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Src family kinases (SFKs) are commonly over-expressed and/or activated
in glioblastoma multiforme (GBM), where they serve as key mediators of GBM
cell proliferation, survival, invasion and angiogenesis. Mechanisms of allosteric
SFK activation are well described; however, the SFK Fyn is commonly up-
regulated at the mRNA level in multiple human cancers, including GBM, where
the mode of increased expression is poorly understood. Since activating
mutations in the epidermal growth factor receptor (EGFR) are commonly
occurring in GBM, we examined whether EGFR could induce Fyn expression.
Here, we found that wild-type EGFR, and to a greater extent hyper-activating
EGFR mutants, EGFRAIIl and R108K, induce a substantial up-regulation of Fyn
expression. Furthermore, it was determined that Fyn expression is up-regulated
across a panel of patient-derived GBM stem cells (GSCs) relative to normal
progenitor controls. Inhibition of Fyn proved to be biologically relevant, as Fyn
depletion significantly (p<0.01) reduced cellular proliferation and viability of U87-
EGFRAIIl and U87-R108K cells as well as significantly (p<0.001) reducing the
sphere forming capacity of GSC 7-2. Mechanistically, Fyn induction was
determined to be under the control of early growth response 1 (Egr-1), a

previously described redox-responsive transcription factor. Though studies have



previously observed increases in reactive oxygen species (ROS) in GBM, the
relationship between EGFR signaling and ROS production remain poorly
understood. Using chemical and RNAi-based applications, we demonstrate that
EGFR-up-regulates ROS in GBM cells through induction of the NADPH oxidase
(Nox)-2 organizer complex, p47phox, which in turn regulates Fyn expression.
Therefore, our studies highlight a novel mechanism linking EGFR to the Nox
complex and Fyn, providing compelling rationale for redox-targeted strategies in

EGFR-expressing GBM.
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Chapter 1

INTRODUCTION



1.1 Malignant Glioma

Originating from glial cells, gliomas account for the majority of intrinsic
brain tumors occurring in adults." Gliomas are stratified into different subtypes
based upon presumed cell of origin and include astrocytomas,
oligodendrogliomas, and ependymomas.? Glial tumors, or astrocytomas,
represent the most commonly occurring group of gliomas.?

On the basis of pathological presentation, namely anaplasia and
invasiveness, the World Health Organization (WHO) classifies astrocytomas into
four histological grades: grades I-IV.2 Grade | astrocytic tumors are either
pilocytic astrocytomas or subependymal giant cell astrocytomas; grade Il tumors
include pilomyxoid astrocytomas, diffuse astrocytomas, and pleomorphic
xanthoastrocytomas; and grade Il tumors are anaplastic astrocytomas.* Grade |
lesions are considered low-grade, as they are relatively non-aggressive,
generally benign and typically curable by resection.? In contrast, Grade Il and
grade lll lesions are diffusely infiltrating, may progress to higher-grade tumors
and are associated with poorer patient survival and response to therapy.? WHO
grade |V lesions are the most common and biologically aggressive lesions and
include glioblastomas, gliosarcomas and giant cell glioblastoma.* High-grade
gliomas are exceedingly invasive and confer the worst clinical prognosis as
determined by several different factors including lesion grade and Karnofsky
performance score.>*® Among high-grade gliomas, glioblastoma multiforme

(GBM) is the most common and lethal type.® This generates significant interest in



better understanding the biology of GBM for the purpose of improving clinical

outcomes, which will be the focus of the discussion in the following sections.

1.2 GBM

Roughly 3 in 100,000 patients are newly diagnosed with GBM in the
United States each year.” GBM may develop de novo (primary GBM) or through
progression from lower-grade precursor lesions (secondary GBM).® Primary GBM
are rapidly developing tumors that comprise about 90% of all GBM cases,
typically manifesting in elderly patients but also affecting children.®’ Secondary
GBM arise from lower grade anaplastic astrocytomas and occur far less
frequently, affecting patients less than 45 years of age.” Though largely
indistinguishable by histology, primary and secondary GBM vary significantly in
their genetic and epigenetic profiles.8

GBM is unique in that it is the most difficult of all human cancers to treat.’
Despite advances in multimodal therapeutic approaches, patient outcomes have
only modestly improved over the past few decades.” At the same time, the costs
of treatment are substantial, conferring an economic burden of $105,234.00 per
per quality-adjusted life-year relative to 2013 US currency rates.® Currently, the
overall five-year survival rate for GBM patients is 3.4%'°, with the majority of
patients succumbing to the disease within 14 months.® Nonetheless, as a more
comprehensive understanding of the molecular pathology of GBM is attained, the
development of targeted therapies will likely transform treatment and quality of

life in this disease.’



1.2.1 Therapeutic Strategies in GBM

The current standard of care for newly diagnosed GBM patients involves
surgical resection followed by fractionated radiation therapy combined with
concurrent and adjuvant administration of temozolomide (TMZ)."°® TMZ is an
orally available alkylating agent approved for anaplastic astrocytomas and GBM.
Structurally, TMZ is a 3-methyl analog of mitozolomide, an antitumor
imidazotetrazine developed by Stevens and colleagues circa 1987." In
comparison to mitozolomide, TMZ exhibited a more favorable therapeutic index

as determined across a variety of in vivo murine tumor models.'?> Mechanistically,

TMZ acts to methylate DNA at the O6 position of guanine.® The resulting
nucleotide mismatches in complementary DNA give rise to multiple unsuccessful
post-replicative attempts at mismatch repair, culminating in an apoptotic
response.’® Detected in roughly 45% of patients, the most salient prognostic

indicator for a favorable response to TMZ treatment is the degree of epigenetic
silencing of the DNA repair enzyme 06—methylguanine—DNA—methyItransferase

(MGMT) promoter."' By restoring 06—alkylated bases caused by
chemotherapy, MGMT counteracts the effects of TMZ treatment.'® Results from a
phase lll trial have demonstrated the utility of TMZ in the treatment of primary
GBM with regard to MGMT promoter status, as improved survival rates were
reported for patients whose tumors had methylation of the MGMT promoter.'’
Resistance to TMZ, however, invariably occurs.? Factors implicated in the innate

resistance of GBM patients to TMZ include: elevated levels of the



aforementioned MGMT activity; loss of the tumor suppressor PTEN, resulting in
increased levels of Akt phosphorylation18; and augmented base excision repair
(BER), capable of rectifying DNA damage induced by TMZ."®"

Despite the advances in surgical resection along with inclusion of TMZ,
only modest improvements in survival have been observed.'® Therefore, studies
have sought to better understand the genetic pathology of GBM for the purpose
of developing targeted chemotherapies capable of increasing clinical efficacy.3
Currently, however, a myriad of hurdles impede the responsiveness of GBM to
targeted and non-targeted chemotherapy, thus highlighting the clinical challenges
presented by GBM. First, incomplete tumor resection particularly often results in
tumor recurrence. Secondly, several studies suggest that a population of highly
chemo- and radio-resistant tumor-initiating cells, or GBM stem cells (GSCs), is
maintained within the bulk of the tumor, giving rise to recurrent lesions that resist
further treatment.?’ Thirdly, a highly selective permeability barrier separating the
brain from circulating blood, the blood-brain barrier (BBB), precludes delivery of
polar compounds of high molecular weight to the central nervous system.® Lastly,
chemotherapeutics are often actively pumped out of the brain via ABC
transporter efflux pumps.?’ As a result, insufficient chemotherapeutic
accumulation within the tumor, coupled with the highly heterogeneous
composition of GBM, ensure that not all GBM tumor cells receive adequate
treatment.® In light of these many challenges, it is imperative that new therapies
more closely targeting the biology of GBM are developed for the purpose of

improving therapeutic outcomes in this devastating disease.



1.2.2 Genetics of GBM

Though the exact cell of origin responsible for primary and secondary
GBM remains unclear ®, it has been postulated that primary GBM cells arise from
glial progenitors having accrued distinct genetic alterations.® Characteristically,
primary GBM display amplification, mutation and/or rearrangements of EGFR
(57%); mutation or loss of phosphatase and tensin homolog (PTEN) (41%);
amplification or overexpression of Cyclin D1/3 and murine double minute 2/4
(MDM2/4) (7.6% and 7.2%, respectively); mutations of tumor protein 53 (TP53)
(28%); and loss of heterozygosity (LOH) of chromosome 10 (73%).8%4%3

In contrast to primary GBM, secondary GBM have been proposed to
originate from progenitor cells harboring mutations of anisocitrate dehydrogenase
1/2 (IDH1/IDH2).?* IDH1/2 mutations have been catalogued in the majority of
WHO Grade Il diffuse astrocytomas, where mutation frequency does not
correspond with tumor grade.8 The mutation status of IDH1/2, however, positively
correlates with a better prognosis for GBM patients, as patients presenting
IDH1/2 mutations are predicted to survive roughly twice as long as patients not
bearing an IDH1/2 mutation.?* Much like primary GBM, diffuse astrocytomas
contain TP53 mutations, whereas anaplastic astrocytomas acquire LOH of
chromosome 10.

In an effort to broaden the molecular understanding of GBM, The National
Cancer Institute (NCI) and The National Human Genome Research Institute
(NHGRI) have joined efforts through The Cancer Genome Atlas (TCGA)

initiative. Using high-throughput genome analysis technology, the central goal of



the TCGA is to provide the scientific community with valuable genomic
information in order to improve diagnosis, treatment and prevention of multiple
tumor types, including GBM. Initially, the TCGA published the results of genomic
and transcriptomic analysis of 206 GBMs, which included mutational sequencing
of 600 genes in 91 tumor samples.?? The TCGA database has since expanded
and now contains molecular and clinical data for a total of 543 GBMs.?®> The
current dataset, which is available to the public, includes GBM sequencing of
whole genomes, coding exomes and transcriptomes, DNA methylomes as well
as targeted proteome profiling. Notably, analysis from the TCGA has uncovered
several recurrent and focal alterations not previously detected in GBM, including
amplifications in AKT3 and homozygous deletions in PARK2 and NF1.%
Furthermore, analysis of the TCGA dataset indicates that EGFR alterations are
the most commonly occurring among receptor tyrosine kinases (RTKs) in GBM
(57%), thus corroborating data from early studies highlighting the essential role of

EGFR in GBMs .88

1.2.3 GBM Subtypes

Using a gene expression-based molecular classification system, GBM has
been further stratified into various subtypes. Initial GBM classification studies
were performed by Wilson et al., in 2006, whereby three GBM subclasses were
identified: mesenchymal, proneural and proliferative.”® The proneural subclass
displayed markers indicative of a neural lineage and showed longer survival in

patients versus those expressing mesenchymal (angiogenic) or proliferative



markers. Both mesenchymal and proliferative groups exhibited gains or
amplification of EGFR as determined by comparative genomic hybridization,
which were not present in the proneural GBM subtype. Additionally, the two poor
prognosis subgroups expressed increased levels of neural stem cell markers
relative to proneural tumors. Interestingly, the results of these studies indicate
that recurrent tumors initially displaying proneural or proliferative markers tend to
shift towards the mesenchymal phenotype. Recurrent tumors also commonly
displayed up-regulation of YKL-40, CD44, STAT3 and vimentin, each of which
are markers of the mesenchymal-angiogenic phenotype.?’ As a result of these
studies, a set of genes representing both the proneural and mesenchymal GBM
subtypes have been identified, allowing for the development of a post-resection
clinical test for predicting patient outcome.™

More recent high-throughput studies conducted by Verhaak and
colleagues™®, expanded on the aforementioned classifications by molecularly
stratifying GBM on the basis of genomic profile into four major subtypes:
proneural, neural, classical and mesenchymal. DNA copy number and mutation
patterns were additionally integrated into their analyses. The proneural subtype
displayed aberrations in PDGFRA/IDH1, whereas the mesenchymal and
classical subtypes predominantly exhibited NF1 and EGFR aberrations,
respectively. Amplification of EGFR was present in upwards of 95% of the
classical subtype and in at least 29% of the mesenchymal subtype. With the
exception of tumors defined as being proneural, EGFR copy number increases

were observed in >86% of all GBM subclasses. These seminal findings could



potentially lead to the identification of prognostic markers indicative of treatment
response, allowing for the exploration of optimized therapies for the purpose of
individualizing treatment in this deadly disease.'” Despite this, emerging reports
indicate that a population of GBM-derived stem cells significantly contribute to
resistant phenotypes in GBM and show no clear correlative patterns with respect
to the established classification system. Thus a refined sub-classification
integrating GBM-derived stem cell signatures is needed to better utilize molecular

and clinical correlates in the treatment of GBM.

1.2.4 GBM Stem Cells

The cancer stem cell hypothesis posits that only a small portion of tumor
cells harbor the capacity for self-renewal and tumor-initiation.®' Accumulating
evidence suggests that primary GBM tumors contain such a population of cancer
stem cells, referred to as GBM stem cells or GSCs.*** Like neural stem cells,
GSCs express CD133 (prominin) and possess the ability to self-renew. In
contrast, GSCs are highly refractory to chemotherapy and radiotherapy and
therefore culpable in tumor progression and recurrence following conventional
GBM therapy.®® Additionally, recent findings indicate that GSCs more accurately
recapitulate the genotype, gene expression profile, and in vivo biology of human
GBM when engrafted in nude mice.* Interestingly, recent reports indicate that
EGFRAIIl is commonly expressed in GSCs, where its expression is associated
with enhanced stemness as well as resistance to therapies, including EGFR-

targeted modalities.*>* These studies determined that EGFRAIII is preferentially



expressed with CD133 in a subset of human tumor cells. Here, it was
demonstrated that EGFRAIII"/CD133" and EGFRAIII"/CD133™ cells exhibited the
greatest potential for self-renewal relative to EGFRAIIIT/CD133" populations.
Furthermore, the presence of EGFRAIII significantly enhanced tumor formation in
NOD/SCID mice, highlighting the relevance of EGFRAIIl expression in this
setting. These findings, coupled with the frequency of EGFR alterations identified
by the TCGA analysiszs, highlight the therapeutic potential of targeting EGFR

signaling in GBM and will, therefore, be the focus of the following section.

1.3 EGFR

EGFR, also referred to as HER1/ErbB1, belongs to a larger family of ErbB
receptors with tyrosine kinase activity.”” Other members of the HER family
include ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4. EGFR is frequently
overexpressed and/or hyper-activated in human malignancies, including GBM,
and therefore EGFR-directed therapeutic strategies are often utilized."®
Increased activation of EGFR can occur through a variety of different
mechanisms, both ligand-dependent and ligand-independent.>***° Among these
mechanisms include: aberrant enhancement of ligand production®; constitutive
receptor activation by multiple exon deletion or missense mutations*®*'; crosstalk
with other receptors42; increased receptor protein level via gene amplification3;
and malfunction in receptor degradation.®® As shown in Figure 1, EGFR
overexpression and activation are known to significantly impact cancer cell

hallmark traits, such as increased cell survival, proliferation and invasion.*%*344
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Figure 1. EGFR signaling and related pathways in cancer. lllustration of
the gene products involved in transferring signals from the outside of the cell to
the nucleus mediated by EGFR, notably through SRC.



1.3.1 Structure

Structurally, EGFR is a 170 KDa glycosylated plasma membrane protein
containing three main domains: an extracellular domain, a transmembrane
domain and an intracellular domain.*® The extracellular domain is comprised of
four subdomains, where the ligand binding pocket is formed by domains |, Il and
I, which interact with cognate ligands.*® The intracellular domain, or tyrosine
kinase domain, contains a c-terminal tail with multiple tyrosine residues capable
of being autophosphorylated upon receptor dimerization and activation.*’
Canonical activation of EGFR can occur through seven different ligands
including: epidermal growth factor (EGF), transforming growth factor-a (TGF- a),
heparin-binding EGF-like growth factor (HB- EGF), amphiregulin, epiregulin,
betacellulin and epigen.** Ligand binding precedes EGFR homo- or
heterodimerization =~ with  other  ErbB  family = members, dictating
autophosphorylation of various preferential tyrosine residues in the cytoplasmic
domain.***° Importantly, site-specific tyrosine phosphorylation plays an essential
role in determining the selectivity of downstream substrates triggered by EGFR
and facilitates binding of adaptor or other signaling molecules.” The preferred
autophosphorylation site of wild-type EGFR is tyrosine 1173 (Y1173).2 Tyrosine
residues Y1068 and Y1148 are also indicative of receptor activation.*’ The
tyrosine residue Y1045 is a c-Cbl binding site, functioning to ubiquitinate and
down-regulate the receptor following ligand stimulation.’? Tyrosine site Y845 is
phosphorylated by Src family non-receptor tyrosine kinases (SFKs) following

their activation by the EGFR.>
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1.3.2 EGFR Alterations in GBM

EGFR is overexpressed in approximately 60% of primary GBMs versus
only 10% of secondary GBMs and is characteristic of more aggressive GBM
phenotypes.8 In addition to overexpression, several alternative mechanisms
account for aberrant induction of EGFR activation in GBM, including enhanced
autocrine expression of cognate ligands.*” Gene amplification and mutation of
EGFR also enhance EGFR activation and occur in upwards of 57% of GBMs as
determined by the TCGA dataset.® From a subtype perspective, classical GBM
are synonymous with focal amplification of EGFR (~95%), whereas
mesenchymal, neural and proneural GBMs are associated with reduced rates of
EGFR amplification at 29%, 67% and 17%, respectively.’*® Mutations of EGFR
occur in roughly one-third of all classical tumors and often in mesenchymal,

proneural and neural GBMs as well.*

Of these mutations, extracellular domain
EGFR mutations are most commonly observed in GBM.®

The most frequently occurring EGFR mutation in GBM, EGFRAIII, arises
from an in-frame deletion of 801 bp in the DNA sequence encoding the
extracellular domain, rendering a truncated yet constitutively active form of the
receptor.*'** EGFRAIIl is a cancer specific mutation, as it not detected in normal
tissues, making it an attractive target for therapeutic intervention.>* Several
different studies have indicated that EGFRAIIl is expressed in roughly 50% of
GBMs that amplify wild-type EGFR.5 Additionally, data mined from the TCGA
indicates that EGFRAIIl is most commonly present in the classical tumors (23%),

where EGFR amplification is most prevalent.*
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Despite being constitutively active, EGFRAIIl sustains a low-level signal
capable of evading internalization and down-regulation, which primarily result
from inefficient dimerization.*®*’ In contrast, wild-type EGFR is rapidly degraded
following acute stimulation with ligand.”® Though low-level in nature, constitutive
signaling downstream of EGFRAIII leads to increased GBM cell survival in vivo
through selective augmentation of various mitogenic factors, namely Akt and
repression of apoptosis via enhanced Bcl2 family member expression.*
EGFRAIIl has also been associated with transformative properties, as INK4A/Arf
depleted astrocytes and neural stem cells form high grade tumors in vivo when

expressing EGFRAIII.®°

Given this, EGFRAIIl may act as a critical initiating event
in tumor development. Not only is EGFRAIIl likely an important factor in
gliomagenesis, but the tumorigenic potential of glioma cells in vivo are
significantly increased by EGFRAIIl expression when compared to xenografts
expressing the wild-type EGFR.®"®? Studies have also shown that EGFRAIII-
expressing GBM cells are highly resistant to both chemotherapy59 and
radiation.®® Interestingly, recent reports indicate that co-expression of EGFRAIII
and the GSC marker CD133" defines a population of GSCs harboring the
greatest tumor-initiating ability, thus further defining its importance in GBM.*>3¢
Taken together, it's not surprising that EGFRAIIl expression has been strongly
associated with a poor survival prognosis for patients whose tumors amplify
EGFR. °%%¢

In addition to EGFRAIIl, sequence analysis of the EGFR coding region in

a cohort of 151 GBM tumor and cell lines identified a number of novel
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ectodomain missense mutations.®® Approximately 14% of GBM patient samples
and 13% of GBM cell lines displayed this form of mutation. Using missense
mutants encoding R108K, T263P, A289V, G598V, and L861Q it was determined
that these mutations were 1) hyper-phosphorylated receptor in the absence of
ligand; 2) accompanied by an increased EGFR gene dosage; and 3) exhibited a
stronger transforming phenotype relative to wild-type EGFR as determined by
anchorage-independent growth in NIH-3T3 cells.®® Importantly, of the missense
mutations evaluated, EGFR-R108K shares the greatest degree of signaling and
behavioral homology to EGFRAIIl, particularly as it relates to therapeutic

resistance.?%%¢

1.3.3 EGFR Therapies in GBM

Overexpression of EGFR has been noted in multiple epithelial tumors,
supporting the notion that deregulated EGFR expression and signaling are
pivotal events in the origin of human cancers.®”*® This led to the development of
multiple inhibitors of EGFR, including EGFR-targeted monoclonal antibodies
(mAB) such as mAB C225 % and mAB 528.%%° Mechanistically, EGFR-directed
mAbs compete with cognate ligands for binding, effectively down-regulating
receptor expression and leading to inhibition of cell growth by induction of cell
cycle arrest.”" Initially, mAB C225, dubbed cetuximab, demonstrated promising
anti-tumor effects in cell cultures and xenograft models, leading to its
implementation as a therapeutic agent.”” Since, cetuximab has been approved

for use in metastatic colorectal cancer (CRC) as well as squamous cell
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carcinoma of the head and neck (HNSCC).”>"* Cetuximab has additionally been
under evaluation in progressive non-small cell lung cancer (NSCLS), where
activating mutations of EGFR commonly occur.” Notably, preclinical studies in
GBM cell cultures and mouse models have demonstrated the anti-tumor and
radio-sensitizing effects of cetuximab in this setting.”® Preclinical data also
suggests that cetuximab is active against EGFRAIIl, where it binds to and
engenders receptor internalization, rendering a reduction in kinase activation.”’
Though cetuximab has displayed promising effects in clinical trials involving
CRC, HNSCC and NSCLC, phase I/l trials in patients with recurrent GBM have
failed to confer any efficacious advantages over standard of care regimens.”
Insufficient intratumoral accumulation of cetuximab was cited in the failed
inhibition of EGFR autophosphorylation and degradation in these studies.

Small molecule tyrosine kinase inhibitors (TKIs) that competitively target
receptor catalytic activity via the EGFR kinase domain adenosine triphosphate
(ATP)-binding pocket, present another approach to targeting EGFR.” Despite
being low in molecular weight and more likely to penetrate the BBB, the
specificity of these inhibitors is diminished by the fact that the EGFR ATP-binding
pocket shares homology with that of other RTKs, resulting in off-target effects.®
Three TKls of EGFR (gefitinib, erlotinib and lapatinib) have previously received
regulatory approval for use in NSCLC and breast cancer.?' In contrast, several
phase Il clinical trials evaluating gefitinib, erlotinib or lapatinib in newly diagnosed
or recurrent GBM have yielded minimal clinical activity as either a monotherapy

or in combination regimens.?®* These lack of clinical effects were attributed to
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insufficient inhibition of Akt activation, which correlated most strongly with
EGFRAIIlI expression and loss of PTEN. Collectively, these findings highlight the
need for novel therapeutic targets capable of improving clinical responses in this

deadly disease.

1.3.4 Dysregulated EGFR Signaling Networks in GBM

The EGFR family is a complex system involved in growth factor cellular
signaling.®> Phosphorylation of EGFR at the plasma membrane leads to the
recruitment of multiple effector proteins via recognition and binding of Src
homology 2 (SH2) and phosphotyrosine-binding (PTB) domains to
phosphotyrosine motifs on the receptor.86 Formation of the EGFR signaling
complex, in turn, triggers a variety signaling cascades involved in tumor cell
proliferation, angiogenesis, motility, differentiation, and survival (Fig. 1).%’
Interestingly, similar substrates are activated downstream of EGFR and
EGFRAIII, but with differing levels of intensity.®® Among these pathways include
the phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase (MAPK),
signal transducer and activator of transcription 3 (STAT3) pathways and Src

family kinases (SFKs; discussed in 1.4).%0:88:89

1.3.4.1 PI3K

The class |IA PI3Ks form heterodimers that are recruited to activated RTKs
and adaptor proteins via their regulatory subunit, of which five isoforms exist:

p85a, p55a and p50a, or PIK3R1; p85b or PIKR2; and p55y or PIKR3.%" p85a
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associates with EGFR either through ErbB3 heterodimerization or through
phosphorylation of EGFR by the SFK c-Src.®*®' p85a association with EGFR
results in a conformational change in p85a, releasing the inhibition of the catalytic
subunit p110 of PI3K. PI3K then localizes to the plasma membrane, where it
functions to catalyze the formation of phosphatidylinositol 3,4,5-trisphosphate
(PIP3) via the phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP>).
The resulting PIP; is a critical activator of Akt, which consequently
phosphorylates, or inhibits, numerous target proteins involved in regulating
cellular metabolism, motility and protein synthesis.?>?® Akt activation additionally
results in phosphorylation of Bad, a Bcl family member, which when
phosphorylated fails to inhibit the survival protein Bcl-XI, thus precluding
apoptotic induction.®* % Activation of PI3K can also arise from point mutations, of
which roughly 15% have been catalogued in GBM tumors.?® These mutations
occur most commonly in the adaptor-binding domain (ABD) and less frequently in
the C2 helical and kinase domains of the catalytic subunit (PIK3CA).***” Though
mutations in the regulatory subunit (PI3KR1) are uncommon, prior sequencing
analysis from the TCGA indicated the presence of 9 such mutations occurring
among a cohort of 91 GBM samples.? As a result, aberrant PI3K activation and
subsequent activation of Akt is observed in upwards of 85% of GBM samples.*®
PI3K signaling is negatively regulated by various proteins, most notably
PTEN; PTEN, however, is commonly inactivated (~50%) in GBM by either
epigenetic silencing or deletion mutation.®® Loss of PTEN, therefore, disrupts the

PIBK:PTEN balance resulting in increased Akt activation and uncontrolled cell
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growth. Given the frequency of PI3K pathway aberrations occurring in GBM,
inhibition of its signaling components present an attractive target for therapeutic
intervention. Based on this, the rapamycin analogs, everolimus (Afinitor) and
temsirolimus (Torisel), both of which inhibit mammalian target of rapamycin
complex 1 (mTORCH1) are regulatory-approved for treatment of advanced renal
cell carcinoma and have been evaluated in GBM patients. Unfortunately, the
clinical application of rapamycin analogs has yielded infrequent and short-lived
responses in GBM.%*®° Additionally, the PKC/PI3K/AKT inhibitor, enzastaurin,
was the first targeted therapy for GBM evaluated in a phase llI clinical trial.'®
Regrettably, enrollment of this study was halted as no positive correlations with

progression free survival were observed.

1.3.4.2 MAPK
Following EGFR activation, the MAPK signaling pathway is triggered by
the growth factor receptor-bound protein 2 (Grb2) binding directly to EGFR via

Y1068 and Y1086 or indirectly by SHC binding Y1173 and Y1143."°" Grb2 also
houses two SH3 domains, allowing for interactions with proline-rich sequences,
namely those of son of sevenless (SOS)."" The Grb2/Shc/EGFR interaction
precedes recruitment of SOS to the plasma membrane. SOS is a guanine
nucleotide exchange factor, which functions to promote the conversion of Ras-
GDP to the active Ras-GTP. Subsequently, Ras activates Raf, a serine-threonine
protein kinase, which then phosphorylates and activates MEK1/2, resulting in

activation of ERK1/2 (MAPK)."%®
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1.3.4.3 Signal Transducers and Activators of Transcription

In addition to PI3K and MAPK, Signal transducers and activators of
transcription (STAT) proteins are commonly activated downstream of EGFR in
GBM.®" The STAT family of proteins consists of seven members (STAT1,
STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6), of which, STATI,
STAT3 and STATS5 are known substrates of oncogenic EGFR signaling.®® Upon
activation, STATs function to increase transcription of proteins involved in cell
mitogenesis, survival, and differentiation.'®"%” In contrast to cytokine receptor-
mediated activation of STATSs, ligand-dependent phosphorylation of STATs by
EGFR does not require Janus activated kinases (JAK)."%>'% |nterestingly,
STAT5b has recently been identified as a preferential substrate of EGFRAIII
signaling in GBM, capable of enhancing GBM cell survival through induction of
Bcl-xL."® From these studies, it was determined that STAT5b activation by
EGFRAIIl was mediated by SFKs, which are commonly activated mediators of
dysregulated RTK signaling in GBM and will be the focus of the following

section.™?

1.4 SFKs

The prototypical SFK member, c-Src, was discovered in 1976 as a
mammalian homologue of the transforming agent in avian sarcoma virus, v-
Src.""12 This family of non-receptor protein tyrosine kinases is comprised of
nine members, including c-Src, c-Yes, Fyn, Lyn, Lck, Blk, Hck, Fgr and Yrk.

While the majority of SFKs are expressed in cells of hematopoietic origin, C-Src,
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C-Yes and Fyn, however, display a more ubiquitous pattern of expression.""
SFKs interact with multiple cell surface receptors, including EGFR, and are
rapidly activated upon receptor engagement, serving to promote cell proliferation,
viability, motility and invasiveness as depicted in figure 1.""® Though activating
mutations and genomic amplification of SFKs rarely occur, SFKs are commonly
activated and/or overexpressed in a variety of cancers, which often correlates
with cancer development and progression.""'"® Consequently, SFKs have
emerged as promising targets in cancer therapy, where preclinical and clinical
applications of the regulatory approved ATP-binding competitive inhibitor

dasatinib have shown promise across several different tumor types.""®""’

1.4.1 Structure and Activation

Collectively, SFKs exhibit structural homology consisting of an N- terminal
membrane localization sequence, a poorly conserved unique domain, an SH3
and SH2 domain, a tyrosine kinase domain and a regulatory sequence.''®
Housed within the c-terminal tyrosine kinase domain are two phosphorylation
sites, which serve as critical regulators of protein function: Y527 (Y527 in chicken
c-Src; Y530 in human c-Src) and Y416. Phosphorylation on residue Y527
negatively regulates SFK activity, which is imparted by the c-terminal kinase
(Csk) family of protein tyrosine kinases.''®'?® The SH2 domain of SFKs bind to
Y527 following phosphorylation on this site.'**'?" As a result, this induces binding
of the SH3 domain to the linker region between the SH2 and tyrosine kinase

domains, precluding ATP from binding which stabilizes the closed conformation
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and inactivates the protein.'”®'? Dephosphorylation on residue Y527 is
accomplished by several protein tyrosine phosphatases, including CD45, SHP-1,
SHP-2, PTP-a, or PTP-A. Secondly, phosphorylation of Y416 must occur for the
protein to be active. Phosphorylation of Y416 is mediated by multiple proteins,
including EGFR'™, which results in repositioning of the catalytic domain and
subsequent formation of a substrate binding pocket."?"*! Phosphorylation on
Y416 is sufficient to activate c-Src, even in the presence of phosphorylation at
residue Y527."%2" Hence, dephosphorylation of Y416 is pivotal to the
inactivation of SFKs, a function commonly ascribed to the tyrosine phosphatases

PTP-a and PTP-A."341%

1.4.2 SFKs in GBM

Early studies identified elevated expression of SFKs occurring in neuronal
cells, specifically c-Src, Fyn and c-Yes, thus generating interest in their potential
role in brain and neuronal tumors.' Since, multiple studies have reported
elevated SFK activity in GBM. Initially, Lyn was identified by immunoblot analysis
of p-Src (Y418) as the most commonly activated SFK occurring in GBM patient

samples.'®

In contrast, more recent high-throughput phospho-proteomic
analyses identified c-Src as the most frequently activated SFKs in this context."®
These studies additionally showed that treatment with dasatinib significantly
lowered T-98 and U87-MG GBM cell proliferation and viability in vitro.""® Using

dasatinib resistant mutants (T341| gatekeeper mutation), this study further

determined that among SFKs expressed in GBM, only mutant c-Src and Fyn
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were capable of rescuing the therapeutic effects of dasatinib.”'® In corroboration
with these reports, more recent studies indicated that c-Src and Fyn are
preferential effector substrates of EGFRAIII signaling in GBM cells. Here, it was
demonstrated that genetic inhibition of c-Src or Fyn significantly mitigated cell
motility in vitro. Furthermore, it was reported that dasatinib in combination with
the EGFR-targeted antibody (mAB 806) significantly inhibited the growth of
EGFRAIll-expressing subcutaneous tumors in mice.”®” In contrast, additional in
vivo investigations using dasatinib in mice bearing orthotopic GBM tumors cited a
lack of efficacy attributed to insufficient tumor accumulation.’*® Collectively, these
findings reinforce a role for dasatinib in the treatment of GBM, while also
highlighting potential limitations in this regard. Regrettably, phase I/ll clinical trials
in patients with recurrent GBM have exhibited only minimal therapeutic activity
when using dasatinib as a monotherapy or in combination with the EGFR kinase
inhibitor erlotinib.’**'*® These findings highlight the need for alternative SFK-
targeted strategies in GBM.

In addition to being activated, analysis of the TCGA database indicates
that Fyn and Lyn mRNA are significantly up-regulated among SFKs in GBM
patients samples versus normal brain tissue.”® Fyn gene expression has also
been identified as most significantly correlating with that of EGFR among SFKs in
GBM patients.”™” Importantly, increased Fyn expression has additionally been
observed in a highly resistant population of GSCs, where dasatinib fails to reduce
GSC proliferation and survival.'' These findings are of great interest, as

targeting Fyn expression, as opposed to activation, has previously been
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implicated in the inhibition of tumor growth and survival of prostate and breast
cancer cells as well as CML cells."*'* The role and regulation of increased Fyn
expression, however, remains poorly understood in GBM but could provide

valuable therapeutic insight into GBM.

1.4.2.1 Fyn

Fyn is a 59-kDa protein comprised of 537 amino acids located on
chromosome 6q21."* There are three isoforms of Fyn: isoform 1, or FynB, the
canonical sequence; isoform 2, or FynT, which tends to be expressed in T-cells
and differs from FynB in the linker region; and isoform 3, which is typically found
in blood cells and differs from FynB by deletion of sequence 233-287." Fyn, like
other SFKs, is comprised of an SH1, SH2 and SH3 domain. Prior reports have
linked Fyn to several physiological processes, including cell proliferation and
motility."® Fyn also functions in pathophysiology, as it was shown to induce
transformation and anchorage-independent growth in NIH 3T3 cells.'®

Increased Fyn expression has been reported in several tumor types,
including prostate cancer and CML."*#'** While the specific function of increased
Fyn expression in prostate cancer remains poorly understood, genetic inhibition
of Fyn significantly reduced CML cell survival and proliferation as well as
enhanced sensitivity to dasatinib.™? Interestingly, increases in Fyn expression
were determined to occur through a reactive oxygen species (ROS)-dependent
transcriptional mechanism downstream in CML. Based on observations that

GBM is associated with elevated levels of oxidative stress, the potential role for
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ROS-dependent transcriptional up-regulation of Fyn provides a plausible
hypothesis for evaluation in GBM cells. Thus, the function and mechanistic

regulation of cellular oxidative stress will be discussed in the following section.

1.5 Oxidative Stress

Oxidative stress by definition is an imbalance of the cellular pro-oxidant to
anti-oxidant ratio. The resulting imbalance is characterized by an increase in
reactive oxygen species (ROS). ROS are essential components of the cellular
redox system, where they serve multiple roles in both physiological and
pathophysiological states.” Collectively, ROS are a group of exceedingly
reactive oxygen-containing species, which includes singlet oxygen ('0?),
superoxide (Oy’), hydrogen peroxide (H2.0,) and the hydroxyl free radical (OH)."*
Cells have developed a variety of ROS defense mechanisms, which include both
enzymatic and non-enzymatic antioxidants. Examples of non-enzymatic
antioxidants include glutathione (GSH) and thioredoxin'*'*°; among the known
enzymatic antioxidants include cytoplasmic, SOD1, the mitochondrial Mn-
dependent, SOD2, and the Cu/Zn- dependent, SOD3 (Fig. 3)."" Once GSH is
oxidized, the reduced form can be regenerated via GSH reductase activity (Fig.

4). The resulting balance between GSH and GSSG can be useful in determining

the redox state within the cell.

1.5.1 ROS in Cancer Cell Signaling

Steady state increases in oxidative stress have previously been implicated
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Figure 2. Cellular redox homeostasis. The mitochondrial electron transport
chain (Mito-ETC), endoplasmic reticulum (ER) and Nox complex serve as sites of
cellular ROS production. GPX, glutathione peroxidase; GR, glutathione reductase;
GRXo, glutaredoxin (oxidized); GRXr, glutaredoxin (reduced); GSHr, glutathione
(reduced); GSSG, glutathione (oxidized); TRXo, thioredoxin (oxidized); TRXTr,
thioredoxin (reduced); XO, xanthine oxidase.

Dunyaporn Trachootham, Jerome Alexandre, and Peng Huang. Targeting cancer
cells by ROS-mediated mechanisms: a radical therapeutic approach? Nature
Reviews Drug Discovery 2009, 8, 579-591.

Reproduced with permission.
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in the malignant phenotype of cancer.' While classically perceived as cytotoxic
and mutagenic metabolites, increased ROS have also been implicated as
mediators of tumor cell growth and survival through activation of various signal
transduction pathways.152 Specifically, ROS inactivate protein-tyrosine
phosphatases via oxidation of the catalytic cysteine, thus impairing kinase de-
activation of key signaling intermediates such as MAPK, JAK/STAT and Akt."*
This, in turn, engenders the induction of various pro-growth and pro-survival
transcription factors, including nuclear factor-kB (NF-KB).154 Recent studies from
our lab have identified an additional transcription factor induced by ROS: early
growth response-1, or Egr—1.155 From these studies, Egr-1 was shown to

increase CML cell growth and survival through increased transcriptional induction

of Fyn.

1.5.1.1 Egr-1

The Egr-1 gene product is a zinc-finger transcription factor of 59 kDa that
uniquely activates transcription by binding DNA as a monomer.’®® Based on
cellular context, Egr-1 behaves either as a tumor suppressor or oncogene.'>1%°
Importantly, increased Egr-1 expression is reported to promote tumor
development and progression in both breast and prostate cancer.'®'®° Besides
being transcriptionally induced by ROS, Egr-1 up-regulation has previously been
determined to occur through a mechanism involving MAPK."" Additionally,

recent gene expression profiling identified Egr-1 as the most significantly up-

regulated gene in EGFRAIlll-overexpressing HEK293 cells versus vector
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controls.'®® Furthermore, analysis of the TCGA database reveals that Egr-1
mRNA is significantly up-regulated in GBM versus normal brain tissue.?®
Together, these findings suggest that increased Egr-1 expression could provide a
plausible mechanistic explanation for Fyn up-regulation downstream of EGFR

and/or ROS-dependent signaling in GBM.

1.5.2 Cellular Sources of ROS

Otto Warburg first hypothesized that increases in cellular oxidative stress
stem from alterations in mitochondrial metabolism."® Besides the mitochondria,
additional cellular sources of ROS include: fatty acyl-CoA oxidase, xanthine
oxidase, cyclooxygenases, cytochrome p450, lipoxygenases, the endoplasmic
reticulum (ER) and the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, or Nox (Fig. 3)"*' The Nox complex of enzymes are the most
extensively studied ROS producing enzymes in malignancy'®, including GBM,

and will be the focus of the following discussion in this regard.

1.5.2.1 Nox Complex

The Nox complex family of enzymes is comprised of seven members: Nox
1-5 as well as two dual oxidases (DUOXs), DUOX 1 and DUOX 2. Each
respective enzyme shares highly conserved features: a C-terminal
dehydrogenase domain containing binding sites for FAD and NADPH; and an N-
terminal transmembrane region comprised of six alpha-helical domains."™

Enzymatically, Nox family members function solely to produce oxidative bursts at

28



the expense of NADPH."®*

The regulation of these enzymes is complex, with several members
displaying intricacy with respect to subunit composition, cellular location and
tissue-specific expression pattern.'®® Such compositional complexity allows for
effective and selective targeting of Nox enzymes in pathology, particularly in
cancer where Nox-2 and Nox-4 have been thoroughly described (Fig. 3).""°

The classical Nox (Nox-2) in phagocytes was the first family member to be
described."" Structurally, Nox-2 consists of two membrane-bound elements,
gp91phox and p22phox as well as four cytosolic proteins, p40phox, p47phox,
p67phox and Rac1 (a small G-protein) (Fig. 3).""? Housed within the C-terminal
cytosolic region is a flavoprotein domain, or NADPH binding site.’®®'” In the
resting state, the SH3 domains of the integral organizer complex, p47phox, bind
the auto-inhibitory region (AIR) in the C-terminal, precluding physical association
with p22phox. Upon stimulation, serine residues of p47phox, namely Ser345, are
phosphorylated thus associating with p22phox and localization to the cell
membrane.'® Activating phosphorylation of p47phox has previously been
described downstream of JAK2 via ERK1/2 in myeloproliferative disorders, where
it functions to increase enhance ROS production and cell proliferation.’”* Akt has
also been linked to p47phox activation, notably downstream of EGF stimulation,
where it enhances colon cancer cell proliferation and survival.'”® Importantly,
recent studies in pediatric GBM have shown demonstrated that p47phox is
expressed, where its genetic inhibition effectively reduces ROS.""®

In contrast to Nox-2, Nox-4 activation only requires p22phox, is

29



constitutively activated and regulated primarily at the transcriptional level. """
Nox-4 is highly expressed in pancreatic cancer, NSCLC and GBM cells, where
elevated expression and ROS production have been implicated in increased cell
proliferation, survival and migration.'”®"®" Though chemical inhibitors of the Nox
complex are available, such as apocynin and diphenyleneiodonium (DPI), they
generally target all flavonoid proteins.'®® Therefore, more specifically targeting
Nox-activation through their unique subunit composition represents a plausible
and attractive therapeutic alternative to lowering Nox-induced ROS production.
Multiple reports have identified elevated oxidative stress as a growth and
survival-promoting factor in GBM.'®'82 More recent studies have indicated that
EGFR further elevates the redox state of GBM.'®*'® Based on prior observations
linking EGFR to Nox enzyme expression and activation, studies evaluating their
relationship and potential link to increased Fyn expression provide an attractive

topic for investigation in GBM.
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Figure 3. Subunit composition of Nox-2 and Nox-4. (A) Nox-2 is
composed of a catalytic core subunit, Nox-2, as well as maturation and
stabilization partners (p47phox, p67phox, p22phox) and the small GTPase,
Rac1. (B) Nox-4 is far less complex, consisting of the core complex, Nox-4,

as well as p22phox, PDI and Poldip2.
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1.6 Hypothesis, Rationale and Significance

GBM is the most common and deadly form of primary brain tumor in
adults. Amplification and activating mutations of EGFR are commonly detected
genetic alterations in GBM.?® The most frequently occurring EGFR mutation in
GBM, EGFRAIII, has previously been associated with poorer patient survival and
higher rates of clinical relapse.*® This association with poorer clinical outcomes is
imparted, in part, by EGFRAIlll-induced pro-proliferative and anti-apoptotic
signaling.>98%18%18 Regrettably, EGFR-targeted strategies have yielded limited
clinical responses in GBM."®"'% This problem generates significant interest in
improving the collective understanding of downstream and/or parallel pathway
activation culpable in the failed response to EGFR-targeted therapy.

SFKs are frequently activated in GBM, serving as molecular adaptors of
receptor tyrosine kinase growth and survival signaling."™'" Interestingly, recent
studies have identified Fyn and c-Src as the most relevant dasatinib targets in
GBM cells, where they also serve as preferential substrates of EGFRAIII
signaling."®"*” Though inhibitors of SFKs have enjoyed clinical success against
multiple tumor types'®, early-phase clinical trials in GBM have exhibited only
minimal therapeutic activity when used alone or in combination with the EGFR
kinase inhibitor erlotinib.’*'*° These findings highlight the need for alternative
SFK-targeted strategies in GBM. In addition to being activated, analysis of the
TCGA database reveals that Fyn expression, but not c-Src, is significantly up-
regulated GBM patient samples versus normal brain controls.?® Individual reports

have additionally demonstrated increased Fyn expression to occur in a highly
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chemo- and radio-resistant population of GSCs."" The role and regulation of Fyn
overexpression in GBM, however, remain poorly understood, but are important
as prior studies in prostate cancer and CML have identified Fyn overexpression
as a pro-proliferative and pro-survival factor.'*'*® Interestingly, the mechanism
responsible for increased Fyn expression in CML was determined to involve the
transcription factor Egr-1, whose expression is also significantly elevated in GBM
patient samples, though its function remains unknown.?>'®® Therefore, a better
understanding of the mechanism and contribution of increased Fyn expression
may lead to a novel therapeutic strategy in GBM, specifically in tumors with
acquired resistance to EGFR and/or SFK inhibitors.

The goal of this Ph.D. dissertation is to investigate the role and regulation
of increased Fyn expression with regard to pro-proliferative and pro-survival
signaling in EGFR-overexpressing GBM. A less studied but intriguing feature of
EGFR is its ability to elevate intracellular ROS through increased expression and
activation of Nox enzymes."® While classically perceived as cytotoxic and
mutagenic metabolites, ROS have also been implicated as mediators of tumor
cell growth and survival through activation of various signal transduction
pathways.'®? Importantly, Fyn transcription has previously been described as
being redox-responsive, particularly downstream of ROS-dependent induction of
Egr-1."%"" The relationship between EGFR and Nox enzymes, including their
potential link to increased Fyn expression, however, remain undetermined in
GBM. The hypothesis tested in this dissertation is that EGFR induces Fyn

expression via Nox-mediated redox up-regulation of Egr-1 leading to
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increased GBM cell proliferation and survival. To test this hypothesis, we first
determined if EGFR induces Fyn expression in GBM cells and the effects of Fyn
inhibition on cell proliferation and survival in this context. These studies were
extended to a population of GSCs, where we determined Fyn expression levels
and the effect of Fyn inhibition on sphere-forming capacity. Additionally, we
evaluated whether the transcription factor Egr-1 was up-regulated by EGFR-
overexpression in GBM cells, and if Egr-1 was capable of modulating Fyn
expression in this setting. Secondly, we determined if Nox enzymes are involved
in the expression of Fyn and the effect of redox-targeted strategies on cell
proliferation and survival in EGFR-overexpressing GBM. The work in this
dissertation has led to a better understanding of how Fyn expression is regulated
in GBM as well as furthered our understanding of Fyn overexpression in EGFR-
driven pro-proliferative and survival signaling. The findings presented here have
also provided novel insight into role of Fyn expression in a population of
refractory GSCs, which are frequently cited in tumor relapse.®?'%? Furthermore,
this work has also led to a better mechanistic understanding of how EGFR
impacts Nox-mediated ROS production in GBM, thus highlighting the potential for

redox-targeted strategies in this deadly disease.
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Chapter 2

MATERIALS AND METHODS
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2.1 Cell Culture

The human GBM cell line U87-MG stably overexpressing wild-type EGFR,
EGFRAIII or the missense mutation R108K was a kind gift of Dr. Oliver Bogler
(UT M.D. Anderson Cancer Center, USA). Cells were cultured in DMEM/F12
containing 10% FBS/2 mM glutamine/100 units/ml penicillin/100 mg/ml
streptomycin in 95% air/ 7% CO3 at 37°C. The cells were routinely maintained in
DMEM/F12 growth medium supplemented with 50 pg/ml of Zeocin (Life
Technologies, Carlsbad, CA). Patient-derived GSCs were kindly provided by Dr.
Frederick Lang (UT M.D. Anderson Cancer Center). GSCs were isolated as
previously described'®® and cultured in DMEM/F12 containing 20 ng/mL human
recombinant human (hr) EGF (Sigma, St. Louis, MO) and bFGF (Life

Technologies).

2.2 Chemicals and Antibodies

N-acetylcysteine (NAC), apocynin, DPI, rotenone and hrEGF were
purchased from Sigma. Lapatinib ditosylate was purchased from LC laboratories
(Woburn, MA). The antibodies used in this study were obtained from the
following sources: Fyn, Egr-1, phospho-Src (Y416) and phospho-EGFR (Tyr1068
and Tyr1173), Cell Signaling Technology (Danvers, MA), EGFR, Lyn and
p47phox, Santa Cruz Biotechnology; and -actin, Sigma. HRP conjugated

secondary antibodies (anti-rabbit) were purchased from Sigma.
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2.3 Immunoblot Analysis

Protein expression was evaluated in total cell lysates that were prepared
using Triton X-100 buffer (PBS with 1% Triton X-100; 25 mM Tris, pH 7.5; and
150 mM NaCl) containing phosphatase and protease inhibitors (Roche,
Indianapolis, IN). Resulting lysates were boiled in 5X SDS AT 100° for 5 minutes
and subsequently resolved by 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gel in 1X running buffer for 1 hour at 120 volts. Resolved proteins were then
transferred to PVDF membranes for 1 hour at 100 volts (Bio-Rad, Hercules
California). Membranes were washed in 1X TBST buffer (0.1% Tween 20, 20 mM
Tris base (pH 7.6), 136 mM NaCl and 0.38 mM HCL) and blocked in 5% milk for
1 hour at room temperature. Proteins were detected by immunoblot analysis
using 1:1000 concentrations of primary antibodies. Immunoreactive bands were
detected using enhanced chemiluminescence (GE Healthcare, Waukesha, WI).
Resulting protein levels were quantified by densitometry using ImagedJ (National

Institutes of Health, Bethesda, MD).

2.4 Real-time Polymerase Chain Reaction

Total RNA was purified using an RNeasy Mini Kit (QIAGEN, Valencia,
CA). Reverse transcription reaction was performed for each sample using 1 ug
RNA with Omniscript RT kit (QIAGEN) per the manufacturer's protocol. Real-time
PCR was carried using the iTaq Universal SYBR Green PCR master mix in a 20
uL total volume containing the following: 1 pL cDNA (1:5 dilution), 10 yL 2x

SYBR Green PCR master mix, and 1 pyL of 10 uM forward and reverse primers,
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respectively. The PCR primer sequences for human Nox-4 were previously
described'®* and are as follows: forward 5- CTCAGCGGAATCAATCAGCTGTG
and reverse 5-AGAGGAACACGACAATCAGCCTTAG; Fyn: forward, 5'-
CTGGTCACCAAAGGAAGAGTGC and reverse, 5-
GGTCCTTTTTCAGCAGTGGATC; p47phox as previously described'®: forward
5'- AGTCCTGACGAGACGAAGA and reverse 5'-
GGACGGAAAGTAGCCTGTGA; and B-actin: forward, 5'-
CTGTGGCATCCACGAAACTA-3' and reverse 5-CGCTCAGGAGGAGCAATG-
3'. For Fyn, p47phox and B-actin, PCR conditions included 40 cycles with an
annealing temperature of 57°C, and for Nox-4 60 cycles with an annealing
temperature of 55°C. Relative gene expression was calculated by determination
of the cycle threshold (Ct) value and normalizing to actin Ct values. Samples
were analyzed in duplicate/triplicate. All experiments were repeated a total of

three times.

2.5 Transfection

Transfection with short interfering ribonucleic acids (siRNAs) was
performed using RNAIMAX (Life Technologies) according to the manufacturer’s
instructions. Briefly, U87-EGFR expressing cells were cultured to 60%
confluence in 6-well plates and transfected with Fyn, EGFR, Egr-1, p47phox or
non-specific scrambled control siRNA at a final concentration of 30 pmol. Fyn
EGFR and p47phox siRNA were purchased from Santa Cruz Biotechnology. Egr-

1 siRNA was purchased from ThermoScientific (Pittsburgh, PA). Fyn and EGFR
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were single siRNA sequences. Egr-1 and p47phox were pools of 3 and 4 siRNA
sequences, respectively. Knockdown was evaluated by immunoblotting as

previously described.

2.6 Cellular Viability Analysis

Cellular viability was analyzed using the trypan blue exclusion method (1:1

dilution) and counting positive cells by hemocytometry.

2.7 Seahorse Extracellular Flux Analysis

Cellular oxygen consumption rate (OCR) was measured using the
Seahorse XF96 Extracellular Flux Analyzer platform (Seahorse Bioscience,
Billerica, MA, USA). OCR was measured after sequentially adding oligomycin,
FCCP and rotenone, at working concentrations of 1 pg/ml, 1 yM and 1 uM,
respectively. All assays were performed using a seeding density of 1x10°
cells/well in 200 yL DMEM in a XF96 micro plate (Seahorse Bioscience). OCR

was recorded as picomoles per minute.

2.8 EGF Stimulation Conditions

U87 cell lines stably overexpressing wild-type EGFR were seeded in 100
mm plates and cultured in standard conditions. At ~60% confluence, one set of
plates was serum starved overnight and the other set of plates was ligand
stimulated following serum starvation using hrEGF (10 ng/ml of media for 5

minutes). Cell cultures were then washed with pre-chilled PBS and lysed in Triton
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buffer. Protein lysates were obtained and analyzed by immunoblotting as

previously described.

2.9 Measurement of intracellular NADP*/NADPH Ratios

NADPH oxidase activity was measured by determination of intracellular
NADP*/NADPH ratios using an NADPH assay kit (Abcam, Cambridge, UK)
according to the manufacturer's protocol. Briefly, 2.0 X 10° cells/mL were treated
or untreated with apocynin (apocynin, 24 hours at 100 uM) followed by freeze-
thaw lysis (20 min on dry-ice, then 10 min at room temperature) in NADPH
extraction buffer. To detect NADP™, portions of samples were subjected to
thermal decomposition by application of heat (60°C) for 30 min as per
manufacturer’s instructions. Samples and standards were quantified using a
SpectraMax Gemini EM plate reader (Molecular Devices, Sunnyvale, CA)

according to instructions and results presented as NADP/NADPH ratios.

2.10 Intracellular ROS Assessment

Intracellular superoxide levels were measured using the cell permeable
dye dihydroethidium (Molecular Probes, Eugene, OR) followed by flow cytometry
analysis. Briefly, cells were centrifuged and suspended in 1 mL of PBS
containing 330 nM dihydroethidium followed by incubation at 37° for 30 minutes
in the dark. Cells were then centrifuged, washed with PBS and re-suspended in

500 pl of PBS. Resulting fluorescence was measured on the FL-3 channel of a
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FACSCalibur (BD Biosciences, Palo Alto, CA). Data were analyzed using FlowJo

software (Tree Star, Version 7.6.5, Ashland, OR).

2.11 GSC Sphere-Formation Assay

Sphere formation was performed as previously described.*® Briefly,
spheres were dissociated by trypsinization and passaged through a 40 ym nylon
mesh (Fisher Scientific), followed by transfection with either Fyn or non-specific
scramble control siRNA (30 pmol final concentration) as previously described.
Cells were then counted 24 hours later and re-plated at a density of 5,000 cells

per well. Resulting spheres > 50 uM were counted 10 days later.

2.12 Data Mining and Analysis

The Oncomine database was queried to identify alterations occurring in
gene expression. Oncomine 4.5 database analysis tool is available with a
subscription at http://www.oncomine.org. Selected data from the TCGA dataset®

was compared for gene expression levels in primary GBM tumor samples relative

to normal brain controls.

2.13 Statistical Analysis

Unless otherwise stated, values listed in figures are expressed as the
mean + SEM of at least three replicates. Statistical comparisons were made
using GraphPad Prism 4.0 software (GraphPad Software, Inc., La Jolla, CA) by

Student’s t-test and one-way ANOVA (Bonferroni correction), where indicated. A
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p-value of less than 0.05 was considered significant. Statistical values are as

follows: * p<0.05; ** p<0.01; and *** p<0.001.
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Chapter 3

RESULTS

EGFR INDUCES FYN EXPRESSION VIA EGR-1 LEADING TO
INCREASED GBM CELL PROLIFERATION AND SURVIVAL
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3.1 Introduction

Enhanced pro-proliferative and anti-apoptotic signaling are frequently cited
events in the failed response to EGFR-targeted therapies in GBM.2%"% A variety
of signaling molecules are known to enhance and sustain the degree of survival
signaling often observed in GBM, including SFKs.'%®"'%'8 | particular, the SFKs
Fyn and c-Src serve as effector substrates of EGFRAIIl signaling, which are
linked to poorer survival and increased clinical relapse in GBM."™” Though Fyn
and c-Src have additionally been identified as the most relevant dasatinib targets
among SFKs in GBM, early-phase clinical application of dasatinib has exhibited
very limited clinical efficacy in GBM."%'% These findings highlight the need for
alternative SFK inhibitory strategies in GBM.

In addition to being activated, Fyn mRNA, but not c-Src, is significantly up-
regulated in GBM patients?®, with recent reports indicating that Fyn expression
most significantly correlates with that of EGFR among SFKs in GBM patient
samples.”™” Furthermore, increased Fyn expression has recently been identified
in a population of highly resistant GSCs, where co-expression of
EGFRAII/CD133" defines a subpopulation of cells with greatest self-renewal
potential.*>* The role and regulation of increased Fyn expression, however,
remain unknown in GBM, but are important as prior studies in prostate cancer
and CML have identified Fyn overexpression as a pro-proliferative and pro-
survival factor."**'*® Though unknown in prostate cancer, Fyn induction in CML
was determined to occur through a mechanism involving Egr-1: a transcription

factor commonly up-regulated at the mRNA level in GBM?, though its function
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remains inadequately addressed.?'*° Despite being poorly understood in GBM,
Egr-1 is reported to promote tumor development and progression in both breast
and prostate cancer, notably through a transcriptional mechanism involving
EGFR signaling.”®'®® Additionally, recent gene expression profiling identified
Egr-1 as the most significantly up-regulated gene in EGFRAIll-overexpressing
HEK293 cells versus vector controls.'®® Thus, an understanding of the role and
regulation of increased Fyn and Egr-1 expression may represent novel
therapeutic targets in GBM, particularly in tumors with acquired resistance to
EGFR and/or SFK inhibitors.

Given the frequency of EGFR alterations in GBM as well as the previously
identified correlation between EGFR and Fyn gene expression in GBM patient

samples®13’

, we explored if EGFR could induce Fyn expression. We also
evaluated Fyn inhibition with regard to cell proliferation and survival in EGFRAIII
and EGFR-R108K-overexpressing GBM, where enhanced and sustained
induction of pro-proliferative and anti-apoptotic signaling contributes to EGFR-
targeted resistance.*®'% We extended these studies to include a population of
GSCs*?, where we determined Fyn expression levels as well as the effect of Fyn
knockdown on sphere-forming capacity. Lastly, we determined whether the
transcription factor Egr-1 was regulated by EGFR and if it was capable of
modulating Fyn protein expression in this context. Because EGFRAIIl expression

is lost in standard cell culture®®, our studies employed an isogenic GBM cell line,

U87-MG, engineered to stably overexpress wild-type EGFR (WtEGFR), EGFRAIII
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or EGFR-R108K. The single missense mutation EGFR-R108K was chosen

based on its behavioral and signaling likeness to EGFRAIIL®°
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3.2 Results

3.2.1 EGFR induces Fyn expression in GBM cells

Given the frequency of EGFR alterations in GBM as well as the previously
identified correlation between EGFR and Fyn gene expression in GBM patient

samples®13’

, we aimed to determine if EGFR could regulate Fyn expression in
GBM cells. To test this, we evaluated Fyn expression in GBM cells by examining
mRNA and protein levels using real-time PCR and immunoblot analysis in U87-
MG cells stably overexpressing vector control, wtEGFR, EGFRAIll or EGFR-
R108K. First, we demonstrated that Fyn mRNA expression was significantly
increased in wtEGFR-expressing cells (>2.0-fold), and to a greater extent (>3.0-
fold) in EGFRAIIl and EGFR-R108k-overexpressing cells, relative to vector
control (Fig. 4). These findings suggest that Fyn induction is imparted, in part, by
the kinase activity of EGFR.

To determine if the changes in Fyn mRNA were also occurring at the
protein level, we next evaluated Fyn by immunoblotting. Similar to the mRNA
expression pattern, Fyn protein levels were increased 2.2-fold in wtEGFR and to
a higher degree in EGFRAIIl (3.7-fold) and EGFR-R108K (5.2-fold)
overexpressing cells relative to vector control (Fig. 5). To better understand
whether the effects of EGFR overexpression were selective for Fyn, we
assessed the expression of another SFK identified as significantly up-regulated

in the TCGA database, Lyn."™® EGFR expression did not increase Lyn protein

expression (Fig. 5), suggesting a relatively exclusive mechanism for Fyn
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induction. These results demonstrate that EGFR-overexpression elevates Fyn
MRNA and protein expression, particularly in the context of mutant EGFR, which
is commonly associated with therapeutic resistance and poorer clinical
outcomes.’*® These findings prompted us to further evaluate the impact of

EGFR kinase activity in the regulation of Fyn expression.
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Figure 4. EGFR-overexpression increases Fyn mRNA expression in
U87-MG cells. Using real-time PCR, relative Fyn mRNA levels were examined in
U87-vector control, U87-wtEGFR, U87-EGFRAIIl and U87-R108K and normalized
to the housekeeping gene B-actin. * p< 0.05, ** p<0.01, *** p<0.001; one-way
ANOVA with Bonferroni's Multiple Comparison Test. Data are mean + SEM and
are representative of at least three individual experiments.
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Figure 5. EGFR-overexpression up-regulates Fyn protein expression
U87-MG cells. Fyn protein levels were examined in U87-MG stably
overexpressing either vector control, wtEGFR, EGFRAIIl or EGFR-R108K by
immunoblotting. B-actin was shown as a loading control. Relative protein levels
were determined by densitometry using ImageJ. Results are representative of at
least three individual experiments.
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3.2.2 EGFR kinase inhibition reduces Fyn expression in GBM

cells

Based on our finding that Fyn expression was more pronounced in the
hyperactive U87-EGFRAIIl and U87-R108K mutants relative to U87-wtEGFR
(Figs. 4, 5), we next examined the role of EGFR kinase signaling on Fyn
expression. To do so, we measured Fyn protein levels in EGFR-overexpressing
GBM cells following 48 hours of treatment with the regulatory approved EGFR
kinase inhibitor lapatinib. Inhibition of EGFR kinase activity was validated by
immunoblot analysis of EGFR phosphorylation at tyrosine residues 1068 and
1173. Figure 6 shows that lapatinib-mediated inhibition of EGFR activity
significantly reduced Fyn protein levels (~50%) in wiEGFR, EGFRAIIl and EGFR-
R108K-overexpressing cells.

To examine whether the inhibition of Fyn expression by lapatinib was
occurring at the mRNA level, real-time PCR was conducted. Similar to the effects
of lapatinib on Fyn protein expression, figure 7 demonstrates that Fyn mRNA
levels were significantly reduced in wtEGFR (p<0.001), EGFRAIII (p<0.01) and
EGFR-R108K-overexpressing cells (p<0.01). Like many tyrosine kinase
inhibitors, lapatinib exhibits off-target effects.?’ In light of this, we also evaluated
the effects of lapatinib treatment in U87-vector controls, which express very low
basal levels of EGFR. Fyn expression, however, was not altered in U87-vector
controls treated with lapatinib (Fig. 7), thus reinforcing a specific role for EGFR

kinase signaling in the regulation of Fyn expression. Together, these results
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clearly demonstrate a role for EGFR kinase signaling in the up-regulation of Fyn,
irrespective of EGFR mutational status.

To corroborate these findings, we next evaluated effect of EGFR
knockdown on Fyn expression in EGFR-overexpressing GBM cells. Here, we
demonstrated that EGFR depletion effectively reduced Fyn protein expression,
but not Lyn, to a basal level not achievable by kinase inhibition by lapatinib in
EGFRAIlIl and EGFR-R108K-overexpressing cells (Fig. 8). Collectively, these
results indicate that EGFR kinase signaling up-regulates Fyn expression in
EGFR-overexpressing GBM cells, which is only partially alleviated by EGFR
kinase inhibition in mutant EGFR-overexpressing GBM cells. Therefore, we next
wanted to evaluate the relative contribution of Fyn expression in mutant EGFR-
overexpressing cells, where cell proliferation and survival are incompletely

inhibited by EGFR-directed strategies.>*'%
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Figure 6. Inhibition of EGFR kinase signaling reduces Fyn mRNA
expression in EGFR-overexpressing U87-MG cells. Vector control, wiEGFR,
EGFRAIIl and EGFR-R108K-overexpressing U87-MG cells were treated with
lapatinib (1 uM; 48 Hrs.) and relative Fyn mRNA levels were examined by real-
time PCR and normalized to the housekeeping gene [-actin. ** p<0.01, ***
p<0.001; Student’s t-test. Data are mean £+ SEM and are representative of at least
three individual experiments.
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Figure 7. EGFR kinase inhibition reduces Fyn protein expression in
EGFR-overexpressing U87-MG cells. Fyn protein levels were examined in U87-
wtEGFR, U87-EGFRAIIl and U87-R108K cells following treatment with lapatinib
(1 MM; 48 hrs.) by immunoblotting. B-actin was shown as a loading control.
Relative protein levels were determined by densitometry using ImagedJ. Results
are representative of at least three independent experiments.
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Figure 8. EGFR knockdown reduces Fyn protein expression to a basal
level in EGFR-overexpressing U87-MG cells. U87-wtEGFR, U87-EGFRAIIl and
U87-R108K cells were transfected with either EGFR-specific or scrambled control
siRNA and EGFR, Fyn and Lyn protein levels were evaluated at 48 hours post-
transfection by immunoblotting. B-actin was shown as a loading control. Relative
protein levels were determined by densitometry using ImageJ. Results are
representative of at least three independent experiments.
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3.2.3 Fyn knockdown reduces cell proliferation and survival in

mutant EGFR-overexpressing GBM cells

SFK activation is well understood to promote GBM cell proliferation and
survival.'%1'413 Moreover, recent studies have demonstrated that Fyn activation
increases GBM cell motility in EGFRAIll-overexpressing GBM cells.”*” We
sought to expand on these findings by examining the effect of Fyn knockdown on
cell proliferation and survival in U87-EGFRAIIl and U87-R108K, which are
associated with therapeutic resistance and poorer clinical outcomes in GBM.%1%°
To deplete Fyn protein levels, we performed RNA interference-based knockdown
of Fyn using siRNA. Fyn protein expression was markedly reduced in Fyn siRNA-
transfected U87-EGFRAIIIl (Fig. 9A) and U87-R108K (Fig. 10A) cells compared
to respective scrambled control-transfected cells. Proliferation of Fyn siRNA-
transfected cells versus scrambled control-transfected cells was assessed by
plating equivalent cell numbers and comparing relative cell counts 48, 72, and 96
hours post-transfection. Both U87-EGFRAIII (Fig. 9B) and U87-R108K (Fig. 10B)
cells transfected with Fyn siRNA grew at a significantly (p<0.01) slower rate
relative to scrambled control-transfected cells. Fyn knockdown also significantly
(p<0.01) reduced cell viability in U87-EGFRAIIl and U87-R108K-expressing cells
relative to scrambled controls as measured by trypan blue exclusion (Figs. 9C
and 10C).

We next evaluated whether Fyn inhibition could sensitize otherwise highly

resistant U87-EGFRAIIIl cells to the EGFR inhibitor lapatinib. Interestingly, our

results indicated that the addition of lapatinib conferred only modest effects
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(p<0.05) on cell proliferation and survival when combined with Fyn knockdown
(Figs. 11 A and B). Collectively, these results suggest that targeting Fyn
expression is a plausible therapeutic approach in EGFRAIIl and EGFR-R108K
overexpressing cells, which are associated with increased EGFR-resistance and
clinical relapse rates.®%'®” To build on these findings, we were eager to evaluate
the presence and functional role of Fyn expression in a population of GSCs,
which are reported to more faithfully recapitulate the properties of primary tumors

observed in humans.*
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Figure 9. Fyn knockdown reduces cell survival and proliferation in
EGFRAIlll-overexpressing U87-MG cells. (A) U87-EGFRAIIl cells were
transfected with either Fyn specific or scrambled control siRNA and Fyn protein
levels were evaluated by immunoblotting at 48, 72 and 96 hours post-transfection.
(B) Resulting cell numbers (x10°) and (C) viability were determined at 48, 72 and
96 hours by trypan blue exclusion. Percent viability was calculated compared to
untreated control. * p<0.05, ** p<0.01; Student’s t-test. Data are mean £+ SEM and
are representative of at least three individual experiments.
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Figure 10. Fyn knockdown reduces cellular survival and proliferation in
U87-R108K cells. (A) U87-R108K cells were transfected with either Fyn specific or
scrambled control siRNA and Fyn protein levels were evaluated by immunoblotting at
48, 72 and 96 hours post-transfection. (B) Resulting cell numbers (x10°) and (C)
viability were determined at 48, 72 and 96 hours by trypan blue exclusion. Percent
viability was calculated compared to untreated control. * p<0.05, ** p<0.01; Student’s
t-test. Data are mean + SEM and are representative of at least three individual
experiments.
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Figure 11. The effect of Fyn knockdown in combination with EGFR kinase
inhibition on cell proliferation and survival in U87-EGFRAIIl. (A) U87-EGFRAIII
cells were transfected with Fyn-specific or scrambled control siRNA in the presence of
DMSO control or lapatinib (1.0 uM; 48 hrs.) and resulting cell numbers (x10°) and (B)
viability were determined by trypan blue exclusion. Percent viability was calculated
compared to untreated control. * indicated p<0.05; Student’s t-test. Data are mean *
SEM and are representative of at least three individual experiments.
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3.2.4 Increased Fyn expression contributes to the sphere-

formation capacity of GSCs

Heterogeneity is a hallmark of GBM, which is bolstered by the existence of
a highly chemo- and radio-resistant population of GSCs capable of re-populating

the tumor following treatment.®

Importantly, recent reports indicate that
EGFRAIII/CD133" co-expression defines a population of GSCs with the greatest
potential for self-renewal.>** Furthermore, increased expression of SFK
members, namely Fyn, has been observed in GSCs."" These observations,
coupled with our previous findings in EGFR-overexpressing GBM cells, led us to
examine the presence and potential biological impact of Fyn expression in GSCs.
In agreement with previously published findings'', we showed that Fyn
expression was elevated in in the majority (eight of ten) GSC lines relative to
normal progenitor control (Fig. 12). To determine the functional relevance of
increased Fyn expression in the GSC phenotype, we performed Fyn-directed
siRNA in GSC line 7-2 and evaluated resulting sphere formation capacity. Here,
we determined that Fyn depletion significantly (p<0.001) reduced sphere
formation, suggesting a functional role for Fyn expression in this population of
tumor-initiating cells (Fig. 13). Together, these findings indicate that Fyn up-
regulation is commonly occurring in a refractory population of GSCs culpable in

clinical relapse, where Fyn expression functions to increase sphere-formation

capacity.
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Figure 12. Fyn protein expression is increased in a panel of
glioblastoma-derived stem cells. Fyn protein levels were evaluated by
immunoblotting in a panel of glioblastoma-derived stem cells relative to normal
progenitor counterparts. B-actin was shown as a loading control. Relative protein
levels were determined by densitometry using ImagedJ.
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Figure 13. Fyn knockdown reduces sphere-formation in GSC line 7-2.
GSC line 7-2 was transfected with either Fyn specific or scrambled control siRNA
and sphere-forming capacity was measured as described in materials and
methods. Images are shown at 20x magnification. *** indicated p<0.001;
Student’s t-test. Data are mean + SEM and are representative of at least three
individual experiments.
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3.2.5 The transcription factor Egr-1 is up-regulated by EGFR and
sufficient for induction of Fyn expression in EGFR-

overexpressing GBM cells

Given that EGFR-mediated up-regulation of Fyn expression was
determined to occur at the mRNA level, we next evaluated the transcription factor
responsible for Fyn induction downstream of EGFR. Prior studies from our lab
have functionally characterized the Fyn promoter, identifying Sp1 and Egr-1
bindings sites capable of driving Fyn expression." Notably, Egr-1, but not Sp1,
is overexpressed in GBM cells and patient samples.”>'®® Interestingly, Egr-1
induction in prostate cancer is EGFR-dependent.’®” In addition, recent microarray
analysis identified Egr-1 as the most strongly up-regulated gene downstream of
EGFRAIll-overexpression in HEK293 cells versus vector control.'®® Therefore,
we explored the relative contribution of Egr-1 with regard to Fyn up-regulation in
EGFR-overexpressing GBM cells. Immunoblot analysis indicated that Egr-1
expression is up-regulated in U87-wtEGFR (4.5-fold), and to a greater degree
(>7.0-fold) in U87-EGFRAIIl and U87-R108K cells, relative to vector control (Fig.
14). This finding, much like our Fyn expression result, suggested a role for the
kinase activity of EGFR in the regulation of Egr-1 expression. To more closely
examine this possibility, we next evaluated Egr-1 expression in U87-wtEGFR
cells following acute stimulation with human recombinant hrEGF. Here, we
determined that Egr-1 expression was robustly up-regulated in cells stimulated
with hrEGF relative to non-stimulated controls (Fig. 15), further indicating a role

for EGFR kinase activity in the regulation of Egr-1.
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To verify that the increases in Egr-1 expression were EGFR-dependent,
EGFR knockdown was performed using EGFR-directed siRNA. Indeed, EGFR
knockdown saliently reduced (>90%) Egr-1 protein levels in wtEGFR, EGFRAIII
and EGFR-R108K-overexpressing cells (Fig. 16), providing corroborating
evidence for EGFR-mediated regulation of Egr-1 expression in our model
system.

Based on these findings, we next wanted to determine whether Egr-1 was
responsible for the modulation of Fyn expression downstream of EGFR-
overexpression. Here, depletion of Egr-1 by siRNA rendered a significant and
concordant level of Fyn protein reduction (~50%) in wtEGFR, EGFRAIIl and
EGFR-R108K-overexpressing cells (Fig. 17). These results demonstrate that
EGFR-dependent regulation of Fyn expression is imparted, in part, by EGFR-
mediated modulation of Egr-1. Together, these findings generate significant
interest in better understanding the mechanism of increased Egr-1 expression
occurring in EGFR-overexpressing GBM cells as a means of effectively targeting

Fyn expression.
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Figure 14. EGFR-overexpression increases Egr-1 expression in U87-
MG cells. Egr-1 protein levels were examined in U87-MG stably overexpressing
either vector control, wtEGFR, EGFRAIIl or EGFR-R108K by immunoblotting. -
actin was shown as a loading control. Relative protein levels were determined by
densitometry using ImagedJ. Results are representative of at least three
independent experiments.
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Figure 15. EGF stimulation increases Egr-1 expression in U87-
wtEGFR. Egr-1 protein levels were measured in U87-wtEGFR cells acutely
stimulated with  hrEGF by immunoblot analysis. Total EGFR and

phoshporylationed EGFR (Y1068) are shown. Results are representative of at
least three independent experiments.
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Figure 16. EGFR knockdown reduces Egr-1 expression in EGFR-
overexpressing U87-MG cells. U87-wtEGFR, U87-EGFRAIIl and U87-R108K
cells were transfected with either EGFR-specific or scrambled control siRNA and
EGFR and Egr-1 protein levels were evaluated at 48 hours post-transfection by
immunoblotting. p-actin was shown as a loading control. Results are
representative of at least three individual experiments.
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Figure 17. Egr-1 knockdown reduces Fyn expression in EGFR-
overexpressing U87-MG cells. U87-wtEGFR, U87-EGFRAIIl and U87-R108K
cells were transfected with either Egr-1-specific or scrambled control siRNA and
Egr-1 and Fyn protein levels were evaluated at 48 hours post-transfection by
immunoblotting. B-actin was shown as a loading control. Relative protein levels
were determined by densitometry using ImageJ. Results are representative of at
least three individual experiments.



3.2.6 Egr-1 and Fyn expression are redox responsive in

EGFRAIlll-overexpressing GBM cells

Currently, there are no clinically available Egr-1-targeted agents. Thus, we
explored the mechanism whereby EGFR signaling up-regulates Egr-1 expression
in GBM cells. Interestingly, Egr-1 expression has previously been described as
being redox-responsive in CML and 293T cells.'®® Therefore, we evaluated the
effect of redox alterations on Egr-1 and Fyn expression downstream of
EGFRAIIl, which has previously been linked to elevated oxidative stress in
GBM."'% To do so, EGFRAIlll-expressing cells were treated for 24 hours with
either diluent or a general antioxidant, N-acetylcysteine (NAC). Cells were
harvested 48 hours post-treatment and subjected to immunoblot analysis for Egr-
1 and Fyn. Our findings demonstrated that treatment with NAC reduced, albeit
modestly, both Egr-1 and Fyn protein expression (Fig. 18), suggesting a role for
redox-dependent regulation of Fyn via Egr-1 in EGFRAIIl -overexpressing GBM

cells.
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Figure 18. The antioxidant N-acetylcysteine reduces Egr-1 and Fyn
protein expression in EGFRAIlll-overexpressing GBM cells. U87-EGFRAIII
cells were treated with either DMSO control or N-acetylcysteine (10 mM; 24 Hrs.)
and resulting Egr-1 and Fyn protein levels were analyzed by immunoblotting at 48
hrs. post-treatment. B-actin was shown as a loading control. Relative protein
levels were determined by densitometry using Imaged. Results are representative
of at least three individual experiments.

71



3.3 Discussion and Future Directions

EGFR is commonly dysregulated in GBM, presenting a compelling
therapeutic target.>®® Regrettably, EGFR-targeted therapies, namely lapatinib,
have yielded very modest clinical efficacy, which has been attributed to several
factors including: the acquisition of secondary EGFR point mutations as well as
co-activation and/or amplification of additional RTKs.>>®” Thus, a more thorough
understanding of signaling intermediates culpable in the failed response to
EGFR-directed therapies is needed. In vitro studies have highlighted the
therapeutic potential of SFKs in GBM, where inhibition of their enzymatic activity,
particularly Fyn and c-Src, reduces cell growth, viability and motility."'%11%13¢
Regrettably, early-phase clinical application of the pan-Src inhibitor dasatinib has
yielded only marginal therapeutic activity in GBM patients’*'*°, highlighting the
need for alternative SFK targeted strategies in this setting. Interestingly, in
addition to serving as an effector substrate of EGFR signaling in GBM, the SFK
member Fyn is commonly overexpressed in GBM patient samples, cell lines and
GSCs. 2137141190 By overexpression has previously been identified as a growth
promoting factor in breast and prostate cancer and, more recently, in CML where
increased expression was imparted via Egr-1, a transcription factor also
commonly overexpressed in GBM.'901421431%5 However, the regulation and
contribution of increased Fyn protein remain poorly understood in GBM. The
work presented in this chapter reveals a novel mechanism whereby EGFR

induces Fyn expression via the transcription factor Egr-1 in GBM cells. Increases

in Fyn expression were also commonly observed across a panel of GSCs.
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Furthermore, this chapter uncovered novel biological roles for increased Fyn
expression in the proliferation and survival of EGFRAIIl and R108K-
overexpressing cells, as well as in the sphere formation potential of GSC line 7-2.

Given the frequency of EGFR alterations in GBM as well as the previously
identified correlation between EGFR and Fyn gene expression in GBM patient

samples®13’

, we sought to determine the effect of EGFR-overexpression on Fyn
expression in GBM cells. Our data demonstrate that Fyn mRNA and protein
expression, but not Lyn, are increased in EGFR-overexpressing GBM cells, in a
manner concordant with EGFR activation status (Figs. 4, 5). The observed
increases in Fyn expression were effectively abrogated by lapatinib in U87-
wtEGFR, while on partially blunted in U87-EGFRAIIl and U87-R108K (Figs. 6, 7),
suggesting a potential lapatinib escape mechanism involving Fyn expression.
These findings were corroborated by EGFR knockdown studies, which effectively
repressed Fyn expression to a baseline level not achievable by lapatinib in
EGFRAIIl and R108K-expressing cells (Fig. 7). This prompted us to evaluate the
contribution of Fyn expression in EGFRAIIl and R108K-overexpressing cell
proliferation and survival, where persistent Fyn expression, if tumor promoting,
could facilitate resistance to EGFR inhibition. Here, we demonstrated that genetic
inhibition of Fyn protein significantly reduced cell proliferation and survival U87-
EGFRAIIl and U87-R108K cells (Figs. 9, 10). Importantly, the effects of Fyn
depletion in U87-EGFRAIIl were not bolstered by the addition of lapatinib,

suggesting that Fyn inhibition alone is sufficient to reduce to U87-EGFRAIII cell

growth whereas lapatinib is not (Figs. 11). These findings are of significant
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interest, as enhanced and sustained pro-proliferative and anti-apoptotic signaling
are hallmarks of EGFRAIlIl and EGFR-R108K signaling, which contribute to
therapeutic resistance and clinical relapse in GBM.**8%18518 Thg hejghtened
resistance of mutant EGFR expressing cells has previously been attributed to
increased Bcl-xL expression.”® Importantly, recent reports indicate that Fyn
mediates the activation of Statbb in GBM cells, which is known to drive
expression of Bcl-xL in this context.’® We did not explore this possibility; future
studies should, however, should evaluate potential differences in BCL-xL
expression as well as the identity of differentially regulated substrates occurring
in the context of Fyn knockdown. These findings would aid the development of
the rational therapeutic combination strategies in EGFR-expressing GBM.
Together, these observations suggest that insufficient inhibition of Fyn
expression could serve as a preferential signaling hub in the maintenance of
EGFRAIIl and EGFR-R108K-induced survival signaling.

Though we did not evaluate the effect of Fyn knockdown in wt-EGFR-
overexpressing cells, these studies would provide further insight into the
functional significance of Fyn expression in GBM as: 1) EGFR amplification is the

most commonly occurring alteration in GBM patients (57%)?

; and 2) cognate
ligand production (i.e. TGF-a and EGF) is significantly up-regulated in tumors,
resulting in receptor activation.®® Additionally, though Lyn expression was not
altered by EGFR, its potential role cannot be excluded and should be further

evaluated in knockdown studies. Nonetheless, these findings suggest a novel

role for increased Fyn expression in cell proliferation and survival downstream of
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aberrant EGFR signaling in GBM cells, which encouraged us to extend these
studies into GSCs.

A growing body of literature suggests that tumor recurrence and
therapeutic resistance in GBM are greatly impacted by the presence of GSCs.*?
Interestingly, recent reports indicate that a subpopulation of GSCs co-expressing
EGFRAIII/CD133" maintain the greatest potential for self-renewal.***® Moreover,
increased Fyn expression has previously been described in GSCs, where
dasatinib treatment failed to suppress GSC growth and viability."' Consistent
with these findings'!, we determined that Fyn expression was commonly
elevated in a panel of GSCs relative to normal neural progenitor controls
(Fig.12). Additionally, our studies demonstrate that Fyn knockdown was sufficient
to reduce sphere formation in line 7-2 (Fig. 13). Given that sphere formation is an
indirect measure of cellular stemness*?, evaluation of stem cell markers such as
SOX2, nestin and CD44 should also be examined as a means of delineating a
potential role for Fyn expression in this regard. The importance of these findings
should be validated in additional GSCs and, furthermore, studies should evaluate
whether or not the observed effects are specific for GSCs by examination of Fyn
knockdown in normal progenitor controls. Our findings in U87-EGFRAIIl and
U87-R108K indicate that Fyn knockdown decreases cell proliferation and
viability, which could be contributing to the reductions in sphere formation
observed in GSC 7-2. Fyn also, however, also activates focal adhesion kinase
(FAK)™2, whose inhibition via Fyn depletion could have a negative impact on cell

adhesion, resulting in fewer spheres being formed. The potential contributions of
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each aforementioned aspect should be taken into careful consideration moving
forward.

Though prior studies have analyzed GSC phenotype in relation to
EGFRAIIl, we failed to detect EGFRAIIl expression by immunoblot analysis in
our panel of GSCs. The presence of wtEGFR also was not detected in our
studies, which can be explained by receptor degradation elicited by hrEGF
supplementation in sphere forming media.®' Due to this, we could not evaluate
the potential involvement of EGFR-mediated Fyn regulation in this regard. This,
however, alludes to a potential EGFR-independent mechanism of Fyn regulation
occurring in GSCs, as Fyn levels were commonly up-regulated in the absence of
detectable EGFR protein. Therefore, further studies evaluating the potential
mechanism(s) of Fyn regulation in this regard are needed for the purpose of
identifying additional mechanisms and therapeutic targets in GSCs. These
studies should additionally examine the effects of hrEGF supplementation on Fyn
activation and up-regulation. Regardless, our findings indicate that Fyn protein is
commonly up-regulated in a panel of GSCs, where it functions to enhance
sphere formation in GSC line 7-2.

Since Fyn expression increases were determined to occur at the mRNA
level, which corresponds with meta-analysis of the TCGA database %°, we sought
to determine the transcription factor responsible for increased Fyn expression.
Functional characterization of the Fyn promoter has previously been performed
in our lab, identifying Sp1 and Egr-1 bindings sites, capable of driving basal and

redox-responsive transcriptional Fyn levels, respectively." Interestingly, Egr-1
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but not Sp1, is commonly up-regulated in GBM cells and patient samples®'%;

however, its role and regulation in GBM are poorly understood. Our findings
demonstrated that Egr-1 expression is EGFR-dependent in GBM cells and, much
like Fyn, was more pronounced in the setting of mutant EGFR (Figs. 14, 16) In
addition, Egr-1 induction was indicated to occur via EGFR kinase signaling, as
determined by acute hrEGF stimulation of U87-wtEGFR cells (Fig. 15). These
results are in agreement with previously published findings in prostate cancer as
well as microarray analysis of EGFRAIlll-overexpressing HEK293 cells, where
Egr-1 transcription was imparted by the kinase activity of EGFR."*%'%? We also
determined that genetic inhibition of Egr-1 effectively and concordantly reduced
Fyn protein expression to an endogenous basal level in U87-wtEGFR, U87-
EGFRAIIl and U87-R108K cells (Fig. 17). Further studies are needed to confirm
that Egr-1 regulates Fyn transcription in this setting, specifically assessment of
Egr-1 association with the Fyn promoter by chromatin immunoprecipitation.
Given that lapatinib failed to sufficiently reduce Fyn expression, which was
determined to aid cell growth and survival, this finding suggests that targeting
Egr-1 is a more effective means of reducing Fyn expression in EGFR-
overexpressing GBM cells. However, despite restoring Fyn levels to a baseline in
EGFR-overexpressing GBM cells, our Fyn knockdown studies (Figs. 9, 10) imply
that complete abrogation of Fyn protein is likely needed to reduce cell growth.
Hence, additional studies evaluating the basal transcriptional activator of Fyn,
including Sp1 as identified from prior Fyn promoter analysis'®®, are needed to

more efficiently target Fyn expression in EGFR-overexpressing GBM cells.
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As no clinical agents targeting Egr-1 are currently available, we next
determined the mechanism whereby EGFR signaling up-regulates Fyn
expression in U87-EGFR expressing GBM cells. Previous findings from our lab in
CML indicate that Egr-1 expression is responsive to oxidative stress.” Thus, we
examined Egr-1 and Fyn expression in EGFRAIIl treated with the global
antioxidant NAC. Here, we determined that Egr-1 and Fyn expression were
modestly reduced by antioxidant treatment, suggesting a role for redox-
dependency in the regulation of Egr-1. The modest degree of expression
inhibition suggests that more specific ROS inhibitory approaches may be
necessary to adequately assess redox-dependent alterations. Interestingly,
multiple reports across a variety of tumor types, including GBM, have implicated
redox signaling in the growth and survival of tumor cells. '*°'** ROS production in
cancer typically occurs downstream of oncogene-induced up-regulation of Nox

enzyme expression and/or activation,'180.182.198

Therefore, a better
understanding of the relationship between EGFR and Nox enzyme expression
and activation would enable the development of novel redox-targeted strategies
aimed at reducing cell proliferation and survival in EGFR-overexpressing GBM.

In summary, this chapter provides novel evidence whereby EGFR induces
Fyn expression via redox-dependent up-regulation of Egr-1, leading to enhanced
cell proliferation and survival in U87-EGFRAIIl and U87-R108K. Increased Fyn
expression was additionally noted in GSCs, where it served to enhance sphere

formation in GSC line 7-2. Though these studies focused on the regulation and

functional significance of Fyn expression, the relative contribution of Fyn
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enzymatic activity in this regard cannot be excluded and should be further
evaluated. Specifically, a kinase-dead mutant of Fyn should be used as a
dominant negative approach to better assess whether the pro-proliferative and
pro-survival functions of Fyn are mediated in a kinase-dependent or independent
manner. Nevertheless, these studies provide compelling rationale for targeting
Fyn expression, particularly in tumors with acquired resistance to EGFR and/or

SFK inhibitors.
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CHAPTER 4

RESULTS

P47PHOX IS A NOVEL REGULATOR OF FYN EXPRESSION
IN EGFR-OVEREXPRESSING GBM CELLS
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4.1 Introduction

Oncogenes commonly elevate cellular ROS production.’” ' Though
moderate ROS accumulation functions to promote cell differentiation and
proliferation, excessive ROS accumulation can give rise to oxidative damage of
DNA, proteins, and lipids."® Thus, maintenance of ROS homeostasis is vital for
standard cell growth and survival, and has generated significant interest in better
understanding the role of redox as it pertains to cancer cell signaling.

A less studied but intriguing feature of EGFR is its ability to increase
intracellular ROS content, including in GBM."®'® Though an understudied
feature of GBM, ROS are important as emerging reports indicate that increased
ROS production exerts pro-proliferative and pro-survival effects across a variety
of different cancer types.'1828* Despite the negative impact of increased ROS
in cancer cells, recent studies have highlighted the exploitable nature of this
biochemical feature, as genetic and chemical means of ROS inhibition have
proven effective in targeting cancer cell growth.'®

Based on our findings in chapter 3 that inhibition of Egr-1 reduced Fyn
expression through redox alterations, we aimed to examine the source of
oxidative stress in EGFR-overexpressing GBM as a means of targeting Fyn
expression. Though the mitochondria are the most common source of cellular
ROS*  oncogene-induced ROS  production, particularly EGFR'”,
characteristically involves Nox enzyme up-regulation and/or activation.'”®
Because EGFR is known to influence Nox enzymes, we set out to determine the

relationship between EGFR and Nox enzymes in GBM and their potential link to
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increased Fyn expression. To accomplish this, we employed a series of
biochemical analyses aimed at determining basal cellular respiration rates as
well as superoxide production in the presence of flavonoid, lipoxygenase and
mitochondrial electron transport chain (ETC) inhibitors. The work in this chapter
has led to a better understanding of the mechanism responsible for increased
ROS accumulation in EGFR-overexpressing GBM cells as well as the redox
contributions to cell proliferation and survival therein. Furthermore, the work
presented here has broadened our understanding of redox signaling as a
therapeutic strategy in GBM via determination of redox-dependent regulation of

Fyn expression.
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4.2 Results

4.2.1 EGFR-overexpression increases ROS production in GBM

cells

Oxidative stress has previously been observed in EGFR-expressing GBM
cells.'®18* The mechanism of elevated ROS production downstream of EGFR in
GBM, however, remains unclear. Given our finding that the broad antioxidant
NAC reduced Egr-1 and Fyn expression in EGFRAIlll-expressing cells, we
wanted to further explore the mechanism of ROS induction imparted by EGFR as
a means of modulating Fyn expression. In accordance with previously published
findings'®, our data indicate that hyperactive EGFR signaling, via EGFRAIIl and
EGFR-108K, significantly elevate ROS levels (p<0.001) relative to wtEGFR- and
vector-expressing cells (Fig. 19). To verify that the alterations in ROS were
occurring in a kinase-dependent manner, serum starved U87-wtEGFR cells were
acutely stimulated with hrEGF and resulting ROS levels were measured. Here,
we determined that increased ROS accumulation was indeed imparted by the
kinase activity of EGFR, as verified by immunoblot analysis of phosphorylated
EGFR at tyrosine residue 1068 and superoxide evaluation (Fig. 20). Having
verified that EGFR signaling elevates ROS production we next sought to

evaluate the impact of EGFR-overexpression on cellular bioenergetics.
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Figure 19. EGFR-overexpression increases superoxide content in
GBM cells. (A) Superoxide levels were measured in vector control, U87-wtEGFR,
U87-EGFRAIIl and U87-R108K cells by flow cytometry using dihydroethidium
staining as described. (B) ** p<0.01, *** p<0.001; one-way ANOVA with
Bonferroni's Multiple Comparison Test. Data are mean + SEM and are
representative of at least three individual experiments.
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Figure 20. EGF stimulation increases superoxide content in U87-
WtEGFR. Superoxide levels were measured in U87-wtEGFR cells acutely
stimulated with hrEGF by flow cytometry using dihydroethidium staining as
described. Total EGFR and phoshporylationed EGFR (Y1068) are shown. Results
are representative of at least three independent experiments.
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4.2.2 Mutant EGFR-overexpression augments non-mitochondrial

respiration in GBM cells

In many cell types, mitochondria are the primary source of ROS, occurring
as undesired byproducts of cellular respiration."” Though the relationship
between EGFR and Nox enzymes is well described in other systems, oncogenic
overexpression can also increase mitochondrial biogenesis.?’" In light of this, we
aimed to determine the global effects of EGFR-overexpression on cellular
respiration via extracellular flux analysis. From these experiments, it was
determined that EGFRAIIl, but not WtEGFR or EGFR-R108K, elevated
mitochondrial respiration (Fig. 21). Both EGFRAIIl and EGFR-R108K did,
however, elevate levels of non-mitochondrial respiration (Fig. 21). This finding is
of great interest, as EGFRAIIl and EGFR-R108K elevate ROS in a pronounced
and commensurate manner, whereas non-stimulated wWtEGFR confers only
modest effects on ROS content (Fig. 19). These findings suggest a similar
mechanism of EGFR-induced ROS production stemming from non-mitochondrial
sources of respiration, but do not preclude potential mitochondrial involvement.
Given this finding, we next sought to determine ROS content following chemical

inhibition of both Nox and mitochondrial ROS.
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Figure 21. Mutant EGFR-overexpression increases non-mitochondrial
respiration in GBM cells. Cellular respiration as depicted by oxygen

consumption rates (OCR) were determined over time in WtEGFR, EGFRAIII,
EGFR-R108K-expressing U87-MG. All injections were 1 uyM. * indicated p<0.05;
one-way ANOVA with Bonferroni's Multiple Comparison Test. Data are mean +*

SEM and are representative of at least three individual experiments.
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4.2.3 Chemical inhibition of the Nox complex reduces ROS in

mutant EGFR-overexpressing GBM cells

To more closely examine ROS production, we next evaluated superoxide
levels following application of the following chemical inhibitors: an inhibitor of
mitochondrial respiration, rotenone; an inhibitor of lipoxygenase-derived ROS,
Nordihydroguaiaretic ~ acid (NDGA); two Nox complex inhibitors,
diphenelyeneiodonium (DPI) and apocynin; and the global ROS inhibitor, NAC.
These studies were performed in cells overexpressing either EGFRAIIl or EGFR-
R108K, which harbored the greatest elevations in superoxide content (Fig. 19).
Here, DPI and apocynin most significantly (p<0.001) reduced ROS levels,
whereas rotenone exhibited only modest effects in this regard (Fig. 22). Thus,
these data reinforce a potential role for Nox-mediated ROS production in mutant
EGFR-overexpressing cells. It should be noted, however, that apocynin and DPI
are reported to inhibit multiple flavoproteins'®*, thus requiring a more thorough

examination of Nox activity in this regard.
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Figure 22. Chemical inhibition of the Nox complex significantly
decreases superoxide content in mutant EGFR-overexpressing GBM cells.
EGFRAIll and EGFR-R108K-expressing cells were treated with either NAC (10
mM; 24 hrs.), DPI (5 uM; 4 hrs.) apocynin (100 yM; 24 hrs.) or rotenone (1 uM; 4
hrs). Following treatment, intracellular ROS levels were measured by
dihydroethidium staining. * p<0.05, ** p<0.01, *** p<0.001; one-way ANOVA with
Bonferroni's Multiple Comparison Test. Data are mean + SEM and are
representative of at least three individual experiments.
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4.2.4 EGFRAIlll-overexpression increases Nox activity in GBM

cells

The Nox family of enzymes function to produce oxidative bursts via
conversion of molecular oxygen to superoxide. This reaction takes place at the
expense of NADPH, which is metabolized to NADP*.'®® As such, to further
evaluate activation of the NADPH oxidase downstream of EGFR signaling, we
measured NADPH consumption (NADP/NADPH ratios) as an indirect readout of
Nox activity. Much akin to the effect of EGFR signaling on ROS content and
oxygen consumption rates, we determined that the most frequently occurring
EGFR mutant, EGFRAIIl, but not WEGFR, significantly elevated NADPH
consumption (Fig. 23). These findings, again, were linked to the kinase activity of
EGFR, as lapatinib inhibition of EGFRAIIl restored NADPH consumption to a
baseline level (Fig. 23). Collectively, these findings suggest that EGFR-
overexpression dictates Nox-mediated ROS production downstream of EGFR

signaling.
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Figure 23. EGFRAIll-overexpression increases Nox activity in GBM
cells. Nox activity was measured in vector control, wtEGFR and EGFRAIll (+/-
lapatinib) and cells as described in materials and methods. ** p<0.01, ***
p<0.001; one-way ANOVA with Bonferroni's Multiple Comparison Test. Data are
mean + SEM and are representative of at least three individual experiments.
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4.2.5 p47phox up-regulation contributes to Nox-mediated ROS

production downstream of EGFR-overexpression in GBM cells

Increased Nox activity downstream of EGFRAIIl, as well as decreased
ROS production following treatment with apocynin and/or DPI, implies
involvement of at least one of the known Nox enzymes. Apocynin and DPI,
however, reportedly inhibit a variety of flavoproteins.'® Therefore, we set out to
more clearly delineate the specific Nox isoform and/or subunit involved in mutant
EGFR-initiated ROS production. Previous studies have identified Nox4 up-
regulation and activation as a mediator of ROS production and cell growth in
GBM."®"82 These studies, however, did not evaluate Nox4 status in the context
of EGFR. Using real-time PCR, we examined Nox4 expression in EGFR-
expressing GBM cells. Nox4 mRNA, however, was not significantly altered by the
presence of WtEGFR, EGFRAIll or EGFR-R108K overexpression (Fig. 24 A).
However, in addition to Nox4, clinical evidence suggests a potential role for the
Nox-2 organizing complex, p47phox, as it is commonly overexpressed in GBM
patient samples compared to normal brain tissue.'®® Furthermore, recent studies
have shown p47phox phosphorylation and subsequent Nox activation to be EGF-
inducible events contributing ROS production and cell proliferation in human
colon cancer cells."® Thus, using real-time PCR we determined that p47phox
mRNA was significantly up-regulated in wtEGFR (1.5-fold), EGFRAIIIl (1.9-fold)
and EGFR-R108K (1.7-fold)-overexpressing cells (Figure 24A). The observed
increase in p47phox mMRNA was determined to occur in a commensurate manner

at the protein level by immunoblotting (Fig. 25 B), suggesting a functional role for
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its expression. Hence, we sought to determine the effect of p47phox knockdown
on superoxide content and Nox activity as previously described. Interestingly,
genetic inhibition of p47phox (Fig. 25) significantly reduced both ROS content
(p<0.01) and Nox activity (p<0.01) in EGFRAIll-expressing cells, providing
evidence for p47phox-mediated ROS production via Nox downstream of EGFR
signaling in GBM (Fig. 25). To determine the biological significance of p47phox
up-regulation, proliferation of p47phox siRNA-transfected U87-EGFRAIIlI cells
versus scrambled control-transfected U87-EGFRAIIl cells was assessed by
plating equivalent cell numbers and comparing relative cell counts 48, 72, and 96
hours post-transfection. Cells transfected with p47phox siRNA grew at a
significantly (p<0.05) slower rate relative to scrambled control-transfected cells
(Fig. 25). U87-EGFRAIII viability, however, was unaffected by p47phox siRNA as
determined by trypan blue exclusion (data not shown).

In summation, these findings reveal a novel mechanism by which EGFR
signaling contributes to GBM growth through transcriptional induction of the ROS
producing Nox-2 organizer subunit, p47phox. Given this finding we were eager to
evaluate the effect of p47phox depletion, as well as chemical inhibition of Nox, as

a redox-targeted strategy for regulating Fyn expression.
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Figure 24. EGFR-overexpression increases p47phox mRNA and
protein expression in U87-MG cells. (A) Nox4 and p47phox mRNA levels and
(B) p47phox protein levels were examined in U87-MG expressing either wtEGFR,
EGFRAIIl, EGFR-R108K or vector control by real-time PCR (housekeeping gene
B-actin) and immunoblotting, respectively. -actin was shown as a loading control.
Relative protein levels were determined by densitometry using ImagedJ. * p<0.05,
** p<0.01; one-way ANOVA with Bonferroni's Multiple Comparison Test.
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Figure 25. The effect of p47phox knockdown in U87-EGFRAIII. (A)
U87-EGFRAIII cells were transfected with either p47phox-specific sSiRNA or
scrambled control and p47phox and protein levels were evaluated at 48
hours post-transfection by immunoblotting. Resulting Nox activity and ROS
levels were measured as described in materials and methods. (B) Resulting
cell numbers (x108) were determined at 48, 72 and 96 hours by trypan blue
exclusion. ** indicated p<0.01; student’s t-test. Data are mean + SEM and

Hours post transfection

are representative of at least three individual experiments.

95



4.2.6 pd47phox contributes to Fyn protein expression in

EGFRAIll-expressing GBM cells

To better understand the relationship between the Nox complex and Fyn
expression, we treated U87-EGFRAIII cells with the Nox inhibitor apocynin and
assessed resulting Egr-1 and Fyn protein levels by immunoblotting. Similar to our
results obtained with NAC, apocynin reduced, though more effectively (~50%),
Egr-1 and Fyn protein expression, providing a direct link between the Nox
complex and Fyn expression (Fig. 26 A). To more directly implicate Nox-2 in the
induction of Fyn, we next sought to determine the effects of p47phox inhibition on
Fyn and Egr-1 expression. Genetic inhibition of p47phox also reduced Egr-1 and
Fyn protein in a commensurate manner (Fig. 26 B). These results indicate that
Nox, through p47phox, modulates Fyn expression downstream of EGFRAIIl
signaling via redox-dependent induction of Egr-1 (Fig. 27) Thus, these findings
provide a novel therapeutic means of influencing Fyn expression in EGFRAIII-
overexpressing GBM cells, which is important as Fyn inhibition reduces cell

proliferation and survival in EGFRAIlIl-overexpressing GBM cells (Fig. 9).
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Figure 26. Targeting the NADPH oxidase through p47phox influences
Fyn expression in EGFRAIlll-overexpressing GBM cells. (A) U87-EGFRAIII
cells were treated with apocynin (100 uM; 24 hrs.) or (B) transfected with either
p47phox-specific siRNA or scrambled control. Resulting p47phox, Egr-1 and Fyn
protein levels were evaluated at 48 hours post-transfection by immunoblotting. -
actin was shown as a loading control. Relative protein levels were determined by
densitometry using ImagedJ. Results are representative of at least three
independent experiments.
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4.3 Discussion and Future Directions

Elevated ROS content is commonly observed in cancer, particularly in the

context of oncogene activation.'®®

Importantly, oncogenic-induced ROS
production has previously been described as a growth and survival-promoting
factor in a variety of cancers, including GBM. #1829 Recent findings have also
demonstrated that EGFR activation increases markers of oxidative stress and
positively correlates with therapeutic resistance in GBM.'®18318 EGFR is known
to regulated Nox enzymes in phagocytes colon cancer'’®'"®; however, their
relationship in GBM remains unclear, but is of clinical value as recent studies
have highlighted the potential of redox-targeted strategies in cancer therapy.153
Given that oncogene overexpression is known to increased mitochondrial
biogenesis®®!, we first evaluated the impact of EGFR overexpression on
respiratory bioenergetics. Here, we determined that both EGFRAIIl and EGFR-
R108K elevate non-mitochondrial sources of respiration, but only EGFRAIII
elevated mitochondrial sources of respiration (Fig. 21). This is interesting, as
EGFRAIIl and EGFR-R108K elevate ROS in a pronounced and commensurate
manner, whereas WtEGFR only modestly elevates ROS (Fig. 19). These findings
suggest a similar mechanism of EGFR-induced ROS production involving non-
mitochondrial sources of respiration, but do not preclude potential mitochondrial
involvement. Inhibitors of the Nox complex, however, more effectively reduced
ROS content than rotenone, thus reinforcing a potential role for Nox-mediated

ROS production in mutant EGFR-expressing GBM cells (Fig. 22). Notably,

EGFRAIll and EGFR-R108K but not wtEGFR also significantly elevated Nox
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activity, which was effectively restored to a baseline by lapatinib in EGFRAIII-
expressing cells (Fig. 23). Collectively, these findings suggest a role for the Nox
complex in ROS production downstream of EGFR signaling.

The Nox family of ROS producing complexes includes 5 isoforms, each of
which is comprised of a unique set of subunits.”® Involvement of the Nox
complex has previously been reported in GBM, where increased expression,
specifically Nox4, augments GBM cell growth and survival.'®'® These studies,
however, did not evaluate Nox status in the context of EGFR. Thus, we aimed to
more closely examine the specific Nox isoform and/or subunit involved in EGFR-
initiated ROS production. Here, we demonstrate a novel role for p47phox up-
regulation in EGFR-overexpressing GBM cells (Fig. 24 AB). EGFR-
overexpression, however, showed no effects on Nox4 expression. Interestingly,
these findings are corroborated by the TCGA dataset, which indicates that EGFR
and p47phox gene expression show a strong tendency toward co-occurrence,
whereas EGFR and Nox4 exhibit no association (data not shown). Though we
did not evaluate the mechanism of EGFR-induced p47phox induction, this is
important as p47phox knockdown reduces ROS levels, Nox activity and cell
proliferation (Fig. 25). Thus, the molecular mechanism(s) of p47phox up-
regulation downstream of EGFR should be further evaluated as a means of
targeting p47phox expression in this setting.

Given that prior studies have implicated increased ROS in enhanced cell

|153,198

proliferation and surviva , we next sought to determine the functional

relevance of increased p47phox expression in this regard. Using EGFRAIII-
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overexpressing cells, our studies indicated that p47phox knockdown effectively
reduces ROS content, Nox activity and cell proliferation rates as well as Egr-1
and Fyn expression (Fig. 25 A, B). Notably, our studies did not reveal any
changes in cell survival despite reducing cell proliferation, which could be
attributed to the robust manner by which EGFRAIIl increases BCL-xL
expression.”® Furthermore, recent reports indicate that oncogene-induced ROS
production act primarily to induce aberrant cell proliferation.'®® Regardless, our
findings show that p47phox inhibition is sufficient to reduce cell proliferation in
U87-EGFRAIIl, which should further be evaluated mechanistically for the
purpose of designing rational therapeutic combinations in this setting.

Though these studies placed ROS production downstream of p47phox
expression, the impact of p47phox activation was not explored. This, however, is
important as prior reports have demonstrated that Akt stimulates p47phox
localization/activation via serine phosphorylation (Ser345) in human
myeloproliferative disorders.' Given the preferential degree of Akt activation
occurring in EGFR-overexpressing cells®, the potential contribution of this
mechanism should be further examined. This is important, as EGFR-
overexpression, regardless of mutational status, significantly up-regulates
p47phox, which could then be serine phosphorylated and activated downstream
of various kinases implicated in RTK co-opting mechanisms of therapeutic
resistance. Furthermore, though we did not evaluate the effect of Nox4 inhibition
of ROS in EGFR-overexpressing cells, these studies are needed to better

understand its potential for activation versus mere up-regulation in this context.
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Our findings presented in this chapter provide novel evidence for
EGFRAIll-induced Fyn expression downstream of p47phox-mediated redox
regulation of Egr-1 (Fig. 27). Collectively, these studies highlight a novel
mechanism linking EGFR to the Nox complex and Fyn, providing compelling

rationale for novel redox-targeted strategies in EGFR-overexpressing GBM.
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Figure 27. EGFR-overexpression
p47phox-mediated induction of Egr-1
indicating that Fyn expression downstream of EGFR is regulated, in part, by
increased expression of integral Nox-2 organizer component, p47phox, through

EGFR (EGFRAIII, R108K)

A~

A p47phox/NOX2

(Increased cell proliferation and survival)

induction of the redox-responsive transcription factor Egr-1.
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5.1 Conclusions

Though increases in Fyn expression have previously been noted in GBM,
the work presented in this dissertation is the first to connect Fyn expression to
EGFR activation, specifically with regard to overexpression and hyper-activating
mutation, EGFRAIIl and EGFR-R108K. The resulting increases in Fyn
expression were biologically relevant, as Fyn knockdown significantly reduced
cell proliferation and viability in EGFRAIIl and EGFR-R108K-overexpressing
GBM cells (Figs. 9 & 10). We also demonstrated that Fyn expression is
commonly up-regulated in a population of highly chemo- and radio-resistant
GSCs (Fig. 12) and, furthermore, showed that siRNA knockdown of Fyn
significantly lowered sphere formation in GSC 7-2 (Fig. 13). Therefore targeting
Fyn expression, as opposed to activation, may represent a novel therapeutic
strategy in EGFR-expressing GBM, as the clinical application of lapatinib and
dasatinib exhibit only minimal therapeutic activity in this deadly disease.”'*1
The transcription factor Egr-1 has previously been shown to implicated in

the up-regulation of Fyn expression in CML'®

and, therefore, targeting Egr-1
expression may be an effective strategy for reducing Fyn expression. From these
studies herein, we found that Egr-1 protein expression, much like Fyn, is
significantly up-regulated by EGFR-overexpression in GBM cells, specifically in a
manner concordant with EGFR kinase activation (Fig. 14). Interestingly, Egr-1
has previously been reported to behave as either a tumor suppressor or an

oncogene depending on the cellular context.”” 81" Here, we determined that

Egr-1 knockdown markedly reduced Fyn protein levels in EGFR-overexpressing
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GBM cells (Fig. 17), notably to a degree not achieved by lapatinib in U87-
EGFRAIIl and U87-R108K. These findings suggest that increased Egr-1
expression plays an oncogenic role in EGFR-overexpressing GBM, providing
rationale for targeting Egr-1 expression in the regulation of Fyn expression in
GBM.

The work presented in this dissertation also points to a novel means of
regulating Fyn expression via EGFR-dependent induction of the integral Nox-2
organizer complex, p47phox, which up-regulates Egr-1 expression in a redox-
responsive manner. Knockdown of p47phox, as well as treatment with the Nox
inhibitor, apocynin, significantly reduced ROS content and Nox activity (Fig. 25)
as well as Egr-1 and Fyn protein expression (Fig. 26) in U87- EGFRAIII. Thus,
our findings generate compelling interest in better understanding the
physiological relevance of p47phox/Egr-1/Fyn pathway inhibition with regard to
orthotopic tumor cell growth as well as animal survival in EGFR-expressing GBM.
In vivo studies, however, aren’t without their limitations, namely insufficient
recapitulation of the highly immunoregulatory microenvironment present in
human tumors, as immunodeficient mice are employed in xenograft models.
Moreover, though the classic Nox inhibitors such as the ones employed in this
study, apocynin and DPI, significantly reduce Nox activity, they unfortunately
display a non-specific pattern of NOX-targeting consequently limiting their clinical
utility.?°> More specific Nox-2 inhibitors, however, are currently under evaluation,

t203

including the p47phox binding peptide, Nox2ds-tat™, providing promise for the

clinical application of Nox-2-targeted strategies.?’? Collectively, these findings
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indicate that targeting NOX-2 activation downstream of EGFR signaling by
inhibition of p47phox represents a plausible means of reducing Fyn expression in

EGFR-overexpressing GBM (Fig. 27).

106



CHAPTER 6

BIBLIOGRAPHY

107



Sathornsumetee, S.; Reardon, D. A.; Desjardins, A.; Quinn, J. A,
Vredenburgh, J. J.; Rich, J. N. Molecularly Targeted Therapy for
Malignant Glioma. Cancer 2007, 110, 13-24.

Yan, H.; Parsons, D. W.; Jin, G.; McLendon, R.; Rasheed, B. A.; Yuan,
W.; Kos, |.; Batinic-Haberle, I.; Jones, S.; Riggins, G. J.; Friedman, H.;
Friedman, A.; Reardon, D.; Herndon, J.; Kinzler, K. W.; Velculescu, V.
E.; Vogelstein, B.; Bigner, D. D. IDH1 and IDH2 Mutations in Gliomas.
N. Engl. J. Med. 2009, 360, 765-773.

Furnari, F. B.; Fenton, T.; Bachoo, R. M.; Mukasa, A.; Stommel, J. M.;
Stegh, A.; Hahn, W. C_; Ligon, K. L.; Louis, D. N.; Brennan, C.; Chin, L;
DePinho, R. A.; Cavenee, W. K. Malignant Astrocytic Glioma: Genetics,
Biology, and Paths to Treatment. Genes Dev. 2007, 21, 2683-2710.
Louis, D. N.; Ohgaki, H.; Wiestler, O. D.; Cavenee, W. K.; Burger, P. C.;
Jouvet, A.; Scheithauer, B. W.; Kleihues, P. The 2007 WHO
Classification of Tumours of the Central Nervous System. Acta
Neuropathol. 2007, 114, 97-1009.

Gorke, R.; Meyer-Base, A.; Wagner, D.; He, H.; Emmett, M. R.; Conrad,
C. A. Determining and Interpreting Correlations in Lipidomic Networks
Found in Glioblastoma Cells. BMC Syst Biol 2010, 4, 126.

Reardon, D. A.; Wen, P. Y. Therapeutic Advances in the Treatment of
Glioblastoma: Rationale and Potential Role of Targeted Agents.
Oncologist 2006, 11, 152-164.

Ostrom, Q. T.; Gittleman, H.; Farah, P.; Ondracek, A.; Chen, Y.

108



(12)

(13)

Wolinsky, Y.; Stroup, N. E.; Kruchko, C.; Barnholtz-Sloan, J. S.
CBTRUS Statistical Report: Primary Brain and Central Nervous System
Tumors Diagnosed in the United States in 2006-2010. Neuro-oncology
2013, 15 Suppl 2, ii1-ii56.

Ohgaki, H.; Kleihues, P. Genetic Alterations and Signaling Pathways in
the Evolution of Gliomas. Cancer Sci. 2009, 700, 2235-2241.

Messali, A.; Villacorta, R.; Hay, J. W. A Review of the Economic Burden
of Glioblastoma and the Cost Effectiveness of Pharmacologic
Treatments. Pharmacoeconomics 2014, 32, 1201-1212.

Gonzalez, J.; Gilbert, M. R. Treatment of Astrocytomas. Current Opinion
in Neurology 2005, 18, 632.

Stevens, M. F.; Hickman, J. A.; Langdon, S. P.; Chubb, D.; Vickers, L.;
Stone, R.; Baig, G.; Goddard, C.; Gibson, N. W.; Slack, J. A. Antitumor
Activity and Pharmacokinetics in Mice of 8-Carbamoyl-3-Methyl-
Imidazo[5,1-D]-1,2,3,5-Tetrazin-4(3H)-One (CCRG 81045; M & B
39831), a Novel Drug with Potential as an Alternative to Dacarbazine.
Cancer Res. 1987, 47, 5846-5852.

Stevens, M. F.; Hickman, J. A.; Stone, R.; Gibson, N. W.; Baig, G. U.;
Lunt, E.; Newton, C. G. Antitumor Imidazotetrazines. 1. Synthesis and
Chemistry of 8-Carbamoyl-3-(2-Chloroethyl)Imidazo[5,1-D]-1,2,3,5-
Tetrazin-4(3 H)-One , a Novel Broad-Spectrum Antitumor Agent. J.
Med. Chem. 1984, 27, 196-201.

D'Atri, S.; Tentori, L.; Lacal, P. M.; Graziani, G.; Pagani, E.; Benincasa,

109



(16)

E.; Zambruno, G.; Bonmassar, E.; Jiricny, J. Involvement of the
Mismatch Repair System in Temozolomide-Induced Apoptosis. Mol.
Pharmacol. 1998, 54, 334-341.

Colman, H.; Zhang, L.; Sulman, E. P.; McDonald, J. M.; Shooshtari, N.
L.; Rivera, A.; Popoff, S.; Nutt, C. L.; Louis, D. N.; Cairncross, J. G;
Gilbert, M. R.; Phillips, H. S.; Mehta, M. P.; Chakravarti, A.; Pelloski, C.
E.; Bhat, K.; Feuerstein, B. G.; Jenkins, R. B.; Aldape, K. A Multigene
Predictor of Outcome in Glioblastoma. Neuro-oncology 2010, 12, 49—
57.

Weller, M.; Stupp, R.; Reifenberger, G.; Brandes, A. A.; van den Bent,
M. J.; Wick, W.; Hegi, M. E. MGMT Promoter Methylation in Malignant
Gliomas: Ready for Personalized Medicine? Nat Rev Neurol 2010, 6,
39-51.

Krakstad, C.; Chekenya, M. Survival Signalling and Apoptosis
Resistance in Glioblastomas: Opportunities for Targeted Therapeutics.
Mol. Cancer 2010, 9, 135.

Sulman, E. P.; Aldape, K. The Use of Global Profiling in Biomarker
Development for Gliomas. Brain Pathol. 2011, 21, 88-95.

Jiang, Z.; Pore, N.; Cerniglia, G. J.; Mick, R.; Georgescu, M.-M;
Bernhard, E. J.; Hahn, S. M.; Gupta, A. K.; Maity, A. Phosphatase and
Tensin Homologue Deficiency in Glioblastoma Confers Resistance to
Radiation and Temozolomide That Is Reversed by the Protease

Inhibitor Nelfinavir. Cancer Res. 2007, 67, 4467—-4473.

110



(20)

(21)

(22)

Trivedi, R. N.; Almeida, K. H.; Fornsaglio, J. L.; Schamus, S.; Sobol, R.
W. The Role of Base Excision Repair in the Sensitivity and Resistance
to Temozolomide-Mediated Cell Death. Cancer Res. 2005, 65, 6394—
6400.

Phillips, H. S.; Kharbanda, S.; Chen, R.; Forrest, W. F.; Soriano, R. H.;
Wu, T. D.; Misra, A.; Nigro, J. M.; Colman, H.; Soroceanu, L.; Williams,
P. M.; Modrusan, Z.; Feuerstein, B. G.; Aldape, K. Molecular
Subclasses of High-Grade Glioma Predict Prognosis, Delineate a
Pattern of Disease Progression, and Resemble Stages in
Neurogenesis. Cancer Cell 2006, 9, 157-173.

Mahringer, A.; Ott, M.; Reimold, |.; Reichel, V.; Fricker, G. The ABC of
the Blood-Brain Barrier - Regulation of Drug Efflux Pumps. Curr. Pharm.
Des. 2011, 17, 2762-2770.

McLendon, R.; Friedman, A.; Bigner, D.; Van Meir, E.G.; Brat, D.J.;
Mastrogianakis, G.; Olson, J.J.; Mikkelsen, T.; Lehman, N.; Aldape, K.;
Alfred Yung, W.K.; Bogler, O.; VandenBerg, S.; Berger, M.; Prados, M.;
Muzny, D.; Morgan, M.; Scherer, S.; Sabo, A.; Nazareth, L.; Lewis, L.;
Hall, O.; Zhu, Y.; Ren, Y.; Alvi, O.; Yao, J.; Hawes, A.; Jhangiani, S.;
Fowler, G.; San Lucas, A.; Kovar, C.; Cree, A.; Dinh, H.; Santibanez, J.;
Joshi, V.; Gonzalez-Garay, M.L.; Miller, C.A.; Milosavljevic, A,
Donehower, L.; Wheeler, D.A.; Gibbs, R.A.; Cibulskis, K.; Sougnez, C.;
Fennell, T.; Mahan, S.; Wilkinson, J.; Ziaugra, L.; Onofrio, R.; Bloom, T.;

Nicol, R.; Ardlie, K.; Baldwin, J.; Gabriel, S.; Lander, E.S.; Ding, L.;

111



Fulton, R.S.; McLellan, M.D.; Wallis, J.; Larson D.E.; Shi, X.; Abbott, R.;
Fulton, L.; Chen, K.; Koboldt, D.C.; WendI, M.C.; Meyer, R.; Tang, Y.;
Lin, L.; Osborne, J.R.; Dunford-Shore, B.H.; Miner, T.L.; Delehaunty, K.;
Markovic, C.; Swift, G.; Courtney, W.; Pohl, C.; Abbott, S.; Hawkins, A.;
Leong, S.; Haipek, C.; Schmidt, H.; Wiechert, M.; Vickery, T.; Scott, S.;
Dooling, D.J.; Chinwalla, A.; Weinstock, G.M.; Mardis, E.R.; Wilson,
R.K.; Getz, G.; Winckler. W.; Verhaak, R.G.W.; Lawrence, M.S.; O'Kelly,
M.; Robinson, J.; Alexe, G.; Beroukhim, R.; Carter, S.; Chiang, D.;
Gould, J.; Gupta, S.; Korn, J.; Mermel, C.; Mesirov, J.; Monti, S
Nguyen, H.; Parkin, M.; Reich, M.; Stransky, N.; Weir, B.A.; Garraway,
L.; Golub, T.; Meyerson, M.; Chin, L.; Protopopov, A.; Zhang, J.; Perna,
I.; Aronson, S.; Sathiamoorthy, N.; Ren, G.; Yao, J.; Wiedemeyer, W.R.;
Kim, H.; Won Kong, S.; Xiao, Y.; Kohane, |.S.; Seidman, J.; Park, P.J;
Kucherlapati, R.; Laird, P.W.; Cope, L.; Herman, J.G.; Weisenberger,
D.J.; Pan, F.; Van Den Berg, D.; Van Neste, L.; Mi Yi, J.; Schuebel,
K.E.; Baylin, S.B.; Absher, D.M.; Li, J.Z.; Southwick, A.; Brady, S,
Aggarwal, A.; Chung, T.; Sherlock, G.; Brooks, J.D.; Myers, R.M.;
Spellman, P.T.; Purdom, E.; Jakkula, L.R.; Lapuk, A.V.; Marr, H.; Dorton,
S.; Gi Choi, Y.; Han, J.; Ray, A.; Wang, V.; Durinck, S.; Robinson, M.;
Wang, N.J.; Vranizan, K.; Peng, V.; Van Name, E.; Fontenay, G.V,;
Ngai, J.; Conboy, J.G.; Parvin, B.; Feiler, H.S.; Speed, T.P.; Gray, JW;
Brennan, C.; Socci, N.D.; Olshen, A.; Taylor, B.S.; Lash, A.; Schultz, N.;

Reva, B.; Antipin, Y.; Stukalov, A.; Gross, B.; Cerami, E.; Qing Wang,

112



(24)

(29)

W.; Qin, L-X.; Seshan, V.E.; Villafania, L.; Cavatore, M.; Borsu, L.; Viale,
A.; Gerald, W.; Sander, C.; Ladanyi, M.; Perou, C.M.; Neil Hayes, D;
Topal, M.D.; Hoadley, K.A.; Qi, Y.; Balu, S.; Shi, Y.; Wu, J.; Penny, R;;
Bittner, M.; Shelton, T.; Lenkiewicz, E.; Morris, S.; Beasley, D.; Sanders,
S.; Kahn, A.; Sfeir, R.; Chen, J.; Nassau, D.; Feng, L.; Hickey, E.; Zhang,
J.; Weinstein, J.N.; Barker, A.; Gerhard, D.S.; Vockley, J.; Compton, C;
Vaught, J.; Fielding, P.; Ferguson, M.L.; Schaefer, C.; Madhavan, S
Buetow, K.H.; Collins, F.; Good, P.; Guyer, M.; Ozenberger, B
Peterson, J.; Thomson, E. Comprehensive Genomic Characterization
Defines Human Glioblastoma Genes and Core Pathways. Nature 2008,
455, 1061-1068.

Wick, W.; Weller, M.; Weiler, M.; Batchelor, T.; Yung, A. W. K.; Platten,
M. Pathway Inhibition: Emerging Molecular Targets for Treating
Glioblastoma. Neuro-oncology 2011, 13, 566-579.

Yan, H.; Parsons, D. W.; Jin, G.; McLendon, R.; Rasheed, B. A.; Yuan,
W.; Kos, |.; Batinic-Haberle, I.; Jones, S.; Riggins, G. J.; Friedman, H;
Friedman, A.; Reardon, D.; Herndon, J.; Kinzler, K. W.; Velculescu, V.
E.; Vogelstein, B.; Bigner, D. D. IDH1 and IDH2 Mutations in Gliomas.
N. Engl. J. Med. 2009, 360, 765-773.

Brennan, C. W.; Verhaak, R. G. W.; McKenna, A.; Campos, B,
Noushmehr, H.; Salama, S. R.; Zheng, S.; Chakravarty, D.; Sanborn, J.
Z.; Berman, S. H.; Beroukhim, R.; Bernard, B.; Wu, C.-J.; Genovese, G.;

Shmulevich, |.; Barnholtz-Sloan, J.; Zou, L.; Vegesna, R.; Shukla, S. A,

113



(27)

(29)

Ciriello, G.; Yung, W. K.; Zhang, W.; Sougnez, C.; Mikkelsen, T.;
Aldape, K.; Bigner, D. D.; Van Meir, E. G.; Prados, M.; Sloan, A.; Black,
K. L.; Eschbacher, J.; Finocchiaro, G.; Friedman, W.; Andrews, D. W.;
Guha, A.; lacocca, M.; O'Neill, B. P.; Foltz, G.; Myers, J.; Weisenberger,
D. J.; Penny, R.; Kucherlapati, R.; Perou, C. M.; Hayes, D. N.; Gibbs,
R.; Marra, M.; Mills, G. B.; Lander, E.; Spellman, P.; Wilson, R.; Sander,
C.; Weinstein, J.; Meyerson, M.; Gabriel, S.; Laird, P. W.; Haussler, D.;
Getz, G.; Chin, L.; TCGA Research Network. The Somatic Genomic
Landscape of Glioblastoma. Cell 2013, 155, 462-477.

Deimling, von, A.; Louis, D. N.; Ammon, von, K.; Petersen, |.; Hoell, T_;
Chung, R. Y.; Martuza, R. L.; Schoenfeld, D. A.; Yasargil, M. G,
Wiestler, O. D. Association of Epidermal Growth Factor Receptor Gene
Amplification with Loss of Chromosome 10 in Human Glioblastoma
Multiforme. J. Neurosurg. 1992, 77, 295-301.

Muleris, M.; Almeida, A.; Dutrillaux, A. M.; Pruchon, E.; Vega, F;
Delattre, J. Y.; Poisson, M.; Malfoy, B.; Dutrillaux, B. Oncogene
Amplification in Human Gliomas: a Molecular Cytogenetic Analysis.
Oncogene 1994, 9, 2717-2722.

Galanis, E.; Buckner, J.; Kimmel, D.; Jenkins, R.; Alderete, B.; O'Fallon,
J.; Wang, C. H.; Scheithauer, B. W.; James, C. D. Gene Amplification
as a Prognostic Factor in Primary and Secondary High-Grade Malignant
Gliomas. Int. J. Oncol. 1998, 13, 717-724.

Mischel, P. S.; Shai, R.; Shi, T.; Horvath, S.; Lu, K. V.; Choe, G

114



(31)

(32)

(33)

Seligson, D.; Kremen, T. J.; Palotie, A.; Liau, L. M.; Cloughesy, T. F;
Nelson, S. F. Identification of Molecular Subtypes of Glioblastoma by
Gene Expression Profiling. Oncogene 2003, 22, 2361-2373.

Verhaak, R. G. W.; Hoadley, K. A.; Purdom, E.; Wang, V.; Qi, Y
Wilkerson, M. D.; Miller, C. R.; Ding, L.; Golub, T.; Mesirov, J. P.; Alexe,
G.; Lawrence, M.; O'Kelly, M.; Tamayo, P.; Weir, B. A.; Gabriel, S,
Winckler, W.; Gupta, S.; Jakkula, L.; Feiler, H. S.; Hodgson, J. G
James, C. D.; Sarkaria, J. N.; Brennan, C.; Kahn, A.; Spellman, P. T,
Wilson, R. K.; Speed, T. P.; Gray, J. W.; Meyerson, M.; Getz, G.; Perou,
C. M.; Hayes, D. N.; Cancer Genome Atlas Research Network.
Integrated Genomic Analysis ldentifies Clinically Relevant Subtypes of
Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, EGFR,
and NF1. Cancer Cell 2010, 17, 98-110.

Jones, R. B.; Gordus, A.; Krall, J. A.; MacBeath, G. A Quantitative
Protein Interaction Network for the ErbB Receptors Using Protein
Microarrays. Nature 2006, 439, 168—-174.

Liu, G.; Yuan, X.; Zeng, Z.; Tunici, P.; Ng, H.; Abdulkadir, I. R.; Lu, L.;
Irvin, D.; Black, K. L.; Yu, J. S. Analysis of Gene Expression and
Chemoresistance of CD133+ Cancer Stem Cells in Glioblastoma. Mol.
Cancer 2006, 5, 67.

Gilbertson, R. J. Brain Tumors Provide New Clues to the Source of
Cancer Stem Cells: Does Oncology Recapitulate Ontogeny? Cell Cycle

2006, 5, 135-137.

115



(34)

(36)

(38)

Joo, K. M,; Kim, J.; Jin, J.; Kim, M.; Seol, H. J.; Muradov, J.; Yang, H.;
Choi, Y.-L.; Park, W.-Y.; Kong, D.-S.; Lee, J.-l.; Ko, Y.-H.; Woo, H. G;
Lee, J.; Kim, S.; Nam, D.-H. Patient-Specific Orthotopic Glioblastoma
Xenograft Models Recapitulate the Histopathology and Biology of
Human Glioblastomas in Situ. Cell Rep 2013, 3, 260-273.

Liu, X.-J.; Wu, W.-T.; Wu, W.-H.; Yin, F.; Ma, S.-H.; Qin, J.-Z.; Liu, X.-
X.; Liu, Y.-N.; Zhang, X.-Y; Li, P.; Han, S_; Liu, K.-Y.; Zhang, J.-M.; He,
Q.-H.; Shen, L. A Minority Subpopulation of CD133(+) /EGFRuvIII(+)
/IEGFR(-) Cells Acquires Stemness and Contributes to Gefitinib
Resistance. CNS Neurosci Ther 2013, 19, 494-502.

Emlet, D. R.; Gupta, P.; Holgado-Madruga, M.; Del Vecchio, C. A;
Mitra, S. S.; Han, S.-Y.; Li, G.; Jensen, K. C.; Vogel, H.; Xu, L. W,;
Skirboll, S. S.; Wong, A. J. Targeting a Glioblastoma Cancer Stem-Cell
Population Defined by EGF Receptor Variant lll. Cancer Res. 2014, 74,
1238-1249.

Ymer, S. |.; Greenall, S. A.; Cvrljevic, A.; Cao, D. X.; Donoghue, J. F;
Epa, V. C.; Scott, A. M.; Adams, T. E.; Johns, T. G. Glioma Specific
Extracellular Missense Mutations in the First Cysteine Rich Region of
Epidermal Growth Factor Receptor (EGFR) Initiate Ligand Independent
Activation. Cancers (Basel) 2011, 3, 2032-2049.

Li, N.; Lorinczi, M.; Ireton, K.; Elferink, L. A. Specific Grb2-Mediated
Interactions Regulate Clathrin-Dependent Endocytosis of the cMet-

Tyrosine Kinase. J. Biol. Chem. 2007, 282, 16764—16775.

116



(40)

(41)

(44)

Shinomiya, N.; Gao, C. F.; Xie, Q.; Gustafson, M.; Waters, D. J.; Zhang,
Y.-W.; Vande Woude, G. F. RNA Interference Reveals That Ligand-
Independent Met Activity Is Required for Tumor Cell Signaling and
Survival. Cancer Res. 2004, 64, 7962—-7970.

Pillay, V.; Allaf, L.; Wilding, A. L.; Donoghue, J. F.; Court, N. W
Greenall, S. A.; Scott, A. M.; Johns, T. G. The Plasticity of Oncogene
Addiction: Implications for Targeted Therapies Directed to Receptor
Tyrosine Kinases. Neoplasia 2009, 11, 448-58-2pfollowing458.
Frederick, L.; Eley, G.; Wang, X. Y.; James, C. D. Analysis of Genomic
Rearrangements Associated with EGRFvIIl Expression Suggests
Involvement of Alu Repeat Elements. Neuro-oncology 2000, 2, 159—
163.

Eder, J. P.; Vande Woude, G. F.; Boerner, S. A.; LoRusso, P. M. Novel
Therapeutic Inhibitors of the C-Met Signaling Pathway in Cancer. Clin.
Cancer Res. 2009, 15, 2207-2214.

Bertotti, A.; Burbridge, M. F.; Gastaldi, S.; Galimi, F.; Torti, D.; Medico,
E.; Giordano, S.; Corso, S.; Rolland-Valognes, G.; Lockhart, B. P.;
Hickman, J. A.; Comoglio, P. M.; Trusolino, L. Only a Subset of Met-
Activated Pathways Are Required to Sustain Oncogene Addiction. Sci
Signal 2009, 2, ra80-ra80.

Wong, A. J.; Ruppert, J. M.; Bigner, S. H.; Grzeschik, C. H.; Humphrey,
P. A.; Bigner, D. S.; Vogelstein, B. Structural Alterations of the

Epidermal Growth Factor Receptor Gene in Human Gliomas. Proc. Natl.

117



(47)

(48)

(50)

(51)

Acad. Sci. U.S.A. 1992, 89, 2965—-2969.

Hunter, T. The Epidermal Growth Factor Receptor Gene and lIts
Product. Nature, 1984, 311, 414—416.

Knudsen, S. L. J.; Mac, A. S. W.; Henriksen, L.; van Deurs, B.; Grgvdal,
L. M. EGFR Signaling Patterns Are Regulated by Its Different Ligands.
Growth Factors 2014, 32, 155-163.

Huang, P. H.; Xu, A. M.; White, F. M. Oncogenic EGFR Signaling
Networks in Glioma. Sci Signal 2009, 2, re6.

Villares, G. J.; Zigler, M.; Blehm, K.; Bogdan, C.; McConkey, D.; Colin,
D.; Bar-Eli, M. Targeting EGFR in Bladder Cancer. World J Urol 2007,
25, 573-579.

Huang, P. H.; Cavenee, W. K.; Furnari, F. B.; White, F. M. Uncovering
Therapeutic Targets for Glioblastoma: a Systems Biology Approach.
Cell Cycle 2007, 6, 2750-2754.

Huang, P. H.; Mukasa, A.; Bonavia, R.; Flynn, R. A.; Brewer, Z. E,;
Cavenee, W. K.; Furnari, F. B.; White, F. M. Quantitative Analysis of
EGFRVIII  Cellular Signaling Networks Reveals a Combinatorial
Therapeutic Strategy for Glioblastoma. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 12867—-12872.

Huang, P. H.; Miraldi, E. R.; Xu, A. M.; Kundukulam, V. A.; Del Rosario,
A. M.; Flynn, R. A.; Cavenee, W. K.; Furnari, F. B.; White, F. M.
Phosphotyrosine Signaling Analysis of Site-Specific Mutations on

EGFRVIII Identifies Determinants Governing Glioblastoma Cell Growth.

118



(52)

(59)

(56)

(57)

Mol Biosyst 2010, 6, 1227—-1237.

Grgvdal, L. M.; Stang, E.; Sorkin, A.; Madshus, |. H. Direct Interaction of
Cbl with pTyr 1045 of the EGF Receptor (EGFR) Is Required to Sort the
EGFR to Lysosomes for Degradation. Exp. Cell Res. 2004, 300, 388—
395.

Yamamoto, N.; Mammadova, G.; Song, R. X.-D.; Fukami, Y.; Sato, K.-I.
Tyrosine Phosphorylation of P145met Mediated by EGFR and Src Is
Required for Serum-Independent Survival of Human Bladder Carcinoma
Cells. J. Cell. Sci. 2006, 119, 4623-4633.

Wikstrand, C. J.; Reist, C. J.; Archer, G. E.; Zalutsky, M. R.; Bigner, D.
D. The Class Il Variant of the Epidermal Growth Factor Receptor
(EGFRUVIII): Characterization and Utilization as an Immunotherapeutic
Target. J. Neurovirol. 1998, 4, 148-158.

Pedersen, M. W.; Meltorn, M.; Damstrup, L.; Poulsen, H. S. The Type llI
Epidermal Growth Factor Receptor Mutation. Biological Significance
and Potential Target for Anti-Cancer Therapy. Ann. Oncol. 2001, 12,
745-760.

Shinojima, N.; Tada, K.; Shiraishi, S.; Kamiryo, T.; Kochi, M,
Nakamura, H.; Makino, K.; Saya, H.; Hirano, H.; Kuratsu, J.-l.; Oka, K.;
Ishimaru, Y.; Ushio, Y. Prognostic Value of Epidermal Growth Factor
Receptor in Patients with Glioblastoma Multiforme. Cancer Res. 2003,
63, 6962—6970.

Hwang, Y.; Chumbalkar, V.; Latha, K.; Bogler, O. Forced Dimerization

119



(61)

Increases the Activity of AEGFR/EGFRvIIl and Enhances Its
Oncogenicity. Mol. Cancer Res. 2011, 9, 1199-1208.

Schmidt, M. H. H.; Furnari, F. B.; Cavenee, W. K.; Bogler, O. Epidermal
Growth Factor Receptor Signaling Intensity Determines Intracellular
Protein Interactions, Ubiquitination, and Internalization. Proc. Natl.
Acad. Sci. U.S.A. 2003, 700, 6505-6510.

Nagane, M.; Coufal, F.; Lin, H.; Bogler, O.; Cavenee, W. K.; Huang, H.
J. A Common Mutant Epidermal Growth Factor Receptor Confers
Enhanced Tumorigenicity on Human Glioblastoma Cells by Increasing
Proliferation and Reducing Apoptosis. Cancer Res. 1996, 56, 5079—
5086.

Bachoo, R. M.; Maher, E. A,; Ligon, K. L.; Sharpless, N. E.; Chan, S. S;;
You, M. J.; Tang, Y.; DeFrances, J.; Stover, E.; Weissleder, R,
Rowitch, D. H.; Louis, D. N.; DePinho, R. A. Epidermal Growth Factor
Receptor and Ink4a/Arf: Convergent Mechanisms Governing Terminal
Differentiation and Transformation Along the Neural Stem Cell to
Astrocyte Axis. Cancer Cell 2002, 1, 269-277.

Nishikawa, R.; Ji, X. D.; Harmon, R. C.; Lazar, C. S.; Gill, G. N.;
Cavenee, W. K.; Huang, H. J. A Mutant Epidermal Growth Factor
Receptor Common in Human Glioma Confers Enhanced
Tumorigenicity. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 7727-7731.
Cavenee, W. K. Genetics and New Approaches to Cancer Therapy.

Carcinogenesis 2002, 23, 683—686.

120



(65)

(66)

Lammering, G.; Valerie, K.; Lin, P.-S.; Hewit, T. H.; Schmidt-Ullrich, R.
K. Radiation-Induced Activation of a Common Variant of EGFR Confers
Enhanced Radioresistance. Radiother Oncol 2004, 72, 267-273.
Heimberger, A. B.; Hlatky, R.; Suki, D.; Yang, D.; Weinberg, J.; Gilbert,
M.; Sawaya, R.; Aldape, K. Prognostic Effect of Epidermal Growth
Factor Receptor and EGFRVIIl in Glioblastoma Multiforme Patients.
Clin. Cancer Res. 2005, 11, 1462—-1466.

Lee, J. C.; Vivanco, |.; Beroukhim, R.; Huang, J. H. Y.; Feng, W. L.;
DeBiasi, R. M.; Yoshimoto, K.; King, J. C.; Nghiemphu, P.; Yuza, Y.; Xu,
Q.; Greulich, H.; Thomas, R. K.; Paez, J. G.; Peck, T. C.; Linhart, D. J,;
Glatt, K. A.; Getz, G.; Onofrio, R.; Ziaugra, L.; Levine, R. L.; Gabriel, S.;
Kawaguchi, T.; O'Neill, K.; Khan, H.; Liau, L. M.; Nelson, S. F.; Rao, P.
N.; Mischel, P.; Pieper, R. O.; Cloughesy, T.; Leahy, D. J.; Sellers, W.
R.; Sawyers, C. L.; Meyerson, M.; Mellinghoff, I. K. Epidermal Growth
Factor Receptor Activation in Glioblastoma Through Novel Missense
Mutations in the Extracellular Domain. PLoS Med. 2006, 3, e485.
Raizer, J. J.; Abrey, L. E.; Lassman, A. B.; Chang, S. M.; Lamborn, K.
R.; Kuhn, J. G.; Yung, W. K. A.; Gilbert, M. R.; Aldape, K. A.; Wen, P.
Y.; Fine, H. A.; Mehta, M.; DeAngelis, L. M.; Lieberman, F.; Cloughesy,
T. F.; Robins, H. |.; Dancey, J.; Prados, M. D.; North American Brain
Tumor Consortium. A Phase Il Trial of Erlotinib in Patients with
Recurrent Malignant Gliomas and Nonprogressive Glioblastoma

Multiforme Postradiation Therapy. Neuro-oncology 2010, 12, 95-103.

121



(69)

(73)

Ullrich, A.; Coussens, L.; Hayflick, J. S.; Dull, T. J.; Gray, A.; Tam, A.
W.; Lee, J.; Yarden, Y.; Libermann, T. A.; Schlessinger, J. Human
Epidermal Growth Factor Receptor cDNA Sequence and Aberrant
Expression of the Amplified Gene in A431 Epidermoid Carcinoma Cells.
Nature 1984, 309, 418-425.

Libermann, T. A.; Razon, N.; Bartal, A. D.; Yarden, Y.; Schlessinger, J.;
Soreq, H. Expression of Epidermal Growth Factor Receptors in Human
Brain Tumors. Cancer Res. 1984, 44, 753—760.

Sato, J. D.; Kawamoto, T.; Le, A. D.; Mendelsohn, J.; Polikoff, J.; Sato,
G. H. Biological Effects in Vitro of Monoclonal Antibodies to Human
Epidermal Growth Factor Receptors. Mol. Biol. Med. 1983, 1, 511-529.
Kawamoto, T.; Sato, J. D.; Le, A.; Polikoff, J.; Sato, G. H.; Mendelsohn,
J. Growth Stimulation of A431 Cells by Epidermal Growth Factor:
Identification of High-Affinity Receptors for Epidermal Growth Factor by
an Anti-Receptor Monoclonal Antibody. Proc. Natl. Acad. Sci. U.S.A.
1983, 80, 1337-1341.

Waksal, H. W. Role of an Anti-Epidermal Growth Factor Receptor in
Treating Cancer. Cancer Metastasis Rev. 1999, 18, 427-436.
Goldstein, N. I.; Prewett, M.; Zuklys, K.; Rockwell, P.; Mendelsohn, J.
Biological Efficacy of a Chimeric Antibody to the Epidermal Growth
Factor Receptor in a Human Tumor Xenograft Model. Clin. Cancer Res.
1995, 7, 1311-1318.

Sobrero, A. F.; Maurel, J.; Fehrenbacher, L.; Scheithauer, W.; Abubakr,

122



(77)

Y. A.; Lutz, M. P.; Vega-Villegas, M. E.; Eng, C.; Steinhauer, E. U
Prausova, J.; Lenz, H.-J.; Borg, C.; Middleton, G.; Kroning, H.; Luppi,
G.; Kisker, O.; Zubel, A.; Langer, C.; Kopit, J.; Burris, H. A. EPIC: Phase
I Trial of Cetuximab Plus Irinotecan After Fluoropyrimidine and
Oxaliplatin Failure in Patients with Metastatic Colorectal Cancer. J. Clin.
Oncol. 2008, 26, 2311-2319.

Bonner, J. A.; Harari, P. M.; Giralt, J.; Azarnia, N.; Shin, D. M.; Cohen,
R. B.; Jones, C. U.; Sur, R.; Raben, D.; Jassem, J.; Ove, R.; Kies, M. S;;
Baselga, J.; Youssoufian, H.; Amellal, N.; Rowinsky, E. K.; Ang, K. K.
Radiotherapy Plus Cetuximab for Squamous-Cell Carcinoma of the
Head and Neck. N. Engl. J. Med. 2006, 354, 567-578.

Pirker, R.; Pereira, J. R.; Szczesna, A.; Pawel, von, J.; Krzakowski, M.;
Ramlau, R.; Vynnychenko, I.; Park, K.; Yu, C.-T.; Ganul, V.; Roh, J.-K.;
Bajetta, E.; O'Byrne, K.; de Marinis, F.; Eberhardt, W.; Goddemeier, T.;
Emig, M.; Gatzemeier, U.; FLEX Study Team. Cetuximab Plus
Chemotherapy in Patients with Advanced Non-Small-Cell Lung Cancer
(FLEX): an Open-Label Randomised Phase Il Trial. Lancet 2009, 373,
1525-1531.

Eller, J. L.; Longo, S. L.; Kyle, M. M.; Bassano, D.; Hicklin, D. J;
Canute, G. W. Anti-Epidermal Growth Factor Receptor Monoclonal
Antibody Cetuximab Augments Radiation Effects in Glioblastoma
Multiforme in Vitro and in Vivo. Neurosurgery 2005, 56, 155—162.

Patel, D.; Lahiji, A.; Patel, S.; Franklin, M.; Jimenez, X.; Hicklin, D. J.;

123



(81)

Kang, X. Monoclonal Antibody Cetuximab Binds to and Down-Regulates
Constitutively Activated Epidermal Growth Factor Receptor vlll on the
Cell Surface. Anticancer Res. 2007, 27, 3355-3366.

Stragliotto, G.; Vega, F.; Stasiecki, P.; Gropp, P.; Poisson, M.; Delattre,
J. Y. Multiple Infusions of Anti-Epidermal Growth Factor Receptor
(EGFR) Monoclonal Antibody (EMD 55,900) in Patients with Recurrent
Malignant Gliomas. Eur. J. Cancer 1996, 32A, 636—640.

Baselga, J. Targeting Tyrosine Kinases in Cancer: the Second Wave.
Science 2006, 312, 1175-1178.

Vivanco, |.; Robins, H. |.; Rohle, D.; Campos, C.; Grommes, C.;
Nghiemphu, P. L.; Kubek, S.; Oldrini, B.; Chheda, M. G.; Yannuzzi, N.;
Tao, H.; Zhu, S.; Iwanami, A.; Kuga, D.; Dang, J.; Pedraza, A.; Brennan,
C. W.; Heguy, A,; Liau, L. M.; Lieberman, F.; Yung, W. K. A.; Gilbert, M.
R.; Reardon, D. A.; Drappatz, J.; Wen, P. Y.; Lamborn, K. R.; Chang, S.
M.; Prados, M. D.; Fine, H. A.; Horvath, S.; Wu, N.; Lassman, A. B.;
DeAngelis, L. M.; Yong, W. H.; Kuhn, J. G.; Mischel, P. S.; Mehta, M.
P.; Cloughesy, T. F.; Mellinghoff, I. K. Differential Sensitivity of Glioma-
Versus Lung Cancer-Specific EGFR Mutations to EGFR Kinase
Inhibitors. Cancer Discov 2012, 2, 458—-471.

Baumann, M.; Krause, M.; Dikomey, E.; Dittmann, K.; Dorr, W.; Kasten-
Pisula, U.; Rodemann, H. P. EGFR-Targeted Anti-Cancer Drugs in
Radiotherapy: Preclinical Evaluation of Mechanisms. Radiother Oncol

2007, 83, 238—-248.

124



(84)

(86)

Rich, J. N.; Bigner, D. D. Development of Novel Targeted Therapies in
the Treatment of Malignant Glioma. Nat Rev Drug Discov 2004, 3, 430—
446.

van den Bent, M. J.; Brandes, A.; Rampling, R.; Kouwenhoven, M
Kros, J. M.; Carpentier, A. F.; Clement, P.; Klughammer, B.; Gorlia, T.;
Lacombe, D. Randomized Phase Il Trial of Erlotinib (E) Versus
Temozolomide (TMZ) or BCNU in Recurrent Glioblastoma Multiforme
(GBM): EORTC 26034. ASCO Meeting Abstracts 2007, 25, 2005.
Thiessen, B.; Stewart, C.; Tsao, M.; Kamel-Reid, S.; Schaiquevich, P.;
Mason, W.; Easaw, J.; Belanger, K.; Forsyth, P.; Mcintosh, L.
Eisenhauer, E. A Phase /Il Trial of GW572016 (Lapatinib) in Recurrent
Glioblastoma Multiforme: Clinical Outcomes, Pharmacokinetics and
Molecular Correlation. Cancer Chemother Pharmacol 2010, 65, 353—
361.

Gullick, W. J. The Type 1 Growth Factor Receptors and Their Ligands
Considered as a Complex System. Endocr. Relat. Cancer 2001, 8, 75—
82.

Jones, R. B.; Gordus, A.; Krall, J. A.; MacBeath, G. A Quantitative
Protein Interaction Network for the ErbB Receptors Using Protein
Microarrays. Nature 2006, 439, 168—-174.

Jorissen, R. N.; Walker, F.; Pouliot, N.; Garrett, T. P. J.; Ward, C. W,;
Burgess, A. W. Epidermal Growth Factor Receptor: Mechanisms of

Activation and Signalling. Exp. Cell Res. 2003, 284, 31-53.

125



(88)

(89)

(90)

Choe, G.; Horvath, S.; Cloughesy, T. F.; Crosby, K.; Seligson, D.;
Palotie, A.; Inge, L.; Smith, B. L.; Sawyers, C. L.; Mischel, P. S. Analysis
of the Phosphatidylinositol 3'-Kinase Signaling Pathway in Glioblastoma
Patients in Vivo. Cancer Res. 2003, 63, 2742-2746.

Mizoguchi, M.; Betensky, R. A.; Batchelor, T. T.; Bernay, D. C.; Louis,
D. N.; Nutt, C. L. Activation of STAT3, MAPK, and AKT in Malignant
Astrocytic Gliomas: Correlation with EGFR Status, Tumor Grade, and
Survival. J. Neuropathol. Exp. Neurol. 2006, 65, 1181-1188.

Kim, H. H.; Sierke, S. L.; Koland, J. G. Epidermal Growth Factor-
Dependent Association of Phosphatidylinositol 3-Kinase with the erbB3
Gene Product. J. Biol. Chem. 1994, 269, 24747—-24755.

Stover, D. R.; Becker, M.; Liebetanz, J.; Lydon, N. B. Src
Phosphorylation of the Epidermal Growth Factor Receptor at Novel
Sites Mediates Receptor Interaction with Src and P85 Alpha. J. Biol.
Chem. 1995, 270, 15591-15597.

Courtney, K. D.; Corcoran, R. B.; Engelman, J. A. The PI3K Pathway as
Drug Target in Human Cancer. J. Clin. Oncol. 2010, 28, 1075-1083.
Engelman, J. A. Targeting PI3K Signalling in Cancer: Opportunities,
Challenges and Limitations. Nat. Rev. Cancer 2009, 9, 550-562.

Zhao, T. T.; Le Francois, B. G.; Goss, G.; Ding, K.; Bradbury, P. A;;
Dimitroulakos, J. Lovastatin Inhibits EGFR Dimerization and AKT
Activation in Squamous Cell Carcinoma Cells: Potential Regulation by

Targeting Rho Proteins. Oncogene 2010, 29, 4682—-4692.

126



(97)

(98)

(99)

(100)

Datta, S. R.; Dudek, H.; Tao, X.; Masters, S.; Fu, H.; Gotoh, Y.;
Greenberg, M. E. Akt Phosphorylation of BAD Couples Survival Signals
to the Cell-Intrinsic Death Machinery. Cell 1997, 91, 231-241.

Samuels, Y.; Wang, Z.; Bardelli, A.; Silliman, N.; Ptak, J.; Szabo, S;
Yan, H.; Gazdar, A.; Powell, S. M.; Riggins, G. J.; Willson, J. K. V;
Markowitz, S.; Kinzler, K. W.; Vogelstein, B.; Velculescu, V. E. High
Frequency of Mutations of the PIK3CA Gene in Human Cancers.
Science 2004, 304, 554-554.

Gallia, G. L.; Rand, V.; Siu, |.-M.; Eberhart, C. G.; James, C. D.; Marie,
S. K. N.; Oba-Shinjo, S. M.; Carlotti, C. G.; Caballero, O. L.; Simpson,
A. J. G,; Brock, M. V.; Massion, P. P.; Carson, B. S.; Riggins, G. J.
PIK3CA Gene Mutations in Pediatric and Adult Glioblastoma Multiforme.
Mol. Cancer Res. 2006, 4, 709-714.

Wang, H.; Wang, H.; Zhang, W.; Huang, H. J.; Liao, W. S. L.; Fuller, G.
N. Analysis of the Activation Status of Akt, NFkappaB, and Stat3 in
Human Diffuse Gliomas. Lab. Invest. 2004, 84, 941-951.

Rich, J. N.; Bigner, D. D. Development of Novel Targeted Therapies in
the Treatment of Malignant Glioma. Nat Rev Drug Discov 2004, 3, 430—
446.

Wick, W.; Puduvalli, V. K.; Chamberlain, M. C.; van den Bent, M. J.;
Carpentier, A. F.; Cher, L. M.; Mason, W.; Weller, M.; Hong, S.; Musib,
L.; Liepa, A. M.; Thornton, D. E.; Fine, H. A. Phase Ill Study of

Enzastaurin Compared with Lomustine in the Treatment of Recurrent

127



(101)

(102)

(103)

(104)

(105)

(106)

(107)

Intracranial Glioblastoma. J. Clin. Oncol. 2010, 28, 1168-1174.

Batzer, A. G.; Rotin, D.; Urena, J. M.; Skolnik, E. Y.; Schlessinger, J.
Hierarchy of Binding Sites for Grb2 and Shc on the Epidermal Growth
Factor Receptor. Mol. Cell. Biol. 1994, 14, 5192-5201.

Pawson, T. Protein Modules and Signalling Networks. Nature 1995,
373, 573-580.

Marshall, C. J. Cell Signalling. Raf Gets It Together. Nature 1996, 383,
127-128.

Cressman, D. E.; Diamond, R. H.; Taub, R. Rapid Activation of the
Stat3 Transcription Complex in Liver Regeneration. Hepatology 1995,
21, 1443-1449.

David, M.; Wong, L.; Flavell, R.; Thompson, S. A.; Wells, A.; Larner, A.
C.; Johnson, G. R. STAT Activation by Epidermal Growth Factor (EGF)
and Amphiregulin. Requirement for the EGF Receptor Kinase but Not
for Tyrosine Phosphorylation Sites or JAK1. J. Biol. Chem. 1996, 271,
9185-9188.

Eilers, A.; Decker, T. Activity of Stat Family Transcription Factors Is
Developmentally Controlled in Cells of the Macrophage Lineage.
Immunobiology 1995, 193, 328-333.

Demoulin, J. B.; Uyttenhove, C.; Van Roost, E.; Delestré, B.; Donckers,
D.; Van Snick, J.; Renauld, J. C. A Single Tyrosine of the Interleukin-9
(IL-9) Receptor Is Required for STAT Activation, Antiapoptotic Activity,

and Growth Regulation by IL-9. Mol. Cell. Biol. 1996, 16, 4710-4716.

128



(108)

(109)

(110)

(111)

(112)

(113)

(114)

Park, O. K.; Schaefer, T. S.; Nathans, D. In Vitro Activation of Stat3 by
Epidermal Growth Factor Receptor Kinase. Proc. Natl. Acad. Sci. U.S.A.
1996, 93, 13704—-13708.

Latha, K.; Li, M.; Chumbalkar, V.; Gururaj, A.; Hwang, Y.; Dakeng, S.;
Sawaya, R.; Aldape, K.; Cavenee, W. K.; Bogler, O.; Furnari, F. B.
Nuclear EGFRVIII-STAT5b Complex Contributes to Glioblastoma Cell
Survival by Direct Activation of the Bcl-XL Promoter. Int. J. Cancer
2013, 132, 509-520.

Du, J.; Bernasconi, P.; Clauser, K. R.; Mani, D. R.; Finn, S. P.;
Beroukhim, R.; Burns, M.; Julian, B.; Peng, X. P.; Hieronymus, H.;
Maglathlin, R. L.; Lewis, T. A.; Liau, L. M.; Nghiemphu, P.; Mellinghoff, I.
K.; Louis, D. N.; Loda, M.; Carr, S. A.; Kung, A. L.; Golub, T. R. Bead-
Based Profiling of Tyrosine Kinase Phosphorylation Identifies SRC as a
Potential Target for Glioblastoma Therapy. Nat. Biotechnol. 2009, 27,
77-83.

Stéhelin, D. The Transforming Gene of Avian Tumor Viruses. Pathol.
Biol. 1976, 24, 513-515.

Stéhelin, D.; Varmus, H. E.; Bishop, J. M.; Vogt, P. K. DNA Related to
the Transforming Gene(S) of Avian Sarcoma Viruses Is Present in
Normal Avian DNA. Nature 1976, 260, 170-173.

Thomas, S. M.; Brugge, J. S. Cellular Functions Regulated by Src
Family Kinases. Annu. Rev. Cell Dev. Biol. 1997, 13, 513—609.

Summy, J. M.; Gallick, G. E. Src Family Kinases in Tumor Progression

129



(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

and Metastasis. Cancer Metastasis Rev. 2003, 22, 337-358.

Kim, L. C.; Song, L.; Haura, E. B. Src Kinases as Therapeutic Targets
for Cancer. Nat Rev Clin Oncol 2009, 6, 587-595.

Sgroi, D. C. Breast Cancer SRC Activity: Bad to the Bone. Cancer Cell
2009, 16, 1-2.

Johnson, F. M.; Gallick, G. E. SRC Family Nonreceptor Tyrosine
Kinases as Molecular Targets for Cancer Therapy. Anticancer Agents
Med Chem 2007, 7, 651-659.

Tsygankov, A. Y.; Shore, S. K. Src: Regulation, Role in Human
Carcinogenesis and Pharmacological Inhibitors. Curr. Pharm. Des.
2004, 10, 1745-1756.

Okada, M.; Nada, S.; Yamanashi, Y.; Yamamoto, T.; Nakagawa, H.
CSK: a Protein-Tyrosine Kinase Involved in Regulation of Src Family
Kinases. J. Biol. Chem. 1991, 266, 24249-24252.

Bergman, M.; Mustelin, T.; Oetken, C.; Partanen, J.; Flint, N. A.; Amrein,
K. E.; Autero, M.; Burn, P.; Alitalo, K. The Human P50csk Tyrosine
Kinase Phosphorylates P56ick at Tyr-505 and Down Regulates Its
Catalytic Activity. EMBO J. 1992, 11, 2919-2924.

Sabe, H.; Okada, M.; Nakagawa, H.; Hanafusa, H. Activation of C-Src in
Cells Bearing v-Crk and Its Suppression by Csk. Mol. Cell. Biol. 1992,
12, 4706—4713.

Chow, L.; Fournow, T.; Davidson, D.; Veillette, A.;Negative Regulation

of T-Cell Receptor Signalling by Tyrosine Protein Kinase P50csk. 1993,

130



(123)

(124)

(125)

(126)

(127)

(128)

(129)

365, 156—-160.

Nada, S.; Yagi, T.; Takeda, H.; Tokunaga, T.; Nakagawa, H.; lkawa, Y;
Okada, M.; Aizawa, S. Constitutive Activation of Src Family Kinases in
Mouse Embryos That Lack Csk. Cell 1993, 73, 1125-1135.
Superti-Furga, G.; Fumagalli, S.; Koegl, M.; Courtneidge, S. A.; Draetta,
G. Csk Inhibition of C-Src Activity Requires Both the SH2 and SH3
Domains of Src. EMBO J. 1993, 12, 2625-2634.

Takeuchi, M.; Kuramochi, S.; Fusaki, N.; Nada, S.; Kawamura-Tsuzuku,
J.; Matsuda, S.; Semba, K.; Toyoshima, K.; Okada, M.; Yamamoto, T.
Functional and Physical Interaction of Protein-Tyrosine Kinases Fyn and
Csk in the T-Cell Signaling System. J. Biol. Chem. 1993, 268, 27413—
27419.

Roussel, R. R.; Brodeur, S. R.; Shalloway, D.; Laudano, A. P. Selective
Binding of Activated Pp60c-Src by an Immobilized Synthetic
Phosphopeptide Modeled on the Carboxyl Terminus of Pp60c-Src.
Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 10696—10700.

Weijland, A.; Williams, J. C.; Neubauer, G.; Courtneidge, S. A
Wierenga, R. K.; Superti-Furga, G. Src Regulated by C-Terminal
Phosphorylation Is Monomeric. Proc. Natl. Acad. Sci. U.S.A. 1997, 94,
3590-3595.

Sicheri, F.; Moarefi, |.; Kuriyan, J. Crystal Structure of the Src Family
Tyrosine Kinase Hck. Nature 1997, 385, 602—609.

Xu, W.; Doshi, A.; Lei, M.; Eck, M. J.; Harrison, S. C. Crystal Structures

131



(130)

(131)

(132)

(133)

(134)

(135)

of C-Src Reveal Features of Its Autoinhibitory Mechanism. Mol. Cell
1999, 3, 629-638.

Williams, J. C.; Weijland, A.; Gonfloni, S.; Thompson, A.; Courtneidge,
S. A.; Superti-Furga, G.; Wierenga, R. K. The 2.35 a Crystal Structure of
the Inactivated Form of Chicken Src: a Dynamic Molecule with Multiple
Regulatory Interactions. J. Mol. Biol. 1997, 274, 757-775.

Schindler, T.; Sicheri, F.; Pico, A.; Gazit, A.; Levitzki, A.; Kuriyan, J.
Crystal Structure of Hck in Complex with a Src Family-Selective
Tyrosine Kinase Inhibitor. Mol. Cell 1999, 3, 639—-648.

Sun, G.; Sharma, A. K.; Budde, R. J. Autophosphorylation of Src and
Yes Blocks Their Inactivation by Csk Phosphorylation. Oncogene 1998,
17, 1587—-1595.

Boerner, J. L.; Demory, M. L.; Silva, C.; Parsons, S. J. Phosphorylation
of Y845 on the Epidermal Growth Factor Receptor Mediates Binding to
the Mitochondrial Protein Cytochrome C Oxidase Subunit Il. Mol. Cell.
Biol. 2004, 24, 7059-7071.

Fang, K. S.; Sabe, H.; Saito, H.; Hanafusa, H. Comparative Study of
Three Protein-Tyrosine Phosphatases. Chicken Protein-Tyrosine
Phosphatase Lambda Dephosphorylates C-Src Tyrosine 527. J. Biol.
Chem. 1994, 269, 20194—-20200.

Zheng, X. M.; Wang, Y.; Pallen, C. J. Cell Transformation and Activation
of Pp60c-Src by Overexpression of a Protein Tyrosine Phosphatase.

Nature 1992, 359, 336-339.

132



(136)

(137)

(138)

(139)

(140)

Stettner, M. R.; Wang, W.; Nabors, L. B.; Bharara, S.; Flynn, D. C,;
Grammer, J. R.; Gillespie, G. Y.; Gladson, C. L. Lyn Kinase Activity Is
the Predominant Cellular SRC Kinase Activity in Glioblastoma Tumor
Cells. Cancer Res. 2005, 65, 5535-5543.

Lu, K. V.; Zhu, S.; Cvrljevic, A.; Huang, T. T.; Sarkaria, S.; Ahkavan, D.;
Dang, J.; Dinca, E. B.; Plaisier, S. B.; Oderberg, |.; Lee, Y.; Chen, Z,;
Caldwell, J. S.; Xie, Y.; Loo, J. A.; Seligson, D.; Chakravari, A.; Lee, F.
Y.; Weinmann, R.; Cloughesy, T. F.; Nelson, S. F.; Bergers, G
Graeber, T.; Furnari, F. B.; James, C. D.; Cavenee, W. K.; Johns, T. G.;
Mischel, P. S. Fyn and SRC Are Effectors of Oncogenic Epidermal
Growth Factor Receptor Signaling in Glioblastoma Patients. Cancer
Res. 2009, 69, 6889-6898.

Agarwal, S.; Mittapalli, R. K.; Zellmer, D. M.; Gallardo, J. L.; Donelson,
R.; Seiler, C.; Decker, S. A.; Santacruz, K. S.; Pokorny, J. L.; Sarkaria,
J. N.; Elmquist, W. F.; Ohlfest, J. R. Active Efflux of Dasatinib From the
Brain Limits Efficacy Against Murine Glioblastoma: Broad Implications
for the Clinical Use of Molecularly Targeted Agents. Mol. Cancer Ther.
2012, 11, 2183-2192.

Lu-Emerson, C.; Norden, A. D.; Drappatz, J.; Quant, E. C.; Beroukhim,
R.; Ciampa, A. S.; Doherty, L. M.; Lafrankie, D. C.; Ruland, S.; Wen, P.
Y. Retrospective Study of Dasatinib for Recurrent Glioblastoma After
Bevacizumab Failure. J. Neurooncol. 2011, 104, 287-291.

Reardon, D. A.; Vredenburgh, J. J.; Desjardins, A.; Peters, K. B,

133



(141)

(142)

(143)

(144)

(145)

(146)

Sathornsumetee, S.; Threatt, S.; Sampson, J. H.; Herndon, J. E.; Coan,
A.; McSherry, F.; Rich, J. N.; McLendon, R. E.; Zhang, S.; Friedman, H.
S. Phase 1 Trial of Dasatinib Plus Erlotinib in Adults with Recurrent
Malignant Glioma. J. Neurooncol. 2012, 108, 499-506.

Han, X.; Zhang, W.; Yang, X.; Wheeler, C. G.; Langford, C. P.; Wu, L.;
Filippova, N.; Friedman, G. K.; Ding, Q.; Fathallah-Shaykh, H. M.;
Gillespie, G. Y.; Nabors, L. B. The Role of Src Family Kinases in Growth
and Migration of Glioma Stem Cells. Int. J. Oncol. 2014, 45, 302-310.
Posadas, E. M.; Al-Ahmadie, H.; Robinson, V. L.; Jagadeeswaran, R;
Otto, K.; Kasza, K. E.; Tretiakov, M.; Siddiqui, J.; Pienta, K. J.; Stadler,
W. M.; Rinker-Schaeffer, C.; Salgia, R. FYN Is Overexpressed in
Human Prostate Cancer. BJU Int. 2009, 103, 171-177.

Ban, K.; Gao, Y.; Amin, H. M.; Howard, A.; Miller, C.; Lin, Q.; Leng, X.;
Munsell, M.; Bar-Eli, M.; Arlinghaus, R. B.; Chandra, J. BCR-ABL1
Mediates Up-Regulation of Fyn in Chronic Myelogenous Leukemia.

Blood 2008, 7111, 2904-2908.

Hausen, zur, J. D.; Burn, P.; Amrein, K. E. Co-Localization of Fyn with

CD3 Complex, CD45 or CD28 Depends on Different Mechanisms.
European Journal of Immunology 1997, 27, 2643-2649.

Schenone, S.; Brullo, C.; Musumeci, F.; Biava, M.; Falchi, F.; Botta, M.
Fyn Kinase in Brain Diseases and Cancer: the Search for Inhibitors.
Curr. Med. Chem. 2011, 18, 2921-2942.

Kawakami, T.; Kawakami, Y.; Aaronson, S. A.; Robbins, K. C.

134



(147)

(148)

(149)

(150)

(151)

(152)

(153)

Acquisition of Transforming Properties by FYN, a Normal SRC-Related
Human Gene. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 3870-3874.
Valko, M.; Rhodes, C. J.; Moncol, J.; Izakovic, M.; Mazur, M. Free
Radicals, Metals and Antioxidants in Oxidative Stress-Induced Cancer.
Chem. Biol. Interact. 2006, 160, 1-40.

Waris, G.; Ahsan, H. Reactive Oxygen Species: Role in the
Development of Cancer and Various Chronic Conditions. J Carcinog
2006, 5, 14.

Schafer, F. Q.; Buettner, G. R. Redox Environment of the Cell as
Viewed Through the Redox State of the Glutathione
Disulfide/Glutathione Couple. Free Radic. Biol. Med. 2001, 30, 1191-
1212.

Smith, J.; Ladi, E.; Mayer-Proschel, M.; Noble, M. Redox State Is a
Central Modulator of the Balance Between Self-Renewal and
Differentiation in a Dividing Glial Precursor Cell. Proc. Natl. Acad. Sci.
U.S.A. 2000, 97, 10032—10037.

Noble, M.; Smith, J.; Power, J.; Mayer-Proschel, M. Redox State as a
Central Modulator of Precursor Cell Function. Ann. N. Y. Acad. Sci.
2003, 991, 251-271.

Oberley, L. W.; Oberley, T. D.; Buettner, G. R. Cell Division in Normal
and Transformed Cells: the Possible Role of Superoxide and Hydrogen
Peroxide. Med. Hypotheses 1981, 7, 21-42.

Trachootham, D.; Alexandre, J.; Huang, P. Targeting Cancer Cells by

135



(154)

(155)

(156)

(157)

(158)

(159)

(160)

ROS-Mediated Mechanisms: a Radical Therapeutic Approach? Nat Rev
Drug Discov 2009, 8, 579-591.

Brar, S. S.; Kennedy, T. P.; Sturrock, A. B.; Huecksteadt, T. P.; Quinn,
M. T.; Whorton, A. R.; Hoidal, J. R. An NAD(P)H Oxidase Regulates
Growth and Transcription in Melanoma Cells. Am. J. Physiol., Cell
Physiol. 2002, 282, C1212—C1224.

Gao, Y.; Howard, A.; Ban, K.; Chandra, J. Oxidative Stress Promotes
Transcriptional Up-Regulation of Fyn in BCR-ABL1-Expressing Cells. J.
Biol. Chem. 2009, 284, 7114-7125.

Khachigian, L. M.; Collins, T. Early Growth Response Factor 1: a
Pleiotropic Mediator of Inducible Gene Expression. J. Mol. Med. 1998,
76, 613-616.

Adamson, E.; de Belle, I.; Mittal, S.; Wang, Y.; Hayakawa, J.; Korkmaz,
K.; O'Hagan, D.; McClelland, M.; Mercola, D. Egr1 Signaling in Prostate
Cancer. Cancer Biol. Ther. 2003, 2, 617-622.

Krones-Herzig, A.; Mittal, S.; Yule, K.; Liang, H.; English, C.; Urcis, R.;
Soni, T.; Adamson, E. D.; Mercola, D. Early Growth Response 1 Acts as
a Tumor Suppressor in Vivo and in Vitro via Regulation of P53. Cancer
Res. 2005, 65, 5133-5143.

Gregg, J.; Fraizer, G. Transcriptional Regulation of EGR1 by EGF and
the ERK Signaling Pathway in Prostate Cancer Cells. Genes Cancer
2011, 2, 900-909.

Mitchell, A.; Dass, C.; Sun, L.; Kachigian, L. Inhibition of Human Breast

136



(161)

(162)

(163)

(164)

(165)

(166)

(167)

Carcinoma Proliferation, Migration, Chemoinvasion and Solid Tumour
Growth by DNAzymes Targeting the Zinc Finger Transcription Factor
EGR-1. 2004, 32, 3065—-3069.

Harada, T.; Morooka, T.; Ogawa, S.; Nishida, E. ERK Induces P35, a
Neuron-Specific Activator of Cdk5, Through Induction of Egr1. Nat. Cell
Biol. 2001, 3, 453—-459.

Maegawa, M.; Arao, T.; Yokote, H.; Matsumoto, K.; Kudo, K.; Tanaka,
K.; Kaneda, H.; Fujita, Y.; lto, F.; Nishio, K. EGFR Mutation Up-
Regulates EGR1 Expression Through the ERK Pathway. Anticancer
Res. 2009, 29, 1111-1117.

Okada, M.; Nada, S.; Yamanashi, Y.; Yamamoto, T.; Nakagawa, H.
CSK: a Protein-Tyrosine Kinase Involved in Regulation of Src Family
Kinases. J. Biol. Chem. 1991, 266, 24249-24252.

Bedard, K.; Krause, K.-H. The NOX Family of ROS-Generating NADPH
Oxidases: Physiology and Pathophysiology. Physiol. Rev. 2007, 87,
245-313.

Halliwell, B. Reactive Oxygen Species in Living Systems: Source,
Biochemistry, and Role in Human Disease. Am. J. Med. 1991, 91, 14S—
228S.

Szatrowski, T. P.; Nathan, C. F. Production of Large Amounts of
Hydrogen Peroxide by Human Tumor Cells. Cancer Res. 1991, 51,
794-798.

Xia, R.; Webb, J. A.; Gnall, L. L. M.; Cutler, K.; Abramson, J. J. Skeletal

137



(168)

(169)

(170)

(171)

(172)

(173)

Muscle Sarcoplasmic Reticulum Contains a NADH-Dependent Oxidase
That Generates Superoxide. Am. J. Physiol., Cell Physiol. 2003, 285,
C215-C221.

Kleniewska, P.; Piechota, A.; Skibska, B.; Gorgca, A. The NADPH
Oxidase Family and Its Inhibitors. Arch. Immunol. Ther. Exp. 2012, 60,
277-294.

Geiszt, M. NADPH Oxidases: New Kids on the Block. Cardiovasc. Res.
2006, 71, 289-299.

Paletta-Silva, R.; Rocco-Machado, N.; Meyer-Fernandes, J. R. NADPH
Oxidase Biology and the Regulation of Tyrosine Kinase Receptor
Signaling and Cancer Drug Cytotoxicity. Int J Mol Sci 2013, 14, 3683—
3704.

Rossi, F.; Zatti, M. Biochemical Aspects of Phagocytosis in
Polymorphonuclear Leucocytes. NADH and NADPH Oxidation by the
Granules of Resting and Phagocytizing Cells. Experientia 1964, 20, 21—
23.

Raad, H.; Paclet, M.-H.; Boussetta, T.; Kroviarski, Y.; Morel, F.; Quinn,
M. T.; Gougerot-Pocidalo, M.-A.; Dang, P. M.-C.; El-Benna, J.
Regulation of the Phagocyte NADPH Oxidase Activity: Phosphorylation
of Gp91phox/NOX2 by Protein Kinase C Enhances Its Diaphorase
Activity and Binding to Rac2, P67phox, and P47phox. FASEB J. 2009,
23, 1011-1022.

Mitsushita, J.; Lambeth, J. D.; Kamata, T. The Superoxide-Generating

138



(174)

(175)

(176)

(177)

Oxidase Nox1 Is Functionally Required for Ras Oncogene
Transformation. Cancer Res. 2004, 64, 3580—-3585.

Hurtado-Nedelec, M.; Csillag-Grange, M.-J.; Boussetta, T.; Belambri, S.
A.; Fay, M.; Cassinat, B.; Gougerot-Pocidalo, M.-A.; Dang, P. M.-C.; EI-
Benna, J. Increased Reactive Oxygen Species Production and P47phox
Phosphorylation in Neutrophils From Myeloproliferative Disorders
Patients with JAK2 (V617F) Mutation. Haematologica 2013, 98, 1517—
1524.

Lien, G.-S.; Wu, M.-S;; Bien, M.-Y.; Chen, C.-H; Lin, C.-H.; Chen, B.-C.
Epidermal Growth Factor Stimulates Nuclear Factor-kB Activation and
Heme Oxygenase-1 Expression via C-Src, NADPH Oxidase, PI3K, and
Akt in Human Colon Cancer Cells. PLoS ONE 2014, 9, e104891.

Jha, P.; Patric, I. R. P.; Shukla, S.; Pathak, P.; Pal, J.; Sharma, V.
Thinagararanjan, S.; Santosh, V.; Suri, V.; Sharma, M. C.; Arivazhagan,
A.; Suri, A.; Gupta, D.; Somasundaram, K.; Sarkar, C. Genome-Wide
Methylation Profiling Identifies an Essential Role of Reactive Oxygen
Species in Pediatric Glioblastoma Multiforme and Validates a
Methylome Specific for H3 Histone Family 3A with Absence of G-
CIMP/lIsocitrate Dehydrogenase 1 Mutation. Neuro-oncology 2014, 16,
nou113-nou1617.

Kawahara, T.; Ritsick, D.; Cheng, G.; Lambeth, J. D. Point Mutations in
the Proline-Rich Region of P22phox Are Dominant Inhibitors of Nox1-

and Nox2-Dependent Reactive Oxygen Generation. J. Biol. Chem.

139



(178)

(179)

(180)

(181)

(182)

(183)

2005, 280, 31859-31869.

Lambeth, J. D.; Kawahara, T.; Diebold, B. Regulation of Nox and Duox
Enzymatic Activity and Expression. Free Radic. Biol. Med. 2007, 43,
319-331.

Zhang, C.; Lan, T.; Hou, J.; Li, J.; Fang, R.; Yang, Z.; Zhang, M.; Liu, J.;
Liu, B. NOX4 Promotes Non-Small Cell Lung Cancer Cell Proliferation
and Metastasis Through Positive Feedback Regulation of PI3K/Akt
Signaling. Oncotarget 2014, 5, 4392-4405.

Shono, T.; Yokoyama, N.; Uesaka, T.; Kuroda, J.; Takeya, R,;
Yamasaki, T.; Amano, T.; Mizoguchi, M.; Suzuki, S. O.; Niiro, H;
Miyamoto, K.; Akashi, K.; lwaki, T.; Sumimoto, H.; Sasaki, T. Enhanced
Expression of NADPH Oxidase Nox4 in Human Gliomas and lts Roles
in Cell Proliferation and Survival. Int. J. Cancer 2008, 123, 787—-792.

Li, Y.; Han, N.; Yin, T.; Huang, L.; Liu, S.; Liu, D.; Xie, C.; Zhang, M.
Lentivirus-Mediated Nox4 shRNA Invasion and Angiogenesis and
Enhances Radiosensitivity in Human Glioblastoma. Oxid Med Cell
Longev 2014, 2014, 581732-581739.

Mondol, A. S.; Tonks, N. K.; Kamata, T. Nox4 Redox Regulation of
PTP1B Contributes to the Proliferation and Migration of Glioblastoma
Cells by Modulating Tyrosine Phosphorylation of Coronin-1C. Free
Radic. Biol. Med. 2014, 67, 285-291.

Sangar, V.; Funk, C. C.; Kusebauch, U.; Campbell, D. S.; Moritz, R. L;

Price, N. D. Quantitative Proteomic Analysis Reveals Effects of EGFR

140



(184)

(185)

(186)

(187)

(188)

(189)

(190)

on Invasion-Promoting Proteins Secreted by Glioblastoma Cells. Mol.
Cell Proteomics 2014, mcp.M114.040428.

Nitta, M.; Kozono, D.; Kennedy, R.; Stommel, J.; Ng, K.; Zinn, P. O,
Kushwaha, D.; Kesari, S.; Inda, M.-D.-M.; Wykosky, J.; Furnari, F.;
Hoadley, K. A.; Chin, L.; DePinho, R. A.; Cavenee, W. K_; D'Andrea, A.;
Chen, C. C. Targeting EGFR Induced Oxidative Stress by PARP1
Inhibition in Glioblastoma Therapy. PLoS ONE 2010, 5, e10767.
Nishikawa, R.; Ji, X. D.; Harmon, R. C.; Lazar, C. S.; Gill, G. N.;
Cavenee, W. K.; Huang, H. J. A Mutant Epidermal Growth Factor
Receptor Common in Human Glioma Confers Enhanced
Tumorigenicity. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 7727-7731.
Scaltriti, M.; Baselga, J. The Epidermal Growth Factor Receptor
Pathway: a Model for Targeted Therapy. Clin. Cancer Res. 2006, 12,
5268-5272.

Pao, W.; Chmielecki, J. Rational, Biologically Based Treatment of
EGFR-Mutant Non-Small-Cell Lung Cancer. Nat. Rev. Cancer 2010, 10,
760-774.

Brandes, A. A.; Franceschi, E.; Tosoni, A.; Hegi, M. E.; Stupp, R.
Epidermal Growth Factor Receptor Inhibitors in Neuro-Oncology: Hopes
and Disappointments. Clin. Cancer Res. 2008, 14, 957-960.

Aleshin, A.; Finn, R. S. SRC: a Century of Science Brought to the Clinic.
Neoplasia 2010, 12, 599-607.

Rhodes, D. R.; Yu, J.; Shanker, K.; Deshpande, N.; Varambally, R.;

141



(191)

(192)

(193)

(194)

(195)

Ghosh, D.; Barrette, T.; Pandey, A.; Chinnaiyan, A. M. ONCOMINE: a
Cancer Microarray Database and Integrated Data-Mining Platform.
Neoplasia 2004, 6, 1-6.

Abe, J.; Berk, B. C. Fyn and JAK2 Mediate Ras Activation by Reactive
Oxygen Species. J. Biol. Chem. 1999, 274, 21003-21010.

Bao, S.; Wu, Q.; McLendon, R. E.; Hao, Y.; Shi, Q.; Hjelmeland, A. B.;
Dewhirst, M. W.; Bigner, D. D.; Rich, J. N. Glioma Stem Cells Promote
Radioresistance by Preferential Activation of the DNA Damage
Response. Nature 2006, 444, 756—760.

Bhat, K. P. L.; Balasubramaniyan, V.; Vaillant, B.; Ezhilarasan, R
Hummelink, K.; Hollingsworth, F.; Wani, K.; Heathcock, L.; James, J. D;
Goodman, L. D.; Conroy, S.; Long, L.; Lelic, N.; Wang, S.; Gumin, J;
Raj, D.; Kodama, Y.; Raghunathan, A.; Olar, A.; Joshi, K.; Pelloski, C.
E.; Heimberger, A.; Kim, S. H.; Cahill, D. P.; Rao, G.; Dunnen, Den, W.
F. A.; Boddeke, H. W. G. M.; Phillips, H. S.; Nakano, I.; Lang, F. F;
Colman, H.; Sulman, E. P.; Aldape, K. Mesenchymal Differentiation
Mediated by NF-kB Promotes Radiation Resistance in Glioblastoma.
Cancer Cell 2013, 24, 331-346.

Vaquero, E. C.; Edderkaoui, M.; Pandol, S. J.; Gukovsky, I;
Gukovskaya, A. S. Reactive Oxygen Species Produced by NAD(P)H
Oxidase Inhibit Apoptosis in Pancreatic Cancer Cells. J. Biol. Chem.
2004, 279, 34643-34654.

Chowdhury, A. K.; Watkins, T.; Parinandi, N. L.; Saatian, B.; Kleinberg,

142



(196)

(197)

(198)

(199)

(200)

M. E.; Usatyuk, P. V.; Natarajan, V. Src-Mediated Tyrosine
Phosphorylation of P47phox in Hyperoxia-Induced Activation of NADPH
Oxidase and Generation of Reactive Oxygen Species in Lung
Endothelial Cells. J. Biol. Chem. 2005, 280, 20700-20711.

Golding, S. E.; Morgan, R. N.; Adams, B. R.; Hawkins, A. J.; Povirk, L.
F.; Valerie, K. Pro-Survival AKT and ERK Signaling From EGFR and
Mutant EGFRvIII Enhances DNA Double-Strand Break Repair in Human
Glioma Cells. Cancer Biol. Ther. 2009, 8, 730—738.

Arora, S.; Wang, Y.; Jia, Z.; Vardar-Sengul, S.; Munawar, A.; Doctor, K.
S.; Birrer, M.; McClelland, M.; Adamson, E.; Mercola, D. Egr1 Regulates
the Coordinated Expression of Numerous EGF Receptor Target Genes
as Identified by ChIP-on-Chip. Genome Biol. 2008, 9, R166.

Ogrunc, M.; Di Micco, R.; Liontos, M.; Bombardelli, L.; Mione, M
Fumagalli, M.; Gorgoulis, V. G.; d'Adda di Fagagna, F. Oncogene-
Induced Reactive Oxygen Species Fuel Hyperproliferation and DNA
Damage Response Activation. Cell Death Differ. 2014, 21, 998—-1012.
Irani, K.; Xia, Y.; Zweier, J. L.; Sollott, S. J.; Der, C. J.; Fearon, E. R;;
Sundaresan, M.; Finkel, T.; Goldschmidt-Clermont, P. J. Mitogenic
Signaling Mediated by Oxidants in Ras-Transformed Fibroblasts.
Science 1997, 275, 1649-1652.

Liu, Y.; Fiskum, G.; Schubert, D. Generation of Reactive Oxygen
Species by the Mitochondrial Electron Transport Chain. J. Neurochem.

2002, 80, 780-787.

143



(201)

(202)

(203)

Zhang, X.; Lu, H.; Wang, Y.; Liu, C.; Zhu, W.; Zheng, S.; Wan, F.
Taurine Induces the Apoptosis of Breast Cancer Cells by Regulating
Apoptosis-Related Proteins of Mitochondria. Int. J. Mol. Med. 2015, 35,
218-226.

Altenhofer, S.; Radermacher, K. A.; Kleikers, P. W. M.; Wingler, K;;
Schmidt, H. H. H. W. Evolution of NADPH Oxidase Inhibitors: Selectivity
and Mechanisms for Target Engagement. Antioxid. Redox Signal. 2014,
19, 240-242.

Csanyi, G.; Cifuentes-Pagano, E.; Ghouleh, Al, I.; Ranayhossaini, D. J.;
Egana, L.; Lopes, L. R.; Jackson, H. M.; Kelley, E. E.; Pagano, P. J.
Nox2 B-Loop Peptide, Nox2ds, Specifically Inhibits the NADPH Oxidase

Nox2. Free Radic. Biol. Med. 2011, 51, 1116-1125.

144



VITA

Blake Paul Johnson was born and raised in El Dorado, AR. He graduated
from ElI Dorado High School in 1999. He then attended Ouachita Baptist
University, graduating with a B.S in Biological Sciences. After working on a
NASA-funded research project as an undergraduate, he realized his true passion
resided in research and began his graduate studies at the University of Aberdeen
in Scotland, UK. Here, he graduated with a M.S. in Molecular Genetics. In 2010
Blake began his doctoral work at the Louisiana State University in 2008 before
transferring to University of Texas Graduate School for Biomedical Sciences
(GSBS) in Houston in 2010. Following completion of his Ph.D., Blake will pursue
a postdoctoral research position at the University of Arkansas for Medical

Sciences, Little Rock, AR.

145



	EPIDERMAL GROWTH FACTOR RECEPTOR INDUCES FYN EXPRESSION VIA UP-REGULATION OF P47PHOX IN GLIOBLASTOMA MULTIFORME
	Recommended Citation

	CHAPTER ONE W FIGURES
	CHAPTER TWO
	CHAPTER 3 W FIGURES
	CHAPTER FOUR W FIGURES
	CHAPTER FIVE AND SIX

