute to death of the cancer cells. The combination of auranofin and L-BSO is extremely

potent regardless of the cellular variant of EGFR and is a promising strategy for patient therapy.
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