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Abstract

Gliomas are among the most difficult of tumourstteat. Their highly invasive
nature leads to recurrence even after aggressieeagi including surgery,
radiotherapy and chemotherapy. A promising targetnew therapies are tyrosine
kinases, because they regulate a large range déimsoinvolved in growth,
metabolism and differentiation. The receptor tymeskinases, epidermal growth
factor receptor (EGFR), platelet derived growthidaceceptor (PDGFR) and C-Kit,
as well as the non-receptor tyrosine kinase C-Abé aften amplified,
overexpressed, and/or mutated in gliomas and phaymgortant role in glioma
development. A number of tyrosine kinase inhibitfr&Is) have been developed
and tested in clinical trials with mixed results.

In collaboration with Beaumont hospital 31 gliomallccultures were
established to identify molecular markers indicatof responsiveness to EGFR and
PDGFR blockade. Each culture was characterised vagard to their protein
expression profile, their proliferative and invasivbehaviour and their
responsiveness to three TKIs, erlotinib, gefitindnd imatinib, and two
chemotherapy drugs, docetaxel and temozolomide.

All data of 26 high-grade gliomas (20 primary glediomas, 2 secondary
glioblastomas, and 4 grade Il astrocytomas inclgdnedical history of the patients
were analysed using hierarchical clustering anslffCA) and principal component
analysis (PCA) employing multivariate statistics.

Two distinct clusters of samples were found, whmdparated by the
expression of PTEN and PDGKRin cluster 1 and predominately PDGIBR-
EGFR, phosphorylated C-Kit (p-C-Kit) and phosphatgtl C-Abl (p-C-Abl)
expression in cluster 2. Principal components amlgf the culture data captured
55% of the variance in the dataset showing PTENDIPa and PGDFR3 loading
vectors in approximately the same direction.

Imatinib responsiveness was strongly correlateth Wigh expression levels
of PTEN and PDGFRr. Responsiveness to erlotinib was correlated viighlack of
expression of all proteins tested, while non-resigos showed higher expression of
PTEN and PDGFRr. Responders to gefitinib fit into two groups, th®jority
(group 1) were influenced by the expression ofgtaeins tested, while the second
smaller group correlated with the lack of protexpression. Non-responders to
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erlotinib and gefitinib showed higher expression BRTEN and PDGFR¥, in
contrast, these markers were highly expressed iatinib responders. While
influenced by the proteins; erlotinib response nieay characterised by lack of
expression of those markers.

In a panel of 2 glioma cell lines and 2 glioma tards tested, the
combination effect of imatinib and docetaxel wastdd and a strongly synergistic
inhibition of the drug combination on proliferatiand invasion was seen.

According to their proliferative and invasion chagaistics two pools of
glioblastoma cultures were chosen and analysedhf@r microRNA expression.
MiR-93 was upregulated in highly proliferative dllastoma cultures,
downregulation of miR-93 reduced proliferation by.2%. Validation of miR-93
expression profile in 12 primary glioma culturesjeoestablished glioblastoma
culture and normal human astrocytes suggestedntifat93 played a role in the
regulation of glioma proliferation and invasion.RAR3b was upregulated in slowly
proliferating glioblastoma cultures. Increased egpron of miR-23b in a glioma
cell line decreased proliferation by up to 40% aesllted in a 65% knockdown of
the X-linked inhibitor of apoptosis gene (XIAP), wwh has been identified as the
most potent member of the inhibitor of apoptosfsP(l gene family. XIAP protects
cancer cells against irradiation and anti-cancegsitby binding to and inhibiting
caspase-3, 7 and 9, caspases are enzymes involapdptosis, this makes XIAP an
ideal target in the battle against cancer.
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Section 1.0 Introduction
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1.1 Background

The majority of brain tumours occur in adults fréhe age of 35 and older. Each
year in the United States about 180,000 adult$caned to have a brain tumour. In
Ireland there were 302 malignant and 39 begnirsteged cases of brain tumours in
2007 .

High-grade gliomas are the most common primaryreémervous system
neoplasms in adults. They are considered to be @ntio@ deadliest of human
cancers (Jemagt al. 2005). Glioblastoma is the most common and agores
primary malignant cancer of the central nervoudesys Despite current therapies
the average survival rate of a patient with a déetoma is 14 months (Stugpal.
2005). The lethality of a glioblastoma is due t@retteristics such as high growth
rate, extreme invasiveness, and intrinsic resistaoccurrent therapies. Even novel
treatments have not substantially improved theigakvate of glioblastoma patients
so far. The use of personalized medicine, by targeessential molecular
mechanisms involved in the survival of the tumogrovides new hope.
Glioblastomas commonly express molecular or gersdmmormalities that influence
signal pathways which regulate cell proliferati@verexpression of EGFR and/or
mutations of tumour suppressor genes such as patasghand tensin homolog
(PTEN) (Fredericket al. 2000) are the most common oncogenic alteration in
glioblastomas. These gains or losses may promaoieecaus behaviour but also may
be targets for new treatments.

The increasing knowledge of cell-growth signallpethways and the role of
oncogenes and tumour suppressor genes in tumosigeree critical for the
development of new molecular-based approacheséotréatment of brain tumours.
These new therapies may lead to improved prognfwsispatients with brain
tumours.

MicroRNAs (miRs), although known for several years, are lately g@nin
increasing importance in cancer research. Every ofgumour analysed has shown
significantly different miR profiles, compared tormal cells from the same tissue.
MiRs are small non-coding regulatory RNA fragmeots20-22 nucleotides. They
regulate a variety of cellular pathways throughabetrol of target gene expression.
They bind mRNA through partial homology and, in dpiso, can potentially
regulate the expression of multiple targets (2hal. 2007), most of which are still

largely unknown. There are indications that miRghmiregulate the expression of

16



up to 30% of the genome (Lewes al. 2005). MiRs are now emerging as master

regulators, which can act as oncogenes or tum@ypressors.

1.2 Glial Cells and Gliomas

There are over 100 different types of brain tumdmimary brain tumours are
classified by histology and location. Primary brainmours arise from the brain
itself, in contrast to metastases, which are ddrivem tumours developed in other
organs and parts of the body. Primary brain tumaars be benign or malignant.
Benign brain tumours (e.g. meningiomas, acoustiaroreas, pituitary gland
tumours) usually grow slowly and can often be reetbly surgery depending upon
their specific location in the brain. Malignant ioraumours tend to grow rapidly
spreading into the surrounding brain tissue andnoftannot be entirely removed
surgically. Any cell type in the central nervoust®m (CNS) has the potential to
become neoplastic, often resulting in mixed cqglety within a single tumour. Brain
tumours are named after their cell type of originschematic drawing of glial cell
types present in the CNS is seen in figure 1.1rokgtes are stellate cells with
numerous processes contacting several cell typegheinCNS. These star-shaped
cells provide structural and physiological suppéot neurons in the CNS.
Astrocytes are named after the greek word "astre@dming "star". Oligodendrocytes
form the myelin sheets around axons and have amatirsg function; they can
myelinate up to 50 axonal segments. A number @raations between glial cells,
particularly between astrocytes in the mature C&8,regulated by gap junctions,

forming a glial network (Baumann and Pham-Dinh 2001
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Fig. 1.1 Different types of glial cells in the CNS and thaiteractions (Baumann
and Pham-Dinh 2001). Neurons conduct electricaluisgs in the brain, astrocytes
provide structural support, oligodendrocytes forrngetim sheaths around axons,
microglia are involved in the immune response mfhain.

1.2.1 Gliomas

Gliomas are formed from the glial component of tieevous system. These are the
most common primary brain tumours. Gliomas are Vieeyerogenous with an
infiltrative growth pattern with the majority beingsistant to both radiotherapy and
chemotherapy. It is thought that a small populatidncancer stem-like cells is
responsible for resistance to therapy in gliomasggket al. 2006; Kolendeaet al.
2010). Brain tumours have been classified by therl@iVélealth Organisation
(WHO) according to their cell type and malignan&liomas are comprised of
astrocytomas, oligodendrogliomas, oligoastrocytqgmeasd ependymomas. These
tumours are graded according to their malignansyyoaytomas I-1V, the latter also
being known as glioblastoma; oligodendrogliomas ahgloastrocytomas grade Il

(low-grade) and grade 1l (anaplastic) lesions (Ers Ali-Osman 2005).

1.2.2 Astrocytomas

Astrocytomas usually occur in the cerebral hemisghehowever they can be found

in any location in the CNS. They are derived frostr@cytes, show diffuse
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infiltration of brain structures, and low-gradesideto progress to more malignant
phenotypes. Malignant astrocytomas are the mogquénat intracranial neoplasms,
and comprise more than 60% of all primary brain durs. Table 1.1 gives the
WHO classification of astrocytomas, based on higfichl criteria and molecular
changes. The mean age of occurrence for low grattecgtomas is 34, whereas
higher grade astrocytomas typically occur withie #ye range of 40-70 years. Some
low-grade astrocytomas progress rapidly to highrades (1-2 years), while some
may show no change in histological grade over mben 10 years. Grade Il
astrocytomas and higher grades exhibit diffuse diora and a high rate of
transformation, in addition primary glioblastoma® angiogenic, with a higher
proliferation rate and increased cellular necrtdsas lower grade gliomas (Fig. 1.2).
Progression to a higher grade astrocytoma is aggocwith an increase in multiple
genetic alterations. Tumour p53 mutations and oymession of platelet derived
growth factor (PDGFR) are associated with low-grdifiieise astrocytomas. Loss of
heterozygosity (LOH) on chromosome 19q is assatiateith anaplastic
astrocytomas. LOH on chromosome 10/MMAC1/PTEN, PBGimplification, and
loss of DCC (deleted in colorectal cancer) are attaristic of glioblastoma (Table
1.1). Most gene amplification events in high-grad¢rocytomas involve the gene
for the receptor tyrosine kinase, EGFR. Half ofghibblastoma cases have receptor
amplification associated with gene rearrangemehé& host common mutation is
EGFRUVIIl. The DCC gene encodes a protein involvedeural cell adhesion. Loss
of DCC expression is increased during transformatiom low-grade astrocytoma
to glioblastoma. Primary glioblastomas usually edcuolder patients who do not
have a prior history of lower-grade astrocytomaidslly affecting older patients
with an average age of 55 years (Paul Kleihues 199%se primary glioblastomas
generally overexpress EGFR, a tyrosine kinase tecepth downstream effects
resulting in cell proliferation and invasion. Sedary glioblastomas are thought to
arise from lower-grade astrocytomas and usuallyuodo younger age groups
(Naganeet al. 2001). These glioblastomas generally do not oyeess EGFR;
instead, they commonly have mutations in tumoupeegsor gene p53 (Frederigk
al. 2000), which is responsible for cell-cycle contrbINA repair after radiation
damage, and induction of apoptosis, p53 is mutatea@pproximately 50% of
cancers and in 30% of gliomas (Franlkatl al. 1992) resulting in decreased

apoptosis, and predisposition towards neoplastmstormation. There is an
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increased risk of developing an astrocytoma whemoged to irradiation of the
CNS. There is also a genetic susceptibility inahgdLi-Fraumeni syndrome, p53

germline mutations, Turcot syndrome and the NFdgyme (Paul Kleihues 1997).
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Table 1.1WHO classification of diffuse astrocytomas (PaldiKues 1997).

WHO Histological Criteria Molecular
Designation Characteristics
Il Astrocytoma Zero criterion P53 mutations
(low-grade nuclear atypia Overexpression of PDGFR
diffuse)
1l Anaplastic Nuclear atypia and mitotic LOH on chromosome 19
astrocytoma activity
v Primary Nuclear atypia, mitoses, EGFR overexpression
Glioblastoma endothelial proliferation LOH on chromosome
and/or necrosis 19/MMAC1/PTEN
Loss of DCC
v Secondary Nuclear atypia, mitoses, P53 mutations
Glioblastoma endothelial proliferation LOH on chromosome
and/or necrosis 19/MMAC1/PTEN
Loss of DCC

Clinical Features Clinical Features

* Low mitotic index Primary * Rapid proliferation
Glioblastoma
+ Diffuse invasion Low grade | *Diffuse invasion
Astrocytoma
* High rate of \_ * Angiogenesis
transformation 510 years - - G?Ii{l;?:;?:r:m S

Fig. 1.2 Pathways to glioblastoma formation (Maletral. 2001). There are two

types of glioblastoma, (1) a secondary glioblastamiéch is derived from a low

grade astrocytoma and progresses to a glioblasta@aa number of years; (2) a
primary glioblastoma occurs spontaneously. Theeelarge differences in clinical

features between primary and secondary glioblastoma
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1.2.3 Oligodendrogliomas

Oligodendrogliomas are derived from oligodendrosyrd account for 5-12% of all
glial tumours. They are usually found in the cevefyr especially in the frontal or
temporal lobes, and at the optic nerve. They areencommon in adults than in
children, with a mean occurrence age of 40-49 y&usvival rates range from 3-10
years. They appear as grade Il and Il (anaplagiityjodendrogliomas with 1p19q
respond well to treatment with a combination of gambbazine, CCNU, and
vincristine (PCV) (Paul Kleihues 1997). Loss of @plare associated with
sensitivity of brain tumours to chemotherapy andiatherapy, improved outcome
with temozolomide treatment has been associated pndmoter methylation of
MGMT and loss of heterozygosity (LOH) of 1p andydif glioma patients (Rivera
et al. 2010). Oligodendrogliomas are clinically less &ggive than astrocytomas,
and tend to have a better prognosis than othemgbo EGFR amplification and
LOH on chromosomal region 19q are predictors oftelngrogression-free survival
giving a more aggressive form of tumour, and LOHcbnomosomal region 1p is
associated with longer survival. Mutations in p58 &und in about 10-15% of
cases. Half of all oligodendrogliomas have EGFRrexgression (Paul Kleihues
1997).

1.2.4 Mixed Gliomas

Mixed gliomas are made up of two or more neoplastittypes. The most common
mixed gliomas are oligoastrocytomas (Paul Kleihd&97) which consist of

oligodendrocytes and astrocytes; the cell types imaymixed or found in two

separate areas, resembling oligodendroglioma astitncytoma. Oligoastrocytomas
appear as WHO grade Il and Ill. The mean age ofurmence is 45 years.
Oligoastrocytomas are usually found in the cerebsahisphere, the frontal lobes
are typically more affected, than the temporal sob8ome oligoastrocytomas
respond well to treatment with PCV. 30-50% of oigbocytomas have LOH of 1p
and 19q, 30% also have mutations of the p53 gedahOH on 17p. The survival

ranges from 5 to 10 years (Paul Kleihues 1997).
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Table 1.2Mutations found in gliomas (Paul Kleihues 1997).

Tumour grade

Oligoastrocytomas

Mutations

Loss of genetic information on 1p and 19q (30-50%)
TP53 and/or LOH 17p (~30%)

Oligodendrogliomas

EGFR amplification, overexpression (~50%)
LOH 19q and 1p
TP53 (10-15%)

Anaplastic

Oligodendroglioma

Deletions 9p/or 10p
LOH 19g and 1p

EGFR overexpression and amplification

Anaplastic

Astrocytoma

LOH 19q (~50%)
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1.3 Tyrosine Kinases in High-Grade Astrocytic Tumous

The protein tyrosine kinases (PTKs) regulate aelaange of proteins involved in
processes including growth, metabolism and diffeation. They are divided into
receptor and non-receptor tyrosine kinases, whidnaie signalling processes by
phosphorylation (activation) and dephosphorylat{deactivation) of a variety of
downstream proteins including PI3K/Akt and membefshe RAS/RAF/MAPK
pathway (Schlessinger 2000). As previously mentiopeogression to a higher
grade astrocytoma is associated with an increasaultiple genetic alterations. The
identification of genetic mutations in high-gradsracytic tumours opened a whole
field for possible new therapies, shifting awaynfrdhe deregulated cell cycle
control as the only target. The most prevalent trarta in high grade astrocytomas
include the receptor tyrosine kinases (RTKs) EGPRGFR, and the vascular
endothelial growth factor receptor (VEGFR). Ovemegsion or gene loss results in
increased downstream neoplastic signalling, and mpeymote neoplastic cell
behaviour. Recent advances in our understanditigeagignalling pathways of these
growth factor receptors involving their downstreaffectors, e.g. phosphoinositol3
kinase (PI3K)-AKT, RAS-mitogen-activated proteimase (MAPK), made these
available as targets and novel treatments have deeeloped, which resulted in

some improvements, particularly in quality of I{fdaas-Kogaret al. 2005).

1.3.1 Epidermal Growth Factor and its Receptor

EGFR is a receptor tyrosine kinase which playsnaportant role in normal tissue
development and carcinogenesiEGFR signalling promotes proliferation,
migration, and invasiorand inhibits glioma cell apoptosis (Hynes and L2065).
EGFR is abnormally activated in 70% of solid casceand is amplified or
overexpressed in up to 60% of primary glioblastorf@swuroet al. 2007). EGFR
amplification is the most common genetic abnormalit high-grade gliomas
(Ziegleret al. 2008). EGFR is a type | cell surface receptoag;and a member of
the ErbB family which has 4 receptor members: EE@R8BB1, ERBB2, ERBB3
and ERBB4. EGFR is a highly glycosylated 170 kDanbeane spanning protein,
with a single polypeptide chain of 1186 amino acitise extracellular domain of
EGFR has four subdomains designated I, Il, Il #dThe domains I, Il and Il
form the ligand-binding pocket (Fig. 1.3) (Ogisb al. 2002). ERBB2 is the
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heterodimerization partner of the other ligand-twbsmily members. Without the
presence of a ligand EGFR exists as monomers omdlesurface. All have an
extracellular ligand binding region, a single meam& spanning region and a
cytoplasmic tyrosine kinase containing domain. Theeptors are expressed in
epithelial, mesenchymal and neuronal tissue. ThE Egands are specific for each
receptor (Fig. 1.4). Ligand binding to EGFR resuitsthe formation of receptor
homo- and heterodimers, depending on dimerizatiidim wgelf or with another ErbB
family member, and to phosphorylation of specific tyrosine resglua the
cytoplasmic tail. These phosphorylated residuegesas docking sites for a number
of proteins, resulting in the activation of intrdokar signalling pathways (Fig. 1.5).
The main pathways activated in response to EGFREREBB2 phosphorylation
include MAPK, PI3K-AKT, signal transducer and aetior of transcription (STAT)
and SRC tyrosine kinase (Fig. 1.8) (Hynes and [205).
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Fig. 1.3 EGFR structure and ligand binding (Zamtlial. 2007). The extracellular
domain of EGFR has 4 subdomains |, I, 1ll and ié domains I, Il and Il form
the ligand binding pocket (A). Ligand binding to ER results in the formation of
receptor homo- and heterodimers and to phosphawladf specific tyrosine
residues in the cytoplasmic tail; these phosphtegllaesidues serve as docking
sites for a number of proteins, resulting in theévation of intracellular signalling
pathways (B).
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Fig. 1.4 Schematic diagram of EGFR receptors and theimtiga There are four
types of EGFR receptors, ERBB1, ERBB2, ERBB3 andB& Each receptor has
specific ligands.

1.3.1.1 EGFR and Cancer

Gene amplification causing EGFR overexpressionommmonly found in cancers.
Many EGF-related growth factors are produced by theour cells or the
surrounding stromal cells giving rise to constiatiEGFR activation. EGFR
amplification can be caused by structural rearrareggs resulting in in-frame
deletions in the extracellular domain of the reogpe.g. EGFRVIII variant. The
resulting mutant protein is ligand independant constitutively phosphorylated.
This variant has been found in glioma, breast, land ovarian carcinomas. Mutant
EGFR activates the pro-survival pathways PI3K-AKId &&TAT (Hynes and Lane
2005). Mammalian target of rapamycin (MTOR), a mefthreoine kinase, a
downstream activator of the PISK-AKT pathway, plays/ery important role in
tumour cell growth and proliferation, by sensing #vailability of nutrients/energy.
MTOR can also be activated by stimuli other tharkKBRTHynes and Lane 2005).
Mechanisms by which EGFR signalling becomes ondogarciude: (1)

overexpression of EGFR, (2) autocrine and/or paragrowth factor loops, (3)
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heterodimerization with other EGFR family memberad across-talk with
heterologous receptor systems, (4) failure in regeplownregulation and (5)

activating EGFR mutations (Fig. 1.5).

2. Autocrine ligand production

1. Overexpression of EGFR
\ TGF-a

EGFR

~——> Oncogenic signaling

&

Lysosome

3.Heterodimerization and

4.Failure in EGFR
"Crosstalk"

downregulation

Fig. 1.5Mechanisms leading to EGFR oncogenic signalling:ofderexpression of
EGFR, (2) autocrine and/or paracrine growth fadbaps, (3) heterodimerization
with other EGFR family members and cross-talk witaterologous receptor
systems, (4) failure in receptor downregulation g)dactivating EGFR mutations
(Zandiet al. 2007).

1.3.1.2 EGFR as a Target for Cancer Therapy

EGFR receptor overexpression has been found in rhaman tumours, providing
an ideal candidate for selective therapy. Many mnotor@al antibodies targeting
EGFRs, are already in clinical trials e.g.: Trastuab (Herceptin), Pertuzumab
(Omnitarg), Cetuximab (Erbitux), Matuzumab, and iRenumab. However,
monoclonal antibodies are of limited use in gliomarapy, because of the restricted
passage through the blood brain barrier (BBB). Rarmative treatment option is
the use of tyrosine kinase inhibitors. They are Ismaolecules preventing
phosphorylation of tyrosine kinases, which resiurtshe inhibition of downstream
signalling pathways. Examples of TKIs are Gefitifitessa), Erlotinib (Tarceva),
Lapatinib,AEE788,ClI-
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1033, EKB-569 and EXEL 7647/EXEL 0999, some of whare multifunctional
inhibitors targeting several TKs.

It is important to consider that by targeting mulki EGFR receptors this
may also increase toxicity. Clinical trials haveowi that patients with amplified
EGFR gene and/or elevated EGFR mRNA expressiorg adoigher response rate to
TKls and improved survival, than those with low BGEopy humber and/or mRNA
expression level (Hirsclet al. 2005; Dziadziuszkcet al. 2006). Tumour cells
containing mutated EGFR have constitutively acaédatpro-survival pathways
PISK-AKT and STAT, and are responsive to TKI treatrh resulting in cell
apoptosis. A subgroup of non small cell lung carEaients with mutated EGFR
showed tumour regression to treatment with gebt{faezt al. 2004).

Another treatment option is a recombinant toxin;3& which consists of
the EGFR ligand TG This has been tested in a phase | toxicity tioalthe
treatment of glioblastoma patients with promisirgults: one patient showed a
complete response and 3 out of 15 had a partipbrs®, while no toxicity was seen
(Sampsoret al. 2003).

During development cancer cells typically have asgumultiple mutations,
causing malignancy; therefore it is unlikely thatgieting one specific mutation will
kill these cells. The benefit of targeting EGFR astreatment is still under
discussion; it is not known whether treatment f&ilis due to ineffective agents, or
inefficient drug delivery. Resistance to TKIs hasctme a clinical problem, e.g.
chronic myelogenous leukemia (CML) patients expngsshe oncoprotein BCR-
ABL, usually have complete recovery with imatiniedatment; however, resistance
to imatinib has been seen more and more, whiclieéstd acquired mutations in the
BCR-ABL kinase domain (Hynes and Lane 2005).

Another possibility for the ineffectiveness of Tkieatment could be the
involvement of compensatory growth pathways. Adtoraof other RTKs has been
found, e.g. insulin like growth factor-1 recepté&F1R), fibroblast growth factor
receptor (Adnanet al. 1991; Labaret al. 2003). Therefore, a combination treatment
targeting ERBB2 and IGF1R has shown reduced ceWtyrin MCF-7 breast cancer
cells (Hynes and Lane 2005).
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1.3.1.4 EGFR in Gliomas

EGFR is overexpressed in 50-60% of glioblastomasE@BFRVIII is present in 24-
67% (Heimbergert al. 2005). Amplification and overexpression of EGFRa
characteristic of glioblastomas. EGFRvIII overexgsion in the presence of EGFR
amplification is a strong indicator of poor sundiven glioblastoma patients
(Shinojima et al. 2003). The role of EGFR is to mediate cell growahd
proliferation signals via the PI3K-AKT pathway, whiis negatively regulated by
PTEN (Hesselager and Holland 2003). Mutations & BTEN gene can further
predispose the cells toward cancerous proliferateamd are found in 45% of
glioblastomas (Pan E 2004).

Following promising results in patients with lungncer, EGFR blockade
was tested in recurrent glioblastomas and was ssftdén a sub-group. About 20%
of patients responded to erlotinib and gefitinib, determined by a reduction in
tumour size measured by MRI. Response was cordelaid co-expression of the
mutated form EGFRvIIl and PTEN; however, the dethimechanism of action is
still unknown (Mellinghoffet al. 2005). Sordellat al. have shown in lung cancer
cells that EGFRuvIII activates PISK/AKT signallingié can sensitise cells to the
EGFR inhibitor, gefitinib (Sordellat al. 2004). It has not been established whether
this is true for glioblastomas. The loss of PTENjimipromote resistance to EGFR
kinase inhibitors (Biancet al. 2003).

1.3.2 Platelet Derived Growth Factor and its Recept

The overexpression of PDGF and its receptor PDGBRs@N important role in the
development of cancer through an autocrine stinmrdabf cancer cells and
angiogenesis. The PDGF family consists of 4 ligaRi3GF-A, -B, -C, and -D and
2 receptor tyrosine kinases, PDGERand PDGFR3 (Fig. 1.6). The ligands form
disulfide-linked homodimers, PDGF-AA, -BB, -CC, -D@nd the heterodimer
PDGF-AB. PDGFRa and PDGFR$, are transmembrane glycoproteins and have
tyrosine kinase activity (Kanakarejal. 1991). PDGFRx binds A, B and C chains
with high affinity, while PDGFRB only binds the B and D chains (Lokkeiral.
2002; Zhuoet al. 2004) (Fig. 1.6). Ligand binding leads to recepbhomo- or
heterodimerization and autophosphorylation of §yresine kinase residues which
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initiates intracellular signalling cascades (Kamakaet al. 1991). Two most
significant PDGFR signalling pathways are the RASRK pathway, which
mediates an increase in proliferation, migrationl @ifferentiation (Schlessinger
1993), and the PI3K-AKT pathway promoting cell suay (Frankeet al. 1995).
PDGF-BB had a more important role than PDGF-AA iormal and tumour
angiogenesis (Risaet al. 1992). Thea—granules of platelets are the main site of
PDGF formation; other cell types producing PDGHude macrophages, epithelial
and endothelial cells (Lindro@s al. 1997; Mondyet al. 1997; Demayet al. 2002).
Expression of PDGF initiates organ developmentz&inet al. 1996; Ponteret al.
2003), and diseases such as fibrosis and atherosicléWilcoxet al. 1988).

Fig. 1.6 A schematic diagram of PDGF receptors and actidhe. ligands form
disulfide-linked homodimers, PDGF-AA, -BB, -CC, -DI@&nd the heterodimer
PDGF-AB. PDGFRa and PDGFR$, are transmembrane glycoproteins and have
tyrosine kinase activity PDGFR-binds A, B and C chains with high affinity, while
PDGFR$ only binds the B and D chains.

1.3.2.1 PDGFR in Glioma

PDGFR and PDGF are commonly overexpressed in gliesyzecially in secondary
glioblastoma. The overexpression is associated p&tB tumour suppressor gene
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loss (Omurcet al. 2007). One of the most common cellular signallitefects found

in brain tumours, is the presence of a PDGF/PDGERcane loop. The activation
of the PDGF/PDGFR autocrine loop is thought to lve early event in the
pathogenesis of malignant astrocytomas, and caggimo play a role in late stage
tumour maintenance (Gulet al. 1995). This occurs in all brain tumour grades,
including low-grade and anaplastic astrocytomas, glioblastomas (Mahest al.
2001). In addition to PDGF-A and —B, Lokketral. identified the ligands —C and —
D. They also found that PDGF-C was ubiquitouslyregped in glioblastoma cells
and tissue, but its expression was low or absemommal adult and foetal brain.
PDGF-D was expressed in 10 of 11 glioblastomaloe#ks and in 3 of 5 primary
brain tumour samples (Lokkex al. 2002). Looking for PDGFR expression in a
series of 101 glioblastoma tissue samples Habetrir found 25.8% expressed the
a form and 24.8% expressed tAdorm (Haberleret al. 2006). Nisteret al, 1991
found three different phenotypes in 12 out of 1®rgh cell lines, those that
expressed PDGFR-or PDGFRB only, and those that expressed both receptors
(Nisteret al. 1991).

1.3.3 C-Kit

KIT, a receptor tyrosine kinase, and its ligandrsteell factor (SCF), are highly
expressed in embryonic and adult mouse brain, dag @n important role in
proliferation, differentiation, as well as in canceell metastasis, and glioma
development (Stanullet al. 1995). SCF induces angiogenesis in the normahjprai
and probably in brain tumours since it is foundhiitman gliomas. Expression of C-
Kit protein was found only in a small number ofstie samples of low and high-
grade gliomas (Blom et al. 2008) and in 4 out of lloblastomas (Haberlet al.
2006). While in cell lines, C-Kit mRNA or proteinas detected in about 50%
(Hamelet al. 1992) to 100% (Stanulkt al. 1995). The coexpression of the receptor
kinase C-kit and its ligand SCF was found in théoplasm of glioma cell lines,
suggesting its involvement in the autocrine growsdlgulation of glioma cells
(Stanullaet al. 1995).

SCF signalling includes the PI3-kinase-AKT, the gbiwlipase C, the
STAT and the RAS/MAPK pathways leading to prolitesa, differentiation, cell

cycle regulation and apoptosis. It is suggestetl Kiia plays a role in altering cell
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growth and size, and might be responsible for thasformation of astrocytes to
gliomas (Blomet al. 2008).

1.3.4 C-Abl

C-Abl is a ubiquitously expressed non-receptor gyre kinase, which is activated
by a number of signals including DNA damage and adhesion interactions.
Expression of C-Abl is found in the nucleus and ¢lggoplasm and is involved in
two cell responses, cell cycle arrest and apopt&si8bl activates p53 (a cellular
tumour suppressor). Under cellular stress p53 gatneely regulated by Mdm2,
upon C-Abl phosphorylation p53 is dissociated frisldm2 resulting in active p53,
on recovery from damage p53 reassociates with Mtbmfdrm a stable complex
(Fig 1.7) (Levav-Cohest al. 2005). Haberleet al, found C-Abl expression in just 7
out of 101 glioblastoma tissue samples (Habestief. 2006). Using tissue samples
on a protein lysate array, Jiang al. found overexpression of C-Abl in
glioblastomas compared to lower grade gliomas, sagtjested an association with
poor survival (Jiangt al. 2006).

The oncogenic form of C-Abl occurs when the N-terahiportion of C-Abl
is replaced with fragments of genes such as bktrtéhe viral gag, forming the
fusion tyrosine kinases Bcr-Abl, Tel-abl, and v-ABhteper and Ben-Yehuda 2001;
Wong and Witte 2004). The most important oncogdaren is Bcr-Abl; it is a
cytoplasmic protein that triggers mitogenic andi-apbptotic signals. Bcr-Abl
promotes cell proliferation and counteracts p53-ated apoptosis, by causing
constitutive anti-apoptotic signals. Bcr-Abl is peat in over 95% of CML patients
(Levav-Coheret al. 2005).
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Fig. 1.7 The p53/ Mdm2 negative auto-regulatory loop (Le@ohenet al. 2005).
With cellular stress p53 is negatively regulated Mdm2, upon C-Abl
phosphorylation p53 is dissociated from Mdm2 reésglin active p53, on recovery
from damage p53 reassociates with Mdm2 to fornablstcomplex.
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1.4 Signal Transduction Pathways

There are a number of different signal transducpathways associated with the
various receptors mentioned above. In the followdagagraphs two of the pathways
will be discussed in detail: the RAS/MAPK pathwaynd the PISK/AKT/MTOR
pathway. These cellular signalling pathways ar@ireq for normal cell physiology
(Schlessinger 2000). In gliomas, however, thesbweis are overactive due to the
overexpression and constitutively activated RTKsli (&t al. 1999). The
RAS/MAPK and the PI3K/AKT/MTOR pathway, in partiew| are involved in
tumour resistance to radiotherapy and chemotherapy.

1.4.1 RAS/MAPK Pathway

In normal cellular proliferation RAS proteins casitsignalling pathways which are
key regulators of cell growth. Overactivation ofetiRAS/MAPK pathway can
increase cellular proliferation, migration and dréntiation in several types of
cancers including gliomas (Schlessinger 1993). R4S membrane-bound G-
protein; it exists in an inactive GDP-bound forndamn active GTP-bound form.
RAS is activated by RTKs, including EGFR, PDGFRhyestgrowth factor receptors
and cytokines (Gullick 2008RActivated RAS recruits Raf to the cell membranef Ra
activation requires phosphorylation of a tyrosiasidue by a SRC kinase, and/ or
phosphorylation of serine/threonine residues by PK@®ctivated Raf
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activates/phosphorylates mek kinases and subségAPK and ERK, causing
ERK translocation to the nucleus. ERK-2 activatagclear targets such as
topoisomerase I, a cell cycle progression mediator, and transomptfactors
including cyclic AMP response element binding pmot§CREB), oestrogen
receptore. (ER-0), 1x-B/NF-xB, and C-Fos. Activation of these transcriptiontdas
results in the expression of oncogenes involvedcett cycle progression, cell
growth, neoangiogenesis, and anti-apoptosis (F&). WWonget al. 2007). MAPK
activation is partially influenced by the level BGFR expression. MAPK activity is
involved in cell migration by interacting with theytoskeletal machinery;
phosphorylation of the myosin light chain kinassutts in the phosphorylation of
myosin light chains which generate the force to enthe cell forward (Wonet al.
2007).

Increased activity of RAS-GTP has been found irhiggade astrocytomas.
Ras mutations in gliomas are rare in comparisoih wiher cancers (Woods al.
2002). It is thought that activation of Ras in rgaAnt gliomas may be due to the
overactivity of membrane tyrosine kinase recep{dliswton 2003). Ras inhibitors
such as R111577 (tipifarnib) and SCH66336 (lonafgrare being tested in clinical
trials (Brunneret al. 2003). Both of these demonstrated positive resalpreclinical
studies (Glasst al. 2000).

1.4.2 PIBK/AKT/MTOR Pathway
The PI3K/AKT pathway promotes cell survival. Phosiplositide 3-kinase (PI3K)

regulates EGF-driven cell motility and invasion gifoma, breast, and bladder
cancer cell lines (Schlessinger 2000). The actwatif this pathway is stimulated by
the growth factor receptors, EGFR, PDGFR, fibrablgsowth factor receptor
(FGFR) and insulin-like growth factor receptor (IBf PI3Ks are a family of kinase
heterodimers with separate p85 regulatory subuwitsch are phosphoprotein
substrates for RTKs, such as VEGFR, EGFR and PDGR& pll0 catalytic

subunits This pathway is activated either directly through p85-p110 complex or
indirectly through RASAccumulation of phosphoinositol 3,4,5-triphosph@éP;),

a product of PI3K, is involved in directional movemt. This is involved in the role
of p85-p11@ PI3K isoform in localising actin polymerization canamellipodia

extension in response to EGF. The accumulatioriey iB recognised by Akt which
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stimulates cell cycle progression and inhibits apsig. Akt promotes cell growth
via the mammalian target of rapamycin (MTOR) siingl MTOR is a central
growth regulator. MTOR plays an important role egulating protein translation
through phosphorylation of p70 S6 kinase 1 (S6lprotein involved in ribosome
biogenesis, and 4E-BP1 (elF-4E binding proteirtjaaslation repressor. It has been
shown that MTOR has a direct linkage to the phosgylanositol-3'-kinase
(PI3K)/PTEN-Akt survival pathway (Endersby and BaR®08).Phosphatase and
tension homolog (PTEN) is a major tumour suppreggare which inhibits cell
growth. PTEN inhibits PI3K by depleting levels ofPR PTEN loss is correlated
with aggressive phenotypes, indicating it playso& rin tumour cell invasion
(Schlessinger 2000). PTEN mutations are found itougb% of high-grade gliomas,
and 15% to 40% of primary glioblastomas (Ometral. 2007). In glioblastoma, the
reduced level of PTEN and increased Akt activity lheen correlated with more
aggressive tumour behaviour and reduced survivaé tin patients (Wongt al.
2007).

PTEN mutations are found in 20-40% of malignantmgias (Cagt al. 2005).
The loss of function of the PTEN is more commordyrfd in high-grade gliomas,
which are extremely invasive. Furukaetaal. introduced the wild-type PTEN gene
into malignant glioma cell lines, which inactivatBéc and cdc42 (two Rho-family
GTP-binding proteins), inhibited MMP-2 and 9 enzymetivity and decreased
MMP-2 mRNA expression. This resulted in a significeeduction of migration and
invasion activities of the transfected cells (Fuawiet al. 2006).

Direct inhibitors of Akt have been difficult to delop, and have not been
tested in glioma clinical trials. As an alternatagents have been developed that are
directed at the mammalian target of rapamycin (M) @Rthway (Schmelzle and
Hall 2000). The classic MTOR inhibitor is rapamycinitially developed as an
immunosuppressant for patients undergoing trantadian. This agent works by
forming a complex that binds to MTOR and inhibits kinase activity, resulting in
G1 cell-cycle arrest (Neshat al. 2001). Preclinical studies have shown that
rapamycin is cytostatic against xenografts of distoma and medulloblastoma
(Geoergeret al. 2001). Compared with PTEN-positive tumours, PTikddative
tumours appear to be more sensitive to inhibitipmapamycin (Neshadt al. 2001).
Rapamycin is unstable in solution and has not hessd in many clinical trials.

Instead, more soluble ester analogs of rapamyain, (ECI-779) have been studied.
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CCI-779 has been shown to inhibit glioblastoma ifetion in vitro and is

currently being tested in several clinical trigBepergeket al. 2001).

e +—[Bovaczuma
.ev‘

< 7 PC 7 3 7 5 v

s V[ SRS
W7 D mene Y femrsen— e ‘@ pa

PTEN
Tipifarnib \ [PDK2)
Lonafarnib PKC | Enzastaurin
Sirolimus Tamoxifen
— Imatinib Everolimus
D A
azopani
| i ‘ —
eTiini 4 k
Erlotinib [roR) L) ('Eﬂl_’) Gsk3p
Laéjatlmb @
(ER) AEE788 ;
l PF-00299804 /
Cell Apoptosis Cell Cycle
(_E_R@ Growth Progression
Cell Growth
Differentiation

Proliferation

Fig. 1.8 Signalling pathways in malignant glioma. The adiwa of receptor
tyrosine kinase by growth factors (GF) leads to #lo@ivation of PI3K/Akt and
RAS/MAPK pathways downstream. Various functions #ren activated such as
growth, differentiation, and apoptosis. A numbetarfjeted therapies are also listed
at their site of action (Wong al. 2007).
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1.5 Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors inhibit the phosphoridatand dephosphorylation of a
variety of downstream proteins. In addition to prenary effect on growth factor
signalling, TKIs seem to reduce matrix metallopimdse (MMP) expression and
activity, which has a negative effect on the ingasand infiltration abilities of

tumour cells (Newton 2004).

Clinical trials using TKI as monotherapy on higlage astrocytic tumours
have revealed only modest response rates, confirminitro studies, which have
shown that e.g. effective siRNA silencing of EGFReceptor-positive cell lines did
not inhibit proliferation, migration and activatiatatus of EGFR-coupled signalling
cascades in these cells; suggesting single ageatntent not being sufficient
(Vollmann et al. 2006). Glioblastoma, as with most epithelial @aschas multiple
interactive and dysregulated cell signalling patysydhat will require a multipotent
combination of targeted therapies for effectiveasion blockage and tumour cell
killing.

Although there are several combination therapigseatly in clinical trial
phase, very little data are available on the imtgsa between TKIs directed at
EGFR and PDGFR/C-Kit/C-Abl, and conventional, cgtat drugs.

1.5.1 Imatinib

A promising TKI is Imatinib (GLEEVEE, STI1571, Novartis), it was specifically
developed to treat chronic myeloid leukaemia (CMigany CML patients have
shown a full recovery with imatinib treatment. fiegifically inhibits BCR-ABL,
created as a consequence of a (9:22) chromosoaradldcation: known as the
Philadelphia chromosome and used as a diagnostikemimr CML (Druker 2001).
The chromosomal translocation causes the fusiotwofbroken genes, thBCR
gene on chromosome 9, and 8L gene on chromosome 22, to give a new gene
calledBCR-ABL. The ABL gene produces a tyrosine kinase, whiaftrots growth
and division. The fusion protein BCR-ABL containaregulated tyrosine kinase
activity, and is the target for imatinib (le Couetal. 2004). The development of
imatinib began in the late 1980s, when several pheeutical companies initiated
screens, to identify compounds that would interaith the BCR-ABL tyrosine

kinase. The drug was approved in 2001.
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Imatinib is a small molecule belonging to the groupf
phenylaminopyrimidines which have been shown tceradt with and inhibit
tyrosine kinases. Its main metabolite is N-desmathgtinib. Imatinib itself
specifically targets the BCR-ABL tyrosine kinas&dis any growth signals, which
the abnormal protein generates and prevents adlfgration (le Coutrest al. 2004).

Imatinib also inhibits the tyrosine kinases PDG&#RPDGFRp, the stem
cell factor receptor C-Kit, the non-receptor protdyrosine kinase C-Abl, and
BCRP expression. PDGFR expression status is directrelated with imatinib
sensitivity (Kilic et al. 2000; Hagerstrandt al. 2006). However, Haberleat al.
showed no correlation between the expression aktipeoteins and the response to
imatinib in glioblastoma patients (Haberktral. 2006). Imatinib inhibits growth by
cell cycle arrest by selectively disrupting the Fbt@ceptor autocrine loop (Kiliet
al. 2000). Clinical trials using imatinib as a singigent resulted in increased
progression free survival after 6 months for a $nmalmber of patients with
recurrent glioblastoma (Kai al. 2004; Raymongit al. 2008). The low treatment
response could be due to the limited permeabifitynatinib into the brain. In mice
only 20% of imatinib was shown to cross the BBB{les other 80% is effluxed by
BCRP and Pgp (Bihoredt al. 2007). Le Coutrest al. have reported a mean peak
plasma concentration (PPC) for imatinib of 4-5 plgafha 600 mg dose, and 2-3
png/ml for a 400 mg dose, 4 hours after oral adrreti®on and for the metabolite N-
desmethyl-imatinib 531 ng/ml. The average cerebnagpluid (CSF) concentration
for imatinib was 38 ng/ml, and for N-desmethyl-imdi it was less than 10 ng/ml
showing that only a small amount of drug crossesBBB (le Coutreet al. 2004).
High-grade glioma patients have a disrupted BBBjctwviwould allow a higher
concentration of imatinib in the CNS; however,till snight not reach an effective
concentration. Inhibition of PDGFR alone seemstadte sufficient to stop glioma

growth, since other pathways might compensate (&/ah 2006).
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Fig. 1.9 Structure of imatinib, molecular formulaydEl31N;O-CH,SG;, molecular
weight 589.7 (Boddwt al. 2007).

1.5.2 Erlotinib

Erlotinib (TARCEVA®, OSI-774, OSI Pharmaceuticals) is an EGFR-spetHit It
inhibits autophosphorylation of EGFR, resultingimmibition of EGFR-dependent
cell proliferation. In combination with temozoloneidit has shown antitumour
activity, in a small group of patients with gliobtama, resulting in an increased
survival time (Pradost al. 2009). Responsiveness to erlotinib in patientth wi
glioblastomas seemed to be dependent on the cessipn of mutated EGFR
(EGFRVvIII) and the tumour suppressor gene PTEN Ijhgoff et al. 2005).

The average PPC of 67 ng/ml erlotinib has been seepatients who
received escalating doses ranging from 50 mg/mil%@ mg/ml of erlotinib
(Yamamotoet al. 2008). A 75 mg erlotinib dose resulted in an agerpeak plasma
concentration for erlotinib and its active metateoldSI-420 of 30.3 pg/ml and 2.5
pag/ml, respectively, and in the CSF of 2.1 pg/md @2 pg/ml, respectively
(Bronisceret al. 2007).

Fig. 1.10 Structure of erlotinib, chemical formula,f£1,3N304-HCL, molecular
weight 429.90 (rxlist).
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1.5.3 Gefitinib

Gefitinib (IRESSA, ZD1839, AstraZeneca) is a specific inhibitor oBER; it
inhibits the intracellular phosphorylation of Akt PI3K. This results in inhibition
of proliferation, angiogenesis and induction of plosis. Patients with
phosphorylated Akt have been shown to be bettporeters to gefitinib; suggesting
patients with Akt activation may be more sensitteegefitinib (Cappuzzcet al.
2004). An average PPC of a 250 mg oral dose ofigiefimeasured 5 hours after
administration was 85 ng/ml (Swaislaetchl. 2005).
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Fig. 1.11Structure of gefitinib, chemical formula£1,4CIFN4O3, molecular weight
446.9 (rxlist).

1.5.4 Elacridar

Elacridar (GF120918) N-[4-[2-(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2
yhethyl]  phenyl]-5-methoxy-9-oxo-10H-acridine-4rb@xamide], a second
generation Pgp antagonist is a potent and seéeativibitor of P-gp and BCRP
which affect drug efflux at nanomolar concentrat{Stokviset al. 2004).

It has been shown in mice that blockade of both &gbBCRP by elacridar
produced significantly greater brain penetrationnoétinib and docetaxel (Kemper
et al. 2004; Bihorelet al. 2007); this effect has also been seen in glioatalioes
with imatinib (Declevest al. 2008), and with docetaxel in lung cancer celedin
(Myer et al. 1999).

0N

Fig. 1.12 Structure of elacridar, molecular formUkaH;3N30s molecular weight
563.64 (www.chemblink.com).

41



1.6 Mechanisms of Drug Resistance

Multidrug resistance in tumour cells is due to ahPAdependent decrease in drug
accumulation, caused by the overexpression of Bpdci P-binding cassette (ABC)
transporter proteins. Some of the most significABC proteins involved in this
process include P-glycoprotein (MDR1/Multidrug stance 1/Pg@BCBl), the
multidrug resistance protein 1 (MRRBCC1), MRP2 ABCC2), and the breast
cancer resistance protein (BCRP/MXR/ABBBLG2). As well as being involved
in drug resistance, these proteins also play airokssue defence by forming an
essential barrier in specific tissues (e.g. BBBpOICSF barrier, blood-testis barrier
and maternal-fetal barrier or placenta) and arendoun tissues involved in
absorption (e.g. lung and gut), metabolism and ieltion (e.g. liver and kidney)
(Leslieet al. 2005).

1.6.1 The ATP-binding Cassette Transporter Superfaity
The ABC protein superfamily is very large and widexpressed throughout the

body and in tumours. Most of its members activehnsport a large range of
compounds including phospholipids, ions, peptidesoids, polysaccharides, amino
acids, organic anions, bile acids, drugs and oxle@obiotics. There are 48 ABC
genes with 7 superfamilies (A-G) that have beentifled in humans. Many of the
ABC transporters require ATP binding and hydrolyaistheir nuclear binding
domain (NBD), to give them the energy to move tiseiostrates across membranes.
In each NBD three sequences Walker A, Walker B,asdquence located between
A and B called the ABC signature motif (or C mqtdye conserved among all ABC
transporter family members and other ATP bindingjgins (Lesliest al. 2005).

Pgp was the first drug transporter to be associatgd multiple drug
resistance, followed by the detection of MRP1, MRMRP3, MRP4, and MRP5.
BCRP, another important transporter was origin&lynd in a breast cancer cell
line. BCRP is highly expressed in placenta, and is pbsgigulated by sex
hormones (Allikmetst al. 1998). The role of BCRP and MRP2-5 in drug resisé
is not fully understood. All of the ABC proteins nimned are also expressed in
non-malignant tissue where they protect againsobietic accumulation. MRP1 is
usually located in the basolateral cellular surfa®d high levels are found in the

lung, testis, kidneys, skeletal muscle and pergh&iood mononuclear cells.
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MRP1, in certain tissues effluxes substrates iheolilood. MRP2, BCRP, and Pgp
are found in the apical surface of epithelial celt&l are highly expressed in areas
that need protection from xenobiotics, including BBB, the placenta, liver, gut
and kidneys (Lesliet al. 2005).

BCRP is activated by hypoxia-inducible transcriptfactor (HIF-In), which
is over-expressed in many primary and metastaticara, due to hypoxia or loss of
Hif-1a-inactivating tumour suppressor genes such as VHIPBEN (Semenza
2003). BCRP expression has been correlated with drsistance in several studies
about acute myeloid leukaemia (Nakanighial. 2003), and a subpopulation of
tumour cells called a side population. This sidpydation shows high expression
levels of BCRP; it was hypothesised that this gidpulation represents cells with
stem-like characteristics (Hirschmann-Jeix al. 2004). Cancer stem cells are
undifferentiated and have the potential for seffergal and long term proliferation,
they can differentiate into many different cell &gp This side population has been
found in a number of human solid cancers, e.g.ianazarcinoma, small-cell lung
carcinoma, Ewing sarcoma, and prostate cancer. B@RR significant role to play
in clinical drug resistance and may also have poetio value. Yohet al. have
shown that BCRP -negative non small-cell lung cengias had a better rate of
response to therapy (44%) than BCRP-positive tus1(24%) (Yohet al. 2004).

1.6.1.1 Specificity for Anticancer Drugs

Pgp is a primary active transporter of bulky ampthpc natural product type drugs
e.g. taxanes, vinca alkaloids, anthracyclines, tathecans, epipodophyllatoxins
and TKIs. Besides the common substrates transpbstelgp, MRP1 and MRP2,
they also transport uncharged drugs, like methatsgxcisplatin, and anthracyclins
Overexpression of MRP2 is associated with cispleggistance. MRP1 and MRP2
also transport metabolites of alkylating anticanagents including chlorambucil
and cyclophosphamide. BCRP causes resistance toales range of anticancer
agents, including anthracyclines, mitoxantronefdtgzan, and the topoisomerase |
inhibitor camptothecin, but does not transport siatkaloids, epipodophyllatoxins,
paclitaxel or cisplatin. BCRP gives resistance titheacyclines. The MRPs cause

resistance to methotrexate after short-term exgoswhereas BCRP causes
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resistance to methotrexate after long-term exposunmethotrexate (Lesliet al.
2005).

1.6.1.2 Expression of ABC Transporters in the BBB/SF Barrier/ Brain

Parenchyma

The BBB and the blood cerebro spinal fluid barfBICB) act as an interface
between the circulatory systems. The BBB is madeoup monolayer of brain
capillary cells, fused together l@pnulae occulents and tight junctions to give a
continuous cellular barrier, which is impermealdeatmost everything except the
smallest lipid soluble compounds. BBB capillaries aovered with a continuous
basement membrane enclosing pericytes and a gelt. [An astrocytic foot is in
contact with the basement membrane and plays aimotee establishment and
maintenance of the brain endothelial cell phenatypeig metabolising enzymes
including cytochrome P450 haemoproteins and UDRaghnosyltransferases
provide an enzymatic barrier (Fig 1.12) (Lesial. 2005).

The BCB forms a barrier between the ventricular #redblood systems. It is
located in thechoroid plexus and is formed by highly vascularised cells located
the ventricular system of the brain, which prodeeeebrospinal fluid. While the
capillaries in thechoroid plexus do not have tight junctions and are leakier than i
the BBB, the choroid epithelial cells do have tighictions and prevent the passage
of compounds from the blood to the CSF. The brarepchymal cells (glial cells
and neurons) give additional protection to the rbrday preventing toxin
permeability. Pgp expression is found in many tgikes in the brain including the
choroid plexus, astrocytes, microglia and capillangdothelium. Most importantly
Pgp is found in the luminal plasma membrane ofctq@llary endothelium, where it
inhibits drugs and toxins from crossing the capyllamembrane into the brain. Pgp is
also present in the apical membrane of theroid plexus, where it probably
facilitates the transport of compounds from theollanto the CSF (Fig. 1.12(b))
(Leslieet al. 2005).

BCRP is mainly expressed at the luminal surfackrain capillaries. MRP1
is expressed at high levels in the choroid plexubere it regulates the drug
concentration in the CSF. MRP1 also functions airbglial cells. MRP1 is found in

the apical side of brain microvessel endothelidis@nd in brain capillaries. MRP4
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is located in the basolateral surface of the clioptéxus and the apical side of brain
microvessel endothelial cells, where it protectsigf topotecan and other
xenobiotics. MRP2 is located in the apical membsarsd brain capillary
endothelium where it effluxes xenobiotics (Ledial. 2005).

A) Blood Brain Barrier B) Blood Cerebral Spinal Fluid Barrier

CSF

& o
epithelium
e Blood @
lcapillary e )
lendothelium - - - - —_ - capillary
@ @ @ endothelium
|l Blood Brain

Fig. 1.13 A Schematic diagram showing the membrane locatizabf MRP1,
MRP2, Pgp and BCRP in (A) blood-brain barrier aBj lflood—cerebral spinal
fluid barrier. CP, choroid plexus; TJ, tight jurtcts (Leslieet al. 2005).
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processes

1.6.1.3 Drug Resistance in Gliomas

Increased expression of resistance genes was metated with overall survival of
patients with medulloblastomas/PNET and high gmgldenas (Valeraet al. 2007).
Pgp is expressed in newly formed capillaries in aomgliomas and might contribute
to the resistant behaviour of these tumours (Tothl.e1996). Pgp expression is
upregulated in gliomas (Calatozzaoal. 2005; Valeraet al. 2007; Nakagawat al.
2009). BCRP expression is upregulated in gliomaadiaet al. 2007; Gilget al.
2008). Pgp possibly inhibits the delivery of anticar drugs to brain tumours.
MRP1 and MRP3 are present in glioma capillaries;RRs also present in glioma
cells. MRP4 is present in astrocytes, glioma caflastrocytic tumours and tumour
capillaries. MRP4 may be the sole transporter froaytic glutathionerelease:
glutathione is an intracellular reductant whichtpots cells from free radicals and
other compounds. MRP5 is present in astrocytespgli capillaries and tumour
cells. BCRP expression has not been detected riocgtts or neurons, but has been
found in glioma tumour capillaries, though note tumour cells (Nies 2007).

Pgp inhibitors are known as chemosensitizers @rsa agents. They inhibit
Pgp drug transport and increase cellular conceomstof therapeutic agents,
therefore they are co-administered. Reversal agemthide calcium channel

blockers like verapamil, calmodulin antagonistshsas phenothiazines, quinolines,
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immunosuppressive agents such as cyclosporin Agiaiits such as cefoperazone,
and rifampicin, steroid and hormonal analogs, mEee; and surfactants.
Unfortunately some of these agents have severe aifets. Verapamil and

cyclosporin A cause cardiotoxicity and increase atep renal, myeloid and

neurotoxicity. Second generation analogs to verdpanmd cyclosporin A have

reduced the side effects (Lestieal. 2005).

Alternative methods of overcoming Pgp mediated dregistance are
monoclonal antibodies against Pgp, anticancer domgaining liposomes which can
bypass the Pgp in the lipid bilayer. MDR-1-spec#ittisense oligonucleotides have
also been used to decrease the expression of Pg{ArMRAs Pgp is expressed in
other tissues such as the liver and kidneys, Pgitors co-administered with
anticancer drugs could, however, lead to altered dnetabolism and excretion, and
to unwanted side effects (Leskeal. 2005).
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1.7 Current Chemotherapy Drugs for Malignant Gliomas

1.7.1 Temozolomide

The first line drug for treatment of high-grade rasytomas and recurrent
glioblastomas is temozolomide (TemodarTemodall — Shering Plough), an
alkylating drug, which causes DNA methylation a @ position of guanine and
crosslinks between strands of DNA, which resultscéll death. Temozolomide
induces autophagy, or programmed cell death type flioma cells (Aokiet al.
2007). The active metabolite of temozolomide i5v(ethyltriazeno)-imidazole-4-
carboxamide (MTIC) (Rudeket al. 2004). The DNA repair protein %O
methylguanine-DNA methyltransferase (MGMT) reversles alkylating effect of
temozolomide, giving increased resistance to tetoozide. The allelic losses of 1p
and 19q are associated with sensitivity of braimdurs to radiotherapy and
chemotherapy. Improved outcome after treatment wetimozolomide has been
associated with promoter methylation of MGMT (osdoof MGMT) and Loss of
heterozygosity (LOH) of 1p and 19qg in patients wghoblastoma, anaplastic
astrocytoma, oligoastrocytomas and, in particdhgodendrogliomas. In particular,
LOH in 1p and promoter methylation of MGMT was asated with longer
progression free survival (Ishiet al. 2007). In malignant glioma patients
temozolomide concentrations range between 0.10 lugha 13.99 pug/ml in the
plasma and between 0.16 pg/mit83 pg/ml in the CSF (Ostermagnal. 2004).
Up to only 6 months progression free survival igorged for glioblastoma patients
(Perry et al. 2010). A subcutaneous human xenograft glioma mgeéélmatrix-
temozolomide was placed directly at the tumour, siesulting in minimal
cytotoxicity toward normal brain tissue, and highdls of oncolytic activity toward

glioma cells were seen, this may offer an alteweatieatment method (Akbat al.

20009). m—
S
N
\/N N'm
Y —

Fig. 1.14Structural formula of temozolomide molecular foraof GHgNeO, and a
molecular weight of 194.15 .
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1.7.2 Docetaxel

Docetaxel(Taxoteré&l, Aventis) is a cytotoxic taxane that inhibits digpeerisation
of microtubules, thereby interrupting cell prolégion and inhibiting cell motility
(Bissery et al. 1995). Docetaxel is a hemisynthetic product derifeom the
European yew tree; it is used to treat various foafncancer and is one of the most
active chemotherapeutic agents for non-small celflcancer (Burrigt al. 1995).
As second line treatment in phase Il trials forureent glioblastoma, docetaxel
showed very little response in glioblastoma, whishprobably due to the poor
penetration of docetaxel through the BBB (Forsstthl. 1996; Kempekt al. 2003;
Kemper et al. 2004). This problem can be addressed by conveetitvanced
delivery (CED), which is been used with paclitaxolan ongoing clinical trial to
patients with recurrent gliomas and is showing psimg results. CED is a drug
application method in which the drug is injectededily into the tumour avoiding
the blockage through the BBB (Chamberlain 2006)C®FRor docetaxel have been
reported to be 0.5 nM and 0.050 nM for CSF (Frazeisal. 2004).
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Fig. 1.15 structure of docetaxel, molecular formula ofsts53NO;43H,O and a
molecular weight of 861.9 (rxlist).
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1.8 MicroRNA

1.8.1 Introduction

Micro (mi) RNAs are highly conserved noncoding RNAat control gene
expression post-transcriptionally, by degradatibtacget mMRNAs or the inhibition
of protein translation. The discovery of Let-7 @aenorhabditis elegans as a
regulator of developmental cellular fate (Reintetirél. 2000) and discovery of let-
7-related genes in multiple species indicated tnportance of these miRNAs
(Pasquinelliet al. 2000). This led to the understanding that miRNAs as key
participants in cellular differentiation. MIRNAs ¥®& also been found to play a key
role in neuronal patterning (Johnston and Hobe@320tissue homeostasis (Cai
al. 2006), and apoptosis (Baehrecke 2003). There warertly 678 mature human
MIRNA sequences listed in the miRNA registry (Sahgath about 1000 predicted
MiRNAs, each possibly targeting 200 genes (Lestial. 2003). Lewiset al. also
identified miRNA target sites in 5300 of 17850 gerne their data set, indicating
that >30% of the human genome may be under thesl&t@onal regulation of
MIiRNAs (Lewiset al. 2005).

MiRNAs are now emerging as master regulators whaither act as an
oncogene or a tumour suppressor, or even affebtfdwses of tumourigenesis, e.g.
the loss of let-7 causes tumour progression by matidg both apoptotic and cell
cycle pathways. Each miRNA is thought to controd¢ texpression of multiple
MRNA targets and have been shown to be involvaberinitiation and progression
of human cancer. As they control important procesaech as differentiation, cell
growth and cell death, miRNAs hold great promisetémgeted cancer therapy. As
mMIiRNA biology evolves we will need to understandRNA function more on a
systems level, where relationships between miRNAd target genes are less
important, than changes in overall gene expresgaitern induced by altered
MIRNA levels (Pasquinelkt al. 2000).
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1.8.2 MicroRNA Transcription and Function

1. Transcription
These small non-coding RNAs are generatedvo within the chromosome regions

once called “junk DNA”, which are the introns withiprotein coding genes.
MiRNAs are encoded by specific genes (Nelgbml. 2003). MiRNAs are small
molecules consisting of about 21 nucleotides; tineyliate expression of the target
genes by base pairing with complementary regiorthinvitarget messenger RNA
(mMRNA). A perfect match causes destruction in ailamway to small interfering
RNAs (siRNAs), and mismatches cause inhibitiorrafislation (Nelsort al. 2003;
Krol et al. 2004).

2. Hairpin Release in the Nucleus
MiRNAs are similar in size to siRNAs, but have st transcription units in the

genome. MiRNAs expressed within introns are exmessith their host mRNA
which is derived from introns within the same pmson mMRNA (pre-mRNA)

transcript. Whereas siRNAs, which are used thefaqadly, have exogenous origins
and are either directly introduced into cells asl-bp double stranded RNA
molecules, or are generatedvivo from introduced expression vector systems.

All miRNA gene products originate in the nucleds primary precursor
MiRNA (pri-miRNA) is transcribed from noncoding tigcription units, or spliced
off from introns of pre-mRNA. MiRNAs are expressasl part of pri-miRNAs (Lee
et al. 2002) and transcribed by RNA Polymerase I, tmaiude 5' caps and 3'
poly(A) tails (Smalheiser 2003). The miRNA portioh the pri-miRNA transcript

forms a hairpin which signals for double strand@tfRspecific nuclease cleavage.

3. Export to the Cytoplasm
The double stranded RNA-specific ribonuclease Daadigests the pri-miRNA in

the nucleus to release hairpin, pre-miRNA (leteal. 2003). This Pri-miRNA is
processed by Drosha-type endonucleases followmgahcalled pre-miRNA, which
is exported from the nucleus by the receptor exp&rt Exportin-5 binds directly to
correctly processed pre-miRNAs, which is a requeetrior miRNA biogenesis and
a probable role in coordination of nuclear and plgsmic processing steps (&ial.
2003; Lundet al. 2004). Pre-miRNAs are 70 nucleotide RNAs with hutleotide
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3' overhangs, 25-30 base pair stems, and relatiselgll loops. Drosha also
generates either the 5' or 3' end of the matureNAiRlepending on which strand of
the pre-miRNA is selected by RNA induced silencaomplex (RISC) (Leet al.
2003; Yiet al. 2003).

4. Dicer Processing
When the pre-miRNA reaches the cytoplasm it iswddaby Dicer-type nucleases to

form mature, fully processed miRNA. Dicer is a memof the RNase Il
superfamily of bidentate nucleases, and is involvedRNA interference in
nematodes, insects, and plants (leteal. 2003; Yi et al. 2003). The resulting
double-stranded RNA has 1-4 nucleotide 3' overhatgsither end (Lundt al.

2004). Only one of the two strands is the maturBM#A; some mature miRNAs
derive from the leading strand of the pri-miRNAnsaript, and with other miRNAs

the lagging strand is the mature miRNA.

5. Strand Selection by RISC
Selection of the active strand from the doublensteal RNA is based on the stability

of the termini of the two ends of the double steth@®NA (Khvorovaet al. 2003;

Schwarzet al. 2003). The strand with lower stability base pariof the 2—4
nucleotide at the 5' end of the duplex associatiéis the RNA-induced silencing
complex (RISC) and thus becomes the active miRNeh\W&rzet al. 2003) (Fig.

1.15).
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Fig. 1.15 MIRNA transcription. The excision and activation attive single-
stranded miRNAs from precursor transcripts occlrsugh a multi-step process. A
primary precursor miRNA (pri-miRNA) is transcrib&é@®m noncoding transcription
units, or spliced off from introns of pre-mRNA. MiAs are expressed as part of
pri-miRNAs and transcribed by RNA Polymerase llattiinclude 5' caps and 3'
poly(A) tails. The miRNA portion of the pri-miRNArdnscript forms a hairpin
which signals for double stranded RNA-specific easke cleavage. The double
stranded RNA-specific ribonuclease Drosha digémpti-miRNA in the nucleus to
release hairpin, pre-miRNA. This Pri-miRNA is presed by Drosha-type
endonucleases following the so called pre-miRNAjcWwhis exported from the
nucleus by the receptor exportin-5. Exportin-5 bimlirectly to correctly processed
pre-miRNAs, which is a requirement for miRNA biogers and a probable role in
coordination of nuclear and cytoplasmic processteps. The strand with lower
stability base pairing of the 2—4 nucleotide at3hend of the duplex associates with
the RNA-induced silencing complex (RISC) and thesdmes the active miRNA
(Ambion).

1.8.3 MIRNA Expression in Gliomas

Oncogenic signalling is central to the developma&nimost cancers, including the
most common class of primary brain tumour, gliomcroRNAs are small non-
coding RNA molecules that regulate protein expaesdly targeting the mRNA of

protein-coding genes, for either cleavage or regiwesof translation. MiRNAs are
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effective post-transcriptional regulators of gengression and are important in
many biological processes. Although the oncogemd @umour suppressive
functions of several miRNAs have been characteriez involvement of miRNAs
in tumour invasion and migration remains largely explored. Increased
understanding of the molecular and cellular medmasithat drive glioblastoma

formation are required to improve patient outcome.

1.8.3.1 miRNAs Involved in the Proliferation and Irvasion of Gliomas

Several miRNAs have been implicated in regulating tlevelopment of gliomas
through their targeting of mRNA involved in processincluding growth and
invasion. Knockdown of miR-221/222 in glioma cebsd xenograft tumours
reduced growth, invasion ability, cell cycle wasdied at G(0)/G(1) phase of the
cell cycle, and apoptotic cell number increaseda(igfet al. 2009), which resulted
in the downregulation of the anti-apoptotic genéd-Z@and the upregulation of
negative regulators of the cell cycle including mexin43, p27, p57, PUMA,
caspase-3, PTEN, TIMP3 and Bax (Gillies and Lorii2@®7; Medinaet al. 2008;
Zhanget al. 2009; Zhangt al. 2009).1t is known thatP27 is expressed at low levels
in high-grade astrocytomas (Piglal. 1997). It seems likely that miR-221/222 play
a crucial role in enhancing proliferation in gliosna

Very little is known about miRNA interactions witbellular pathways.
MiRNAs have been associated with the Notch pathwdych plays key roles in
nervous system development and in brain tumour$a@<t al. 2009). Neuronally
expressed miR-326 was upregulated following Notdmackdown, and was not
only suppressed by Notch but also inhibited Notatgins and activity, indicating a
feedback loop (Kefast al. 2009). Transfection of miR-326 into both estaldith
and stem cell-like glioma lines amd vivo was cytotoxic, and rescue was obtained
with Notch restoration (Kefast al. 2009). MiR-326 partially mediated the toxic
effects of Notch knockdown (Kefasal. 2009).

MiR-34a is a transcriptional target of p53, andd@vn-regulated in some
cancer cell lines (Let al. 2009). Transfection of miR-34a down-regulated etm
human glioma and medulloblastoma cells and NotdNet¢ch-2, and CDK6 protein
expressions in glioma cells and stem cells, anohgty inhibitedin vivo glioma
xenograft growth (Liet al. 2009). MiR-34a expression is down-regulated in
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glioblastoma tissues in comparison to normal bemd in mutant p53 gliomas as
compared with wild-type p53 gliomas. MiR-34a inaglia and medulloblastoma cell
lines strongly inhibited cell proliferation, cellyde progression, survival, and
invasion (Liet al. 2009). In human astrocytes transfection with mé-3lid not
affect cell survival or cell cycle status (ki al. 2009). MiR-34a suppresses brain
tumour growth by targeting c-Met and Notch in gleeells and stem cells (Et al.
2009).

Overexpression of miR-125b promotes human gliontlapeceliferation and
inhibits all-trans retinoic acid (ATRA)-induced taboptosis and low expression of
miR-125b sensitizes cells to ATRA-induced apoptd3{sa et al. 2009). Bcl-2
modifying factor (BMF) may play an important role the process of miR-125b
influencing cell apoptosis (Xiet al. 2009).

MiR-21 up-regulation has been reported for the migjof cancers profiled
to date; the mechanism of action of miR-21 is ppanhderstood, although it is
known to contribute to proliferation and apopto@henet al. 2008). MiR-21
expression plays a key role in regulating celljamcesses in glioblastomas, and
appears to function as an anti-apoptosis factalioblastomas (Chast al. 2005;
Chenet al. 2008; Ohnaet al. 2009); however the functional target genes of 2iR-
are largely unknown. Increased miR-21 levels hawenb found in human
glioblastoma tumour tissues, early-passage glitdmas cultures, and in established
glioblastoma cell lines in comparison with non-nlespic fetal and adult brain
tissues, and in comparison with cultured nonnediplgtial cells (Charet al. 2005).

In addition to increasing apoptosis, inhibiting iR expression has also led to
glioma cell growth suppression, invasion reductiaspase-3 activity elevation and
caspase-9 activation, but has not affected PTENcaspase-8 expression (&hal.
2008). Inhibiting miR-21 expression could inducegla cell apoptosis via caspase-
9 and 3 activation, but not PTEN activation (Shial. 2008). MiR-21 is an
important oncogene that targets a network of p&d--beta, and tumour suppressor
genes in glioblastoma cells (Zhat al. 2007; Papagiannakopoul@s al. 2008).
Downregulation of miR-21 contributes to the antitwn effects of IFN-beta and
miR-21 expression is negatively regulated by STA€8vation (Ohncet al. 2009),
it also inhibits the EGFR pathway independentlfPOEN status (Zhost al.).
Over-expression of miR-15b resulted in cell cycteest at GO/G1 phase

while suppression of miR-15b expression resulted aecrease of cell populations
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in GO/G1 phase, and a corresponding increase bpapulations in S phase (X&t
al. 2009). MiR-15b regulates cell cycle progressioglioma cells by targeting cell
cycle-related molecules including CCNE1 (encodindio E1) (Xiaet al. 2009).

MiR-181a and miR-181b function as tumour suppresseading to growth
inhibition, apoptosis and inhibited invasion inaghia cells (Shet al. 2008). Down-
regulated miR-181a and miR-181b may be criticaltdigc that contribute to
malignancy in human gliomas (Ciafeeal. 2005; Shiet al. 2008).

Control of cell proliferation by Polycomb group pems (PcG) is important
in cellular homeostasis, and its disruption cammte tumorigenesis (Chaa al.
2008). Chromobox protein homologue 7 protein (CBX)a novel PcG protein
controlling the growth of normal cells (Chabal. 2008).The protein level of CBX7
was reduced in glioma tissues and cell lines ingammon to normal brain tissue
and the up-regulation of miR-9 in glioma tissued aall lines, was associated with
down-regulation of CBX7 (Chaet al. 2008).

MiRNA-128 is significantly down-regulated in glicdidtoma cell lines in
comparison to normal brain tissue (Ciakeal. 2005; Godlewskiet al. 2008);
increased expression of miR-128 in glioblastomalsceeduced proliferation
(Godlewskiet al. 2008; Zhanget al. 2009). MiR-128 targets angiopoietin-related
growth factor protein 5 (ARP5/ANGPTL6), Bmi-1 an@f=3a, key regulators of
brain cell proliferation. ARP5/ ANGPTL6 is a trangtion suppressor that
promotes stem cell renewal, and inhibits the exgdoesof known tumour suppressor
genes involved in senescence and differentiatiomi-B a transcription factor
critical for the control of cell-cycle progressicemd E2F-3a, were found to be up-
regulated in glioblastoma (Ceat al. 2009; Zhanget al. 2009). Addition of miIRNA-
128 into glioblastoma cell lines restored ARP5 (ANKL6), Bmi-1 and E2F-3a
expression, and significantly decreased proliferatDown-regulation of miR-128
may contribute to glioma proliferation by up-reguig ARP5 (ANGPTL6), Bmi-1
and E2F-3a (Cugt al. 2009; Zhanget al. 2009).

The most common genetic alterations found in géstima include EGFR
activation and AKT pathways (Wong al. 1987; Haas-Kogaset al. 1998). Low
expression levels of miR-7 were found in glioblaséoin comparison to normal
brain (Kefaset al. 2008). In glioblastoma cells transfection of miRigcreased the
level of EGFR and upstream regulators of the AKThpay, insulin receptor

substrate 1 (IRS1) and insulin receptor substrgi®32); these cells had increased
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apoptosis and reduced invasion (Kedasl. 2008). This would suggest that miR-7
regulates the EGFR and AKT pathways. MiR-7 is aptl tumour suppressor in
glioblastoma targeting critical cancer pathways.RMi decreased viability and
invasiveness of primary glioblastoma lines and isegulator of major cancer
pathways and suggests that it has therapeutic tdtéor glioblastoma (Kefast al.
2008).

MiR-10b was initially identified as a miRNA highlgxpressed in metastatic
breast cancer, promoting cell migration and invagi®asayamat al. 2009). MiR-
10b expression was found to be upregulated in glieamcomparison to normal
brain tissue (Sasayame al. 2009). The expression levels of miR-10b were
associated with higher grade glioma. mRNA expressiof Ras homolog gene
family, member C (RhoC) and urokinase-type plasm@mo activator receptor
(UPAR) were significantly correlated with the exgs®n of miR-10b. MiR-10b
might play some role in the invasion of glioma s€¢basayamet al. 2009).

MiR-146b significantly reduced the migration andasion of glioma cells,
by targeting a matrix metalloproteinase gene, MMP18s implicates miR-146b as
a metastasis-inhibiting miRNA in glioma (Xéal. 2009).

The Akt pathway, which is regulated by the tumoupmessor gene PTEN
(phosphatase and tensin homolog), plays a crum#& in the process of
gliomagenesis (Huse al. 2009). MiR-26a is a direct regulator of PTEN esgsion.
miR-26a is frequently amplified in human glioma, shoften in association with
monoallelic PTEN loss (Husa al. 2009). MiR-26a-mediated PTEN repression in a
murine glioma model enhancdd novo tumour formation (Huset al. 2009).

56



1.9 Plan of Investigation

Characterisation of a Panel of Newly Developed Glma Cultures

To establish new glioma low passage cultures, ddrivom brain tumour
biopsy samples.

To compare these low passage cultures with edteoliglioma cell lines and
early passage cultures from other laboratoriesldntify potential cellular or
molecular therapeutic targets.

To examine invasion, migration, proliferation ambptosis in the presence
of tyrosine kinase inhibitors imatinib, erlotiniband gefitinib and
chemotherapeutic drugs docetaxel and temozoloraglsingle agents and in
various combinations.

To examine the expression of EGFR in the gliomé&uces in relation to the
responsiveness to tyrosine kinase inhibitors, &stimib and gefitinib are
tyrosine kinase inhibitors which specifically targeGFR, to determine if
EGFR expression is indicative of a responder or-nesponder to TKIs
which target EGFR in glioma.

To compare the expression of specific targets attimb including PDGFR-
B, C-Kit and C-Abl in relation to responsivenesdratinib in the cultures,
to see if these targets are indicative of resp@m&ss to imatinib in glioma.
To see if the expression levels of ABC transpopteteins, Pgp and BCRP
indicated sensitivity or responsiveness to TKIsleemotherapeutic drugs.
To correlate responsiveness to TKIs with their eargxpression including
PDGFRa, PDGFRB, C-Abl, C-Kit, (specific targets of imatinib); EGF
and EGFRUVIII (specific targets of erlotinib and igafb), and downstream
targets of the EGFR and PDGFR signalling pathway, phosphorylated
Akt, PTEN and p70S6K in the cultures.

To measure the accumulation of tyrosine kinasebitdni gefitinib in a panel
of these cultures, to determine if the amount ofgydwithin the cell is related

to responsiveness to gefitinib in glioma cells.
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Identification of Key MiRNAs

= |dentification of key miRNAs, which are correlatedith tumour
proliferation and invasion, in fully characterizgatimary cell cultures
developed from brain tumour tissue, in order tatdg novel markers and
increase our understanding on the pathways involvedylioblastoma
proliferation and invasion.

= Validation of identified key miRNAs in selected &slished cell lines and
primary glioma cultures and in normal human astiegy To identify
mMiRNAs associated with proliferation/ invasion imlignant glioma.

* Functional validation of identified key miRNAs ielected glioma cultures,
to demonstrate that these miRNAs have a significalg to play in the

progression of malignant glioma.

1.10 Overall Thesis Hypothesis

To develop a cohort of early passage glioma cudtfirem tumour biopsy samples
and determine their response to the TKis, erlotigbfitinib and imatinib and

correlate this with expression of specific targef@dteins of the TKIs, EGFR,

PDGFR, C-Abl, C-Kit and downstream targets of tie@HR and PDGFR signalling
pathway, PTEN, Akt and p70S6K to see if expressibthese proteins is indicative
of TKI response in glioma.

To characterise the glioma cultures in relation their invasion and
proliferation rate, and look at the effect of TkKlsd chemotherapeutic drugs on these
characteristics. To examine the expression of affigx pumps in these cultures,
and to correlate this with drug sensitivity.

To identify key miRNAs which play a role in the hgamant progression of
glioma, i.e. that are directly involved in the ré&gion of proliferation and/ or

invasion in glioma.
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Section 2.0 Materials and Methods
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2.1 Cell Culture
All cells were cultured in Dulbecco's Modified Eagl Medium (DMEM) with 10%
fetal calf serum (Harlan 5-0001AE), and 4% non-esakamino acids (NEAA)
100x (GIBCO 11140).

Normal human cerebral and foetal astrocytes vperehased from Lonza
(CC-2565) and cultured in an astrocyte bullet &IC¢3186) containing 500 mls of
Astrocyte Basal Medium (no growth factors) and Sements for a complete

growth medium, developed especially for NHA.

2.1.1 Origin of Cell Cultures

Primary cell cultures were established from braimaur biopsy samples from
Beaumont Hospital, Dublin. Approved by the Ethid&e(lical Research) (ERC/IRB)
Committee in Beaumount Hospital, Dublin9, investigaProfessor Michael Farrell,
protocol number: 04/05, title: Cellular Investigatiof Drug Effect on the Invasive

Behaviour of Malignant Astrocytoma, final approdalte 3% August 2005.

All newly established glioma cultures were belowssage 10. The passage numbers
of other cell cultures used during this study @t in table 2.1.

Table 2.1Passage numbers of cell cultures used in thiystud

Cell Culture Passage Numbers
CLOMO002 11 to 40

UPHHJA 9to 25

SNB-19* +9 to +31
IPSB-18 52 to 72

NHA Below 6

SNB-19- Tem +40

*: SNB-19 has the same origin as the cell line U&&d there is a possibility that
they are the same cell line (Loremzal. 2009).

60



Table 2.20rigin of cell cultures

Cell Culture Origin Source

CLOMO002 Primary Glioblastoma 1
UPHHJA Primary Glioblastoma 1
SNB-19 Primary Glioblastoma 2
IPSB-18 Grade Ill Astrocytoma 1
NHA Cerebral & Foetal Astrocytes 3
SNB-19-Tem Primary Glioblastoma 4
NO70055 Grade Il Oligoastrocytoma 4
NO70126 Primary Glioblastoma (later res) 4
NO070152 Primary Glioblastoma 4
NO070201 Grade Ill Astrocytoma 4
NO070219 Grade Il Oligodendroglioma 4
NO70314 Grade Il Oligodendroglioma 4
NO70788 Grade Ill Astrocutoma (prev res) 4
NO70859 Primary Glioblastoma 4
NO70865 Primary Glioblastoma 4
N080501 Primary Glioblastoma 4
NO080533 Primary Glioblastoma 4
N080540 Primary Glioblastoma 4
N080869 Primary Glioblastoma 4
N080923 Primary Glioblastoma 4
N080943 Primary Glioblastoma 4
NO070229 Grade Ill Astrocytoma 4
NO070237 Grade Ill Astrocytoma (prev res) 4
NO70440 Secondary Glioblastoma (prev res) 4
NO70450 Grade Il Astrocytoma 4
NO70780 Secondary Glioblastoma (prev res) 4
NO70934 Primary Glioblastoma 4
NO71155 Grade Il Oligodendroglioma 4
N060893 Secondary Glioblastoma (prev res) 4
N060913 Primary Glioblastoma 4
N060950 Grade Il Oligoastrocytoma 4
N060978 Primary Glioblastoma 4
N061007 Primary Glioblastoma 4
N061092 Primary Glioblastoma 4
NO70454* Primary Glioblastoma 4
NO70701 Secondary Glioblastoma (prev res) 4
NO070293 Primary Glioblastoma 4
NO071026 Primary Glioblastoma 4
NO71057 Primary Glioblastoma 4
NO71060 Primary Glioblastoma 4
NO71144 Primary Glioblastoma 4
NO71271 Primary Glioblastoma 4
NO080558 Primary Glioblastoma 4
NO080749 Primary Glioblastoma 4
NO080805 Primary Glioblastoma 4
N081185 Secondary Glioblastoma prev res) 4
NO070215 Grade Ill Astrocytoma (prev res) 4
NO70950 Grade Il Oligoastrocytoma 4
NO070311 Secondary Glioblastoma 4

Tem:temozolomide. Prev res: previous resectiorerLias: later resection.

1: Geoff Pilkington’s laboratory, University of Remouth, UK.

2: The German cell bank Deutsche Sammlung von Milganismen und Zellkulturen GmbH
(DSMZ), Germany (German Collection of Microorganssamd Cell Cultures).

3: Lonza biologics, Cambridge, UK (CC-2565).

4: The National Institute for Cellular Biotechnoloddublin City University, Ireland.
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Table 2.3Preparation of Drugs

Drug Dilution Source

Erlotinib (Tarcevall) 10 mg/ml Sequoia Research Products Ltd
Gefitinib (Iressall) 10 mg/ml Sequoia Research Products Ltd
Elacridar (GF120918) 10 mg/ml Sequoia Research Products Ltd
Imatinib (GlivecO) 10 mg/ml Novartis

Docetaxel (Taxotere[d) 10 mg/ml Sanofi Aventis

Temozolomide (Temodald) 20 mg/ml Donated from the National

Cancer Institute, USA

Drugs were diluted in DMSO, Docetaxel was in ligtodm.

2.2 Generation of Cultures from Biopsy Samples

The tissue sample was placed into a petri disth wald DMEM media containing
10% fetal calf serum and 4% NEAA. Each tissue samyds dissected into very
small pieces using a scalpel and tweezers (to theldissue in place). The dissected
tissue sample was pipetted up and down 3-4 timdartber break up the sample.
The media containing the dissected tissue sampke thven pipetted into vented
25cnf flasks. After 2 days the media was removed andeglanto fresh vented
25cnf flasks. Fresh media was placed onto the origirated 25crhflasks, where
attached cells were left to proliferate. All flask&re continuously given media
changes to generate primary cultures. Generatioeaoh primary culture ranged

from one to four months.

2.3 Proliferation Assays

Cells in the exponential phase of growth were h&tedkby trypsinisation. Cell
suspensions containing 2X1€ells/ml were prepared in cell culture medium. 100
ul/well of the cell suspension was added to 96-vpédites (Costar, 3599). Plates
were agitated gently in order to ensure even desperof cells over the surface of
the wells. Cells were then incubated overnight.dodilutions were prepared at 2X
their final concentration in cell culture mediuns, B00ul of cells was already on the
plate this allowed for a 1 in 2 dilution of the drdOOul of the drug dilutions were
then added to each well. Plates were then mixedlygas above. Cells were
incubated for a further 7 days until the controllgvbad reached approximately 80-

90% confluency.
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2.3.1 Assessment of Cell Number - Acid Phosphata&sesay

A. Acid Phosphatase in 96-well plate format.

Following an incubation period of 6-7 days, mediaswemoved from the plates.
Each well on the plate was washed with L0®BS. This was removed and 100
of freshly prepared phosphatase substrate (10 nmifrgphenol phosphate (Sigma
104-0) in 0.1 M sodium acetate (Sigma, S8625), Otrdfan X-100 (BDH, 30632),
pH 5.5) was added to each well. The plates wer@paa in tinfoil and incubated in
the dark at 37°C for 1.5 hours. The enzymatic reacwas stopped by the addition
of 50 ul of 1 M NaOH to each well.

B. Acid Phosphatase in 6-well plate format.

Following an incubation period of 72 hours, mediaswemoved from the plates.
Each well on the plate was washed with 1 ml PBSs Was removed and 2ml of
freshly prepared phosphatase substrate in 0.1 Misodcetate, 0.1% triton X-100
(BDH, 30632), pH 5.5) was added to each well. Theeg were wrapped In
tinfoil and incubated in the dark at 37°C for 2 rmuThe enzymatic reaction was
stopped by the addition of 1 ml of 1 M NaOH to eaa#il. Plates were read in a
dual beam plate reader at 405 nm with a referenagelength of 620 nm.

Assessment of cell survival in the presence of duag determined by the acid
phosphatase assay. Results were graphed as pgeentevival (relative to the

control cells) versus drug concentration, usingeégoftware.

2.3.2 Measurement of Doubling Time

Cells were seeded in two 6 well plates at a comagan of 5000 cells/2ml/well and
incubated approximately 72 hours before the fiedt count. For each cell count
cells of two wells were trypsinized, centrifugeddamesuspended in 100 pl culture
medium. Cells were counted using a haemocytom€gdls were counted every 48
or 72 hours and 6 times in total. The doubling twess calculated in three steps:
The counted cell number was divided by the previoosint resulting in a
multiplication factor. Then the time period betwdam counts was divided by the
multiplication factor and the resulting number wasiltiplied by 2. A series of
doubling times was obtained for each cell line, chhivere then averaged. Trypan

blue staining was used to check for viable cells.
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2.4 Drug Scheduling for Proliferation Assays

Cells were exposed to each drug/drug combinatior24ohrs in a consecutive way.
For the proliferation assay each treatment schedws performed with three
different drug concentrations (6, IC;s and 1Go) per drug, representing high,
medium and low concentrations. The assay was dere tin triplicates. In the

invasion assay we tested 4 different drug schedatigidually with one set of drug

concentrations. After the last incubation drug/dcognbination containing medium
was replaced with fresh medium and the cells wasebated for a further 3 days.

2.5 Analysis of Drug Combination Effects

The effect of the drug combination on cell kill wasrformed and analysed

according to a protocol by Chou and Talal@nou and Talalay 1984). For each cell
line the IGq, 1Cy0, and IGo of imatinib was combined with the 1§ 1Cz0, and 1Go

of docetaxel, resulting in a total of nine valuan® per combination index (CI)

plot. A range of IC values were tested to examinedombination effect at low and
high toxicity. A ClI value smaller than 1 indicatassynergistic action of the two

drugs; a Cl value equal 1 an additive effect ar@@l &alue greater than 1 indicates

an antagonistic effect.

2.6 Apoptosis Assay

On day 0 cells were set up at 1%t6lls/well in a 24-well plate. On day 3 the media
was removed and drug was added. After 24 or 48&élis were trypsinized and
counted. After incubation, the supernatant was x&ddo eppendorfs, rinsed with
300 ul sterile PBS, this PBS was added to the sgpendorf. During trypsinisation
this was spun at 1000rpm for 5 minutes at RT. 3D@ypsin was added to each
well, the plate was covered with parafilm and irmteld at 37C and 5% C@with
monitoring until the cells had detached. 600 ps@fum-supplemented medium was
added to each well and this was added to the lireppendorf, with previously
removed supernatant containing centrifuged celdlehBwvell was washed with 300
ul sterile PBS and this was also added to the sgppendorf. This was also spun at
1000rpm for 5 minutes at RT. The supernatant walygeemoved and resuspended
in 150 pl serum-supplemented medium. 75 pl of samals added to a well in a 96-
well round bottomed plate. A 75 pl sample of a fasicontrol (cells exposed to

drug) was included, and also a 75 ul sample that megative control (cells not

64



exposed to anything). These were used to adjustdtimgs on the Guava. 75 ul of
nexin reagent was added; this was mixed and inedlfar 20 minutes with gentle
mixing in the dark (i.e. covered with tin foil). {ewere assessed for early and total
apoptosis using the Guava NeXimssay and the Guava® EasyCyteFlow
Cytometer according to manufacturer's recommendatidAt least 3 biological

replicates in duplicate for each condition was used

The Guava Nexin® Annexin V Assay

The Guava Nexin® Annexin V Assay offers detectedyeapoptosis. The assay
relies on the translocation of phosphatidyl se(fP8) to the outer surface of the cell
membrane, an event often associated with the arfsgpoptosis. A mix-and-read
assay for monitoring externalization of PS throdgh binding of Annexin V to the
exposed PS, the automated single-cell analysisyasshe choice for monitoring
apoptosis due to its sensitivity and reproduchiliAnnexin V is a calcium-
dependent phospholipid binding protein with highingtfyy for phosphatidylserine
(PS), a membrane component normally localized e ititernal face of the cell
membrane. Early in the apoptotic pathway, molecofeBS are translocated to the
outer surface of the cell membrane where Annexigavl readily bind to them.
The assay relies on a two-dye stategy: 1) AnnexPBEvto detect PS on the external
membrane of apoptotic cells and 2) 7-AAD, a celparmeant dye, as an indicator
of membrane structural integrity. 7-AAD is excludizdm live, healthy cells and

early apoptotic cells, but permeates late-stagetafio and dead cells.

2.7 3D Collagen Invasion Assay

Cell spheroids were formed using the hanging dregphod described by Del Duca
(Del Duca et al. 2004). Briefly, after trypsinigati the cells were diluted with
conditioned medium (CM) reaching a concentratiodxa(cells/ml. Drops (20 ul)
of cell suspensions were placed onto the lids & d®n Petri dishes, which were
inverted over dishes containing 10 ml sterile watéanging drop cultures were
incubated for 24-48 hngntil cell aggregates were formed, which were tiemed to

a 100 mm dish coated with 4% agar and filled with inl CM. The
aggregates/spheroids were incubated for anothay®, evhile they rounded up, and
then implanted into collagen gel. Cold Pure®oINAMED, USA) was mixed with

cold 10-fold concentrated minimal essential medi(figma) and cold 0.1 M
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sodium hydroxide at a ratio of 8:1:1 reaching alfinoncentration of 2.4 mg/ml
collagen type I. The pH was neutralised by adding/1INaOH (Sigma). The
collagen solution was distributed into 24-well pa{0.5 ml/well) and one spheroid
was placed into each well. The plates were ke &€ for about 30-60 min. After
solidification the gels were overlaid with 0.5 mMCand kept at 37°C under 5%
CO,. On day 4, the medium was replaced with fresh Gidn{fol) or drug-
containing CM. Cell migration out of the spheroichavmeasured before drug
addition (day 0) to 12 after drug addition.

2.7.1 Spheroid Measurement

Spheroid measurements were taken at 4X magnificatsing a graticule eye piece,
with 10 mm line in 100 parts, each part = 0.1 mmspkheroid measurement was
taken from a central point in the spheroid. Eachespid had 4 measurements per
timepoint. Day O (post 4 day spheroid invasion) sueaments were subtracted from
the overall measurements. Each condition was dodaplicate per experiment, with

3 biological repeats, in some cases 2 biologigadaés.

2.81n vitro Invasion Assay

Invasion assays were performed using the methodllwhi et al.(Albini et al.
1997). 100ul of matrigel were placed into each insert (Fal&®97) (8.0um pore
size, 24 well format) and kept at°@ for 24 hours. 4 inserts per 24 well plate was
used per assay, with 3 separate assays. The amskthe plate were then incubated
for one hour at 37C to allow the proteins to polymerise. Cells wessviested and
resuspended in culture media containing 5% FCS & 1& cells/ml. Excess
media/PBS was removed from the inserts, and theg wesed with culture media.
100 pl of the cell suspension was added to each in8eftirther 100ul of culture
media was added to each insert and @Qdf culture media containing 5% FCS was
added to the well underneath the insert. Cells Wwenabated for 24 hours. After this
time period, the inside of the insert was wipedhvat cotton swab dampened with
PBS, while the outer side of the insert was staingd 0.25% crystal violet for 10
minutes and then rinsed in distilled water {@) and allowed to dry. The inserts
were then viewed and photographed under the uphbigbbtfield microscope. The

invasion assays were quantified by counting cell$d random fields within a grid
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at 20x objective and graphed as the total numbercadis invading at 200x

magnification.

2.9 Drug Accumulation Assay

On day 0 Cells were seeded at 5 % &élls/ml in T25 flasks (3 flasks per cell line
per drug) and 3 control flasks also with no drug.day 1 the medium was removed
and 5mis of medium with drug was added. The flagkse incubated for 2 hours;
the drug containing medium was then removed. Taskf were than washed with 4
mis of cold PBS. The cells were than trypsinisethvid mls of trypsin; this was
stopped with 2mls of medium. The suspensions wexresterred into extraction
tubes, centrifuged at 1000rpm and the supernalemt temoved leaving the pellet
intact. The pellet was resuspended in 1ml of PBSmAall aliquot was removed for
counting. This was then spun down, and the PBSrem®ved, the pellet was then
frozen at -20C. The samples were then analysed by mass spettyoime a
postgraduate student, Sandra Roche, in the Natidnsiitue for Cellular

Biotechnology.
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2.10 Western Blotting

2.10.1 Whole Cell Extract Preparation

Cells were grown to 80-90% confluency in cell ctétigrade petri dishes. Media
was removed and cells were washed twice with 10icelsold PBS. All procedures
from this point forward were performed on ice. Gallere lysed with 1501 of NP-
40 lysis buffer (425 ml dkD water, 25 ml 1 M Tris-HCI (pH 7.5) 50 mM Tris-HCI
(pH 7.5), 15 ml 5 M NaCl 150 mM NaCl, 2.5 ml NP-8(%% NP-40) 15l of the
10X protease (100X Protease inhibitors 2.5 mg/mpégptin, 2.5 mg/ml aprotinin,
15 mg/ml benzamidine and 1 mg/ml trypsin inhibitor dH20) and 1.5l
phosphatase inhibitors (100 mM DTT 154 mg in 10didO, 100 mM PMSF 174
mg in 10 ml 100% ethanol) were also added to eath gish and incubated on ice
for 20 minutes. Cells were then removed with a cell scraper andhéur
homogenised by passing through a 21 guage syriGgenple lysates were
centrifuged at 14,000 rpm for 10 minutes &C4 Supernatant containing extracted
protein was transferred to a fresh chilled eppeintdre. Protein concentration was
guantified using the Biorad assay. Samples werne stared in aliquots at -80°C.

2.10.2 Protein Quantification

Protein levels were determined using the Bio-Rautgim assay kit (Bio-Rad, 500-
0006) according to maufacturers guidelines, with mg/ml bovine serum albumin
(BSA) solution (Sigma, A9543).

2.10.3 Gel Electrophoresis

Proteins for analysis by Western blotting were hesb using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). PAG#uramidé€Precast Gels with 7.5% Tris-
Glycine gels (Lonza, 59601) were used. The gelewen at 250V and 20mA until
the bromophenol blue dye front was found to hawahed the end of the gel, at
which time sufficient resolution of the moleculaeight markers was achieved. In
advance of samples being loaded in to the relesample wells, 2Qug of protein

was diluted in 5x loading buffer. Molecular weighiarkers (Sigma, C1992) were
loaded alongside samples. Western Blotting wasopedd by the method of
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Towbin et al, 1979. Once electrophoresis was complete, the BRSE gel was
equilibrated in transfer buffer (25 mM Tris (Sigm&8404), 192 mM glycine
(Sigma, G7126), pH 8.3-8.5) for approximately 1mumes. Five sheets of Whatman
3 mm filter paper were soaked in freshly preparaddfer buffer. These were then
placed on the cathode plate of a semidry blottipgasatus (Bio-rad). Air pockets
were then removed from between the filter papetrosellulose membrane (GE
Healthcare, RPN 3032D), which had been equilibratethe same transfer buffer,
was placed over the filter paper on the cathodeeplkar pockets were once again
removed. The gels were then aligned onto the membiféive additional sheets of
transfer buffer soaked filter paper were placedamof the gel and all air pockets
removed. The anode was carefully laid on top ofdtaek and the proteins were
transferred from the gel to the membrane at a ouwe275mA at 25 V for 30-40
minutes, until all colour markers had transferréahllowing protein transfer,
membranes were stained using PonceauS (Sigma, Piol&fsure efficient protein
transfer. The membranes were then blocked for 2shatiroom temperature using
5% blotting grade blocker (Bio-Rad 170-6404) in PBi#h 0.1% tween 20 (Sigma
P1379) at 4 °C. Membranes were incubated with pginaatibody overnight at 4
°C. Antibodies were prepared in 5% blotting grattecker in PBS with 0.1% tween.
Primary antibody was removed after this period tr@lmembranes rinsed 3 times
with PBS containing 0.5% Tween 20 for a total of-3Ib minutes. Secondary
antibody (1 in 1,000 dilution of anti-mouse IgG q@eddase conjugate (Sigma,
A4914)) in PBS, was added for 1.5 hours at roonpezature. The membranes were
washed thoroughly in PBS containing 0.5% Tweerlfominutes.
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Table 2.4Nestern Blot antibodies.

Primary Antibody Dilution
Pgp 1:200 Sc-13131, Santa Cruz
EGFR 1:100 Ab-15, Lab Vision
PDGFR-B 1:50 PR7212, Calbiochem
PDGFR-a 1:500 Ab35765, Abcam
BCRP 1:40 Ab3380, Abcam
C-Abl 1:500 Tyr245, Cell signalling
BCR-ADI 1:1000 3902, Cell Signalling
C-Kit 1:1000 Ab32363, Abcam
B-actin 1:10,000 Ab5441, Sigma

Secondary Dilution Source
Antibody
Anti-mouse 1:1000 A6782, Sigma

Anti-rabbit 1:500 18772, Sigma

2.10.4 Enhanced Chemiluminescence (ECL) Detection

Immunoblots were developed using Luminol (Sc-20&&nta Cruz) and ECL
Advancé” (Amersham, RPN2135) which facilitated the detectioh bound

peroxidase-conjugated secondary antibody.
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2.11 Immunocytochemistry

2.11.1 Primary Culture Preparation for Immunocytochemistry

To ensure the cells were screened in their nastasd, they were plated on chamber
slides (Menzel Glaeser) at a concentration of 6l@5xells/ml in 80 pl culture
medium per well. Cells were incubated for 24hr8&C, 5% CQ, and were then
fixed with ice cold acetone, air dried and storee2é’C. This work was carried out
with my supervisor Dr. Verena Amberger Murphy. Tdigles were transported to
Beaumont Hospital for staining by immunohistochergisThe following 3 sections
describe ICC carried out by Rachel Howley in Beannhhmspital.

2.11.2 Automated Immunocytochemistry (ICC)

To ensure all tissue microarrays (TMAs) and chanstides were treated under the
same conditions, where possible, antibodies weremged for use on the
automated Bond™maX system (Vision Biosystems™, d éiticrosystems, Milton
Keynes, UK.) The procedure for automated immunadymistry on Bond™maX

was set up as described in the user manual (Tabje 2

2.11.3 Manual Immunocytochemistry

Both cultured chamber slides and formalin fixedafian embedded (FFPE) TMAs
were immunohistochemically manually stained for ggtw-AKT and phospho-
P70S6K. Culture chamber slides were treated witthgéfsogen peroxide for 5 mins
to block endogenous peroxidases. They were thehegla®r 5 mins (x2) in TBS-T,
circled with the pap pen. All slides were blockedhw100-200 pl per slide of
blocking buffer (5% Normal Goat Serum (Vector)) TBST for 1 hour at room
temperature, followed by an incubation with primamtibody overnight at°€.
Both primary antibodies were diluted in blockingfleg 1/60 and 1/30 for phospho-
AKT and phospho-P70S6K.

The following day all unbound primary antilyogtas removed using 5 min (x3)
washes with TBS-T. The biotinylated anti-rabbit@etary antibody (Vector) was
diluted 1/200 in blocking buffer and applied to leaslide for 30 mins at room
temperature. Again, all unbound antibody was rerddwe washing with TBS-T (5
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min x3). The ABC complex (ABC vectastain kit, VeQtaliluted 1/100 in TBS-T
was applied to the slides for 30 mins at room tenaipee. (Note: the ABC complex
was prepared 30 mins prior to use to allow the AvBiotin Complex to form.) All
unbound Avidin complex was removed by washing Wi8S-T for 5 mins (x3)
after which the chromagen Novared (Vector) was iadgpfor 5-10 mins. This
peroxidase labelled chromagen reacts with the Hadssh Peroxidase (HRP)
labelled Avidin resulting in a red stain locatedemwver the primary antibody is
bound. The reaction was stopped by immersing iroagh of running tap water
before being Haematoxylin stained for 1 min. Excddagmatoxylin was rinsed in
running tap water and the slides were dipped id attohol once before allowing
the haematoxylin to darken in running tap waterSanins. Finally, the slides were
dehydrated by dipping once in three alcohol difg®49100%, 100% ethanol) before
being submerged in two xylene washes. Finally titkees were mounted with DPX
(Fisher) and viewed under the microscope for mamseating or image analysis
(Table 2.5).

2.11.4 Manual Scoring of Immunocytochemistry

In order to quantify the amount of each proteinsprg in ICC stained slides a
manual scoring system was established. This scegatgm took into consideration
both the staining intensity and the percentagesti$ that were stained as previously
described by Riemenschneider (Riemenschneto@r 2006). The staining intensity
was recorded on a scale of 0-3 for each proteie. pdrcentage of cells stained was
divided into the four quartiles; 0, 1-25%, 26-5084;75% and 76-100% which were
assigned values of 0, 1, 2, 3 and 4 respectivatyoverall score was determined by
multiplying the score for staining intensity (O8y the score for the percentage of
cells stained (0-4) for an overall score betwedr? OManual scoring was carried out
by a Ph.D student, Rachel Howley from Beaumont kHalkpDublin and a
neuropathologist, Professor Michael Farrell.
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Table 2.5Immunocytochemistry methods.

Antibody Cat. No. Company Working  IHC Method Technology Chromagen
Dilution (staining)

EGFR tot 4267S CsST 1:50 Automated BPDS DAB
Donated by Darell D.

EGFR VI Bigner, Duke University 1:50 Automated BPDS DAB

PTEN

(Clone Cascade

6H2.1) ABM-2052 Biosciences 1:300 Automated BPDS DAB

Phos-AKT Vecastain

(Pan) ABC Biotin /

(Thr308) 9266L CST 1:60 Manual Avidin Novared

Phos- Vecastain

P70S6K ABC Biotin /

(Thr389) Ab32359 Abcam 1:30 Manual Avidin Novared

PDGFR a 3164 CST 1:100 Automated BPDS DAB

PDGFR B 3169 CST 1:50 Automated BPDS DAB

Phos-C-Abl

(Thr245) Ab4479 Abcam 1:50 Automated BPDS DAB

Phos-C-KIT

(Tyr 721) Ab5632 Abcam 1:/65 Automated BPDS DAB

GFAP 70334 Dako 1:7000 Automated BPDS DAB

NESTIN

(Clone

10C2) MAB 5326  Millipore 1:500 Automated BPDS DAB

CST: Cell Signalling Technologies, = BPRB®nd Polymer Detection System.
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2.12 Statistical Methods

Statistical methods were used to analyse our imeytoohemistry (section 3.5)
results in comparison to responsiveness to TKIghef cell cultures; to test the
dependency of the cultures with the PI3K/Akt pathwa@he cohort included 26
high-grade glioma cell cultures, this dataset s dmall for supervised analysis,
therefore unsupervised analysis was used, hiesrdalustering analysis and

principal components analysis were chosen for wartite statistics.

2.12.1 Hierarchical Clustering Analysis

Cluster analysisis the assignment of a set of observations intosests (called
clusters) so that observations in the same claséesimilar in some sense. This is an
unsupervised analysis which is commonly used. IHtbreal clustering creates a
hierarchy of clusters which can be depicted inea structure called a dendrogram.
The root of the tree consists of a single clustertaining all observations, and the
leaves correspond to individual observations. Aalidvmetric may be used as a
measure of similarity between pairs of observatidine choice of which clusters to
merge or split is determined by a linkage criterigvhich is a function of the
pairwise distances between observations. The seardtin a dendrogram signifying
a hierarchical clustering algorithm using Wardiskhges in Euclidian space (Lomo
et al. 2008).

2.12.2 Principal Components Analysis

Principal component analysis (PCA) involves a maudwical procedure that
transforms a number of possibly correlated varmblgo a smaller number of
uncorrelated variables called principal componemtge first principal component
accounts for as much of the variability in the dasgpossible, and each succeeding
component accounts for as much of the remainingaliity as possible. It is a
popular technique in pattern recognition. It can umed to extract relevant
information from confusing data sets. It can transf a complex data set to a lower
dimension to reveal the sometimes hidden, simplifguctures that often underlie it
(Shlens 2009).
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2.12.2 One Way Anova

One-way analysis of variance is a technique usexmagpare means of two or more
samples (using the F distribution). This generatgsvalue; a p value less than or

equal to 0.05 is classified as statistically siigaifit.
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2.13 MicroRNA

2.13.1 Tagman Low Density Array (TLDA)

The TagMan® Custom Array is a 384-well micro flaidiard that allows you to

perform 384 simultaneous real-time PCR reactiorthomit the need to use multi-
channel pipettors to fill the card. This card aléovor 1-8 samples to be run in
parallel against 12-384 TagMan® Gene ExpressiomAsmgets that are pre-loaded

into each of the wells on the card.

Individual TagMan® MicroRNA Assays and Multiplex RT Workflow

@ @ ® @

Extract Total RNA ReversaTranscribe RNA Dilute RT Product Set Up TagMan
MicroRNA Assay Reactions

MicroRNA Multiplax RT 10-fold TagMan® «=+=+: 1~ TagMan® Universal
seansiaraestanssnhpl - MicroRNA Asssy Nzny  PCR M Mis
W [
> e
[ d RT
30 min* 65 min 25 min
Perform Real-Time Analyze Data

PCR Amplification

TagMan® MicroRNA Assay time = 3 hrs'

stems
PCR System

90 min

(www.appliedbiosystems.com

Fig 2.1 TagMan low density array workflow. 1:Isolate toRINA that contains small
RNAs such as miRNA, siRNA, and snRNA. 2: converRMA to cDNA prior to
real-time PCR quantitation.3: dilute RT productTagMan® Universal Master Mix
Il is added to each sample and pipetted into thepaloading ports of a TagMan®
Array Card. 5: The Tagman arr card in run, perfognreal-time PCR.6: data
analyzed.
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Materials for TLDA anaylsis
Human Multiplex RT set (Pools 1-8) (P/N 4384791 pAgd Biosystems)

TagMan® MicroRNA Reverse Transcription Kit (200 ctans) (Applied

Biosystems P/N 4366596)

TagMan® 2X Universal PCR Master Mix, No AmpErase@N® (Applied

Biosystems P/N 4324018)

TagMan® Array Human MicroRNA Panel V 1.0 (4 Array®pplied Biosystems
P/N 4384792)

MirVana™ miRNA isolation kit (Applied Biosystems AM1560)

Multiplex reverse transcription

1. Prepare the RT master mix

The tagman microRNA reverse transcription kit comgas were thawed on

ice. The directions and volumes listed below werreaf single sample and were

scaled appropriately.

a. The RT master mix for a total of eight multiplex R8actions was prepared
in a polypropylene tube (12.5% excess volume whsval for pipetting
losses).

b. This was mixed gently and centrifuged at 1000 rmm 30 seconds, then

placed on ice.

Table 2.6 Preparation of RT master mix

Component Volume for one RT Volume for one
reaction (pl) sample (8 RT
reactions) with 25%
excess (ul)
100 mM dNTPs 0.2 2
MultiScribe_TM reverse 2 20
transcriptase,
50 U/l
10x reverse transcription buffer 1 10
RNase inhibitor, 20U/l 0.125 1.25
Nuclease-free water 2.675 26.75
Total 6 60
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Add the RNA template

a.

2 ul of the 50 ngil total RNA template was dispensed into each wikthe

MicroAmp™ optical reaction plate.

b. The MicroAmp™ optical reaction plate was placed on ice.

o

Prepare the multiplex RT reaction

6 ul of RT master mix was dispensed into each welthef MicroAmpg™
optical reaction plate.

1 ul of each multiplex RT human primer pool (5x) waansferred into the
appropriate wells. A total of eight independent R&ctions were run per
sample. The plate was sealed using MicroAthgptical adhesive film.

This was mixed gently. The plate was placed onfaces minutes before

loading it into the thermal cycler.

Perform multiplex reverse transcription
The thermal cycler was set to the 9600 emulatioderas follows

Table 2.Thermal cycle for RT reaction

Step Type Time Temperature

lly) (°C)
HOLD 30 16
HOLD 30 42
HOLD 5 85
HOLD B 4

The volume was set to 10, the plate was put into the thermal cycler angl rtin

was started.

Tagman array

1.

a.

Preparing the RT reaction-specific PCR mix

The RT reaction was diluted 62.5-fold by adding l%f nuclease free
water to each of the eight 10 RT reactions. For each RT reaction a 1.5 ml
microcentrifuge tube was labelled.

The Tagman Universal PCR Master Mix was thawedcen |

The following components were added to each 1.hiotocentrifuge tube
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Table 2.8reparation of PCR master mix
Component Volume  (pl)

per fill reservoir

Diluted RT reaction 50.0
TagMan 2x Universal PCR Master Mix 50.0
(No AmpErase® UNG)

Total volume 100.0

. The microcentrifuge tubes were capped and mipesdy.

. The tubes were centrifuged to eliminate air bublilesn the mixture, and

placed on ice.

. Loading the RT reaction-specific PCR reaction mx into fill reservoirs

When the TagMan array had equilibrated to room &raipre, the card was
carefully removed from the packaging, and placedside down on the lab
bench.

100 ul of the RT reaction-specific PCR reaction mix waaded into the

corresponding ports. This was dispensed so thernt in and around the fill

reservoir toward the vent port; the entire 100vas pipetted into the fill

reservoir.

. Centrifuge the TagMan Array

The TagMan Arrays were centrifuged according touber bulletin: Applied
Biosystems TagMan® Low Density Array (P/N 4371129).

Centrifugation was repeated so that the arrays wem&ifuged for a total of
two consecutive, 1 minute spins to ensure complistigibution of the PCR
reaction mix.

When complete each array was examined to deterniifdling was

complete.

. Seal the TagMan Array

The array was sealed according to the user bullétpplied Biosystems
TagMan® Low Density Array (P/N 4371129).

By using a scissors we trimmed the fill reservériosn the array.
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5. Set up and run the plate document
Referred to the user bulletin: ApplRidsystems TagMan® Low Density
Array (P/N 4371129) and Applied Biosystems 7900HiEtRReal-Time PCR
System and SDS Enterprise Database User Guide4E5h684).

6. Analyze the PCR reactions
Referred to the SDS online help, 7900HT system gsiele.
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2.13.2 Relative quantity of miRs by qRT-PCR

Total RNA was extracted as per section (2.14.2rid eDNA synthesised and
experiments were performed in triplicate, accorditg the manufacturer's
instructions. Reverse transcriptase (RT) reactionsre performed using
micropipettes which were specifically allocatedthos work. To form cDNA, a
high-capacity cDNA reverse transcription kit (AggaliBiosystems) was used.

The number of copies of a mRNA transcript of a gena cell or tissue is
determined by the rates of its expression and deagjcm. The Real-Time PCR
system is based on the detection and quantitafi@nfloorescent reporter (Livagt
al. 1995). There are two conventional real time PC&hwods SYBRI Green and
TagMan probe based. The former was the first taigedl in real-time PCR. It is a
fluorescent dye that binds to double-stranded DMA amits light when excited.
Unfortunately, it binds to any double-stranded DMAich could result in a non-
specific signal, especially compared with the djpaty found with TagMan probe
based method. This uses a fluorogenic probe whighai single stranded
oligonuleotide of 20-26 nucleotides and is desigteetind only the DNA sequence
between the two PCR primers. Cycle threshold isnddf as Cycle number (in
gPCR) at which the fluorescence generated withi@aation well exceeds a defined
threshold. The threshold is defined by the softwaraser to reflect the point during
the reaction at which the number of amplicons isldiag with each PCR cycle (Fig.
2.14.2).

1000000000

100,000,000

100064000

1,000,000

N

100,m0

Threshold Line

COMES
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e

-—_———_—_ht\\‘

1000
100

0 fl"
|

CtValue

L] = =
5 10 15 1] W‘ﬁ 30 35 40 a5 50 55
CYCLES

www.appliedbiosystems.com

Fig 2.2 The PCR cycle at which the sample reaches a #gerg intensity above
background is the Cycle Threshold or Ct.
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Fig 2.3 Gene expression analysis with Taqmaprobe-based assay chemistry, and
SYBRO GREEN I assay chemistry.
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Materials for qRT-PCR

TagMan® MicroRNA Reverse Transcription Kit (200 cgans) (Applied
Biosystems, P/N 4366596)

TagMan® 2X Universal PCR Master Mix, No AmpErase@N® (Applied
Biosystems, P/N 4324018)

Fast SyBrl Green master mix (Applied Biosystems, P/N 4385612
MirvVana™ miRNA isolation kit (Applied Biosystems, AM1560)

MicroAmpTm Fast 96-well Reaction Plate with barcddgplied Biosystems, PN
4346906)

MicroAmp'™ optical adhesive film (100 covers) (Applied Biosyss, PN 4311971)
Nuclease free water (Applied Biosystems, AM9930)

RNU44 control (Applied Biosystems, PN4373384)

MiR-93 TagMaril MicroRNA Assay (Applied Biosystems, PN4427975, 139)
MiR-155 TagMam! MicroRNA Assay (Applied Biosystems, PN4427975, @23)
MiR-23b TagMam! MicroRNA Assay (Applied Biosystems, PN4427975, (D%

2.13.2.1 Organic RNA Extraction using MirVana miRNA Isolation Kit

Cells were cultured in vented 75cm2 flasks uneytiheached 80% confluency. The
cells were then lysed and RNA was extracted froemttusing the Mirvand'
mMiRNA isolation kit (catalogue number 1560, 1561).

Cell Lysis Prior to RNA Extraction

Trypsinised cells were washed by gently re-suspendi 10 mis of 1X PBS and
pelleted at low speed. The PBS was removed anddllewere resuspended in 600
pl lysis/binding solution (from the MirVanaTM miRN#Aolation kit). The sample
was then vortexed vigorously to ensure completes lgg the cells and to obtain a

homogenous lysate.

The Mirvana ™ miRNA isolation kit designed for purification of RNA is suitable
for studies of both siRNA and miRNA. The kit empdogrganic extraction followed
by immobilization of RNA on glass-fibre filters faurify either total RNA, or RNA

enriched for small species, from cells or tissumas. The total RNA from cell
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samples was isolated as per the manufacturerqobe recommended 300’

cells were used for RNA extraction.

2.13.2.2 Using the Nanodrop to Measure Nucleic Agd

The NanoDrop is a cuvette free spectrophotomdtesds just 1 pl to measure from
5 ng/ul to 3000 ng/ul of nucleic acids in soluti@®fore applying the RNA sample
the pedestal was wiped down using a lint free éssampened with UHP. 1 ul of
UHP was then loaded onto the lower measurementsp@d@&he upper sample arm
was then brought down so as to be in contact wighsblution. “Nucleic acid” was
selected on the NanoDrop software to read the smmplfter the equipment was
initialised the “blank” option was chosen, and afiestraight line appeared on the
screen the “measure” option was selected. All sarmghdings were automatically
saved as text files which could be viewed usingrboft Excel. The upper and
lower pedestals were cleaned with a clean dry vbpeveen samples. When
finished, the pedestal was cleaned with a wipe daagp with UHP followed by
drying with a dry wipe. The purity of the RNA extteon was determined by
calculating the AgaAzgpratio. An ApsaAsgoration of 2 is indicative of pure RNA.

Only those samples with ratios between 1.7 andv2ré used in this study.
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2.13.2.3 Two step RT-PCR

In the reverse transcription (RT) step, cDNA (coempétary DNA) was reverse
transcribed from total RNA samples using specifiRNA primers from the
TagMan MicroRNA Assays and reagents from the Tag®aficroRNA Reverse
Transcription Kit and the TagMan® 2x Universal P@Rster Mix, No AmpErase®
UNG. PCR was carried out using the TagMan® MicroRAgsays, with the control
RNU44. The following products were also used forRP@uclease free water,
MicroAmp'™ fast optical 96-well reaction plate with barco@elml E94 20 plates,
and MicroAmp™ optical adhesive film 100 covers E2I8T-PCR was carried out
according to TagMan® microRNA Assay Protocol. Thdofving reagents were
thawed and mixed on ice in a 0.5 ml eppendorf (Bdpd, 0030 121.023).

Synthesis of 1st cDNA strand
| 3 5" cDNA
[ Primer extended on cDNA
3 5
5
Cycle Pmar
#1 Synthesis of 2nd cDNA strand
3 5
| 5 ]
[ PCR amplification of cDNA
Forward Primer
Cycle 5 ,
#0 3 5
5

L Reverse
Primer

(www.appliedbiosystems.com

Fig. 2.4Two step RT-PCR The first step is reverse traption (RT), in which RNA

is reverse transcribed to cDNA using reverse tmdpsse. This step is very
important in order to perform PCR since DNA polyass can act only on DNA
templates. The RT step can be performed eithdrdarsame tube with PCR (one-step
PCR) or in a separate one (two-step PCR) usingnpdeature between 40°C and
50°C, depending on the properties of the reveesestriptase used
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Table 2.®reparation of RT master mix per 15 ul reaction.
Components In 15 pl reaction

dNTP mix (100mM) 0.15 pl
MultiscribeTM RT enzyme (50 U/ ul) 1.00 ul
10 x RT Buffer 1.50 ul
RNase Inhibitor (20 U/ pl) 0.19 pl
Nuclease free water 4.16 pl
Primer 3.00 pl

The master mix was placed on ice and mixed geniDNA reverse transcription
reaction was prepared by adding 10 ul of the RTtenasix into an individual tube,
5 ul (10ng/ ul) of RNA was pipetted into master nmantaining tubes, sealed,
centrifuged briefly and loaded into the thermalley¢Hybaid). The reaction volume

was set to 15 pl.

Table 2.1hermal cycle for RT reaction.

Temperature Hold ( °C) Duration
(minutes)

16 30

42 30

85 5

4 0

After completion of the reaction cDNA was ready doantitative PCR.

Table 2.11Preparation oPCR master mix per 20 pl reaction
Components Per reaction (20

ul)

2X PCR master mix 10.00
Nuclease free water 7.67 pl
Primer 1.00
cDNA 1.33 ul

The PCR reaction was carried out the Applied Bitsys 7900HT Fast Real-Time
PCR system.
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Table 2.12Thermal cycle for gRT-PCR

Step Temperature Duration
Hold (°C)
Denature 95 10 minutes 1
Denature 95 15 seconds 2
Annealing & Extending 60 60 seconds X40

2.13.2.4 High-Capacity cDNA Reverse Transcription wh SyBr Green

Table 2.1Breparation of 2X RT master mix per 20 ul reaction

Components In 20 pl reaction
10 x RT Buffer 2.0yl
dNTP mix (100mM) 0.8 ul
10x RT Random Primers 2.0yl
MultiscribeTM RT enzyme (50 U/ pl) 1.0ul
RNase Inhibitor (20 U/ pl) 1.0 ul
Nuclease free water 3.2 ul
Total per Reaction 10.0 pl

The master mix was placed on ice and mixed geniDNA reverse transcription
reaction was prepared by adding 10 ul of the RTtenasix into an individual tube,
10 pl (100ng/ pl) of RNA was pipetted into mastex roontaining tubes, sealed,
centrifuged briefly and loaded into the thermal leyc(G-Storm). The reaction

volume was set to 15 pl.

Table 2.TPhermal cycle for High-Capacity RT reaction.

Temperature Hold ( °C) Duration
(minutes)
25 10
37 120
85 5 sec
4 0
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Table 2.15Preparation of SyBr Gred?CR master mix per 20 pl reaction.

Components Per reaction (20
M)
2X PCR master mix 10.0 ul
Nuclease free water 7.0 ul
Primer (10 yM F & R) 1.0y
cDNA 2.0 ul

F: forward, R: reverse

Table 2.16Thermal cycle for SyBr Green qRT-PCR

Step Temperature Duration
Hold (°C) (seconds)
Denature 95 20 secs 1
Denature 95 3 secs 2
Annealing & Extending 60 30 secs X40
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Table 2.17PCR Primers.

Primer Name

SEMAGD.s

SEMAG6D.a.s

XIAP.s

XIAP.s

SMADS.s

SMADS5.a.s

MAP4K4.s

MAP4K4.a.s

BCL2.s

BCL2.a.s

MET.s

MET.a.s

PDGFA.s

PDGFA.a.s

Actin.s

Actin.a.s

Sequence 5’ — 3’ Direction

TGCTTTCCATAACCACAGTGCTGAA
TCGTACACCATGGCAGTCCCCT
TGTCCTGGCGCGAAAAGGTGG
ACCCTGCTCGTGCCAGTGTTG

AGCCGGCTCGCGAAAAGGAA

TGCTTCTTTCATTGGGTCAAGTCCTGT

CGAGGTGCCTCCAAGGGTTCC

TTCTGCTGCCCACTGCCCTG

TGAACCGGCACCTGCACACC

CAAAGGCATCCCAGCCTCCGT

TGCTTTGCCAGTGGTGGGAGC

AGAGCGATGTTGACATGCCACTG

AGAGGACACGGATGTGAGGTGAGG

CCATGTCCCAGGAAAGGGCTGC

CAATGGCTCCGGCCTGGTGA

CCATGACGCCCTGGTGTCGG

Tm
(’C)

61.3
64

63.7
63.7
61.4
63.2
65.7
63.5
63.5
63.7
63.7
62.4
66.1
65.8
63.5

65.5

Tm: annealing temperature
S: sense, a.s: anti-sense
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2.13.3 Transient Transfections with anti-miR and pe-miR

Anti-miR was used to inhibit miRNA activity in theells, and pre-miR was used to
increase the copy number of miRNA in the cells.iAmiR and pri-miR used were
chemically synthesised (Ambion Inc). These miRNA=&v21-23 bps in length and
were introduced to the cells via reverse trangectivith the transfection agent
siPORTim NeoFX™ (Ambion Inc., 4511), or lipofectamif® 2000 (Invitrogen,
11668-019).

Table 2.18ynthetic miRNA Oligonucleotides
miRNA Catalogue No. Product ID

Pre-hsa-miR-93 AM17100 PM10951
Anti-hsa-miR-93 AM17000 AM10951
Pre-hsa-miR-23b AM17100 PM10711
Pre-miR-control AM17110
Anti-miR-control AM17010

2.13.3.1 Transfection Optimisation

In order to determine the optimal conditions folRMNIA transfection, optimisation
with kinesin siRNA (Ambion Inc., Am4639) was cadieut for each cell line. A
protocol was optimised for the miRNA transfectiodnan established glioblastoma
cell line, SNB-19. Cell suspensions were prepatezkad, 1x1F, 3x1F and 5x16
cells per ml. Solutions of negative control (Ambibgrc., 4390843) and kinesin
(Ambion Inc., 4392420) siRNAs at a final concentmatof 30 nM/ 50 nM were
prepared in optiMEM (Gibcd', 31985). Transfection reagent solutions at a rarfige
concentrations were prepared in optiMEM in dupkcand incubated at room
temperature for 10 minutes. After incubation, eaithegative control or kinesin
siRNA solution was added to each neoFX concentratichese solutions were
mixed well and incubated for a further 10 minutesc@m temperature. 10@ of
the siRNA/transfection reagent solutions were addezhch well of a 6-well plate. 1
ml of the relevant cell concentrations were addeddach well. The plates were
mixed gently and incubated at 37°C for 24 hourdeAR4 hours, the transfection

mixture was removed from the cells and the platesevied with fresh medium. The
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plates were assayed for changes in proliferation7athours using the acid
phosphatase assay. Optimal conditions for trarisfecivere determined as the
combination of conditions which gave the greatesluction in cell number, after
kinesin siRNA transfection, and the least cell killthe presence of transfection

reagent.

2.13.3.2 Proliferation Assays on miRNA Transfecte@ells

Cells were seeded usingu? Neofx/lipofectamine 2000 to transfect 30 nM/ 5@ n
miRNA in a cell density of 1xTOper well of a 6-well plate. After 24 hrs,
transfection medium was replaced with fresh meddeells were allowed to grow
until they reached 80-90% confluency, a total ohégrs. Cell number was assessed
using the acid phosphatase assay. All experimeats varried out independently at
least three times. In the miRNA experiments, siRBkambled transfected cells
were used as control compared to miRNA treated Emmjhis was to ensure no
‘off-target’ effects of the transfection procedulMon-treated controls were used to
ensure scrambled siRNA was having no effects andotmalise data. Pre-miR
negative control (AM17110) was used to ensure fffetavget’ effects of pri-miR-93
with the transfection procedure. Cell number wasessed using the acid
phosphatase assay described in section 2.4.1 Blydsaof the difference of
comparisons, as well as untreated versus miRNAemleaean percentage survival

was calculated on Microsoft Excel.

2.13.4 Agarose Gel Preparation

5 g of agarose was weighed and added to 200 mlA& Buffer (1X), this was
placed in the microwave for 3 minutes at power TAis was then left to stand for
10-15 minutes to come to room temperature. 4 dtioidium bromide were added
to the mixture in a fumehood. This was then pourgd a mould (containing

combs) to set, the gel was left to set for 1 hour.
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Section 3.0 Results
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3.1 Imatinib and Docetaxel in Combination can Effetively Inhibit Glioma
Invasion in anin vitro 3D Invasion Assay
The effect of the combination of imatinib and deceil was examined on 4

established glioma cell cultures, with respectriferation and invasion.

3.1.1 The Effect of Imatinib and Docetaxel on Gliora Proliferation

The 1G5 values were established for imatinib and docetardbur different glioma
cell lines; CLOMO002 and UPHHJA are primary celldg which were used at low
passage numbers, and SNB-19 and IPSB-18 are stblicell lines. The Kg for
imatinib was similar for all four cell lines, ramgy between 15.7 uM and 18.7 uM
(Table 3.1). Docetaxel inhibited cell proliferati@ much lower concentrations.
SNB-19 was the most sensitive cell line with arolGf 0.7 nM docetaxel, and
UPHHJA was the least sensitive cell line with at8s higher 1G, value of 19.8
nM. In addition, normal human astrocytes (NHAS) evegsted, where an 4gwith
imatinib of 17 uM was found, which is very similar the value found with the
glioma cell lines; with docetaxel the graph platgdand 50 % inhibition could not

be reached with a concentration up to 124 nM.

Table 3.1 ICso values for imatinib and docetaxel on cell probfgon of four
different glioma cell cultures and normal humanrasttes. Data represents 3
individual biological assays. Standard deviatiorerevgenerated using Microsoft
Excel software.

Drug CLOMO002 UPHHJA IPSB-18 SNB-19 NHA
Imatinib ( uM) 15.7 + 1.3 17.7+1.3 17.4+2 18.7+2 17 £0.2
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3.1.2 Combined Treatment with Imatinib and Docetaxe Synergistically
Inhibited Cell Proliferation in 3 out of 4 Cell Cultures

To investigate the drug combination effect three kill concentrations of docetaxel
and one low kill concentration for imatinib were oslen, which reduced cell
proliferation of CLOM002, UPHHJA and IPSB-18 cetisly up to 37%Fig. 3.1.1).
The combination of both drugs at low concentratiesulted in up to 87% inhibition
in these three cell lines compared to imatinib @cedaxel alone. On the other hand,
the combined treatment of imatinib and docetaxdl i@ significant effect on SNB-
19 (Fig. 3.1.1).

For each cell culture the combined effect of thel0Cy and IGo of
imatinib and docetaxelevealed a synergistic effect for 3 out of 4 testettures
analysed/, using the combination plot accordingCtmu and Talalay (Chou and
Talalay 1984). An effect is synergistic when thenbmnation of two drugs results in
a higher toxicity than expected, based on pre-geted toxicity levels of either
drug alone, an effect is additive when the comimmabf two drugs gives the
expected toxicity. Highest synergism was seen 8BH8 cells with a combination
index (Cl) between 0.05 and 0.25; in UPHHJA then@k between 0.1 and 0.4 and
the weakest synergy was in CLOMO0O02 cells with éb&iween 0.1 and 0.7. The CI
in SNB-19 cells was between 0.7 and 1.0 represgatinadditive effect.
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1: imatinib (Im), 2: docetaxel (Do1l), 3: Im&Do1, Bo2, 5: Im&Do2, 6: Do3,
7: Im&Do3
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Fig. 3.1.1 Combination effect of imatinib (Im) and docetax@bo) on cell
proliferation. *: p <0.05. Data represents 3 indual biological assays. Standard
deviations were generated using Microsoft Excetvsarte.
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3.1.3 Imatinib Combined with Docetaxel Induces Aposis in Glioma Cultures

Total apoptosis was analysed in the presence gfesdrug and drug combinations.
Over 24 to 48 hours between 2 and 3.4% apoptolls eeere measured in the
controls (no drug) (Fig. 3.1.2(a)). Drug effectsravéow after 24 hours, but much
more pronounced after 48 hours: imatinib alone @eduapoptosis in 4.7-7% cells
and docetaxel alone in 4.3-10% cells, while the lwoation of imatinib and
docetaxel caused apoptosis in 13.8-40.1% cells, @itOMO02 cells being the most
sensitive. In SNB-19, however, docetaxel alone edud% apoptotic cells and the
drug combination increased this effect to 13.8%papa cells (Fig. 3.1.2(a)). There
was no major difference in early and late apoptsi$ shown). Neither drug alone
had a significant effect on cell viability of CLONQ, IPSB-18, and UPHHJA cells;
however, the combination significantly reduced aedlbility by over 30% in all
three cell lines (Fig. 3.1.2(b)). In SNB-19 celldocetaxel alone caused 10%
reduction in cell viability, which was similar the effect of the combination (Fig.
3.1.2(b)).
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Fig. 3.1.2 (a)Percentage of total apoptotic cells measured afteand 48 hrs in the
absence and presence of drug; imatinib 13.5 pMetdsel 14.9 nM. Im & Doc:
imatinib and docetaxel. The first two bars in eaehrepresent the controls for each
cell culture, i.e. no drug added. *: P < 5E-3. Dagpresents 3 individual biological
assays. Standard deviations were generated fromosdift Excel software.
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Fig. 3.1.2 (b) Percentagecell viability after 24 and 48 hrs in the absencel a
presence of drug; imatinib 13.5 uM; docetaxel 1M Im & Doc: imatinib and
docetaxel. The first two bars in each set reprefentontrols for each cell culture,
i.e. no drug added. *: P < 5E-3. Data representad8sidual biological assays.
Standard deviations were generated from MicrosedeEsoftware.
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3.1.4 Drug Scheduling Effect with Imatinib and Doctaxel on Cell Proliferation

In order to increase the inhibitory effect on pesiation five different drug
schedules were tested (Table 3.1.3). Each treatwast performed with three
different drug concentrations; high, medium and.I@Wwe high drug concentrations
were chosen just under thestralues, medium was the 4€and the lowest was the
IC10. Treatment 5 involving a combination of imatinihdadocetaxel on day 1 and 2,
followed by imatinib alone on day 3 and 4 was thestreffective treatment (Fig.
3.1.3). With treatment 5 survival of CLOM002, UPHKMand IPSB-18 cells was
less than 10% in the presence of both high andunedrug concentrations with all
three cell lines showing similar sensitivity. SNB;however, was less responsive to
the drug scheduling treatment, with 23% survivalhwthe highest concentration,

and 50% survival with the medium concentration withedule 5 (Fig. 3.1.3).

Table 3.1.3 Drug treatment schedules: Cells were treated wébhedrug/drug
combination for 24 hrs. On day 5 medium was reglaggh fresh medium without

drugs. Cell proliferation was determined at day 8.
Schedule Day 1 Day 2 Day 3 Day 4

Imatinib Imatinib & Imatinib Imatinib
Docetaxel

2 Imatinib Docetaxel Imatinib Imatinib

3 Docetaxel Imatinib Imatinib Imatinib

4 Docetaxel Imatinib & Imatinib Imatinib
Docetaxel

5 Imatinib & Imatinib & Imatinib Imatinib

Docetaxel Docetaxel
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Fig. 3.1.3Cell survival (%) after 5 different drug schedulesing three different
drug concentrations; high = closed bars, mediunatehed bars, low = open bars.
Each drug treatment was measured against 100%uweli/al of cells in the absence
of drug. Data represents 2 individual biologicategs. Standard deviations were
generated from Microsoft Excel software.

Table 3.1.4 Concentrations of docetaxel and imatinib for dradpesiuling with
CLOMO002, UPHHJA, IPSB-18, and SNB-19.

Cell Line Docetaxel (nM) Imatinib (UM)

Dol Do2 Do3 Im1l Im2 Im3
CLOMO002 124 |16.2 |25 13.5| 6.8 |0.2
UPHHJA 124 | 6.2 |25 13.5| 6.8 |1.7
IPSB-18 124 | 6.2 |25 13.5| 6.8 |1.7
SNB-19 0.6 | 0.4 |0.008 135/ 6.8 |34

Do: Docetaxel, Im: Imatinib.
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3.1.5 Effect of Imatinib and Docetaxel on Glioma Imasion

In the absence of drug the cell lines UPHHJA, IP8Band CLOMO002 showed
similar invasion activity reaching a distance betwd700um and 200Qum from
the spheroid within 11/12 days; SNB-19 cells invchdruch less and reached only a
distance of 76Qum within the specified time (Fig. 3.1.4). To invgste the effect of
imatinib and docetaxel on actively invading cetlse drug was added 4 days after
implanting the spheroids, when invasion had alresidyted. Imatinib alone had
little inhibitory effect (CLOMO002, UPHHJA, and IPSB3) or even a slightly
increasing effect on invasion activity (SNB-19) quared to invasion in the absence
of drug (Fig. 3.1.5). Docetaxel alone reduced tineasion distance reached after
11/12 days up to 40% in CLOMO002, IPSB-18 and UPHH 50% in SNB-19.
The combination of imatinib and docetaxel did matrease the inhibitory effect on
SNB-19 invasion, in comparison to docetaxel aldmayever, the combination of
imatinib and docetaxel substantially decreasedinkiasion of IPSB-18 (87.7%),
CLOMO002 (63%), and UPHHJA (59%) in comparison tdhei single drug
treatment and controls (Fig. 3.1.5 and 3.1.7). NKAswed significant invasion
activity, which was only inhibited up to 60% altlgtutreated with much higher
concentrations of drug than glioma cell lines (iim&t40.7 uM, docetaxel 29 nM).
The combination of imatinib and docetaxel did ngnh#gicantly increase the effect

of docetaxel alone, a similar result to that olediwith SNB-19 (Fig. 3.1.6).

2500
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Invasion distance pm

Days

Fig. 3.1.4Invasion activity of four cell lines and NHAs inehabsence of drug;
UPHHJA (), IPSB-18 (1), CLOMO002 (ao), SNB-19 &), cells were tested in
biological triplicate assays. NHA (¢---) NHAs were tested in duplicate in one
experiment. Standard deviations were derived uiicgosoft Excel software.
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Fig. 3.1.5Average invasion distance over 10-12 days in treeade (control) and
presence of imatinib 13.5 UM and docetaxel 14.9 aibhe and in combination.
Cells were tested in biologically triplicate assag$tandard deviations were derived
using Microsoft Excel software.

120 -

1004 T
[} L
S 80 |
1]
S 60 I
S [
0 40 4
S
>
£ 20
X /

0
Ctr Imt Doc Doc/Imt

Fig. 3.1.6 Percentage of average invasion over 13 days withmalo human
astrocytes with imatinib (Imt) 40.7 uM and docetgf®c) 29 nM in comparison to
the control (Ctr). Cells were tested in duplicate ame experiment. Standard
deviations were derived using Microsoft Excel saiite:

Fig. 3.1.7CLOMOO02 cell invasion on day 24 in the absencea(a) presence of the
combination of imatinib 13.5 uM and docetaxel 14\® (b).
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3.1.6 Protein Expression Profile of Glioma Cell Culres

Using western blotting the protein expression afosine kinases (PDGFR-
PDGFRea, C-Kit, C-Abl) of multidrug resistance pumps (P@&CRP) and of glial
fibrillary acidic protein (GFAP) were analysed. Adur cultures were positive for
GFAP proving their glial origin (Fig. 3.1.8). Lowxgression of PDGFR-was seen
in CLOMO002, UPHHJA, and SNB-19, and higher expmssvas found in IPSB-18
(Fig. 3.1.8). In addition low expression of PDGBRn NHAs was found (Fig.
3.1.10). All cell cultures expressed low levelsRIDGFRa, but no C-Kit. C-Abl
was expressed in cell cultures (Fig. 3.1.8) andNliAs (Fig. 3.1.10). In SNB-19
cells the C-Abl antibody recognized an additionahd) around 210 KDa which is
similar to the pattern expressed in the positivetrad K562, a chronic myelogenous
leukaemia cell line expressing both C-Abl and thetated form Bcr-Abl (Fig.
3.1.8). A Bcr-Abl-specific antibody recognized tsame band in SNB-19 cells
suggesting the expression of a mutated form of CiAthese cells (Fig. 3.1.9).

The multidrug resistance protein BCRP (ABCG2, MX#gs found in all
four cell cultures (Fig. 3.1.8); however, SNB-19dalPSB-18 expressed much
higher levels compared to CLOM002 and UPHHJA céfigp (MDR-1, ABCB1)
was only expressed in SNB-19 cells (Fig. 3.1.8)ghér expression of Pgp was
found in the NHAs and low expression of BCRP (Bid..10). In summary, SNB-19
protein expression differed from the other celkwards in a strong BCRP expression,
the presence of Pgp, and a protein similar to th&atad tyrosine kinase Bcr-Abl.

102



) <
S T & S
o) T m s}
| o =z %2
O =) ) o
W | ppGRRB
g - PDGFR-a
<—Bcr-Abl
- — —
- - |g—C-Abl
Pgp
- B s scre

- GFAP
[————]  [-actin

Fig. 3.1.8Western blot analysis of tyrosine kinases PDGFRDGFRe, Bcr-Abl,
and C-Abl, multidrug resistance pumps BCRP, Pgpthadistrocyte marker GFAP.
CLOMO002 (1), UPHHJA (2), SNB-19 (3) IPSB-18 (4).
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Fig. 3.1.9Western blot analysis Fig. 3.110 Western blot analysis of
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Positive control (K562) (1), pumps Pgp and BCRP expression in
SNB-19 (2), IPSB-18 (3). normal human astrocytes.
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3.1.7 Effect of Elacridar in Combination with Imatinib an d Docetaxel on

Proliferation of Glioma Cell Lines

SNB-19 was the only cell line expressing Pgp, aradl lthe highest BCRP
expression. Imatinib is a substrate for both Pgg B&RP (Leslieet al. 2005),
which has possibly led to a higher efflux of iméiim SNB-19 cells. Docetaxel is
also a substrate of Pgp. To test the functionaityPgp and BCRP, a specific
inhibitor of both pumps, elacridar, was added wishbuld prevent the efflux of the
substrates imatinib and docetaxel resulting inngfeo inhibition of proliferation.
Elacridar was tested on CLOMO002 and SNB-19 usintCagof imatinib, an 1Gy of
docetaxel, and an Wg of elacridar, a concentration which has been apém
previously in lung cancer cell lines. In CLOMOO2 timhibition of Pgp did not result
in inhibition of proliferation in the presence ofiatinib and docetaxel (Fig. 3.1.11);
however in SNB-19 the addition of elacridar resiiitea 17% increase in inhibition
of proliferation in the presence of the drug comalion (Fig. 3.1.12). This indicated
that the efflux pumps Pgp and BCRP were active NB89 cells and were

responsible for effluxing imatinib and docetaxel.
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1: Imatinib (Imt),2: Docetaxel (Doc)3 Elacridar(El), 4: Imt & Doc, 5:
Imt & El, 6: Doc & EI, 7: Imt & Doc & El
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Fig. 3.1.11 The combined effect of imatinib 1.7 uM, docetaxel2D nM and
elacridar 0.25 pM on proliferation. 1: Elacrid&l)( 2: Imatinib (Imt), 3: Imt and
El, 4: Docetaxel (Doc), 5: Doc and El, 6: Imt andd)7: Imt and Doc and El. Data
represents 3 individual biological assays. Stand@ndations were generated from
Microsoft Excel software.
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3.1 Discussion

Imatinib and Docetaxel can Effectively Inhibit Invasion and Proliferation in
Glioma

Introduction

In the present study the inhibitory effect of th&lTimatinib singly and in
combination with the chemotherapeutic drug docéthas been examined in glioma
cell cultures. Clinical trials using imatinib assingle agent for the treatment of
recurrent glioblastoma resulted in increased pisxgjoa free survival after 6 months
for only a small number of patients (Kagkz al. 2004; Raymondtt al. 2008). A
similar result was seen in primary cultures of gleospecimen; out of 15 specimens
Hagerstrandet al, 2006 identified a small subgroup of high-gradenho glioma
cultures, which were imatinib-sensitive (Hagerstranal. 2006). In this subgroup
the PDGFR expression and phosphorylation statussigagficantly correlated with
imatinib sensitivity, indicating a dependency oa #DGFR signalling (Hagerstrand
et al. 2006).

TKs regulate a large range of proteins involvedpiocesses including
growth, metabolism and differentiation. A numbeisofall molecule inhibitors were
developed to target tyrosine kinases; some of thdsbitors are highly effective in
the treatment of specific types of cancer, e.g.timta Imatinib for example had
been designed to target Bcr-Abl, a mutated fornthefnon-receptor kinase C-Abl
found in Philadelphia chromosome positive chronigeloid leukaemia (CML)
(Sherbenou and Druker 2007). The success of tmgpoand in the treatment of
CML triggered the hope that imatinib could alsodffective against other tumour
types. Besides BCR-ADbI imatinib targets PDGFR, stethfactor C-Kit and C-Abl,
causing cell cycle arrest and/or apoptosis (Kalial. 2000; Nagar 2007).

There are various possible reasons for the inéffoéss of imatinib
monotherapy on the majority of gliomas: inhibitiad C-Kit and PDGFR by
imatinib may lead to induction of vascular epitbefjrowth factor (VEGF) resulting
in angiogenesis; inhibition of a single tyrosinadse might be insufficient to impact
downstream signalling cascades, and the molecaiigets of imatinib may not play
a key role in glioma growth and spread. Higher lewé VEGF are found in high-
grade glioma, making this an ideal therapeutic éargakanoet al. 2010); an

antibody targeting VEGF, bevacizumab, showed primmisesults in glioma,
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initially, however the development of resistanceeeged (Nordenet al. 2008;
Narayanaet al. 2009). A more promising treatment in glioma igreuatly being
examined by combining temozolomide with radiothgrapnd bevacizumab
(Narayaneet al. 2008).

The main problem in the treatment of malignant rgks is their invasive
behaviour. Successful resection of the main tunmoass cannot prevent recurrence
due to single cells invading the surrounding brparenchyma at the time of
diagnosis. The clinical effectiveness of combimatiberapy PCV (Procarbazine,
CCNU and Vincristine), which was used for over 38ang in the treatment of
malignant astrocytomas and glioblastomas, is dolibtful. The development of
new treatment strategies is urgently needed.

Another possibility for increasing the response afiéctiveness of TKIs
could be a combination treatment consisting of d @Kd a cytotoxic drug, e.g.
docetaxel. Docetaxel is a hemisynthetic productvddrfrom the European yew
tree, which promotes the assembly and inhibits dhepolymerisation of
microtubules in the cells (Bissergt al. 1995). This drug is widely used as
chemotherapeutics and is particularly effectivetha treatment of non-small cell
lung cancer (Plosker and Hurst 2001). The use oét@dxel alone for the treatment
of glioblastomas has shown little or no significaegponse possibly due to the BBB
limiting drug flow into the brain (Forsytét al. 1996; Sansost al. 2000). However,
docetaxel combined with radiotherapy resulted ppadial response (Koukourakes
al. 1999), and local delivery of docetaxalvivo in an animal model significantly
improved survival (Sampat al. 2006).

The combined treatment of imatinib and docetaxed teated on four glioma
cell cultures. Two of the cell cultures (CLOMO002daklPHHJA) derived from
primary glioblastomas were used at low passage BB CLOMO002 passage 11 to
40, UPHHJA passage 9 to 25) and were developed rofessor Geoffrey
Pilkington’s laboratory in Portsmouth, UK. A celhé IPSB-18 also from Professor
Geoffrey Pilkington’s laboratory was derived fromgeade IIl astrocytoma, was
used at passages 57 to 72. A second cell line SNBslan established and
commercially available cell line and was used betwpassages +9 to +31 (after
purchase). The cell lines IPSB-18 and SNB-19 amgkaas homogeneous
populations possibly due to higher passage numtdgte the primary glioblastoma
cell cultures CLOMO002 and UPHHJA presented as bgtreous cell populations.
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All cell cultures had fast proliferation rates amdre highly invasive. The effect of
imatinib and docetaxel singly and in combination mnoliferation, invasion and

apoptosis was examined.

Effect of Imatinib and Docetaxel on Proliferation and Invasion of Glioma Cell
Cultures CLOM002, UPHHJA and IPSB-18

To examine if the combination of the TKI imatinibdathe chemotherapeutic drug
docetaxel decreases proliferation activity of gleowells the 16 concentration for
each drug was determined in a monolayer prolifenatissay (Table 3.1). TheslC
values for imatinib were in the micromolar rang®.7LuM to 17.4 uM), which is
consistent with published data where Servideial, 2006 showed I§ values
ranging from 18.6uM to 32.6 uMin U87 glioma cells (Servidegt al. 2006). 1Go
values for docetaxel ranged from 8.2 nM (IPSB-1819.8 nM (UPHHJA) (Table
3.1).

The combination of both drugs at low concentratieig. 3.1.1) (Table 3.1.2)
resulted in up to 87% inhibition of proliferation CLOM002, UPHHJA and IPSB-
18. For each cell culture the combined effect @f B, IC;o and IGo of imatinib
and docetaxel was analysed using the Chou andayafbt (Chou and Talalay
1984). This revealed a synergistic effect of imatbtogether with docetaxel in these
3 glioma cell cultures. The highest synergism weengn IPSB-18 cells followed by
UPHHJA and CLOMOO2 cells. Gucluler and Bardanal, have shown that the
combined treatment of imatinib and docetaxel desgéacellular proliferation in
chronic myeloid leukaemia cell lines (Gucluler &mran 2009)They increased the
chemosensitivity of human K562 cells to imatinibdambination with docetaxel,
and showed that the combination of both drugs @esewt cellular proliferation and
increased apoptosis as compared to any drug afguatosis was reduced through
caspase-3 enzyme activity (Gucluler and Baran 2009)

It has been reported that small amounts of imatimithe plasma can cross
the blood—brain barrier (BBB). Bihoret al, have shown that in mice only 20% of
imatinib is crossing the BBB, while 80% is effluxegt BCRP and Pgp (Bihoret
al. 2007). Le Coutreet al, found a mean plasma concentration with imatimb i
leukaemia patients of 2-5 pg/ml and 531 ng/ml far metabolite N-desmethyl-
imatinib (le Coutreet al. 2004). They also found that the average CSF caratem

for imatinib was 38 ng/ml, and less than 10 ng/on IN-desmethyl-imatinib (le
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Coutreet al. 2004). High-grade glioma patients have a disrupB8 in the tumour
centre, which would allow a higher concentrationnoétinib in the CNS; however,
it is not clear if an effective concentration canrbached.

A similar problem exists with docetaxel. Docetaasl a substrate of Pgp
probably does not reach a sufficient concentratiatie brain, which might explain
the poor response seen in recurrent glioblastonemated with docetaxel
systemicallypo (Forsytlet al. 1996; Kemperet al. 2003; Kemperet al. 2004).
Plasma concentrations for docetaxel are arouna@.,5vhile concentrations in the
cerebrospinal fluid (CSF) are ten times lower (n®4 (Fracassat al. 2004). This
issue has been addressed recently by using coonemthanced delivery (CED), for
the treatment of recurrent gliomas with some promisresults, where direct
regional administration of protein toxins is acladvthrough stereotactically
implanted catheters by using CED (Chen al. 1999; Debinski 2002). The
concentrations of docetaxel in the proliferatiosags with SNB-19 and CLOMO002
(0.1 nM to 0.5 nM) (Table 3.1.2), were within theported plasma concentration
reported by Fracassd al, for docetaxel (Fracass al. 2004), and over 4 times
higher for UPHHJA and IPSB-18 (1.2 nM) (Table 3)1&hd the concentrations for
imatinib are lower than the plasma concentrati@portedly found by Le Coutret
al, for imatinib (up to 8 uM) (le Coutret al. 2004). It is possible that the
concentrations of imatinib and docetaxel currerdshievable in the CSF are
inactive concentrations and have no toxic effecglooma.

The synergistic effect of imatinib and docetaxecembination was caused
by apoptosis, while single drugs had little apapteffect (Fig. 3.1.2). Docetaxel
causes G2/M cell cycle arrest (Gucluler and Barf@®92 and imatinib induces cell
cycle arrest at the GO-G1 or G2/M phase in gliogliis¢Renet al. 2009). Increased
apoptosis through combination of imatinib and daxel has also been found in
human K562 chronic myeloid leukaemia cells, and teifect was induced by
caspase-3 enzyme activity (Gucluler and Baran 2009)

A variety of drug scheduling assays were carried twuincrease the
combination effect of imatinib and docetaxel (RBdlL.3). A combination of imatinib
and docetaxel on day 1 and 2, followed by imat@litne on day 3 and 4 was the
most effective treatment, resulting in 90% celll ki CLOMO002, UPHHJA and
IPSB-18 cells (Fig. 3.1.3).
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UPHHJA, IPSB-18 and CLOMO002 show similar invasiati\aty reaching a
distance between 1700 and 2000 pum from the sphevitidn 11/12 days (Fig.
3.1.4). Imatinib alone had little or no effect ohoma invasion activity while
docetaxel slightly inhibited invasion in these 3l caltures (Fig. 3.1.5). The drug
combination, however, reduced invasion activityweestn 63% in CLOMO002, 59%
in UPHHJA and 87.7% in IPSB-18, and was much mdfectve compared to
single drugs. It is also possible that the 3D invasassay allowed some cells to
invade and some to proliferate, therefore the dragg have had an effect on both
invasion and proliferation. In figure 3.1.7 the pgeaof the invasion assay with
CLOMO0O02 after 24 days invasion shows cells witrebomgated structure, these may
have been invasive, and cells with a round stre¢ctwhich may have been involved
in proliferation, possibly indicating a differenae function for each cell type (Fig.
3.1.7). Golembiesket al, have shown migrating U87MG glioma cells maintam
elongated morphology on a fibronectin substrategration was correlated with
decreased proliferation, they found an increashennumber of rounded cells with
proliferative function (Golembiesket al. 2008). It is possible that docetaxel
inhibited both proliferation and invasion, as itesfiically targets microtubules,
which are involved in cell division and motility.

All cell cultures expressed GFAP proving their ghaigin (Fig. 3.1.8). C-
Abl, PDGFRa and PDGFR3 were expressed at low levels in all cell cultures,
while C-Kit expression was absent. Low expressioralisence of these imatinib
targets could explain the low sensitivity to im#diinC-Kit and C-Abl are frequently
mutated or overexpressed in glioblastomas (Haberkdr 2006), and are associated
with glioma progression (Stanulii al. 1995; Jianget al. 2006), Overexpression of
C-Kit and C-Abl was not found in the tested glioogls. Other growth factors such
as EGFR, tumour growth factor (TGF), insulin grovdhtor (IGF) may play a more
significant role in proliferation of these cell 8. EGFR which signals through the
PI3K/Akt pathway (Hynes and Lane 2005) is commambgrexpressed in gliomas
(Heimbergeset al. 2005).

IPSB-18 had the highest expression of PDGFR¢ich is not surprising as
the activation of the PDGF autocrine loop is thdughbe an early event in the
pathogenesis of malignant astrocytomas (Geited. 1995) and IPSB-18 is derived

from a grade 3 astrocytoma. Secondary glioblastoanasusually associated with
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overexpression of platelet derived growth factdd@¥) and its receptor tyrosine
kinase PDGFR forming an autocrine loop, which dbaotes to tumour growth, and
the transformation process to a more malignant giype (Hermansost al. 1992;
Westermarlet al. 1995).

Effect of Imatinib and Docetaxel on Proliferation aad Invasion of Normal
Human Astrocytes

As a control cell line normal human astrocytes (Nfivere included. Their Kg for
imatinib was 17 uM, which is similar to the valusuhd in glioma cell cultures,
suggesting the possibility of side effects on ndrosls. Bartolovicet al, found a
reversible effect with normal hematologic (CD3dsitive) progenitor cells at kgs
ranging from 0.3 pM to 1.8 uM (Bartolovic et al. ®). This effect was
independent of C-Kit signalling and could not berswith stem cells (Bartoloviet
al. 2004).

With the NHAs an |G, concentration with docetaxel could not be achieved
the highest concentration tested was 124 nM (Taldlg which resulted in an }g
this isa very low toxicity in comparison to that seen witle glioma cells. It appears
from this result that docetaxel is more toxic to@@ous cells, making docetaxel an
ideal therapy for glioma, with low-toxicity to noahastrocytes. Docetaxel is a
known substrate of Pgp, the NHAs had very high esgion of Pgp (Fig. 3.1.10) in
comparison to the glioma cells (Fig. 3.1.8). Pgpregsion is known to be expressed
in the BBB (Leslieet al. 2005) and in human astrocytes (Marrehal. 2003). It is
possible that Pgp effluxes docetaxel in NHAs arat there is a loss of function of
Pgp in glioma cells.

Rabi and Bishayeet al, have shown that —limonene, a non-nutrient dietary
component, enhanced the antitumor effect of doettagainst human prostate
cancer cells without being toxic to normal prostafathelial cells (Rabi and
Bishayee 2009). Cells have a complex defence sys&temrotection against free
radical-induced damage resulting in the generatibglutathione (GSH), cysteine
and antioxidant enzymes, including GSH peroxidasgeroxide dismutase and
catalase (www.benbest.com/nutrceut/AntiOxidantstrydrogen peroxide (HO
2) has been identified as a major cytotoxic moleafieeactive oxygen species
(ROS) in docetaxel-induced cell death (Bauer 2@ihleret al. 2000; Komatsuet
al. 2001). Rabi and Bishaye al, 2009 have shown that docetaxel induced certain
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amounts of ROS with cell death and suggested tieadlifferent effects of docetaxel
on the prostate cancer cells in comparison to tivenal prostate epithelial cells,
may be due to the presence of more effective emigeantioxidant mechanisms in
the normal cells than in the malignant ones (RadiBishayee 2009).

To our surprise, NHAs invaded collagen gel from #pheroid up to a
distance of 1193 um within 10 days (Fig. 3.1.4).A¢Hised in this project are of
cerebral and foetal origin suggesting the presearice mixture of astrocytes and
oligodendrocyte-type 2 astrocyte progenitor cel2A4). Rat O2A cells have been
shown to spread and migrate on myelin coated disire$ on spinal cord sections
(Ambergeret al. 1997).

NHA invasion activity was only inhibited up to 60&though treated with
much higher drug concentrations than the gliomauce$, mainly due to the
docetaxel effect (imatinib 40.7 uM, docetaxel 29)n(Hig. 3.1.6). As NHAs had
high Pgp expression and both imatinib and docetarelsubstrates for Pgp, it is
possible that they were effluxed, which could explahy high concentrations were
necessary to show an effect on invasion. The coatibm of imatinib and docetaxel
did not significantly increase the effect of docefaalone, a similar result to that
obtained with SNB-19 (Fig. 3.1.6).

NHAs also had low expression of PDGBRBCRP and C-Abl (Fig 3.1.10).
The 2 low passage primary cultures CLOMO002 and UPAIHad similar expression
of BCRP to the NHAS, again possibly indicating tB&RP expression is correlated
with increased passage number (Figs 3.1.8 and(3.1.1

Effect of Imatinib and Docetaxel on Proliferation and Invasion with the
Established Glioma Cell Line SNB-19

The established cell line SNB-19, derived from @lghstoma, had an kg for
imatinib of 18.7uM, and for docetaxel an kg of 0.7 nM was found (Table. 3.1).
The combination of both drugs resulted in an adéiéffect in contrast to the results
obtained with the other glioma cells (Fig. 3.1\)ith drug scheduling a cell kill of
77% could be reached in SNB-19 (Fig. 3.1.3), shgwiir lower responsiveness to

the drug combination.
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SNB-19 appear as a homogeneous population andtseleave the potential
to revert to a cancer stem cell-like genotype wévgoosed to chemotherapeutic drug
(Auger et al. 2006). Stem cells seem to be responsible forstese to
chemotherapy, which might explain the lower cdll éifect of drug combination on
SNB-19. Augeret al, developed temozolomide resistant variants of SM9Bwhich
did not show increased MGMT expression (Aueteal. 2006). Maet al, also found
MGMT expression not to be correlated with resistamcglioma; but some loss of
chromosome 2p no amplification of chromosome 4 Hgl (Maet al. 2002). Drug
resistance in glioma is due to chromosome recontibimgDuesberget al. 2001);
however, Augeet al, found that SNB-19 temozolomide-resistant varidrdd less
rearranged chromosomes than the parental populatese cells were possibly
derived form a pre-existent population in the ptakoell line (Augeret al. 2006).
They used microarray analysis to compare gene ssiore profiles of SNB-19-
temozolomide resistant variants in comparison ¢oprental cell line. They found a
number of genes known to be involved in developalemqathways to be
overexpressed in the resistant variants, incluétizgled-2 (FZD2) (Galcerast al.
2004) which is involved in the Wnt pathway or ierst cell self-renewal, and genes
involved in proliferation such as leukaemia inkoloyt factor (LIF) (Pitmanet al.
2004), RNA polymerase |l elongation factor (ELL)gkdaet al. 1998), and Co-
purified with NNF1 protein 1 (CNN1) (Xiet al. 2004). If following temozolomide
treatment gliomas have the ability to revert bazlsénescent drug resistant stem
cell-like cells it could explain why tumours relapsver time.

Invasion activity of SNB-19 cells was slow and ttedls reached a distance
of only 760 pm within 10 days (Fig. 3.1.4). Invasiwas strongly inhibited in the
presence of docetaxel alone, and the drug combmaid not significantly increase
this effect (Fig. 3.1.5). Western blot analysise&ed an additional band similar to
that found in K562, a CML cell line, representimg tfusion protein Bcr-Abl at 210
kDa (Fig. 3.1.8 and 3.1.9). Bcr-Abl is a specifacget for imatinib; however SNB-
19 did not show higher sensitivity to imatinib segting that the band does not
represent Bcr-Abl. Several BCR-Abl kinase domainnpanutations have been
identified, in CML tumour cells after imatinib traent, it is more common to find
these mutations in patients with acquired resigaoncimatinib, than patients with
primary resistance (Qiet al. 2010; Sherbenoet al. 2010). It is possible that SNB-
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19 has a mutated form of Bcr-Abl, which can be exaah by specifically looking at
single nucleotide polymorphisms using PCR.

SNB-19 cells expressed both efflux pumps, Pgp a@diRB which might
explain why the drug combination was not as efiecas it was on the other tested
cultures. Using elacridar, a specific Pgp and BGRbitor (Everset al. 2000),
suggested the functionality of these pumps in SNR4dlls (Fig. 3.1.11). It has been
shown in mice that blockade of both Pgp and BCRP elacridar produced
significantly greater brain penetration of imatirimd docetaxel (Kempest al.
2004; Bihorelet al. 2007); this effect has also been seen in glionflalines with
imatinib (Declevet al. 2008), and in lung cancer cell lines with docetdkyer et
al. 1999).

Co-expression of Pgp and BCRP has also been founaniimatinib resistant
subgroup of acute myeloid leukaemia patients (\@antdeuvel-Eibrinket al. 2007).

It is also possible that the more established loeds SNB-19 and IPSB-18,
have developed into more resistant cell lines diree, as they have undergone
more passages, possibly allowing for clonal sedectiesulting in higher expression
of BCRP and Pgp expression in SNB-19 in comparisothe two cell cultures
which have less passages, CLOMO002 and UPHHJA.

3.1 Summary and Conclusion

The Effect of Imatinib and Docetaxel on Glioma
The combined effect of the TKI, imatinib and thesgfotherapeutic drug, docetaxel
had a synergistic antitumourigenic effect on glionsls. The drug combination
strongly inhibited both proliferation and invasi@md had a pro-apoptotic effect in 3
out of 4 glioma cell cultures. The combined treatbad imatinib and docetaxel is a
promising treatment for glioma patients.

SNB-19 cells express a mutation of the Abl prateunich might prevent
imatinib binding. Out of 4 cell cultures only SNB-g&xpressed both BCRP and Pgp,
which might lead to higher efflux of imatinib expiang the low sensitivity of SNB-

19 cells to the drug combination.
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3.2 Development of Drug Resistant Cell Lines

To study drug resistance in glioma it was necesgadevelop drug resistant glioma
cells. Two glioma cultures were chosen to develegistant variants, SNB-19 an
established glioma cell line bought in from DSMAdaCLOMO002 cells which
originated from a glioblastoma and was developed Professor Geoffrey
Pilkington’s laboratory in University House, Wingato Churchill Avenue,
Portsmouth, Hampshire, PO1 2UP, UK. Both cell cebuvere exposed for 4 hours
once a week over 10 weeks, separately to imatité® (1M), docetaxel (4.96 nM
and 1.24 nM), and temozolomide (257.5 uM). Neit&B-19 nor CLOMO002
developed resistance to imatinib or docetaxel, ddlyOM002 did not develop
resistance to temozolomide. However, SNB-19 becstmosgly resistant (15 fold)
to temozolomide in comparison to the parental paian (temozolomide 163 561.4
MM £ 45.8 uM versus 37 uM 4.1 uM). The parental cell line was used at passag
P+16, and were temozolimide resistant at passad®.Fdigure 3.2.1 shows cell
morphology at 10 and 20 times magnification of plagental cell line ((a) and (c)),
and the temozolomide resistant variant ((b) anyl {d)e latter appeared rounder and

with a more flattened structure.

Table 3.2.1 Temozolomide Ig values SNB-19 and SNB-19 temozolomide
resistant cell line.

Cell Line ICso

Parental SNB-19 P+16 37puM £ 4.1 uM
Temozolomide resistant 561.4 uM = 45.8 uM
SNB-19 P+40

Standard deviations espnt the result of 3 biologically individual assay
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SNB-19 Parental cell line SNB-19 Temozolomide resistant cell line

Fig. 3.2.1(a) and (c) show the parental cell line SNB-19 withdrug exposure; (b)
and (d) show the SNB-19 after 10 weeks exposutentmzolomide.
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3.2 Discussion
Development of Drug Resistant Cell Lines

Introduction

Development of resistance in glioma to currentapass over time ultimately results
in treatment failure in glioma patients. Exploratiof resistance mechanisms in
glioma cells should increase our understandingesistance in glioma, and enable
identification of new targets for treatment. In @rdo study resistance in glioma it
was necessary to firstly make a resistance modekstablished glioma cell line
SNB-19, and the glioma culture CLOMO002 were chodmih were derived from

glioblastomas.

Both cultures were separatley pulse selected watatinib, docetaxel and
temozolomide four 4 hours once a week over 10 we€&sgic concentrations of
drug were chosen; the concentrations used wergilBBnatinib, 4.96 nM and 1.24
nM of docetaxel, and 257.5 uM of temozolomide. Wéither culture there was no
change in resistance to imatinib and docetaxelbmparison to the parental cells,
when the IGy values were tested. CLOMO002 did not develop restgtato
temozolomide; however SNB-19 developed strong teste to temozolomide (15-
fold). The parental cell line SNB-19 had and®@ith temozolomide of 37 uM, while
the SNB-19 temozolomide resistant cell line hadwmhigher 1G of 561.4 uM
(Table 3.2.1). Augeret al. used an incremental concentration of 3-150 uM of
temozolomide with SNB-19 and created two resistaariants, SNB-19A4 and
SNB-19C1 which had a 100-fold and 55-fold resis¢éarto temozolomide in
comparison to the parental SNB-19 cell line (Augeal. 2006). They initially used
a low concentration of temozolomide (3 uM) and cielé out the more resistant
clones, then they incremented the concentratiotewfozolomide over time, this
appears to be a more effective way of developirsjstant variants (Augeet al.
2006).

The parental cell line had a homogeneous populatath elongated cells,
while the SNB-19 temozolomide resistant cell linedha mixed population of
elongated, flattened and rounded cell types (Fig.13 There were much larger
nuclei present in the resistant cell line, possibljicating the presence of a stem
cell-like population, as stem cells tend to havegda nuclei with less defined
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structures (Li and Xie 2005). Strong staining ftems cell markers such as CD133 in
these temozolomide resistant cells and the pareatisl would be interesting to see
if there are stem cells present and if there iggadr population of stem cells in the
resistant cells. If there are stem cells in théstast cells they could be isolated by
fluorescently activated cell sorting (FACS) analysiand further testing of
temozlomide resistance could be examined to sbesk cells are more resitant than
the original mixed population.

The induction of &-G-methylation by temozolomide is reversed by the
DNA repair gene MGMT. Increased levels of MGMT Ieatb resistance to
temozolomide in some glioblatomas, however Augeal, found that the levels of
temozolomide resistance did not correlate with MGbKpression levels (Auget
al. 2006). Very few gliomas actually overexpress’-@methylation-DNA
methyltransferase, suggesting dependence on o#lsestance mechanisms. Some
tumours develop resistance independently to MGMifust with mechanisms such
as loss of p53 function, which causes cell cycltestrand apoptosis (Auget al.
2006); or the Akt pathway which prevents senescamcemitosis (van den Best
al. 2009). Ulasowt al, found that glioma CD133 positive stem cells whizére
resistant to temozlomide treatment had more adiweéch and Sonic hedgehog
(SHH) pathways, the pathway activity was furthehaarced after exposure to
temozolomide (Ulasoet al. 2010). The SHH pathway is involved in prenatalirbra
development where it regulates proliferation (Dahenet al. 2001). The Notch
pathway is associated with proliferation differatibn and apoptosis (Miele and
Osborne 1999). The activationof these pathwaysentémozolomide resistant cells
from the present study could be examined by usiagtmu blotting and looking at
phosphorylated proteins of these pathways.

Kitange et al, have identified CD74 as a potential modulator of
temozolomide responsiveness; CD74 is a membranesptec for the
proinflammatory cytokine macrophage migratory iniaty factor (MIF) on
immune cells, which promotes cell proliferation ahgh the MAPK and Akt
pathways (Kitanget al. 2010). They found overexpression of CD74 in ghaitbma
(Kitange et al. 2010). The levels of CD74 in the SNB-19 temozolbenresistant
cells from the present study could be examinedewif CD74 expression correlates

with resistance in these cells.
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Schaichet al, examined MDR1 nucleotide polymorhisms of gliobdasa
patients treated with temozolomide (Schagtll. 2009). They found that response
to temozolomide treatment was dependent on MDResspn, analysis of MDR1
genotypes showed that the C/C variant of the ex@@ll236T SNP was associated
with higher survival for patients treated with terotomide, the effect was
independent of MGMT methylation status (Schaethl. 2009). The overexpression
of MDR1 has been found in most brain tumours (Ddmetal. 2001). It has been
suggested temozolomide resistant clones of SNBel®ldp resistance due to less
differentiated pre-existent cells possibly of steell origin (Augeret al. 2006).
Tumour stem cells are thought to be naturally tasiso chemotherapy due to their
guiescence, their ability to repair DNA, and thaicreased ABC transporter
expression (Augest al. 2006). In a previous section it was shown that SI9Bhave
high expression of Pgp and express BCRP (Kingelh 2011), BCRP is known to
be a stem cell marker (Wamgjal. 2008). It would be interesting to check the levels
of Pgp and BCRP expression in the temozolomidestaasi cell line developed to

see if the levels have increased in comparisoha@arental population.

3.2 Summary and Conclusion
A temozolomide resistant variant (15-fold) was deped from exposure of SNB-19
cells to temozolomide. There was a change in maoglyo resistant cells were

larger with a flattend elongated structure.
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3.3 Glioma Cell Cultures Generated from Biopsy Sanlps from Beaumont
Hospital

31 cell cultures were generated from biopsy samiptes 44 glioma patients. 15 of
the cultures had good growth. The cultures weravgrsn DMEM with 20% fetal
calf serum, and 4% non-essential amino acids. Reasor unsuccessful
development were non-adherence to the bottom dfdble, bacterial contamination,
and cell division arrest. The age range of theepatcohort was 22 to 78 years,
35.5% of the patients were between 24-49 yearspdriido of the patients were 50-
78 years. The cohort included 31 male and 12 ferpateents. Malignant gliomas
are more frequently found in older male patientau{FKleihues 1997), which is
consistent with our findings. The survival time waetermined in months from the
point of enrollement. 26 of these patients passeadyaduring the course of this
study, patient survival did not correlate with cgtbwth rate (Table 3.3.3); this is
not surprising as benign meningioma cultures ugualbw rapidly for ten passages
and then senesce (Rooprei al. 2003; Ragelet al. 2008). Patients with a
glioblastoma had an average age of 58 years arayenage survival time of 16.5
months, in comparison to the lower grade tumoursrevthe average age was lower
at 40 years with more than a 2-fold increase iaarge survival time of 34 months
(Fig 3.3.1).

Of the 39 biopsy samples which formed cell cultu2s originated from
glioblastomas, 5 secondary glioblastomas, otherptsnincluded 4 grade Il
astrocytomas, 1 grade Il astrocytoma, 1 grade lijoastrocytoma, 1 grade lli
oliogodendroglioma and 2 grade Il oliogodendrogksntl (Table 3.3.2). Fig. 3.3.2
shows representative morphologies of the diffepetitlines. Figures 3.3.3 to 3.3.8
are images of each cell culture, showing the \easge of differences in morphology
with each culture. The cultures with fast growthd ks more elongated structure
(Figs 3.3.3 and 3.3.4), the slow growing cell linesd more of a mixture of
elongated and rounded cells (Figs 3.3.5, 3.3.63a8.d).

In total 15 cultures were established with fastwgtorates; 7 with slow
growth, and 18 samples were slow initially and sfdwlown even further after less
than 10 passages (Table 3.3.2). One grade Il @dtnma sample (NO70215)
stopped growing completely (Table 3.3.2). A gradleoligoastrocytoma and a
secondary glioblastoma (NO70950 and NO70311) faitedttach to the bottom of
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the flask (Table 3.3.2), and one glioblastoma sam@N070948) became
contaminated with bacteria (Table 3.3.2).

Figure 3.3.3 contains images of the glioma cultwéh a fast growth rate
NO70055 has a typical oligoastrocytoma structurieh wlusters of cells forming
networks with each other typical of an oligodendimga, with a typical star shaped
astrocytic cell to the right hand side of the imatipese cell types had large nuclei
and represent a mixed cell population of oligodengtes and astrocytes. The
glioblastoma images (N0O70126, NO70152, and NO70888wed mixed cell types
of mostly elongated cells and some rounded celith wmall nuclei; NO70126
shows a low confluency population of cells. Thedgrdll astrocytomas (N070201
and NO70788) shows typical astrocytic cellular reeks between clusters of cells.
Both grade Il oligodendrogliomas (N070219 and NAZ)3have elongated cells
typical of oligodendrocytes, in addition there arteew smaller more rounded shaped
cells.

In figure 3.3.4 all of the images are of glioblastocell cultures with a fast
growth rate, and show mixed cell type populatiasfsmostly elongated cells and
rounded cells, typical of the heterogeneity of elghstoma. However there are
differences in cell size between samples, NO80%&Lrhuch larger cells with larger
nuclei, while N080923 has smaller cells and smatlei in comparison. There is
also a difference in confluency beween the imaye80533 and NO80869 have low
confluency, while NO80943 is the most confluent.

Figure 3.3.5 shows images of glioma cultures witlcav growth rate. The
astrocytomas (N070229, NO70237, and NO70450) haypieal star-like structure
of an astrocyte, however N070229 has larger ceaild 070237 has a higher
confluency. The secondary glioblastoma N0O70440ahasry low confluency in this
image, showing small rounded cells, the other sgagnglioblastoma N070780, has
larger flattened cells, these are very differentefi types of the glioblastomas with
fast growth rates from figures 3.3.3 and 3.3.4. gheblastoma NO70934 has very
small cells which are a mixture of thin elongated aounded cells, again they are
very different in structure to the glioblastomalgselith fast growth in figures 3.3.3
and 3.3.4. NO71155 represents a typical oligodeginma structure, flattened and
elongated with a rounded center.

Figure 3.3.6 shows images of glioma cultures whgsevth rate slowed

down in culture below passage 10. The secondapblgtoma N060893 had a
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typical mixed cell type population of elongated armmlinded cells, however in
comparison to glioblastomas, there is a higher [ajmn of small rounded cells.

The other secondary glioblastoma shown here NO70@&4 large flattened cells.
Figure 3.3.7 also shows glioma cultures which sibwewn in culture with fewer

than 10 passages. These were all derived fromoalgtitoma and all slowed down
in culture. Figure 3.3.8 shows a glioblastoma wdhge flattened cells with a
rounded centre, more typical of an oligodendrogéomnt also shows a secondary
glioblastoma with large flattened cells. Figure.3.3 an image of a grade Il
astrocytoma culture which stopped growing, it maimhs small rounded cells with
one cell containing thin elongated processes.

Fast growing cultures originated from patients véthaverage survival time
of 22 months, the cultures with slow growth origet from patients with an
average survival time of 25 months, while the aelsuwhich slowed down in
growth (with the exception of the outlier NO6893tlwigreater than 138 months
survival) had a much lower average patient survivaé of 13 months (Table 3.3.3
(@)). All biopsy samples were taken prior to treatin(Table 3.3.3 (b)).

Table 3.3.Braintumour types of glioma cell cultures.

Tumour Type Number of samples which formed
cultures

Primary Glioblastoma 25 out of 26
Secondary Glioblastoma 5 out of 6
Grade Il Astrocytoma 4 out of 5
Grade Il Astrocytoma loutofl
Grade lll Oligoastrocytoma 1 out of 3
Grade Il Oliogodendroglioma 1loutofl
Grade Il Oliogodendroglioma Il 2 out of 2
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Table 3.3.2The take rate of glioma cultures.

Tumour Type Fast Slow  Slowed Stopped Never Cont

Growth Growth Down Growing Attached
Primary 10 1 14 - - 1
Glioblastoma
(26 samples)

Secondary - 2 3 - 1 -
Glioblastoma
(6 samples)

Grade Il 2 2 - 1 - -
Astrocytoma
(5 samples)

Grade |l - 1 - - - -
Astrocytoma
(1 sample)

Grade Il 1 - 1 - 1 -
Oligoastrocytoma
(3 samples)

Grade Il
Oligodendroglioma
(1 sample)

1
=

1

1

1

1

Grade |l 2 - - - - -
Oligodendroglioma
(2 samples)

Never attached: never attached to the bottom ofidéls&. Cont: contaminated.
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Table 3.3.3(a) Establishment of glioma cell cultures.

Cell
Culture

NO70055
NO70126
N070152
NO070201
N070219
NO070314
NO70788
NO70859
NO70865
NO080501
NO080533
NO080540
NO080869
N080923
N080943
N070229
NO070237
NO070440
NO070450
NO70780
NO70934
NO71155
N060893
N060913
NO60950
N060978
N061007
N061092
NO070454*
NO070701
NO070293
NO071026
NO71057
NO71060
NO71144
NO71271
NO80558
N080749
N080805
N081185
N070215

NO70950

NO70311

NO70948

Tumour Type

Grade Il Oligoastrocytoma
Primary Glioblastoma (LR)
Primary Glioblastoma
Grade Ill Astrocytoma
Grade Il Oligodendroglioma
Grade Il Oligodendroglioma
Grade IIl Astrocytoma (PR)
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Grade Ill Astrocytoma
Grade IIl Astrocytoma (PR)
Secondary Glioblastoma (PR)
Grade Il Astrocytoma
Secondary Glioblastoma (PR)
Primary Glioblastoma
Grade Il Oligodendroglioma
Secondary Glioblastoma (PR)
Primary Glioblastoma
Grade Il Oligoastrocytoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Secondary Glioblastoma (PR)
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Secondary Glioblastoma (PR)
Grade IIl Astrocytoma (PR)

Grade Il Oligoastrocytoma
Secondary Glioblastoma

Primary Glioblastoma

Growth
Rate

Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Slowed down
Stopped
growing
Cells failed to
attach to flask
Cells failed to
attach to flask
Bacterial
contamination

Age

32
56
52
42
66
33
38
55
70
60
55
51
54
61
62
22
33
45
35
60
52
36
40
67
50
54
75
78
73
39
38
46
73
58
53
59
64
74
75
55
58

52
57

51

Survival Time
(months)

>38
28

>36
>36
>36
>31
12

18
15
?>12
>20
15
>19
>36

* Only cell line which initially had fast growth drthen slowed down.

PR: Previous resection. LR: Later resection. Aepaemigrated and contact details were lost
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Table 3.3.3 (b)Patient treatment during the course of the study.

Sample

Tumour Type

Radiation

Temozolomide Gliadel

PCV

Number

NO070126
N070152
N070201
NO70788
NO70859
NO70865
N080501
N080533
N080540
N080869
N080923
N080943
N070229
N070237

NO70440

NO70780
NO070934

N060893
N060913
N060978
N061007
N061092
NO70454

NO70701
NO070293
NO071026

NO71057
NO71060
NO71144
NO7-

1271

NO080558
NO080749
NO080805

N081185
NO070215

NO70311

Primary Glioblastoma
Primary Glioblastoma
Grade Il Astrocytoma
Grade Il Astrocytoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Grade Il Astrocytoma
Grade Il Astrocytoma
Secondary
Glioblastoma
Secondary
Glioblastoma

Primary Glioblastoma
Secondary
Glioblastoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Secondary
Glioblastoma

Primary Glioblastoma
Primary Glioblastoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Secondary
Glioblastoma

Grade Il Astrocytoma
Secondary
Glioblastoma

Treatment
60Gy (30fr)
56Gy (28fr)
55Gy (30fr)
Yes amt?
45Gy (20fr)
60Gy (30fr)
Unknown
Yes amt?
58Gy (28fr)
60Gy (30fr)
60Gy (30fr)
58Gy (29fr)
Unknown
55Gy (30fr)

No

No
56Gy (28fr)

60Gy (30fr)
66Gy (30fr)
20 Gy (5fr)
No
45Gy (20Fr)
40Gy (60fr)

60Gy (30fr)
60Gy (30fr)
Unknown

Unknown
30Gy (60Fr)
Unknown

60Gy (30fr)

30Gy (30Fr)
Unknown
Unknown

No
No

55Gy (30fr)

Yes
Yes
No
No
Yes
Yes
Unknown
Yes
Yes
Yes
Yes
Yes
Unknown
No

No

No
Yes

Yes
No
No
No
No
No

Yes
Yes
Unknown

Unknown
Yes
Unknown

Yes
Yes
Unknown
Unknown

No
Yes

Yes

Yes
No
No
No
No
No
No
No
No
No
No
No
No
No

yes

No
Yes

No
No
No
No
No
No

No
No
No

No
No
No

No
No
No
No

No
No

No

No
No
Yes
No
No
No
No
No
No
No
No
No
No
No

No

No
No

No
No
No
No
No
No

No
No
No

No
No
No

No
No
No
No

No
No

No
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Fig 3.3.1(a) Survival and age of patients with a glioblastomles{irvival and age of patients with a lower gratienga
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Grade
Oligoastrocytoma (c) Grade Il Astrocytoma (d) Gedt Oligodendroglioma.
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Fig. 3.3.5lmages (10x) of glioma cell cultures with slow gth rate.
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Fig. 3.3.6 Images (10x) of glioma cell cultures which slowddwn in growth.
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Fig. 3.3.8Image (10x) of glioma cell cultures which slowemlh in growth.

ma)

NO070215 (Grade Il Astrocyto

7
Ve LS

Fig. 3.3.9Image (10x) of glioma cell culture which stoppedwing.
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3.3.1 Characterization of Newly Developed Glioma QleCultures

The newly developed glioma cell cultures were cti@rgsed in relation to invasion,
proliferation, sensitivity to TKIs and chemotherape drugs, and protein

expression.

3.3.1.1 Invasion and Proliferation

Invasion and proliferation was tested with my swujsar, Dr. Verena Amberger-
Murphy. The 3D spheroid collagen invasion assay uwsed because it is a better
model for tumour invasiomn vivo. One cell culture was additionally tested in the
Boyden Chamber assay, which resulted in similaasion activity. 65% of all cell
cultures tested were invasive. Out of 19 glioblastis, 4 were non-invasive, and 15
were invasive, 5 cell cultures showed invasive biha with biospheres produced
from segments of the biopsy sample, the other celtures showed invasive
behaviour from spheroids produced from the celturak (see section 2.8). Within
the lower grade tumours invasive behaviour waspaddent of the tumour type and
grade of malignancy. The overall invasion rate gay ranged from 5.23 pm to
50.69 um (Fig. 3.3.10).

Proliferation activity was determined by measuring doubling time, which
ranged from 37.3 to more than 168 hours (Figs.13.3and 3.3.12). Again
proliferation rate was independent of tumour typel arade. Invasion did not
correlate with proliferation rate in glioblastomassthe lower grade tumours (Fig.
3.3.13). The ICC for GFAP and Nestin with 17 of thdtures was carried out a
Ph.D student, Rachel Howley. ICC of GFAP and nestims correlated with
doubling time for the cultures, a low amount of GFAvas detected overall, there

was an increase in nestin expression with slow@iferating cultures (Fig. 3.3.14).
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Fig. 3.3.10Invasion rate per day for 19 invasive cultures.adapresents 3 individual
biological assays. Standard deviations were gesgfadm Microsoft excel software.
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Fig. 3.3.12Doubling time of cell cultures derived from othenrour types measured in hours. Data representsli8idnal
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Figure 3.3.13The invasion and proliferation rate of glioblastomadtures (a) and
the invasive lower grade cultures, a grade |l @digirocytoma (NO70055), a grade
Il astrocytoma (NO70450), and a grade Il astrooadN070229) (b). Invasion was
measured in micrometres per day, doubling time wassured in hours. Data
represents 3 individual biological assays. Stand&ndations were generated from
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3.3.1.2 Sensitivity to Tyrosine Kinase Inhibitors

31 glioma cell cultures were tested for sensititdythree TKIs, erlotinib, gefitinib,
and imatinib. Using a cut-off concentration basadlata published in the literature
each cell culture was classified as a respondeontresponder to the TKIs (Table
3.3.4). The cut off concentration for Erlotinib wa8 puM based on Mellingho#t
al, (Mellinghoff et al. 2005) and Zerbest al, who reported a concentration of
erlotinib of up to 9 uM found in tumours of an aminmodel (Zerbest al. 2008).
The cut off concentration for gefitinib was 20 ubgsed on Hofer and Frei, (Hofer
and Frei 2007); they found gefitinib concentratiasfsup to 24 uM in human
glioblastoma tissue. Cemestsal, (Cemeuset al. 2008) classified glioblastoma cell
lines as responsive, if they were inhibited by ty@fh at a concentration of 20 uM.
The cut off concentration for imatinib was 20 pMiegtis consistent with data
published by Servidett al, (Servideiet al. 2006).

8 out of 23 glioblastomas, 1 out of 5 astrocytonihsand 1 out of 2
oligoastrocytomas 1ll were responsive to erlotirfitable 3.3.5). Responders to
gefitinib included 13 out of 23 glioblastomas (T@bB.3.6). 6 out of 23
glioblastomas, 2 out of 5 astrocytomas, and 1 éb@taigoastrocytomas lll, and the
only oligodendroglioma Il responded to imatinib l& 3.3.6). Overall there were
more imatinib responders found in astrocytomas amged tumours than in
glioblastoma.

Figure 3.4.4 represents the glioblastoma respopa#ile. 7 glioblastomas
responded to 2 TKIls. One grade lll astrocytomaaerdpd to both erlotinib and
imatinib (NO70201), and one grade Il oligoastracyth (NO70055) responded to
both erlotinib and imatinib (Tables 3.3.7 to 3.3Oly one secondary glioblastoma
culture was sensitive to all three TKIs tested (Bi001) (Tables 3.3.7 to 3.3.9).
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Erlotinib

Imatinib Gefitinib

Fig. 3.3.15Glioblastoma cultures which responded to the igmE&inase inhibitors,
erlotinib, gefitinib and imatinib.
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Table 3.3.4Classification of glioma cultures agssponders and non-responders to
erlotinib, gefitinib and imatinib.

Cell Tumour Type Erlotinib Gefitinib Imatinib
Culture
NO70701 Secondary + + +
Glioblastoma
N060978  Primary Glioblastoma + + -
NO70152  Primary Glioblastoma + + -
NO71144  Primary Glioblastoma + + -
N080923  Primary Glioblastoma + + -
N080540  Primary Glioblastoma - + +
NO071057  Primary Glioblastoma - + +
NO070055 Grade Il + - +
Oligoastrocytoma
N070201 Grade Il + - +
Astrocytoma
N060913  Primary Glioblastoma + - -
N061007  Primary Glioblastoma + - -
N061092 Glioblastoma + - -
N060893 Secondary - + -
Glioblastoma
NO070126  Primary Glioblastoma - + -
NO070293  Primary Glioblastoma - + -
NO71271  Primary Glioblastoma - + -
N080501  Primary Glioblastoma - + -
N080533  Primary Glioblastoma - + -
NO70454  Primary Glioblastoma - - +
N071026  Primary Glioblastoma - - +
N080869  Primary Glioblastoma - - +
N070450 Grade I - - +
Astrocytoma
N070314 Grade I - - +
Oligodendroglioma
Grade Il - - -
NO70788 Astrocytoma

NO70859  Primary Glioblastoma - - -
NO70865 Primary Glioblastoma - - -
N080558  Primary Glioblastoma - - -
N080943  Primary Glioblastoma - - -

N070229 Grade Il - - -
Astrocytoma
NO070237 Grade llI - - -
Astrocytoma
N060950 Grade llI - - -
Oligoastrocytoma
Responder: + Non-responder:-
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Table 3.3.5ICs values ofglioma cell cultures responsive to erlotinib.

Cell Tumour Erlotinib
Culture Type (UM)
N070152 Glioblastoma 6.5+09*
N060913 Glioblastoma 72+0.2*
N080923 Glioblastoma 7.2+0.5
NO70701 Secondary 79+0.7

Glioblastoma
N061007 Glioblastoma 91+1.2*
N071144 Glioblastoma 9.3+0.5
N060978 Glioblastoma 95+14
N061092 Glioblastoma 93+14
N070201 Grade Il 84+0.1*
Astrocytoma
NO70055 Grade llI 9.3+0.7

Oligoastrocytoma

Standard deviations are from 3 biologically indivad assays. *: 2 biologically
individual assays.

Table 3.3.61C5p values ofglioma cell cultures responsive to gefitinib.

Cell Culture Tumour Type Gefitinib
(HM)

N080923 Primary Glioblastoma 15.2+£0.7
NO71271 Primary Glioblastoma 16.7+ 1.3
N080533 Primary Glioblastoma 16.7+1.1
NO70701 Secondary Glioblastoma 16.7+1.1
N060893 Secondary Glioblastoma 16.8+1.6*
N080501 Primary Glioblastoma 16.9+0.9
N070152 Primary Glioblastoma 17.0+£0.9
N060978 Primary Glioblastoma 17.2+2*
NO070293 Primary Glioblastoma 18.3+2.2
N080540 Primary Glioblastoma 185+ 1.8
N070126 Primary Glioblastoma 200+1.1*
N071144 Primary Glioblastoma 195+2*
NO71057 Primary Glioblastoma 17.2+09*

Standard deviations are from 3 biologically indivadl assays. *: 2 biologically individual assays.
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Table 3.3.7ICsp values ofglioma cell cultures responsive to imatinib.

Cell Culture Tumour Type

N080869 Primary Glioblastoma
NO70701 Secondary Glioblastoma
N080540 Primary Glioblastoma
NO70454 Primary Glioblastoma
N071026 Primary Glioblastoma
NO71057 Primary Glioblastoma
NO070201 Grade Il Astrocytoma
NO070450 Grade Il Astrocytoma
NO70055  Grade lll Oligoastrocytoma
NO70314 Grade Il Oligodendroglioma

Imatinib
(M)

140+4*
144+0.7
158+1.7
16.7+1.5*
19.6+24*
140+1.7*
20.0+0.7*
158+3.2*
18.0+0.5
196+1*

Standard deviations are from 3 biologically indivad assays. *: 2 biologically

individual assays.

Overall, the 16, values for each drug were relatively high and elbculture

showed particular sensitivity to any TKI.
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3.3.1.3 Sensitivity to Chemotherapeutic Drugs

The same cell cohort was also tested for sensitteitthe chemotherapeutic drugs
docetaxel and temozolomide. Thesd@alues for docetaxel ranged in glioblastomas
from 0.4 nM to 25.4 nM and the astrocytomas frothriM to 59.5 nM; both grade
Il oligoastrocytomas had an dgof 2.7 nM, and for grade Il oligodendroglioma the
ICs for docetaxel was 24.8 nM. Theslalues clearly demonstrate that sensitivity
to docetaxel is not correlated with tumour type amchde. 11 out of 23
glioblastomas and 1 grade lll astrocytoma had ap 42 nM for docetaxel (Table
3.3.8, Fig. 3.3.15) and were responsive to one, twdhree TKIs; this would
indicate there might be a benefit from combing daxel and TKIs.

The IGp values of temozolomide also did not correlate wattmour type and
grade. They ranged in glioblastoma from 198.3 uNI146 1M in astrocytoma from
437.8 uM to 1037.8 uM, in grade lll oligoastrocytsnfrom 417.2 uM to 852.4
MM, and the IG value in the grade Il oligodendroglioma was 939\ (Table
3.3.9, Fig. 3.3.16).
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Table 3.3.8Docetaxel 1Gy values of glioma Cultures.

Cell Culture

N080923
NO70152
NO071271
N080540
NO070454
N060978
NO070701
N061007
N060893
NO070201
N061092
NO70126
NO070859
N060950
NO080533
NO070055
NO70865
N060913
N080501
NO071144
NO70450
N080943
NO070229
NO070293
NO070237
NO070314
NO080869
NO071026
N080558
NO70788

Tumour Type

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Secondary Glioblastoma

Primary Glioblastoma

Secondary Glioblastoma

Grade Il Astrocytoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Grade Il Oligoastrocytoma

Primary Glioblastoma

Grade Il Oligoastrocytoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Grade Il Astrocytoma
Primary Glioblastoma
Grade Il Astrocytoma
Primary Glioblastoma
Grade Il Astrocytoma

Grade Il Oligodendroglioma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Grade Il Astrocytoma

Docetaxel
(nM)

0.4+0.05*
0.5+0.0
0.6+0.02*
0.7+0.01*
09+0.2
1.0+04
11+04
1.2*
1.6+0.7
14+0.1
15+04
14+01
21+01
2.7%0.6
26+1.6
27+0.2
5017
56+3.1
58+05*
6.4+15
8.3%22
9.0+1.2
94+1*
13.0+5.2
16.4+1
24.8*
19.0+5.2*
23.2+4*
254+43
59.5+3.5

Standard deviations represent biological duplicaselts calculated in Microsoft Excel.*
Biologically triplicate results. ** Result of a gite assayN070788 is an outlier not included in

Fig. 3.3.16.
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Fig. 3.3.16The IGovalues of docetaxel in glioblastomas (a), and heoglioma

cell cultures (b).
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Table 3.3.9TemozolomiddCsg values of glioma cell cultures.
Temozolomide

(u™)

Cell
Culture

NO070126
N080923
N071271
NO70055
N070201
N070152
N070859
NO70788
N080805
N061007
N080540
N061092
N070454
NO71144
NO070865
N080501
NO70237
N080533
N071026
NO080869
N070701
NO71057
N060978
N060950
N080943
N070450
NO070314
N080558
NO070293
NO070229
N060913
N060893

Tumour Type

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Grade lll Oligoastrocytoma

Grade Il Astrocytoma

Primary Glioblastoma
Primary Glioblastoma

Grade Il Astrocytoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Grade Il Astrocytoma

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Secondary Glioblastoma

Primary Glioblastoma
Primary Glioblastoma

Grade Il Oligoastrocytoma

Primary Glioblastoma
Grade Il Astrocytoma

Grade Il Oligodendroglioma

Primary Glioblastoma
Primary Glioblastoma

Grade Il Astrocytoma

Primary Glioblastoma

Secondary Glioblastoma

198.3+10.8*
322.9+66.9
372.4+44.8
417.2+65.4*
437.8+22*
497.0+£98.4*
502.2+91.2*
515.0+0*
515.0 **
566.6 **
609.3 + 90.7
618.0+0*
638.7 +284.3 *
638.7 + 126.7
643.8 +182.3 *
700.5 +116.4
713.4+114.3
738.1+ 136.5
738.1+59.2
763.8 +147.8
772.6 + 67
793.2+320.4*
810.2+73.1
852.4+18*
877.3+127.7
888.5 + 346.1*
939.9+127.2*
940.5 +95.8
1004.4 + 164.3
1037.8 £ 25.2 **
1133.1+145.8 *
1146.0+91.2*

Data represents biologically triplicate assaystanBlard deviations are from biologically duplicate
assays. ** result of a single assay.
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Fig. 3.3.17The IGs values of temozolomide in glioblastomas (a), andther

glioma cell cultures (b).
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3.3.1.4 Normal Human Astrocytes

To evaluate the drug effects on normal cells, vetet cell proliferation of normal
human astrocytes (NHA#) the presence of TKIs and the chemotherapeutigsdr
NHAs were not responsive to erlotinib; howeverythad 1Govalues of 7.8 uM for
gefitinib, and 16.9 pM for imatinib. We also foutitht the NHAS were not sensitive
to chemotherapeutic drugs.si@alues were 1228.4 uM for temozolomide and >124
nM for docetaxel. The NHAs had highersiGralues for both chemotherapeutic

compounds than any glioma cell culture.
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3.3.1.5 Accumulation of Gefitinib in Glioma Cells

To test the accumulation of gefitinib in tumourlselve selected 4 glioma cell
cultures according to their responsiveness to igdfit glioblastoma 1 and the
oligoastrocytoma lll as non-responders, and glistol@ma 2 and glioblastoma 3 as
responders. The cell cultures were exposed to gghitinib for 2 hours, followed
by mass spectrometry analysis carried out by a RtuBent in our centre, Sandra
Roche. Glioblastoma 2 and glioblastoma 3 showedfal® increased uptake of
gefitinib in comparison to glioblastoma 1 (Fig. 33). Although the grade Il
oligoastrocytoma, was not a responder to gefit{ilzo>10 uM) it showed a much
higher drug uptake (1125.1 ng/million cells) thdhthree glioblastomas (136.2-
291.5 ng/million cells).

Gefitinib Accumulation in Glioma Cell Lines

1600
1400
1200
1000
800
600 -
400

200 - - -
0 -

GBM1 GBM2 GBM3 OA Il
o %

Mass per million cells (ng)

OA: oligoastrocytoma.

Fig. 3.3.18 Accumulation of gefitinib in three glioblastomasdaone grade Ili
oligoastrocytoma. Data represents triplicate sampttandard deviations were
generated from Microsoft excel software.
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3.3.1.6 Expression at Protein Level of Growth Facto Receptors, ATP

Transport Proteins, and Tyrosine Kinases

Western blotting analysis was carried out on 26 agtures and on NHAs (Fig.
3.3.18 (i) and (ii)), to analyse protein express@inPgp and BCRP. The ATP-
transporter Pgp was expressed in all cultures exwep, the glioblastoma lines
NO70152 and NO080943. However, N070152, has a vew ICs, value for

docetaxel, which does not fit with the low level§ Bgp expression. BCRP
expression varied greatly between the culturesul@ires showed very low BCRP
expression (Fig. 3.3.18 (ii)), these blots were dlgped with enhanced

chemiluminescence confirming the presence of BQR#eése cultures (Fig. 3.3.18

(iii)).

Table 3.3.10Cell cultures analysed by western blotting in fey3.3.18 (i) and
(iii).

Lane Sample Tumour Type

1 Positive control -

2 N060893 Secondary Glioblastoma
3 N060978 Primary Glioblastoma

4 NO70055 Grade Il Oligoastrocytoma
5 N070152 Primary Glioblastoma

6 N070201 Grade Il Astrocytoma

7 N061092 Primary Glioblastoma

8 NO70126 Primary Glioblastoma

9 NO070293 Primary Glioblastoma
10 N070314 Grade Il Oligodendroglioma
11 NO070229 Grade Il Astrocytoma
12 NO70701 Secondary Glioblastoma
13 NO70788 Grade lll Astrocytoma
14 NO70859 Primary Glioblastoma
15 NO70865 Primary Glioblastoma
16 N060913 Primary Glioblastoma
17 NO071026 Primary Glioblastoma
18 N071271 Primary Glioblastoma
19 N080501 Primary Glioblastoma
20 NO080533 Primary Glioblastoma
21 N080540 Primary Glioblastoma
22 N080869 Primary Glioblastoma
23 N080923 Primary Glioblastoma
24 N080943 Primary Glioblastoma
25 NHA Normal Human Astrocytes
26 NO70450 Grade Il Astrocytoma

27 N061007 Primary Glioblastoma
28 N071144 Primary Glioblastoma
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Fig. 3.3.19 (i):Western blot analysis of the tyrosine kinases mulg resistance
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3.3.1.7 Specific Targets of Erlotinib and Gefitinib

Western blot analysis was carried out on 26 cdtloes and NHAs, to examine the
expression of EGFR. Both erlotinib and gefitinitesifically target EGFR. All cell

cultures expressed EGFR (Fig. 3.3.19). 3 cultureewesponsive to erlotinib alone,
7 cultures were responsive to gefitinib alone, &railtures were responsive to both
erlotinib and gefitinib. One culture, N070152, eagsed both EGFR and EGFRvIII,

and was responsive to both erlotinib and gefitif@bcultures did not respond to

either drug.
_ *  x Kk * *
o
=
g * % * * * *
o AN d N © MmO d ©
o R B H O 0 N 9 O &
0 0090 d & 6 4 da o o K ~
Z 0880 6 d o0 6 6 o o o
TOORKRK K O KK KKK X
S S oo © © © o © o o o
o zZ2 222 2 2 Z2 Z2 zZ 2 2 2
170kDa WT ---* - ey e ae o DEDe -
145kDa vllI — < —————] (3 £Cti1)
* * * * %
* % % * * * *
o b M © oA o o M o o~ <
2838 K8 8% © N 3 L Q9
QX ® O O N B W W X D D g ©
© © & 4 A O O o Q Q9 Q gL g4 d
K K © N~ ® © © X K ¥ 585
O o © o o © © © S 9 < S 2 S
zZ z2 z 2z z z z 2 z 2 2z z z z Z
170kDa | e -— e o — G — = EGFR
WT - . e o —— B-actin

* Responsive to Erlotinib* Responsive to Gefitinib

Fig. 3.3.20Expression of EGFR and EGFRUVIII in the glioma celltures.
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3.3.1.8 Specific Targets of Imatinib

The expression of the specific targets of imatinithe cell cultures was examined,
including PDGFRB, C-Abl and C-Kit. All cultures expressed PDGBRhowever,

NO070152 had much lower expression in comparisothé other cultures (Fig.
3.4.10 and 3.4.11). NO70978 was the only culturé twoexpress C-Abl and
NO070152 was the only culture not to express C-Kig(3.4.11). Expression of

these imatinib targets did not always correspon@gs$ponsiveness to imatinib.
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Fig. 3.3.21 (a)Expression of PDGFR; C-Abl and C-Kit in the cell cultures.
PDGFR$ has 2 bands, C-Kit also has 2.
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3.3 Discussion

Characterization of newly Developed Glioma Cell Culres

Introduction

Established immortalised glioma cell lines whiclvéaindergone several passages,
involving clonal selectionn vitro are homogeneous, their phenotype typically does
not change, and may not represent the diversitgeoketic abnormalities found in
brain tumours (http://ehis.niehs.nih.gov/; Hamly al. 1998; Francis Ali-Osman
2005).The experimental results obtained with these ae#lsl may be quite different
from those obtained from studies using biopsy spens. To maintain the cell
heterogeneity typically found in a brain tumouipgia cell cultures were developed
from brain tumour biopsy samples and characteriaecearly passages (below
passage 10) with regard to protein expression, itggtys to TKIs and
chemotherapeutic drugs, proliferation and invasiactivity. In parallel the
corresponding tissue had undergone immunohistoda@miand molecular
characterisation, which is subject of a differdadis.

Out of 44 glioma biopsy samples 39 cell culturesevgeveloped (Table
3.3.2). The age of the patient cohort ranged fréxv& years, with the majority of
patients being aged between 50-78 years (Tabl&)3.Bhe average survival of
patients with a glioblastoma in our cohort was 1énths with an average age of
occurrence of 58 years (Table. 3.3.3), this is bast with published data (Van
Meir EG 2010). The average survival for patientthvei lower grade glioma was 34
months and the average age was 40 years (Tabl8),3yatients with lower grade
gliomas tend to be younger and have a higher sairvate (Paul Kleihues 1997).

Glioblastoma cell cultures were characterized i lebongated and rounded
cells, depicting the heterogeneity seernvivo. The grade Il oligoastrocytoma had
clusters of cells forming networks with other ckrst and the grade Ill astrocytoma
showed a typical star-shaped cell structure. Thdegtll oligodendroglioma showed
the typical fried egg cell structure reported blyess (Paul Kleihues 1997).

The dominating cell type found in the fast cultuvess elongated, these are

possibly the fast proliferating cells (Fig.3.3.338.4). The slow growing cultures
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had more of a mixed and flattened cell type, wthike cultures which slowed down
in growth with less than 10 passages had morenaikad cell type population, with
larger flattened cells present (Fig.3.3.5 to 3.3'B)e cultures with fast growth
originated from patients with an average survivalet of 22 months, the slow
growing cultures originated from patients with avemage survival time of 25
months, while the cultures which slowed down intund originated from patients
with an average survival time of 13 months. Theuwrelwhich stopped growing was
derived from a patient with greater than 36 mordinsival. It is possible that the
culture which slowed down in growth contained mofea mixed cell population
than the fast or slow growth cultures, and possévign contain stem cell-like cells,
which would explain the large cell types with largeclei. 17 cultures were
examined by ICC for GFAP and nestin expressiomva amount of GFAP was
expressed, and nestin expression was higher itower proliferating cultures (Fig.
3.3.14). This indicated that there was possiblyifter@ntiated stem cells present in

the slower cultures, as nestin is a neuronal sedhmarker (Kawataket al. 2010).

Invasion and Proliferation of Newly Developed Gliona Cell Cultures

The invasion and proliferation rate of each celture was examined. The majority
of the glioblastomas were invasive, however theragye invasion activity ranged
from 6 pm/day to 50 pm/day (Fig. 3.3.10). Withire throup of astroctyomas and
mixed gliomas both invasive and non-invasive phgmes were found. There was a
large variation of proliferation rates in the cués; there was no correlation between
tumour grade and proliferation rate (Fig. 3.3.11d.aB.4.12). There was no
significant correlation between invasion and peshtion, i.e. a highly invasive
culture was not necessarily a slow proliferating,oand a low amount of invasion
did not always correlate with a fast proliferatiogjture (Fig. 3.3.13). Invasion and
proliferation are dependent on substrate, no crogl may have been due to
different substrates, proliferation assays wereierout with plastic and invasion
with collagen. It would be possible to correlateasion and proliferation if you
used the MIB-1 antibody to the Ki-67 antigen, thigigen is expressed in cells in

the proliferative phase of the cell cycle an is agpressed in cells at the resting
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stage (Khoshyomat al. 1999; Kogikuet al. 2008). Hagerstranet al, established 20
high-grade glioma primary cultures and also foumdé variation in growth rates
among the cultures, the fastest growing culturpldiged an 18-fold increase in cell
number, the slowest growing cultures only showed.zfold increase in cell
number over the 4-day culture period (Hagerstremna. 2006). While low-grade
astrocytomasin vivo tend to be highly invasive, but slow proliferatinthe
proliferation rate of glial tumour cells and mixgllbomas seems to increase with the
grade of malignancy (Francis Ali-Osman 2005).

These characteristics were not fully reflectedhiair in vitro behaviour. It
is possible that then vitro 3D collagen invasion assay was not suitable fohea
cell culture, some cultures did not form hangingpdy, instead they remained as
loose cell aggregates, other invasion assays ssitheaBoyden Chamber assay
could have been used. However it is also thougat thifferent sections of the
tumour contain cells with specific functions, somay be specifically involved in
proliferation and others in invasion, the biopsgtsm of the tumour could have
determined the characteristics of the cell cultuee,a highly proliferative section
of a tumour could have given rise to a cell cultwieh high proliferation, and a
highly invasive section of a tumour could have heslin a highly invasive cell
culture. As all invasion and proliferation assaysrevcarried out below passage 10
with each culture, and large differences were seih both characteristics this
further supports the hypothesis that biopsy samplese taken from different
sections of each tumour. With vitro assays glioma spheroids have been shown to
be organised adaptive biosystems, which carefudlyetate the proliferative and
invasive ratio within the spheroid to maximise calimber and spheroid expansion
(Deisboecket al. 2001; Huangt al. 2008), confirming that different sections of a
tumour have different biological functions.

With cultures of glioma cells Gieset al, have shown have shown a
relationship between migratory and proliferativendaour (Gieseet al. 2003).
Highly motile glioma cells tend to have lower pfetation rates, i.e. cells proliferate
only when they do not move this is known as th&aror Grow’ mechanism (Giese

et al. 1996). Biological evidence indicates that migratand proliferative processes
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share common signalling pathways, suggesting auenigtracellular mechanism
that regulates both behaviours (Giesal. 2003; Godlewsket al. 2010; Hatzikirou
et al. 2010).

Machespararet al, established 12 glioblastoma and 1 astrocytomtureul
from biopsy samples, and found a much more heteexges migratory response
from these samples in comparison to their previwask with established glioma
cell lines (Mahesparamt al. 1999). They found that the ability to migrate in
response to extracellular matrix (ECM) was spedificeach biopsy specimen as
opposed to any individual ECM component; in additwath immunohistochemical
analysis they found anti-glial fibrillary acidicgiein (GFAP) staining revealed both
GFAP-positive and -negative migrating cells, furtlsaipporting the presence of
different cell types in these samples (Mahespatah. 1999). It is possible that by
altering the ECM there could have been differemgeésvasion.

Poor prognosis in glioblastomas arises from invadivmour cells which
have escaped treatment. It has been shown thalagioma cells have the ability to
switch between invasive and proliferative phenasyg&odlewskiet al. 2010;
Molina et al. 2010). Molinaet al, developed amn vivo model of human invasive
glioblastoma in mouse brain from a human glioblastacell line, they showed an
increase in tumourigenicityin vivo with increased invasion, and decreased
proliferationin vitro for invasive cells (Molinaet al. 2010). They also found Akt
activation was directly related to increased turngmmicity, stemness and
invasiveness, and MAPK activation correlated witioliferation; cross-talk was
found between these two pathways (Moligaal. 2010). If this cross-talk in
glioblastomas is a key regulator of survival, intals of the PISK/Akt pathway may
activate the MAPK pathway andlce versa, allowing an internal phenotype control
switch between proliferation and invasion activatitiu et al, have shown that
activation of Notchl signalling represses both ,KPAkt and MAPK in endothelial
cells (Liu et al. 2006) increasing Notchl signalling may have antwanburigenic

effect in glioma.
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Response of Glioma Cell Cultures to Tyrosine Kinase

Specific tyrosine kinase inhibitors (TKI) of theig@rmal growth factor receptor

(EGFR) and the platelet derived growth factor réeme(PDGFR) have been used in
the treatment of various cancer types where ineckasgnalling is thought to

contribute to tumour progression. Only subgroupgatents have been shown to
response to each TKI. The molecular characteristibh determine a patients
response to a TKI have yet to be fully defined. ldeer EGFR kinase domain
mutations were predictive of responsiveness of loagcer patients to the EGFR
TKIs erlotinib and gefitinib (Pao and Miller 2005).

Receptor tyrosine kinases, like EGFR and PDGFRe leeen identified as
therapeutic targets in glioblastoma; however, tnegit success with inhibitors of
these receptors is still debated since they aexi@fe only in a limited number of
patients (Omurat al. 2007). It was thought that the expression of tyr@kinases
including EGFR, PDGFR, C-Abl, and C-Kit, which aspecifically targeted by
tyrosine kinase inhibitors, would be indicative aatesponder or non-responder of
each TKI in glioma. Each glioma cell culture wastéel for sensitivity to three
TKIls, erlotinib and gefitinib which target EGFR, darimatinib which targets
PDGFR, C-Abl, and C-Kit. Using cut-off concentraiso for 1Gos based on
published data (Mellinghofét al. 2005; Servidegt al. 2006; Hofer and Frei 2007;
Zerbeet al. 2008) each cell line was classified as a respond@&on-responder to
each TKI (Table 3.3.4 — 3.3.7).

35% of the glioblastomas were responsive to @ilotjTable 3.3.5) and 56%
to gefitinib (Table 3.4.6). 26% of glioblastomasspended to two TKIs and 1
responded to all 3 TKIs; the glioblastoma whiclpmegled to all 3 was a secondary
glioblastoma, the other secondary glioblastomaetestas responsive to gefitinib, it
is possible that secondary glioblastomas are mansitsve to TKIs; this would need
to be further clarified with a larger number of sedary glioblastoma samples.
Normal human astrocytes were not responsive tdimithp but were responsive to
gefitinib and imatinib.

This response rate to EGFR-TKIs is high compa@dhe observations
reported by Mellinghofiet al, (Mellinghoff et al. 2005). They found in their study
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that only 10-20% of glioblastoma patients responigeeriotinib and gefitinib, with
reduction of tumour size by 25%; however, a higlesponse is possibia vitro
because of the absence of a BBB, allowing exposuhegher TKI concentrations.
Mellinghoff et al, also analysed the tumour tissue of their patientscorrelated co-
expression of EGFRvIIl and PTEN in tumour cellshwiesponsiveness to these
EGFR kinase inhibitors (Mellinghofét al. 2005). In a phase Il trial with 110
glioblastoma patients Van den Best al, found no correlation with EGFR,
EGFRVIIl expression and improved outcome with émibt they also found
insufficient single-agent activity in glioblastomggan den Bentet al. 2009).
Sarkariaet al, found 2 erlotinib sensitive glioblastoma tumoaexh with amplified
EGFR and expressing wild-type PTEN, one of the ursidiad truncated EGFRUVIII,
and the other had full length EGFR (Sarkatial. 2007). By western blot analysis
only one cell culture NO70152 had expression of R@H; therefore it was not
possible to determine if expression of EGFRUVIII veasrelated with TKI response
in the glioma cell cultures. It would have beenassary to examine the expression
of PTEN in all cell cultures to identify its rola the response to these TKiIs.

The majority of the cell cultures over-expresseddiype EGFR in
comparison to the NHAs regardless of tumour gré&ig. 3.3.20); within this group
32% of the cell cultures were responsive to eribtiand 42% to gefitinib.
Suggesting that responsiveness to erlotinib andigbfin vitro seems not to be
directly correlated with EGFR expression. In therhture it is reported that EGFR
is overexpressed in 50-60% of glioblastoma patiemtd amplification is often
coupled with gene rearrangement (Omar@l. 2007). The most common mutated
form is EGFRUVIII which is present in 24-67% of dllastoma patients (Heimberger
et al. 2005). Hwangt al, found that overexpression of EGFR is correlatét the
grade of malignancy in tumour tissue; 67% in lowaey astrocytomas, 87% in
anaplastic astrocytomas, and 100% in glioblastafifasanget al. 1997). Torpet al,
1991 also found that high-grade gliomas containent©GFR positive tumour cells
than low-grade gliomas, and that small neurons @aonal glial cells did not
express EGFR (Torpt al. 1991). Haas-Kogaset al, showed that the response to

erlotinib treatment was higher in glioblastoma wiigh EGFR expression and low
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phosphorylated protein kinase B (PKB)/Akt than #hegth low EGFR expression
and high (PKB)/Akt levels (Haas-Kogash al. 2005). Additionally, they found no
correlation between EGFRVIII expression and resp¢Hsaas-Kogamet al. 2005).

Gefitinib has been shown to be effective in lurameer patients carrying
mutations in exons 19 and 21 of the EGFR tyrosinade domain. These mutations
were not found in a study involving 95 gliomas udihg glioblastomas, anaplastic
oligodendrogliomas, and low-grade gliomas, whichghmiexplain the limited
success of gefitinib in glioma treatment (Maee al. 2005). Using a multi-
institutional study with glioblastoma tissue andl tires Leeet al, have shown that
EGFR missence mutations and amino acid substimiti@ve an important role in
determining sensitivity to EGFR small molecule bitors (Leeet al. 2006).
Different mutations of EGFR found in gliomas in qmamison to mutations of EGFR
found in other cancers, may be responsible fostasce to gefitinib in glioma. To
determine if response to gefitinib is directly tethto mutations of EGFR, it would
be necessary to screen all of the glioma cultureshiese mutations. A PCR based
GeneTailorTM/ QuickChange Il site-directed highetighput mutagenesis system
could be used for that.

It appears that EGFR amplification and mutationgether with the
expression of functional PTEN are involved in glensensitivity to EGFR
inhibition; additional factors influencing gliomarssitivity to EGFR have yet to be
identified, such as other key pathways or mutatmdownstream proteins of these
pathways.

Only 6 out of 23 glioblastomas responded to imbtimhereas the response
rate was higher within anaplastic astrocytomas rancd gliomas. Haberlegt al,
found a 15.7% imatinib response rate in patienth giioblastoma (Haberlest al.
2006). Hagerstranet al, found a positive correlation in gliomas betweddGFR
expression and imatinib sensitivity (Hagerstrahdl. 2006). The use of imatinib as
a single agent in patients with recurrent maligrglimmas was successful only in a
small group of patients, and only 3% had 6 montlegqession free survival (Wen
et al. 2006). Phase Il trials with imatinib alone in ghias had very little effect (Wen
et al. 2006; Raymoncet al. 2008). It is uncertain whether this was due torpoo
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penetration of imatinib through the BBB to the &trgite. In the present study
strong expression of C-Kit in 25 out of 26 celltaués was found. In the literature
the amount of C-Kit mRNA or protein expression itioga cell lines varies
between 50% and 100% (Hansehl. 1992; Stanull&t al. 1995). The co-expression
of the receptor kinase C-Kit and its ligand SCFsvimund in glioma cell lines,
suggesting it is involved in intracellular mechanssfor autocrine growth regulation
of glioma cells (Stanull&t al. 1995). In the present study C-Abl expression was
found in all cell cultures, with the exception afey which was a non-responder to
imatinib (Fig. 3.3.21). Jiang al, found C-Abl to be overexpressed in glioblastomas
compared to lower grade gliomas, and they sugdes associated with poor
survival (Jianget al. 2006).

One glioblastoma culture, NO70152, a non-responideimatinib showed
very low expression of PDGFR-and no C-Kit expression; on the other hand,
EGFR and EGFRvIIl were highly expressed (Fig. 3Band the cells did respond
to both EGFR inhibitors erlotinib and gefitinib. é#er culture, NO70701,
expressed EGFR, PDGHR-C-Kit, and C-Abl and was sensitive to all threl€l§
tested (Fig. 3.3.20 and 3.3.21). However, TKI tagyeteins was not indicative of a
responder in the majority of the cultures.

Various other growth factor receptors are alsovategd in glioma including
the vascular endothelial growth factor receptor @AR), and the insulin-like
growth factor (IGF) receptor; their inhibition carevent tumour growth (Zieglet
al. 2008). It has been suggested that inhibition ofitipla tyrosine kinases is
necessary to effectively inhibit downstream signgll as many tyrosine kinases
involved in the PI3K signalling pathway are actadat the same time (Shingal.
2009). Imatinib is an inhibitor of multiple tyrosrkinases including PDGFR and C-
Kit, which are associated with the PI3K/Akt pathwaut its effect as a single drug
is minimal in glioma.

To date molecular targeted therapy has not treatsiato phase 11l trials for
malignant glioma. The mechanisms of resistancedeptor tyrosine kinase (RTK)
inhibition are not fully understood. New trials fgliomas are likely to involve a

multiple target approach and combination with chiéra@py and/ or radiotherapy
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(Omuro et al. 2007). Many anti-apoptotic mechanisms are resptsmdor the
resistance of glioblastoma cells to chemotherapy amdiotherapy, and it is
suggested that these mechanisms are also resmorfsiblresistance to RTK
inhibition (Ziegleret al. 2008).

The oncogenetic process in gliomas is regulatedifitgrentially activated or
silenced signalling pathways; which include PISK/ARTEN/MTOR,
Ras/Raf/MAPK and protein kinase C signalling. Doethie large amount of cell
heterogeneity in malignant gliomas and low prevedeof each genetic abnormality,
it has been difficult to identify targets that astkey promoters of oncogenesis, with
many studies reporting conflicting results. Sevdralgs have been tested for glioma
therapy, including tyrosine kinase inhibitors eridd and gefitinib, the PDGFR-TKI
imatinib, the mTOR inhibitors temsirolimus and edenus, VEFGR, protein kinase
C-beta inhibitors, and other angiogenesis pathwdybitors such as vatalanib,
bevacizumab, and enzataurin (Omet@l. 2007). A new approach is involving the
inhibition of multiple targets simultaneously witless specific, multi-targeting
drugs, which can be the use of two or more singlgeted drugs, in combination
with cytotoxic chemotherapy and/or radiotherapymiay be necessary to target
other key proteins in the PIBK/AKT and Ras/MAPK gth and survival pathways,
in addition to the proteins targeted in this stutdyfind an effective treatment for

gliomas.

Sensitivity of Glioma Cell Cultures to Temozolomide

Temozolomide is currently the standard drug for tte@atment of newly diagnosed
and recurrent glioblastoma (Dresemann 2010). Ag i@hge for the glioma cultures
of 198.3 uM-1146 uM for temozolomide was found (€aB.3.9) (Fig. 3.3.17),
which is much higher than the plasma concentrabbn72 pM reported for
malignant glioma patients (Ostermasnhal. 2004). A 100 pM concentration of
temozolomide was found in the brain tumour of aogaft model (Katoet al.
2010), which is still significantly lower than th€s, range found with the cell
cultures. A similar 1G, concentration range with melanoma cell lines wasdbin
the NICB by Dr. Alex Eustace (between 223 uM and pM). Normal human
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astrocytes were found to have ard@f 1228.4 uM, showing that temozolomide has
little toxicity to normal cellsin vitro. Temozolomide is rapidly hydrolysed to its
active metabolite 5-(3-methyltriazeno)-imidazoleafboxamide (MTIC) which can
reach a plasma concentration of 276 ng/ml (Ruelek 2004). Under physiological
conditions temozolomide has a short half life & hours, which might explain the
high concentrations neededimvitro assays to see an effect. Another explanation
could be that temozolomide is a substrate of theRMpump Pgp, which is
expressed in the majority of the cell cultures (RBg.19) (Schaiclet al. 2009).
Akbar et al, have published a gel-matrix containing temozotenwhich was placed
directly at the tumour site in a rat intracranegection model. This resulted in high
levels of oncolytic activity towards glioma cellsnd minimal cytotoxicity toward
normal brain tissue, this could be a promisingtimest for gliomas (Akbaet al.
2009).

Sensitivity of Glioma Cell Cultures to Docetaxel
Docetaxel is a very successful drug in the treatnoéra variety of solid tumours
particularly in lung cancer (Burrit al. 1995). All 1Gsos for the glioma cell cultures
were in the nanomolar range, (0.4 nM to 24.5 nMpaRof 22 glioblastomas had an
ICs0 < 2 nM (Table 3.3.8) (Fig. 3.3.16). There was nffetence in sensitivity
between glioblastomas and lower grade tumours &i16). One cell culture, a
grade Il astrocytoma, was not as sensitive to doet (IG, of 59.5 nM) (Table
3.3.8), normal human astrocytes were not as seaditi docetaxel (16 of >124
nM) (Table 3.1). 24 out of 26 cell cultures expezs$gp: with 2 glioblastomas
being negative for Pgp expression. One of thesehigidy sensitive to docetaxel
(ICsp of 0.5 nM) (Fig. 3.3.8). Fracassb al, have found a plasma concentration of
docetaxel of 0.5 nM in glioma patients and a CSKceatration of 0.05 nM
(Fracassoet al. 2004), the two sensitive glioblastoma cultures laad |G, for
docetaxel (Table 3.3.8) within that found in plasma

Expression of the MDR pump BCRP was found in all celtures tested:
one glioblastoma and one grade Il oligodendroglioshawed particularly high

expression of BCRP compared to the positive cor{ff. 3.3.19). One grade llI
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astrocytoma culture showedsiof 59.5 nM for docetaxel but not particularly high
expression of both ABC pumps Pgp and BCRP (Fig19)3 Therefore, the lack of
sensitivity to docetaxel by MDR pump expressionldawot be explained.

Other ABC transporter pumps, such as MRP1 and MirR2 been found in
gliomas (Leslieet al. 2005), and might be involved in docetaxel resistan
sensitivity in the cell cultures, this remains te éxamined. Clinical trials using
systemic docetaxel have not been effective in makhg gliomas probably due to
poor penetration of drug through the BBB and ifte tumour (Forsytlet al. 1996;
Sansoret al. 2000; Kempeet al. 2003; Kempegt al. 2004). This can be addressed
by convection-enhanced delivery (CED), a drug aapilon method in which the
drug is injected directly into the tumour avoiditige blockage through the BBB;
this is being used in an ongoing clinical trial vfgaclitaxol with recurrent gliomas
and is showing promising results (Chamberlain 208d) glioblastomas with low
docetaxel 1Gy (< 2 nM) were also responsive to one, two, oréhf&ls. These

combinations could be useful in a clinical approach

Accumulation of TKIs in 4 Glioma Cell Cultures

It was thought that response to TKIs may be diyetlated to the amount of drug
accumulated in the cells. Therefore the accumulatibgefitinib in 4 glioma cell
cultures was examined by mass spectrometry. Thareslwere selected according
to their responsiveness to gefitinib. The cellsevexposed to 2 uM of gefitinib for
2 hours. Glioblastoma cells which were responsivgdfitinib had a 2 fold increase
in uptake of gefitinib compared to the non-respeagilioblastomas. The grade llI
oligoastrocytoma, however had a significantly highptake of gefitinib than all 3
glioblastoma cultures although it was a non-respond gefitinib. Therefore, the
uptake of gefitinib seems not to predictive forp@ssiveness to the drug in the
oligoastrocytoma cells.

The accumulation of gefitinib to the brain is lietdtby the expression of Pgp
and BCRP (Agarwadt al.). However, seen in the cultures analysed. Theng lea
other membrane efflux pumps present in these gliaells such as MRP1 and
MRP2 (Leslieet al. 2005). Brongeet al, have shown the membrane pumps ABCC4

164



and ABCCS5, to be more strongly associated withaalgjrocytomas (Bronget al.
2005).

3.3 Summary and Conclusion

Characterization of Newly Developed Glioma Cell Culres

In collaboration with Beaumont hospital 31 gliomell ccultures were developed
directly from tissue samples and characterized wédpard to their invasion and
proliferation rate. The majority of the glioblastaraultures were invasive, however
the average invasion activity varied between celurlt was expected that all
glioblastomas would be invasive, as is typically tasen vivo. Within the group of
astroctyomas, and mixed gliomas both invasive amttinvasive phenotypes were
found, while low-grade astrocytomas vivo tend to be highly invasive. The
proliferation rate of glial tumour cells and mixglilbomas seems to increase with the
grade of malignancyn vivo. These invasive and proliferation characteristios

obviously not fully reflected in thie vitro behaviour.

Response of Glioma Cell Cultures to Tyrosine Kinase

Within the glioma cell culture cohort it was foutitht 35% of the glioblastomas
were responsive to TKIs targeting EGFR, whereaplagic astrocytomas, mixed
gliomas, and the oligodendroglioma responded b#itenatinib, targeting PDGFR,
C-Kit, and Bcr-Abl. However, in most cases the pnotexpression of the tyrosine
kinases EGFR and PDGHR- C-Kit, and C-Abl, did not correlate with the
responsiveness to the specific TKIs. Even thoughctiitures do express the target
proteins of the TKIs, none of the cultures weresgere to them; sensitivity to a TKI
is usually seen with an kgof 1 uM or less, the lowest dewas 6.5 UM. Then
vitro data indicated that individually the TKIs may & a sufficient treatment for

gliomas.

Expression of Drug Efflux Pumps and Sensitivity taChemotherapeutic Drugs
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Theexpression of Pgp and BCRP did not always corrétatensitivity to docetaxel
or temozolomideTherefore the expression levels of these pumpsatrendicative
of response to chemotherapeutic drugggh concentrations of temzolomide were
necessary to achieve ans¢n the culturesAll glioblastomas, which were sensitive
to docetaxel (Igg < 2 nM) were also responsive to one or more THKig
combination treatment with docetaxel and one or tfvthese TKIs is potentially a

good treatment option for these cases.

Effect of TKIs and Chemotherapeutic Drugs on Invasen in Glioma

As single drug treatments only docetaxel and initatmere effective in inhibiting
invasion activity. Unfortunately, their penetratitmough the BBB is limited. In
general response rates of glioblastoma patienf6Kis which specifically target
EGFR has been low, however the present study showeetaxel and imatinib to

be promising treatments for glioma.

Accumulation of Gefitinib in Gliomas

The intracellular accumulation of gefitinib was Iy in gefitinib responsive
glioblastomas than in non-responsive ones; howesemixed glioma sample
showed much higher up-take of TKI despite the fhat it was non-responsive to

gefitinib. Further experiments have to be perforrteedxplain this result.
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3.4 Drug Effects in a 3D Invasion Assay
The work in this section was carried out with mypesvisor Dr Verena Amberger-
Murphy. Due to the highly infiltrative and invasitaehaviour of gliomas, finding an
effective drug to treat gliomas has proved difficufhe effect of TKIs and 2
chemotherapy drugs on invasion in a 3D invasionayassas examind. The
compounds tested included erlotinib (Erl), geflifGef) and imatinib (Imt), and the
chemotherapeutic drugs temozolomide (Tmz) and da&eét(Doc). The effect of
each individual drug and the combination effecT&ls with chemotherapy drugs
was assessed. 16 invasive glioma cultures were iagdmincluding: 11 primary
glioblastomas, 2 secondary glioblastomas, 2 graldeastrocytomas and 1
oligoastrocytoma.

Spheroids of each culture were implanted into gelhatype | gels and cells
were left to invade for 4 days prior to drug treahin(Fig. 3.4.1) (see section 2.8).
Invasion was then measured over 9-29 days in thsepce and absence (Ctr) of
drug. Drug concentrations were calculated as apmately twice the 1G, for each
cell culture from the monolayer proliferation assag higher concentrations are
typically required for spheroids; in some caseg tlata were not available, and drug
concentrations had to be estimated. The drug coratems used for both
proliferation and invasion are shown (Table 3.4.B4.18). For each spheroid four
measurements (in um) were taken. Each condition s in duplicate per
experiment. Due to the slow proliferation rates sdme cultures, repeated
experiments were not always possible. Tables 3.81215 and 3.4.19 show the

overall effect of drugs on the cultures.

5y

Fig. 3.4.1 A primary glioblastoma spheroid implanted intolagén gel, after 4
days invasion, 10x magnification.
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3.4.1 Drug Effect on Invasion Activity of Primary Glioblastomas

Table 3.4.Drug concentrations N0O61007.
Invasion Assay ICsg

Concentration Concentration

Proliferation

Assay
Erlotinib 18.3 uM 9.1 uM
Gefitinib 20 uMm >20 pM
Imatinib 13.6 uM >20 pM
Temozolomide 41.2 pm* 566.6 M
Docetaxel 13.9 nM 1.2nM

*. The invasion assay was carried out prior toghaiferation assay therefore the concentratiorduse
was too low. >: greater than the cut-off conceidraflCs, not determined).

3.0
2.5 4
S
= 2.0 A
8
>
= 154
[}
=
8 1.0
[3}
X
0.5 -
0.0 +
N QD & & & & Y © & & & &
) < %) N ko) <& &&@ &@ \6& Q:\\Q @&& &QQ
0% 1% OQ' [ A\ N
12 - P<7E-05 (b)
1.0 P<2E-05
0.8 -
0.6 4
0.4 -
0.2
0.0
Ctr Erl Doc Erl/Doc
‘I Relative Invasion 1.000 0.894 0.828 0.655

*: invasion increased.

Fig. 3.4.2(a) Average invasion per day over 13 days for NO61@B) significance
of combination effect of erlotinib and docetaxetgmared to single drug effect. The
deviations represent measurements over 13 daysid@th deviations were
generated from Microsoft Excel software.
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Surprisingly gefitinib alone and in combination vitemozolomide and docetaxel
increased invasion with N0O61007, single treatmeith wnatinib and docetaxel had
a small inhibitory effect on invasion (Fig. 3.4.2))The combination of erlotinib
and docetaxel had the strongest inhibitory effect

(Fig. 3.4.2 (b)).

Table 3.4.Prug concentrations N061092.
Invasion Assay ICso Concentration

Concentration Proliferation
Assay
Erlotinib 11.6 uM 9.3 uM
Gefitinib 44.8 uM >20 pM
Imatinib 67.8 uM >20 uM
Temozolomide 1030 pM 618 pM
Docetaxel 4.6 nM 1.5nM

>: greater than cut-off concentrationsgl@ot determined).
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=
00 —
Ctr Imt Doc Imt/Doc
‘l Relative Invasion 1.000 0.271 0.403 0.129

*

. increased invasion.

Fig. 3.4.3(a) Average invasion per day over 27 days for N@@1(@b) significance

of combination effect of imatinib and docetaxel gared to single drug effect. The
deviations represent measurements over 27 daysid&@th deviations were
generated from Microsoft Excel software.

Erlotinib, gefitinib, imatinib and docetaxel had/@ry strong inhibitory effect on the

invasion of N061092, however, temozolomide showedharease in invasion even

though a high concentration was used (Fig. 3.4)3 Tae strongest inhibitory effect
was with the combination of imatinib and docetakeag). 3.4.3 (b).
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Table 3.4.3Drug concentrations NO70152.

Invasion

Assay

Concentration

ICso Concentration
Proliferation

Assay

Erlotinib

Gefitinib

Imatinib

Temozolomide

Docetaxel

11.6 pM
44.8 pM

67.8 UM

1030 pM

4.6 nM

6.5 UM

17 pM

>20 uM

497 uM

0.5nM

>: greater than cut-off concentrationsgl@ot determined).

1.2 -
()
1.0
5
'@ 0.8 -
>
£ 0.6 -
g
E 0.4 -
[0}
a4 0.2
0.0
& Q & N Q N QD N
¢ ¢ & F PP F
PSS Q A E
129 (b)
1.0 4
0.8 1 P<0.03
0.6 -
0.4 | P<0.02
0.0
Ctr Gef Doc Doc/Gef
‘I Relative Invasion 1.00 0.31 0.39 0.21

Fig. 3.4.4(a) Average invasion per day over 27 days for N6G2Q1b) significance

of combination effect gefitinib and docetaxel comgohto single drug effect. The
deviations represent measurements over 27 daysid&th deviations were
generated from Microsoft Excel software.

Erlotinib had a strong inhibitory effect on the asion of N070152, imatinib,

gefitinib and docetaxel had an even stronger effég. 3.4.4 (a)). The strongest
effect was with the combination of docetaxel anfitigeb (Fig. 3.4.4 (b)).
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Table 3.4.Brug concentrations NO70454.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 46.5 pM >10 uMm
Gefitinib 44.8 yM >20 uM
Imatinib 10.1 uM 16.7 uM
Temozolomide  2472.3 uM 638.7 uM
Docetaxel 11.6 nM 0.9 nM

>: greater than cut-off concentration {@ot determined).

1.2 - @)
1.0 4
5
= 08 i
g
= 0.6 4
o
2
8 04
[0]
x
0.2 |
0.0
Q X N
¢ & Ff & &P & o @& &13@ 430&
QO ($) Q ¢
Q QO Q 00 < &@
(b)
P<8E-06 p<2E-04 (0
1.0 4 1.0 -
0.8 P<1E-06 0.8 1 P<3E-05
06 | 0.6 -
0.4
0.4
0.2
0.2 -
0.0
0.0 4 Gef Tz | Tmz/Gef
Erl Tmz | Tmz/Erl
W Relative 0.53 0.75 0.16 W Relative 0.76 0.75 0.32
Invasion Invasion

Fig. 3.4.5(a) average invasion per day over 15 days in coisgato the control for
the cell line NO70454, (b) and (c) significancecoimbination effect compared to
single drug effect. The deviations represent megsents over 15 days. Standard
deviations were generated from Microsoft Excelwsafe.
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All of the single drug treatments had an inhibiteffect on invasion for NO70454,
docetaxel had a very strong effect (Fig. 3.4.5. (@hen erlotinib or gefitinib were

combined with temozolomide a stronger inhibitorfeef was seen (Fig. 3.4.5 (b)).

Table 3.4.5Drug concentrations NO70859.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 18.6 uM >10 uM
Gefitinib 40.3 uM >20 uM
Imatinib 67.8 uM >20 uMm
Temozolomide 1287.6 pM 502.2 pM
Docetaxel 11.6 nM 1.9 nM

>: greater than cut-off concentration {@ot determined).

14
1.2 4
1.0

0.8
0.6 4
0.4 4

Relative Invasion

0.2 4

0.0 -+

N X NS N Y
¢ @ C P F oG
FF F &g

Fig. 3.4.6 Average invasion per day over 9 days for NO708H% deviations
represent measurements over 9 days. Standard idesiavere generated from
Microsoft Excel software.

Temozolomide had a small inhibitory effect on theasion of NO70859, erlotinib,
gefitinib had a stronger effect, imatinib and degel had a very strong inhibitory

effect (Fig. 3.4.6).
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Table 3.4Brug concentrations NO70865.
Invasion Assay ICsg

Concentration Concentration

Proliferation

Assay
Erlotinib 18.6 uM >10 uM
Gefitinib 40.3 pM >20 uM
Imatinib 67.8 uM >20 uMm
Temozolomide 1287.6 uM 772.6 uM
Docetaxel 6.9 nM 5nM

>: greater than cut-off concentration {@ot determined).
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Fig. 3.4.7 Average invasion per day over 9 days for NO708B% deviations

represent measurements over 9 days. Standard idesiavere generated from
Microsoft Excel software.

Erlotinib and temozolomide had a small inhibitorffeet on the invasion of
NO70865, gefitinib, imatinib and docetaxel had eosger effect; there was no

increased effect with combination treatments (Big.7).
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Table 3.4.7Drug concentrations NO71026.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 23.2 uM >10 uM
Gefitinib 40.3 pM >20 uM
Imatinib 33.9 uM 19.6 uM
Temozolomide 1442.1 yM 738.1 uM
Docetaxel 46.1 nM 23.2nM

>: greater than cut-off concentration £@ot determined).

14 -
1.2 4
1.0 +

0.8
0.6
0.4 +

Relative Invasion
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Fig. 3.4.8 Average invasion per day over 14 days for NO710d& deviations

represent measurements over 14 days. Standardtidesiavere generated from
Microsoft Excel software.

Erlotinib, gefitinib and temozolomide had a strangibitory effect on the invasion
of NO71026, docetaxel and imatinib had a very greffect, the combination of

imatinb and docetaxel had the strongest effect Fi8).
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Table 3.4Brug concentrations NO71144.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 18.6 uM 9.3 uM
Gefitinib 44.8 uM 19.5 uM
Imatinib 50.8 uM >20 uMm
Temozolomide 1514.3 uM 401.7 pM
Docetaxel 8.3 nM 6.4 nM

>: greater than cut-off concentration {@ot determined).
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‘I Relative Invasion 1.000 0.813 0.315 0.202

Fig. 3.4.9(a) Average invasion per day over 16 days for N@&411b) significance
of combination effect of gefitinib and docetaxehgmared to single drug effect. The
deviations represent measurements over 16 daysid&@th deviations were
generated from Microsoft Excel software.
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Erlotinib and gefitinib had a small inhibitory effeon the invasion of N071144,
temozolomide had no effect, imatinib and docetdsaal a very strong effect (Fig.
3.4.9 (a)). A further significant inhibitory effean invasion was seen with the

combination of gefitinib and docetaxel with p-vaduef less than 0.05 (Fig. 3.4.9
(b))

Table 3.4.9Drug concentrations NO71271.
Invasion Assay ICsp

Concentration Concentration
Proliferation
Assay
Erlotinib 23.2 uM >10 uMm
Gefitinib 35.8 uM 16.7 uM
Imatinib 47.4 uM >20 uMm
Temozolomide 669.6 UM 372.4 yM
Docetaxel 1.16 nM 0.6 nM

>: greater than cut-off concentration {@ot determined).

1.6 * %
1.4 4
1.2 4
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*: increased invasion.

Fig. 3.4.10Average invasion per day over 15 days for NO712#fe deviations
represent measurements over 15 days. Standardtidesiavere generated from
Microsoft Excel software.
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Erlotinib had a small inhibitory effect on the imitan of NO71271, docetaxel had a
stronger effect, gefitinib had a very strong effdmdth imatinib and temozolomide

substantially increased invasion (Fig. 3.4.10).

Table 3.4.1Drug concentrations NO80869.
Invasion Assay ICsg

Concentration Concentration

Proliferation

Assay
Erlotinib 20 uM >10 uM
Gefitinib 44.8 uM >20 uM
Imatinib 40.7 pM 14 yM
Temozolomide 1236.1 uM 763.8 uM
Docetaxel 29 nM 19 nM

>: greater than cut-off concentration {4@ot determined).
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Fig. 3.4.11Average invasion per day over 15 days for NO808@8: deviations
represent measurements over 15 days. Standardtidesiavere generated from
Microsoft Excel software.

Gefitinib, imatinib and docetaxel had a strong Ifoiry effect on the invasion of
NO080869, erlotinib and temozolomide had a sma#éctffFig. 3.4.11).
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Table 3.4.11Drug concentrations NO80943.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 20 pM >10 uMm
Gefitinib 44.8 uM >20 uM
Imatinib 40.7 pM >20 uM
Temozolomide  1854.2 uM 877.3 uM
Docetaxel 13.9 nM 9 nM

>: greater than cut-off concentration {@ot determined).

14
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1.0 1
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Fig. 3.4.12Average invasion per day over 15 days for NOBO¥& deviations
represent measurements over 15 days. Standardtidesiavere generated from
Microsoft Excel software.

Single drug treatments of gefitinib, imatinib andcdtaxel had the strongest
inhibitory effect on the invasion of N080943, emdab and temozolomide had a

small effect (Fig. 3.4.12).

179



Table 3.4.12 Summary of drugeffects on invasion activity of primary
glioblastomas.

Erl/ Gefl Gef/ Imt/
Doc Tmz Doc Tmz Doc

NO61007 09 19 07 10 08 09 06 14 12 09 06

N061092 05 02 03 13 04 09 04 0.2 02 - 0.1
NO70152 07 03 03 09 04 - 04 03 02 - 0.3
NO70454 05 08 07 07 02 02 02 03 03 - 0.1

NO70859 0.7 05 02 08 04 08 04 09 04 05 02

NO70865 08 06 05 07 05 07 05 05 05 06 05

NO71026 06 05 04 07 03 08 04 05 03 03 02

NO71144 08 08 02 10 03 06 03 0.7 02 03 02

NO71271 08 03 14 13 06 - 08 - 05 - 0.8

N080869 0.7 02 05 08 03 09 03 0.7 02 04 02

N080943 0.7 05 03 07 03 08 03 05 03 03 03

The effect of drug treatment on invasion activitasvcompared to the control (1.0). The most
effective single drug treatments are highlightedine. The combination treatments which had an
increased inhibitory effect on invasion in companigo either drug alone are highlighted in red: Erl

erlotinib, Gef: gefitinb, Imt: imatinib, Tmz: temolomide, Doc: docetaxel.

Overall the most effective single drug treatmerthwvtihe primary glioblastomas was
imatinib. The most effective drug combination treaht was with imatinib and

docetaxael.
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3.4.2 Drug Effect on Invasion Activity of SecondaryGlioblastomas

Table 3.4.13rug concentrations NO60893.
Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 15.3 uM >10 uMm
Gefitinib 33.5 uM 16.8uM
Imatinib 49.4 uM >20 uMm
Temozolomide 2334.2 uM 1146 pM
Docetaxel 1.6 nM 1.6 nM

>: greater than cut-off concentration {@ot determined).
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*
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Ctr Erl Gef Imt Doc Tmz

*: increased invasian

Relative Invasion

Fig. 3.4.13Average invasion per day over 26 days for NO6089%& deviations
represent measurements over 26 days. Standardtidesiavere generated from
Microsoft Excel software.

Imatinib and docetaxel had a strong inhibitory efffen the invasion of NO60893,
erlotinib had no effect, gefitinib increased inwasiand temozolomide strongly

increased invasion (Fig. 3.4.13).
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Table 3.4.1Drug concentrations NO70701.
Invasion Assay ICs

Concentration Concentration

Proliferation

Assay
Erlotinib 23.2 uyM 7.9 uM
Gefitinib 27.8 uM 16.7uM
Imatinib 50.8 uM 14.4 uM
Temozolomide 1545.2 yM 772.6 pM
Docetaxel 1.6 nM 1nM

>: greater than cut-off concentration {@ot determined).

1.4 4
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Ctr Erl Gef Imt Tmz Doc

Fig. 3.4.14 Average invasion per day over 24 days for NO70701fe deviations
represent measurements over 24 days. Standardtidesiavere generated from
Microsoft Excel software.

Relative Invasion

Imatinib and docetaxel had the strongest inhibiteffect on the invasion of

NO070701, temozolomide had a small effect, gefitinitreased invasion.
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Table 3.4.15Drug effects on invasion activity of secondary gliobtasas.
Cell Erl  Gef Imt Tmz Doc

Culture
N0O60893 1.0 1.2 04 15 0.5

NO70701 1.0 1.1 0.2 038 0.5

Drug treated spheroids were compared to the cofitr@), imatinib showed the most inhibition of
invasion. The treatments which had the strongddbiiory effect on invasion are highlighted in blue
Erl: erlotinib, Gef: gefitinb, Imt: imatinib, Tmzemozolomide, Doc: docetaxel.

Erlotinib had no effect on the invasion of bothaetary glioblastomas; gefitinib
increased invasion. Imatinib had a strong inhilyiifect with both secondary
glioblastomas.
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3.4.3 Drugs Effect on Invasion Activity of Astrocyomas and an

Oligoastrocytoma

Table 3.4.16Drug concentrations NO70229 (grade Il astrocytama)

Invasion Assay ICxq

Concentration Concentration
Proliferation
Assay
Erlotinib 79 puM >10 uM
Gefitinib 58.3 uM >20 uM
Imatinib 67.8 uM >20 uM
Temozolomide 1030.1 uM 1055.9 uM
Docetaxel 4.6 nM 9.4 nM

>: greater than cut-off concentration £@ot determined).
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Fig. 3.4.15(a) Average invasion per day over 15 days for N@BO@) significance
of combination effect of gefitinib and temozolomiciempared to single drug effect.
The deviations represent measurements over 15 d&gadard deviations were
generated from Microsoft Excel software.

Erlotinib, imatinib and docetaxel had a very stramigibitory effect on the invasion
of N070229, temozolomide had very little effect agefitinib had no effect (Fig.

3.4.15 (a)). The combination of gefitinib and temlomide had increased inhibitory
effect on invasion (Fig. 3.4.15 (b)).

185



Table 3.4.17Drug concentrations NO70450 (grade Il astrocytoma)

Invasion Assay ICgp
Concentration Concentration
Proliferation
Assay
Erlotinib 23.2 uyM >10 uM
Gefitinib 44.8 uM >20 uM
Imatinib 33.9 uM 15.8 uM
Temozolomide 1287.6 uM 888.5 uM
Docetaxel 11.6 nM 8.3 nM

>: greater than cut-off concentration {@ot determined).
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*: increased invasion.
(b)
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0.5 4
0.0
Ctr Erl Tmz Tmz/Erl
‘l Relative Invasion 1.00 1.28 0.80 0.39

Fig. 3.4.16(a) Average invasion per day over 15 for NO70450, (ghiicance of

combination effect of erlotinib and temozolomidegmared to single drug effect.
The deviations represent measurements over 15 @&gadard deviations were
generated from Microsoft Excel software.

186



Gefitinib and imatinib had a strong inhibitory effeon the invasion of NO70450,
docetaxel had a very strong effect (Fig. 3.4.1% (H)e combination of erlotinib and
temozolomide had an increased effect with sigmifigavalues less than 0.05 (Fig.
3.4.16 (b)).

Table 3.4.18Drug concentrations NO70055 (grade Il oligoasttonya).

Invasion Assay ICsg

Concentration Concentration
Proliferation
Assay
Erlotinib 18.6 uM 9.3 uM
Gefitinib 44.8 uM >20 uM
Imatinib 33.9 uM 18 pM
Temozolomide 1030.1 uM 417.2 uM
Docetaxel 4.6 nM 2.7 nM

>: greater than cut-off concentration £@ot determined).
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Fig. 3.4.17(a) Average invasion per day over 29 days for NO70QBpsignificance
of combination effect of docetaxel and gefitinionqmared to single drug effect. The
deviations represent measurements over 29 daysid&th deviations were

generated from Microsoft Excel software.

Gefitinib and imatinib had a strong inhibitory effeon the invasion of NO70055,

docetaxel had the strongest effect (Fig. 3.4.1) Tdje combination of gefitinib and

docetaxel had an increased inhibitory effect wignificant p-values less than 0.05

(Fig. 3.4.17 (b)).
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Table 3.4.19 Drug effects on invasion activity of astrocytomas and an
oligoastrocytoma.
Cell Erl  Gef Imt Tmz Doc Erl/ Erl/l Gefl Gefl Imt/ Imt/

Culture Tmz Doc Tmz Doc Tmz Doc
N070229 04 1.1 0.2 09 03 0.3 0.2 0.6 04 - 0.2
NO70450 1.3 0.5 06 08 03 04 03 04 02 - 0.1
NO70055 1.0 0.3 06 08 02 08 02 07 01 - 0.1

N070229 and NO70450: grade Il astrocytoma. NO70@3igoastrocytoma.

The inhibitory effect of each drug treatment onasion was measured in comparison to the control
(1.0), the most effective single drug treatments ldghlighted in blue. The combination treatments

which had an increased effect on invasion in coraparto either drug alone are highlighted in red.

Erl: erlotinib, Gef: gefitinb, Imt: imatinib, Tmzemozolomide, Doc: docetaxel.

Imatinib and docetaxel were the most effective Isindrug treatments with the
astrocytomas and the oligoastrocytoma, while thestmeffective combination
treatment was imatinib and docetaxel (Table 3.4.19)
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3.4 Discussion

Effect of Tyrosine Kinase Inhibitors and Chemothergeutic Drugs on Invasion
in Glioma

Introduction

Very little information is available on the direceffect of TKIs and
chemotherapeutic drugs on glioma invasion. Theeetbe effect of these drugs
individually and in combination on the newly estabéd glioma cultures, was
examined using a 3D collagen invasion assay. Sdntieeopathways known to be
involved in glioma invasion include the RAS/MAPKtpway and the PI3K/Akt
pathway. RAS is activated by receptor tyrosine &&sa including EGFR, PDGFR,
other growth factor receptors and cytokines (Gkl©008). Overactivation of the
RAS/MAPK pathway can increase cellular proliferatio migration and
differentiation in several types of cancers inchgdigliomas (Schlessinger 1993).
The PI3K/Akt pathway is also stimulated by the giovactor receptors, EGFR,
PDGFR, fibroblast growth factor receptor (FGFR) ansulin-like growth factor
receptor (IGFR) and promotes cell survival, regegadEGF-driven cell motility and
invasion of glioma, breast, and bladder cancerloeds (Schlessinger 2000). About
50% of glioblastomas overexpress EGFR (Omefr@l. 2007). A mutated form,
EGFRVIIl, has been found in 24 to 67% of glioblasas. EGFRVII is
constitutively activated in and is involved in pesse to TKls (Heimbergest al.
2005) PDGFR is overexpresed in about 25% of glsitblma and 60% of
astrocytomas (Haberlet al. 2006). Besides inhibing growth factor signallifiggls
reduce matrix metalloproteinase (MMP) expressionl activity, which has a
negative effect on the invasive and infiltrativehdeiour of tumour cells (Newton
2004). Tumour cell-secreted MMPs and serine pratss degrade extracellular
matrix (ECM) proteins and provide space for movermamd infiltration. Which
mediates invasion in glioma through the inductiormembrane type 1-MMP (Van
Meteret al. 2004).

To date single drug treatments with TKIs or cheraodpeutic drugs has

shown little improvement in glioma treatment, there combinations of TKIs and
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chemotherapeutic drugs were tested in this pr@ggecting an increased inhibitory
effect on glioma invasion. The effect of TKIs orvasion of newly developed
glioma cultures was examined using erlotinib anfitigéo, which specifically target
EGFR, and imatinib which targets PDGFR/C-Kit/ and\kl.

In a previous section it has been shown that ina@md docetaxel acted
synergistically on 3 out of 4 glioma cell culturemd significantly decreased
invasion in a 3D spheroid invasion assay (Kinseflaal. 2010). This result,
however, could not be reproduced in early passéigmg cultures using the same
assay. This could be due to heterogeneity of epdgsage cultures, possibly
including stem-like cells.

Response rates of glioblastoma patients to TKlscvigpecifically target
EGFR has been low, with 10-20% of glioblastomagqudsi responding to erlotinib
and gefitinib (Mellinghoffet al. 2005). Haberlert al, found a 15.7% imatinib
response rate in patients with glioblastoma (Habetlal. 2006). There are ongoing
clinical trials in glioblastoma patients with eitab and chemotherapeutic drugs ,
however it may also be necessary to look at thectffieness of some multiple
targeting TKIs such as sunitinib which is showingrpising results in glioma cells
(Giannopoulotet al. 2010). Sunitinib specifically targets the growdictors PDGFR
and VEGFR, it has shown strong antiangiogenic amduaour activity in renal
gastrointestinal and neuroendrocrine cancer aedisli(Abramst al. 2003; Adams
and Leggas 2007; Cuneb al. 2008). Dasatinib is another TKI which specifically
targets EGFR and SRC, SRC plays a key role in iomathrough focal adhesion
kinase (FAK)in glioblastoma, Milanoet al, have shown dasatinib to be more
effective in glioblastoma that were PTEN negatividgno et al. 2009).

It is believed that by combining TKIs and chemo#peutic drugs this might
improve patient outcome in glioma. In a phase UldgtPradost al, found that a
combination of erlotinib and temozolomide togethéth radiotherapy in patients
with glioblastomaand gliosarcomaresulted in19.3 months median survival in
comparison to the control group with a median satvof 14.1 months (Pradas
al. 2009). Longer survival was correlated with ®-@ethylguanine-DNA
methyltransfease (MGMT) promotor methylation andctional PTEN (Pradost
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al. 2009). Van den Bentt al, examined a phase Il trial in 110 recurrent
glioblastoma patients who received prior radiotpgraooking at erlotinib treatment
in comparison to temozolomide or carmustine (BCN&n den Bentt al. 2009).
There was no increase in survival, with erlotiméatment they found an 11.4% 6
month progression free survival, and in the conaoh it was 24%, only low
phosphorylated Akt expression had a low correlatigth improved outcome, and
none of the patients with EGFRvIII mutant preseand PTEN expression had 6
month progression free survivaan den Benét al. 2009). However Mellinghofét

al, correlated co-expression of EGFRvIIl and PTEN tumour cells with
responsiveness to EGFR kinase inhibitors, erlot@mt gefitinib (Mellinghoffet al.
2005). There are several glioma therapies currentfjinical trial phase; a phase Il
trial involving the PDGFR kinase inhibitor nilotmiwhich targets BCR-ABL in
recurrent malignant gliomas, a phase Il trial ivad the TKI dasatinib targeting
PDGFR and SRC kinase in recurrent glioblastomaeptttj and a phase Il trial
involving temozolomide in combination with bevaaizab, an antibody which

targets VEGF in patients with newly diagnosed dstboma or gliosarcoma .

Effect of Temozolomide on Glioma Invasion

Temozolomide is an alkylating drug, which causesADMethylation at the O6
position of guanine and crosslinks between DNAngtsa which results in cell death.
Temozolomide is currently the first line chemotheatic drug for glioblastomas,
resulting in a median survival of around 16 montBgippet al. 2002). However,
tested on the majority of cell cultures it had atd 0% inhibitory effect on glioma
invasion (Figs. 3.4.2 to 3.4.17). Surprisingly, tmolomide increased invasion
activity in 4 cell cultures (Figs. 3.4.2, 3.4.3430, 3.4.13), which needs to be
further assessed. Improved clinical outcome aésrozolomide treatment has been
associated with promoter methylation of MGMT (osdoof MGMT) and Loss of
Heterozygosity (LOH) of 1p and 19q in patients wighoblastoma, anaplastic
astrocytoma and oligoastrocytomas. The DNA repanyme MGMT reverses the
alkylating effect of temozolomide, resulting in ieased resistance to temozolomide

(Ishii et al. 2007). Temozolomide treatment in glioblastomaqudas, who have the
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methylated MGMT promoter has been promising, ansl $fzown an increase in
progression free survival (PFS), PFS and overalligal were longer in patients
with tumours with MGMT promoter methylation (13.4da23.2 monthsyersus
those without MGMT promoter methylation (3.4 and118onths) (Stupget al.
2010). The allelic losses of 1p and 19q are astmtiavith sensitivity of brain
tumours to radiotherapy and chemotherapy (lathél. 2007). In particular, LOH in
1p and promoter methylation of MGMT was associatét longer progression free
survival in glioma (Ishiet al. 2007). It is possible the glioblastomas whose siva
was not affected by temozolomide or in fact incegscould have expression of
MGMT, allowing them to repair the DNA damage causgdtemozolomide; the
presence of MGMT needs to be tested in these egltto clarify this. It is also
possible that these early passage cultures coptgualations of stem cells, these
cells are known to be resistant to chemotherapy radéhtion (as discussed in
section 2) (Bacet al. 2006; Chueet al. 2008). The expression of MGMT and the
detection of LOH of 1p19q in the glioma cell cu#armay explain the resistance to
temozolomide, it would also be interesting to chixkhe stem cell marker CD133,
to check for the presence of stem cells in theucest

Using an established glioma cell line, US7MG, Gentt al, showed found
an 1G of 50 uM with temozolomide after 8 days (Guntheral. 2003), in the
present study an established cell line SNB-19 matCg with temozolomide of 30
uM after 7 days, and with the low passage gliomauces the 1G, results for
temozoloimde were much higher ranging from 198.3146 uM. It appears that
early passage glioma cultures are a lot more eggisv temozolomide than glioma
cell lines. This could explain why temozolomideatraent is not as clinically
effective agn vitro results appear.

Others have found an improvement with temozolomto=atment by
combining it with other inhibitors. Demutt al, 2007 found that inhibition of
mitogen-activated protein kinase (MAPK) kinase 3K({8) signalling through a
novel treatment combination of p38 inhibitor plusmbzolomide heightens the
vulnerability of glioma to chemotherapy (Demwthal. 2007). They also founthat

members of the MAPK family are strong promoters toimour invasion,
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progression, and therefore associated with pooemasurvival (Demuthet al.
2007). Dasatinib targets drug-resistant tumours with muB@R-ABL, KIT, and
EGFR by blocking tyrosine phosphorylation sites @ critical in tumorigenesis.
Milano et al, found that levels of phosphorylated SRC, AKT, aibdsomal protein
S6 were decreased in cell lines treated with lomonzolar concentrations of
dasatinib at baseline and following stimulationhMEGF (Milanoet al. 2009). An
increased sensitivity to dasatinib was noted iorgh cells with functional PTEN
(Milano et al. 2009) and their invasive potential was reducedhi presence of
dasatinib. A combination of glioma cells with dasidit and temozolomide resulted
in a significant increase in cell cycle disruptemd autophagic cell death (Milaeb
al. 2009).

Effect of Docetaxel on Glioma Invasion

Docetaxel strongly inhibited the invasion activatymost cell cultures (Fig. 3.4.2 to
3.4.17). In a previous section it has also beemwshthat docetaxel also strongly
inhibits proliferation in glioma, possibly showirtpcetaxel to be a very effective
chemotherapeutic drug for treating glioma (sect&n Docetaxelis a cytotoxic
taxane that inhibits depolymerisation of microtwsyl thereby interrupting cell
proliferation and inhibiting cell motility (Bissergt al. 1995). Docetaxel is used in
the treatment of various forms of cancer and is ofethe most effective
chemotherapeutic agents for non-small cell lungcear{Burriset al. 1995). As
second line treatment in phase Il trials in reaurglioblastoma, systemic docetaxel
showed very little response which is probably dodhte poor penetration of the
BBB (Forsythet al. 1996; Kempeegt al. 2003; Kempeket al. 2004). Local delivery
of docetaxel in an animal model resulted in a $igant improvement in survival
(Sampattet al. 2006).

Kogashiwaet al, showed that docetaxel suppressed filopodia faoman
head and neck cancer, and suppressed two-dimehgkihacell migration and 3D
cell invasion by decreasing Cdc42 activities in HEgells (Kogashiwat al. 2010).
Actin filament polymerization, elongation, and c@ation, are thought to provide

the major driving forces for cell migration (Ridleyal. 2003). Cdc42 controls the
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polarity of actin in the microtubules through disti signal transduction pathways
(Cau and Hall 2005). Abnormal tubulin bundles inelidy docetaxel may lead to
suppression of Cdc42 and decreased transport o4Ztic the plasma membrane
(Kogashiwaet al. 2010). Decreased Cdc42 activity was likely to etffactin
filament formation, resulting in decreased filopmdiThese results suggest that
docetaxel treatment has the benefit of reducingllaevasion in addition to its

ability to cause apoptosis.

Effect of Erlotinib and Gefitinib on Glioma Invasion

Overall erlotinib and gefitinib as a single drugatments did not have a strong
effect on invasion (Fig. 3.4.2 to 3.4.17), while 3ncultures the combination of
erlotinib with docetaxel (Fig. 3.4.2) or with tenmdamide (Figs. 3.4.5 and 3.4.16)
was more potent than each drug alone. Gefitinitn enereased invasion in 4 high-
grade glioma cultures (Figs. 3.4.2, 3.4.13, 3.4dd] 3.4.15). A combination of

temozolomide and gefitinib inhibited invasion atvof 2 cultures by 43% and

36% (Figs. 3.4.5 and 3.4.15); which might be due¢hi presence of methylated
MGMT making them more sensitive to temozolomide.

Inhibition of EGFR alone may not be sufficient tibit invasion in glioma.
Mutated forms of EGFR, i.e. EGFRvIII (Haas-Kogaral. 2005) and other growth
factors such as PDGFR and VEGFR (Schlessinger 20@8y have a more
significant role to play in cell survival and invas. Bevacizumab, a monoclonal
antibody targeting VEGFR is showing promising resuh glioma (Friedmaret al.
2009; Kreislet al. 2009). Erlotinib is currently being combined wdhsatinib in a
phase I/1l clinical trial in advanced NSCLC pat®ifHauraet al. 2010). Dasatinib
specifically targets Src family kinase (SFK) pratewhich are activated in cancer
and coordinate growth, survival, invasion, and aggnesis. It is known that Src
kinase and EGFR signalling is coordinated, thesefbrmay be more effective to
target both pathways in patients with advanced smaH-cell lung cancer, and
possibly also in other cancers including glioma.

Guillamo et al, used a panel of six human malignant gliomas from

established xenografts and showed that gefitindueced cell invasion in EGFR
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amplified tumours and PTEN LOH seemed to be a detemt of resistance. They
have also shown that inhibition of angiogenesiggbiitinib seems independent of
EGFR (Guillamoet al. 2009). All cultures tested in this study expresSFR
(section 3.4) and PTEN; however it is not cledPTEN is mutated resulting in loss
of function, making the cultures resistant to geitit Mellinghoff et al, examined
the effect of erlotinib and gefitinib in 49 patienwith recurrent malignant glioma,
and found only a 10-20% response which was coaelaeésponse with the co-
expression of EGFRvIIl and PTEN (Mellinghadfal. 2005).

Gefitinib has been shown to be effective in lungasa patients carrying
mutations in exons 19 and 21 of the EGFR tyrosinade domain. These mutations
were not found in a study involving 95 gliomas udihg glioblastomas, anaplastic
oligodendrogliomas, and low-grade gliomas, whichgmiexplain the limited
success of gefitinib in glioma treatment (Magteal. 2005). There have been some
encouraging results with TKIs and chemotherapeditigs in non-small cell lung
cancer (NSCLC), however response appears to beaodspecific activated EGFR
mutations (Macket al. 2009). Macket al, have shown that activating mutations in
the EGFR are associated with enhanced respongBR®& Eyrosine kinase inhibitors
in NSCLC, whereas KRAS mutations translate intorgmatient outcomes (Maact
al. 2009) They foundEGFR mutations in 10 of 49 patients (20%), six (}2%d
single activating mutations in EGFR, associatechwihproved progression-free
survival (median, 18.3 months), four patients hadeanovo T790M resistance
mutation (median progression-free survival, 3.9 thenh(Macket al. 2009). KRAS
mutations were detected in two patients, both adiwiinad rapid progressive disease

(Macket al. 2009), which may not be present in all cancers.

Effect of Imatinib on Glioma Invasion

Most of the cultures tested express PDGER-abl and C-Kit. Imatinib as a single
drug had a strong inhibitory effect on invasionmiost cell cultures (Fig. 3.4.2 to
3.4.17), which is promising, imatinib blocks invasithrough PDGFR inhibition
(Aoki et al. 2007; Abouantoun and Macdonald 2009). It has lbeparted that small
amounts of imatinib in the plasma can cross the EBBiorel et al. 2007), this
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could possibly be overcome by treatments such asewbion enhanced delivery
which bypasses the BBB (Chamberlain 2006). Imattombined with docetaxel

decreased invasion by an additional 14% in oneblgigioma cell culture (Fig.

3.4.3). In a previous section it has been shownthiecombination of imatinib and

docetaxel produces a strong apoptotic effect iongsi cell cultures as well as
decreasing proliferation and invasion in glioma.cBtaxel causes G2/M cell cycle
arrest (Gucluler and Baran 2009) and imatinib irducell cycle arrest at the GO-G1
or G2/M phase in glioma cells (Rest al. 2009). As imatinib and docetaxel
individually strongly inhibit invasion in these ngwestablished glioma cell cultures,
it would be interesting to see if a combined efi@cboth drugs would also strongly
inhibit proliferation with each culture.

Angiogenesis is an important hallmark of glioblas&s involving
microvascular proliferation (Paul Kleihues 199hjstprocess is initiated by growth
factors including VEGF, FGF and PDGF which activageveral pathways
controlling glioma formation. Abouantoun and Macdmh have shown that
PDGFRB tyrosine kinase activity is critical for magion and invasion of
medulloblastoma cells possibly by transactivatingsHR (Abouantoun and
Macdonald 2009). Aoket al, have showrthat PDGF-BB enhanced the invasive
activity of malignant peripheral nerve sheath tumaells schwannomas and
neurofibromas through PDGFR phosphorylation whiah be inhibited by imatinib
(Aoki et al. 2007).
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3.4 Summary and Conclusion
Overall with the glioma cultures, there was not teorgy increased effect on
inhibition of invasion with the TKIs erlotinib, géhib and imatinib combined with
the chemotherapeutic drugs docetaxel or temozomi®mozolomide showed
some inhibition of invasion in some of the gliomdtares however, it was worrying
to see that temozolomide increased invasion in 4thef cultures. Docetaxel
treatment on the other hand had a very strong itohybeffect on invasion with the
majority of the cultures. It was shown previoushatt docetaxel also inhibits
proliferation in these cultures; possibly indicatithat docetaxel would be a more
effective chemotherapeutic drug for glioma than deatomide. Erlotinib and
gefitinib had a weak inhibitory effect on invasioh the cultures. Imatinib had a
strong inhibitory effect on glioma cultures.

It is possible that single drug treatments ofegitimatinib or docetaxel may
have a strong inhibitory effect on glioma invasiarsing convection enhanced

delivery to overcome the BBB.
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3.5 Expression of Protein Targeted by TKIs in HighGrade Glioma, in relation

to their response to these Inhibitors

As previously mentioned glioma cultures were geteerafrom tumour biopsy
samples. In collaboration with Rachel Howley, aDOPistudent from Beaumont
hospital, Dublin, 26 high-grade gliomas were choog@0 glioblastomas, 2
secondary glioblastomas, and 4 grade lll astrocgg)nio analyse the correlation
between responsiveness to TKIs and the expressigpeaific protein targets of the
PI3K/Akt pathway which are targeted by tyrosinedsa inhibitors. Rachel carried
out immunocytochemical analysis with each cultdige expression of these targets
was examined in each individual culture (Figs. &28). The targets included
PDGFRea, PDGFRB, phosphorylated C-Abl (p-C-Abl), phosphorylatedK&(p-
C-Kit), all of which are specific targets of imatin EGFR and EGFRUVIII, specific
targets of erlotinib and gefitinib; and some doweasin targets of EGFR and
PDGFR including phosphorylated Akt (p-Akt), the toumn suppressor gene PTEN
and a downstream protein of MTOR phosphorylatedS6F0 (p-p70S6K). The
expression of each target protein was given an inmoytochemical score (see
section 2.12.4). The overall expression levelfhadultures were 92.3% PDGHR-
and PDGFR3, 61.5% for p-C-Abl, 61.5% for p-C-Kit, 88.4% foldER, 65.3% for
p-Akt, 84.6% for p-p70S6K and 100% for PTEN.

The age profile of these patients was betweenoZZ8tyears, and survival
ranged from 1 month to several years (Table 3.Fitjure 3.5.1 shows the Kaplan
Meier graph for survival data. The lowest survitisle was seen with the primary
glioblastomas, the secondary glioblastomas andgthde IIl astrocytomas had a

longer survival time.
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Table 3.5.1Patientage, gender arglirvival time.

Cell Culture

Tumour Type

Age

at

Gender

Survival
Time

(months)

N060913
N060978
N061007
N061092
N070126
N070152
NO070293
5070454
NO70859
NO70865
NO071026
NO71144
N071271
N080501
N080533
N080540
N080558
N080869
N080923
N080943
N060893
NO70701
NO070201
NO070229
NO070237
NO70788

Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma
Primary Glioblastoma

Primary Glioblastoma

Secondary Glioblastoma

Secondary Glioblastoma

Grade Il Astrocytoma
Grade Il Astrocytoma
Grade Il Astrocytoma

Grade Il Astrocytoma

67
54
75
78
56
52
38
73
55
70
46
53
59
60
55
51
64
54
61
62
40
39
42
22
33
38

T <L L LT L T L T L LT L L £ £ L T L T T

28

>36

12

10

11
18
15
?>12

>20
15
>19
>138
>56
>36
>36
55
>31

?: we do not have the survival informationtfds patient post 12 months. >: greater than.
M: male. F: female.

200



0.8

0.6

Cum Survival

0.4

Survival Time (months)

Diagnosis
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= GBMIN 1o-censored
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Censored: still alive. °1 Primary glioblastoma, “2 Secondary glioblastoma, AA III: grade llI
anaplastic astrocytoma. Cum: cumulative.

Fig. 3.5.1 Kaplan Meier graph showing the difference in suaVitime of the

primary glioblastomas with secondary glioblastonzasl grade Ill anaplastic
astrocytomas used in our study. The cumulativeigairwas plotted on the y-axis
with a value of 1 representing 100% of the cohbvieawith each death the line
stepped down, a steeper drop represented a woisenoel The vertical lines that
cross each arm are patients still alive, and sahtime is only known up to that

point.




3.5.1 Response of High-Grade Gliomas to the TKIs

Using 1G toxicity assays the cultures were classified aspoaders or non-
responders to Erlotinib, gefitinib, and imatinib e¢s section 3.2.2). TKI
responsiveness was classified as follows: if thg Boncentrations for the culture
was less than or equal to 1/ for erlotinib, and 20uM for both gefitinib and
imatinib these were responders, non-responderd@gdvalues greater than these
concentrations. Of the 26 high-grade glioma cuiui'ewere non-responders to any
of the TKis tested, 3 responded to erlotinib, @&ditinib, and 3 to imatinib (Table
3.5.2). There were also 4 which responded to boittigb and gefitinib, 1 to
erlotinib and imatinib, 1 to gefitinib and imatinitand 1 which responded to
erlotinib, gefitinib and imatinib (Table 3.5.2). @hiICC expression of specific
protein targets of the PI3K/Akt pathway is shown éach individual culture; the
cultures are grouped in regard to their TKI respaaress (Figs. 3.5.29-44).
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Table 3.5.2Response of high-grade gliomas to the TKiIs, erilotigefitinib and
imatinib.

Cell Culture Tumour Type Response to TKiIs

NO070229 Grade Il Astrocytoma Non-responder

NO070237 Grade Il Astrocytoma Non-responder

NQO70788 Grade Il Astrocytoma Non-responder

NO70859 Primary Glioblastoma Non-responder

NO070865 Primary Glioblastoma Non-responder

N080558 Primary Glioblastoma Non-responder

N080943 Primary Glioblastoma Non-responder

N060913 Primary Glioblastoma Erlotinib

N061007 Primary Glioblastoma Erlotinib

N061092 Primary Glioblastoma Erlotinib

N060893 Secondary Glioblastoma Gefitinib

NO070126 Primary Glioblastoma Gefitinib

NO070293 Primary Glioblastoma Gefitinib

NO071271 Primary Glioblastoma Gefitinib

N080501 Primary Glioblastoma Gefitinib

N080533 Primary Glioblastoma Gefitinib

N060978 Primary Glioblastoma Erlotinib & Gefitinib

N070152 Primary Glioblastoma Erlotinib & Gefitinib

N071144 Primary Glioblastoma Erlotinib & Gefitinib

N080923 Primary Glioblastoma Erlotinib & Gefitinib

NO070201 Grade Il Astrocytoma Erlotinib & Imatinib

NO070454 Primary Glioblastoma Imatinib

N071026 Primary Glioblastoma Imatinib

N080869 Primary Glioblastoma Imatinib

N080540 Primary Glioblastoma

NO070701 Secondary Glioblastoma Erlotinib, Gefitinib &
Imatinib
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3.5.1 Non-Responders to Tyrosine Kinase Inhibitors
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Fig. 3.5.2 PI3K/Akt pathway targets of 3 grade Ill astrocyesnN070229 (a),
NO070237 (b) and NO70788 (c) which were non-respmnttethe TKIs.
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Fig. 3.5.3PI3K/Akt pathway targets for 4 primary glioblastormaltures NO70865
(a), N080558 (b) N080943 (c) and NO70859 (d) whiagdre non-responders to the

TKIs.
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3.5.2 Erlotinib responders

Table 3.5.3IC5p values of erlotinib for cultures which respondectliotinib.

Cell Culture ICs, for Erlotinib
N060913 7.2 uM
N061007 9.1 uM
N061092 9.3 UM
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Fig. 3.5.4PI3K/Akt pathway targets for 3 primary glioblastaraultures NO60913
(@), N061007 (b) and N061092 (c) which respondestittinib.
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3.5.3 Gefitinib Responders

Table 3.5.41C5q values of gefitinib for cultures which respondedyéfitinib.

Cell Culture IC5, for Gefitinib
N060893 16.8 uM
N070126 20 uM
N070293 18.3 uM
N071271 16.7 uM
N080501 16.9 uM
N080533 16.7 uM
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O 4 o 4
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Fig. 3.5.5PI3K/Akt pathway targets for a secondary gliolasa NO60893 (a), and
2 primary glioblastomas N070126 (b) and NO070293 \i¢)ich responded to
gefitinib.
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Fig. 3.5.6 PI3K/Akt pathway targets for 3 primary glioblastasnN071271 (a),
NO080501 (b), and N080533 (c) which responded tdig#sf.
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3.5.4 Responders to Erlotinib and Gefitinib

Table 3.5.51C5p values of gefitinib and erlotinib for cultures whiresponded to

erlotinib and gefitinib.

Cell Culture

ICs, for Erlotinib

IC5, for Gefitinib

N060978 9.5 uM 17.2 uM
N070152 6.5 uM 17 uM
NO71144 9.3 UM 19.5 uM
N080923 7.2 uM 15.2 M
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Fig. 3.5.7 PI3K/Akt pathway targets for 4 primary glioblastasnN0O60978 (a),
NO070152 (b), NO71144 (c) and N080923 (d) which oesjed to both erlotinib and
gefitinib.
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3.5.5 Responders to Imatinib

Table 3.5.61C5p values of imatinib for cell cultures which respeddo imatinib.

Cell Culture

ICso for Imatinib

NO070454 16.7 uM
NO071026 19.6 uM
NO080869 14 uM
14 14 (b)
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Fig. 3.5.8 PI3K/Akt pathway targets for 3 primary glioblastasnN070454 (a),
NO071026 (b), and N080869 (c) which responded tdiia
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3.5.6 Responder to Erlotinib and Imatinib

Table 3.51C5g value of erlotinib and imatinib for NO70201.

Cell Culture ICs for Erlotinib ICso for Imatinib
N070201 8.4 UM 20 uM
14
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53) 8
6
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Fig. 3.5.9 PI3K/Akt pathway targets for a grade Ill astroecyto NO70201 which
responded to both erlotinib and imatinib.
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3.5.7 Responder to Gefitinib and Imatinib

Table 3.5.8ICs value of gefitinib and imatinib for NO80540.

Cell Culture ICs, for Gefitinib ICso for Imatinib
N080540 18.5 uM 15.8 uM
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6
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Fig. 3.5.10PI3K/Akt pathway targets for a primary glioblast®m080540.

3.5.8 Responder to Erlotinib, Gefitinib and Imatinib

Table 3.5.9C5p value of erlotinib, gefitinib, and imatinib for NO701.

Cell Culture ICs, for Erlotinib ICs for Gefitinib ICs5, for Imatinib
NO070701 7.9 uM 16.7 uM 14.4 uM
14
12
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US) 8
6
S 4
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0
X <<\ 74,
7%, 4/ ’77, »% %,

Fig. 3.5.11PI3K/Akt pathway targets for a secondary glioblasd\N070701.
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3.5.9 PI3K/Akt Pathway Proteins Expression and Regmse to Tyrosine Kinase
Inhibitors

Receptor tyrosine kinases EGFR, PDG#RPDGFRB, C-Kit and a non-receptor
tyrosine kinase C-Abl activate the PI3K/Akt pathwéye expression of these was
examined by ICC.

EGFR is a specific target of erlotinib and gefitiniThe gefitinib and
erlotinib responders had the highest EGFR expressiad lower expression of
EGFR was found in the non-responders and imatespanders (Fig. 3.5.13) (Table
3.5.10).

PDGFR is specifically targeted by imatinib. The wresponders had higher
expression of PDGFIR-whereas the imatinib responders had higher PDGFR-
expression (Fig. 3.5.13) (Table 3.5.10). The redpoto erlotinib and gefitinib had
similar expression levels of PDGRRand PDGFR3 (Fig. 3.5.13) (Table 3.5.10).

KIT is a receptor tyrosine kinase which plays anpamant role in
proliferation, differentiation, metastasis, andogia development. C-Abl is an
ubiquitously expressed non-receptor tyrosine kirese is involved in cell cycle
arrest and apoptosis. Overexpression of C-Abl ibiistomas suggests an
association with poor survival (Jiaegal. 2006). Overall, higher expression of p-C-
Abl and p-C-Kit was found in gefitinib respondespared to non-responders and
erlotinib or imatinib responders (Fig. 3.5.13) (T&B.5.10).

PI3K/Akt pathway activation was examined by ICC megsion of the
tumour suppressor PTEN, p-Akt and p-p70S6K. PTEA tismour suppressor gene
which inhibits cell growth, and negatively reguiatihe PI3K/Akt pathway. The
PI3K/Akt pathway promotes cell survival and Akt protes cell growth via MTOR
signalling. MTOR also plays an important role irgukating protein translation
through phosphorylation of p70S6K, a protein inealvin ribosome biogenesis.
Overall higher expression of p-Akt and p-p70S6K wasand in the gefitinib
responders (Figs. 3.5.14), (Table 3.5.11).
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Fig. 3.5.12Average ICC score of EGFR, PDGERPDGFRB, p-C-Abl, and p-C-

Kit for non-responders, and for responders to imilot gefitinib, and imatinib. The
standard deviations represent the variance of @@ $core within each group.
Standard deviations were generated from MicroseéeEsoftware.

Table 3.5.10Average ICC score of EGFR, PDFGRPDGFRB, p-C-Abl and p-C-
Kit in high-grade gliomas.

Response EGFR PDGFR-a PDGFR-B  p-C-Abl p-C-Kit
to TKIs

Non- 19+2 29+1.2 8+4.1 1.7+£18 21+31
responder

Erlotinib 43+23 3.7+£3.9 44+38 1.2+£19 17x18
responder

Gefitinib 53+3.2 44+35 5.6+4.2 4+32 3.8+3.6
responder

Imatinib 23+1.4 7.8+3.1 5.8+29 17+12 0708
responder

Highest average ICC score
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Fig. 3.5.13Average ICC score of PTEN, p-Akt, and p-p70S6Kron-responders,
erlotinib, gefitinib, and imatinib responders. Tétandard deviations represent the
variance of the ICC score within each group. Steshakeviations were generated
from Microsoft Excel software.

Table 3.5.11Average ICC score of PTEN, p-Akt and p-p70S6K ighhgrade
gliomas.

Response  PTEN p-Akt p-p70S6K
to TKls

Non- 8+3.3 1.7+£19 31+3
responder

Erlotinib 8.6+4.4 27+4 21+34
responder

Gefitinib 7+4.4 35+43 5337
responder

Imatinib 9.7+3.7 1+0.9 3.8+3.3
responder

Highest average ICC score
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3.5.10 Bioinformatic Analysis for PI3K/Akt Pathway Proteins in Non-
Responders and Responders to Tyrosine Kinase Inhtioirs

The statistical analysis was carried out by a lbiasmatician Dr. Colin Clarke from
the NICB. The cohort included 26 high-grade gliosaaples. This dataset was too
small for supervised analysis; therefore hieraahotustering analysis (HCA) and

principal components analysis (PCA) were employedifultivariate statistics.

3.5.10.1 Hierarchical Clustering Analysis

Statistical analysis was used to analyse the lameunt of data which were
generated through ICC analysis. To stratify samptesesponding to a clinical trait
or response to drug, the Ward’s distance methold Riftclidian was used (Lome
al. 2008). HCA on cell culture ICC data resulted imtmain groupings of samples;
11 samples with high and 15 with low PTEN express{gig. 3.5.14 vertical
grouping). Clustering the marker again resultethvio additional clusters: PDGFR-
o, PDGFRB and PTEN grouped together; these markers conit&mtajority of
high scores from the ICC analysis. The second elustntains p-C-Kit, p-C-Abl,
EGFRtot, EGFRuVIII, p-p70S6K and p-Akt expressiond avas defined by low ICC
scores (Fig. 3.5.14 vertical grouping).

Cluster 1 had the highest PTEN and PDGFRxpression. PDGFR-
expression was high in some of the cultures. Gldstdso had very little expression
of EGFR, p-C-Kit, and p-C-Abl. There was low exmies of downstream targets of
the PI3K/Akt pathway, including p-p70S6K and p-Aktg. 3.5.14) (Table 3.5.12).

Cluster 2 is characterized by higher PDGEREGFR, p-C-Kit and p-C-Abl
expression as well as higher expression of dowastréargets of the PI3K/Akt
pathway including p-p70S6K and p-Akt (Fig. 3.5.(fble 3.5.13).
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*. Anaplastic astrocytoma:: secondary glioblastoma. Cluster 1 is highlightethva gray arrow,
cluster 2 with an orange arrow.

Fig. 3.5.14HCA and heatmap for cell culture ICC analysis 6fi2gh-grade glioma
samples. The dendrogram depicts all cases indilydua rows, and the
interpretation of each protein in columns. PDGFR.RDGFRi; PDGFR.B:
PDGFR3; c.KIT.P:  phosphorylated c-KIT; c.ABL.P: phosphongd c-
ABL; P70S6K.P: phosphorylated p70S6K; AKT.P: phosphtedl®AKT.
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Table 3.5.12Characteristics of Cluster 1
Cell Tumour Grade Survival Time  Doubling Invasion
Culture (months) Time (hrs)

NO070293 Primary Glioblastoma 91.5

N070201 Grade IIl Astrocytoma >36 59.4 0 + - +
NO080869 Primary Glioblastoma >20 115 2 - - +
N061007 Primary Glioblastoma 1 >168 1 + - -
NO070237 Grade Il Astrocytoma 55 88.45 0 - - -
N060913 Primary Glioblastoma 110 >168 1 + - -
NO080558 Primary Glioblastoma 5 1154 0 - - -
N080943 Primary Glioblastoma >19 94.33 2 - - -
N061092 Primary Glioblastoma 6 100.5 2 + - -
NO70454 Primary Glioblastoma 3 51.5 2 - - +
NO080540 Primary Glioblastoma >12 49.1 0 - + +

Erl: erlotinib, Gef: gefitinib, Imt: imatinib. -: an-responder, +: responder. Invasion. 2: very iivead: some invasion, 0: no invasion.
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Table 3.5.13Characteristics of Cluster 1
Cell Tumour Grade Survival Time  Doubling Invasion

Culture (months) Time (hrs)
N080501 Primary Glioblastoma

NO71144 Primary Glioblastoma 8 77.7 2 + + -
NO080533 Primary Glioblastoma 15 62.58 2 - + -
N071271 Primary Glioblastoma 11 59.2 2 - + -
N080923 Primary Glioblastoma 15 56.2 0 + + -
NO070152 Primary Glioblastoma 5 48.8 2 + + -
NO070126 Primary Glioblastoma 28 82.54 0 - + -
NO070229 Grade IIl Astrocytoma >36 72.46 2 - - -
N060893 Secondary Glioblastoma >138 88.13 1 - + -
NO70788 Grade IIl Astrocytoma >31 65.9 0 - - -
NO070859 Primary Glioblastoma 12 56 1 - - -
NO70865 Primary Glioblastoma 5 37.3 2 - - -
N060978 Primary Glioblastoma 3 99.3 0 + + -
N070701 Secondary Glioblastoma >56 71.8 1 + + +
NO071026 Primary Glioblastoma 10 74.52 2 - - +

Erl: erlotinib, Gef: gefitinib, Imt: imatinib. -: on-responder, +: responder. Invasion 2: very imgsil: some invasion, 0: no invasion
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3.5.2 Correlation of Patient Survival Time with Higarchial Cluster Analysis

Within the two main clusters received through HCAtignt survival time was
correlated with the expression of each protein ftbenPI13K/Akt pathway. Cluster 1
had a lower proliferation rate overall in companido cluster 2 (Table 3.5.12 and
3.5.13). Figures 3.5.15 to 3.5.22 show the relatgmwith each protein between the
two clusters: cluster 2 had higher PDGBRxpression than cluster 1; the majority
of patients in cluster 2 with high PDGHRexpression had a lower survival time
(Fig. 3.5.15). There was significantly higher exgsien of PDGFR3 in cluster 2 (p

= 0.05) (Table 3.5.14). PDGFR-expression was not correlated with survival time
in either cluster (Fig. 3.5.16). There was no digant difference in expression of
PDGFRa between the two clusters (p = 0.067) (Table 3)5.15

High expression of PTEN in cluster 1 appears toetsed to longer survival
in 3 patients; whereas there was no correlatioh WEEN and survival in cluster 2
(Fig. 3.5.17). There was higher expression of PTigNluster 1 than cluster 2,
statistically significant (p = 2.86E-05) (Table 3.6).

In cluster 1 there was very little expression aC{it, (4 out of 11 cultures
had expression); high expression of p-C-Kit wastbin cluster 2 and seemed to
correlate with lower survival time (Fig. 3.5.18)ithvhigher expression of p-C-Kit in
cluster 2 (p = 0.0018) (Table 3.5.17).

6 patients out of 11 in cluster 1 had no expressiop-C-Abl, while 13 out
of 15 patients in cluster 2 expressed p-C-Abl anthiw this group 8 showed a
correlation with lower survival (Fig. 3.5.19). Tleewas no difference in expression
of C-Abl between the clusters (p = 0.074) (Tabk18).

While levels of EGFRtot expression in cluster 1 eveery low, EGFRtot
expression was much higher in cluster 2 and cdeelsvith lower survival time
(Fig. 3.5.20), a difference in EGFRtot expressioaswound between the two
clusters (p = 0.005) (Table 3.5.19).

Very low expression of p-p70S6K was seen in cluteB patients had no

expression. In cluster 2 expression level of p-BFOSvas much higher and the
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majority of the patients with high expression hddwer survival time (Fig. 3.5.21),
(p = 0.0046) (Table 3.5.20).

There was little p-Akt expression overall. In ckrs? strong expression of p-
Akt was seen in two samples, which was accompawiéld lower survival time
(Fig. 3.5.22), there was no difference of exprassnb p-Akt between the two
clusters (p = 0.239) (Table 3.5.21).
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3.5.2.1 PDGFRB Expression in Comparison to Patient Survival
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Fig. 3.5.15Survival time (months) of patients correlated WDGFRf ICC score
in cluster 1 (a) and cluster 2 (b).
Table 3.5.14Anova analysis of PDGFR-ICC score, with cluster 1 and cluster 2.

Protein Average ICC Score Average ICC Score P Value
Cluster 1 Cluster 2

PDGFR-B 45+2.4 74+4.4 0.05

Standard deviations represent variance within eadier.
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3.5.2.2 PDGFRa Expression in Comparison to Patient Survival
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Fig. 3.5.16Survival time in months of patients correlatedDGFRe ICC score
in cluster 1 (a) and cluster 2 (b).

Table 3.5.15Anova analysis of PDGFR-ICC score, with cluster 1 and cluster 2.

Protein Average ICC Score Average ICC Score P Value

Cluster 1 Cluster 2

PDGFR-a 59+4.0 35+£25 0.067

Standard deviations represent variance within eadier.

222



3.5.2.3 PTEN Expression in Comparison to Patient Suival
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Fig. 3.5.17Survival time in months of patients correlated WAREN ICC score in
cluster 1 (a) and cluster 2 (b).

Table 3.5.16Anova analysis of PDGFR-ICC score, with cluster 1 and cluster 2.

Protein Average ICC Score Average ICC Score P Value
Cluster 1 Cluster 2
PTEN 116+1.2 6.0+£35 2.86E-05

Standard deviations represent variance within eadier.
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3.5.2.4 p-C-Kit Expression in Comparison with Patiat Survival
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Fig. 3.5.18Survival time in months of patients correlatedhapt C-Kit ICC score in
cluster 1 (a) and cluster 2 (b).

Table 3.5.17Anova analysis of PDGFR-ICC score, with cluster 1 and cluster 2.

Protein Average ICC Score Average ICC Score P Value

Cluster 1 Cluster 2

C-Kit-P 0.5+0.9 41+33 0.0018

Standard deviations represent variance within eadier.
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3.5.2.5 p-C-Abl Expression in Comparison with Patiet Survival
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Fig. 3.5.19Survival time in months of patients correlatedwptC-Abl ICC score in
cluster 1 (a) and cluster 2 (b).

Table 3.5.18Anova analysis of p-C-Abl ICC score, with clustearid cluster 2.

Protein Average ICC Score Average ICC Score P Value
Cluster 1 Cluster 2
C-Abl-P 15+2.0 3.4+3.0 0.074

Standard deviations represent variance within eadier.
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3.5.2.6 EGFR Expression in Comparison with PatienBurvival

50 Cluster 1
40 : :

207 * *

10 A

0- JJ —I—I B =

%) ) > >
QV QN ggb H

QA Q 1
Sy & FIS
A A

‘ O EGFRtot ICC Score B Survival Time (months)

Months
w
o

4

Cluster 2

Months
w
o

O EGFRtot ICC Score B Survival Time (months)

A: Grade Il astrocytoma.”2 secondary glioblastoma. *: patient still aliveGERtot: EGFR total.
NO060893 had greater than 138 months survival

Fig. 3.5.20Survival time in months of patients correlated wiGFRtot ICC score
in cluster 1 (a) and cluster 2 (b).

Table 3.5.19Anova analysis of EGFR ICC score, with cluster d aluster 2.

Protein Average ICC Score Average ICC Score

Cluster 1 Cluster 2

EGFRtot 18+x14 49+3.1 0.005

Standard deviations represent variance within eadier.
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3.5.2.7 p-p70S6K Expression in Comparison with Pant Survival

60
50 Cluster 1
40 * *
(2]
e
E 30
o
> 20 * *
. J A
OiJ:.\ T T \'_-\ T
> S A Q 0 > > A 7 D> v
S SN FC G S A= SO S U= IR~
F ¥ & F Y E oS
SR R T T S S
O p-p70S6K ICC Score @ Survival Time (months)
60 - "
50 Cluster 2
40 -
(2]
o
= 30
o
= 20
10
0,
S D D 0 AN VYD 0D D WX DD DO
I U AR RSP SRS RS2
TSI T TR &S
O p-p70S6K ICC Score @ Survival Time (months)
A: Grade Il astrocytoma. % secondary glioblastoma. *: patient still alive.-pPOS6K:

phosphorylated p70S6K. N060893 had greater thami88hs survival

Fig. 3.5.21Survival time in months of patients correlatedhwptp70S6K ICC score
in cluster 1 (a) and cluster 2 (b).

Table 3.5.20Anova analysis of p-p70S6K ICC score, with cludtend cluster 2.

Protein Average ICC Score Average ICC Score P Value

Cluster 1 Cluster 2

p-p70S6K 1.7+1.8 53+35 0.0046

Standard deviations represent variance within eadier.
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3.5.2.8 p-Akt Expression in Comparison with Patiensurvival
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Fig. 3.5.22Survival time in months of patients correlated witiAkt ICC score in
cluster 1 (a) and cluster 2 (b).

Table 3.5.21Anova analysis of p-Akt ICC score, with clusterrdaluster 2.

Protein Average ICC Score Average ICC Score P Value

Cluster 1 Cluster 2

p-Akt 15+20 3.4+4.0 0.23

Standard deviations represent variance within eadier.
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3.5.11 Unsupervised Principal Components AnalysisfoPathway Proteins
response to Tyrosine Kinase Inhibitors

Unsupervised Principal components analysis (PCA9 agplied to the ICC data to
see if expression of certain proteins is assocmitddresponse to TKIs. 55 % of the
variance in the dataset was retained in the fingt principal components (Fig.
3.5.23). The biplot represents the grouping of tel cultures in principle
component space in relation to their expressiagheproteins (Fig. 3.5.23).

Figure 3.5.24 shows the PCA score plot for respend®) and non-
responders to Erlotinib (NR). Fig 3.5.24 showedt thhizere was a definitive
separation between responders and non-respondeesidinib treatment. The
majority of responders cluster to the top righttie¢ plots, suggesting that these
samples were not influenced by the analysed protétgy. 3.5.24). Most of the
NR’s cluster to the lower right of the plots assted with higher expression of
PTEN and PDGFR¥.

With gefitinib there was stratification between pesders and non-
responders, with the latter clustering toward tghtrof the plot (Fig. 3.5.25). Again
the NRs were associated with higher expressionf&\Pand PDGFRx. Within the
responders to gefitinib one group clustered tottiperight not being influenced by
the protein tested; another group clustered tabtittom left characterized by high
expression of the target proteins, p-p70S6K,p-C-KiHAkt and p-C-Abl (Fig.
3.5.25).

Imatinib responders clustered toward the bottorhtrigand corner of the
plot, which shows a strong influence by PTEN and3FB-a (Fig. 3.5.26).
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Fig. 3.5.23Unsupervised PCA of 26 cell cultures. 55% of theance in the dataset
is retained in the first two principal componenithe biplot represents the grouping
of cell cultures in principle component space. Thd arrows correspond to the
influence of protein staining values on the sepamnadf the samples. Each protein is
labelled in red and each glioma cell culture iseltd in black. Each culture is
positioned closest to the protein they had the dsglexpression of. The cultures
which had little or no expression of the proteirestb the right hand side of the

arrows.
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Determination of variable influence on response/nomnesponse

Erlotinib
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R: responder, NR: non-responder. PC1: principlepgmment 1. PC2 : principle component 2.

Fig. 3.5.24PCA scores plot of cell culture ICC. Samples albellad according to

their responsiveness to erlotinib. This plot iseplicate of figure 3.5.23, with the
cultures labelled as responders or non-respondeesldtinib. The main cluster of
erlotinib responders is circled in red, which idla top right hand side of the plot,
showing that responsiveness to erlotinib is nob@ased with expression of the
proteins.
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Gefitinib

PC2

PC1
R: responder, NR: non-responder. PC1: principlepgmment 1. PC2: principle component 2.

Fig. 3.5.25PCA scores plot of of cell culture ICC. SamplesenMabelled according
to their responsiveness to gefitinib. This plot ki@s same layout as figure 3.5.23,
with the cultures labelled as responders or nopemregders to gefitinib. The 2 main
clusters of gefitinib responders are circled in.r&bere was a cluster of gefitinib
responders that had high expression of some gprihieins (bottom left hand side)
and a cluster which did not (top right hand side).
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Imatinib
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responder, NR: non-responder. PC1: principle corapbh. PC2 : principle component 2.

Fig. 3.5.26 PCA scores plot of PC1 versus PC2 of cell cult@€. Samples are

labelled according to their response to imatinilhe Tcultures are labelled as
responders or non-responders to imatinib and hhgesame grouping as figure
3.5.23. The majority of the imatinib responders aireled in red. The cluster of

imatinib responders was at the bottom right hadd sf the plot, this was due to the
high expression of PTEN and PDGER-
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3.5 Discussion:

Expression of Proteins targeted by TKIs in High-Grale Glioma, in relation to
their Response to these Inhibitors.
Overexpression of EGFR and PDGFR is frequently doumglioblastoma, which
results in the activation of downstream kinasesuoliog phosphatidylinositol '3
kinase (PI3K), Akt, and the mammalian target ofaragcin (MTOR). MTOR is a
nutrient sensor which regulates cell growth and ynesllular functions such as
MRNA translation and metabolism (Shaw and Cantle962. MTOR has been
shown to play a key role in tumour progressionaniaus types of cancer including
glioma (Seeligeet al. 2007), where it is activated by Akt (Riemenschee# al.
2006) MTOR phosphorylates p70S6K, which regulates proteint®gis and has
been shown to cause glioblastoma formation in r¢tit@land et al. 2000), while its
inhibition causes apoptosis (Ktal. 2005). It was hypothesized that the expression
of specific proteins targeted by TKIs in gliomaloalltures would correlate with
their response to tyrosine kinase inhibitors. 2@&Ipedeveloped high-grade glioma
cell cultures were analysed by immunocytochemi@®) (Table 3.5.1). The ICC
work was carried out by a Ph.D student, Rachel ldgwin Beaumont Hospital,
Dublin. The cell cultures were classified as regj@a or non-responders to the
TKIs, erlotinib, gefitinib, and imatinib (Table 3% (see section 3.3.2).

EGFR was expressed in 88.4%, and EGFRUVIII in 26c8%e cultures. P-
Akt was expressed in 65.3% and PTEN in 100% of ¢h#ures. A similar
expression level of Akt was found in glioblastonels by others where Akt was
activated in 70% of gliomas (Alesst al. 1996; Haas-Kogamt al. 1998). The
expression of EGFR by ICC varied in the culturésyas low in the non-responders
and imatinib responders, and high in erlotinib gedltinib responders (Fig. 3.5.12)
(Table 3.5.10). PTEN expression did not appear ¢oabdeterminant of TKI
responsiveness. Mellinghod#f al, found the inhibition of EGFR was successful in a
sub-group of recurrent glioblastomas (Mellingheff al. 2005). Response was
correlated with co-expression of the mutated forin E&FRvIII and PTEN;

however, the detailed mechanism of action is stilknown (Mellinghoffet al.
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2005). Sordellat al, found that in lung cancer cells EGFRvIII actiafI3K/AKT
signalling and can sensitize cells to the EGFRhibir, gefitinib (Sordellaet al.
2004); this has not been shown yet for glioblas@mn@verall a low amount of
EGFRvIIl was found in the cultures, 2 primary glaftomas and 2 grade Il
astrocytomas had low EGFRuvIII expression and PTEptession, 1 of the primary
glioblastomas was a gefitinib responder and 1 e$¢hgrade Ill astrocytomas was an
erlotinib responder (Figs 3.5.2, 3.5.3 3.5.5 an8.93. There were 2 primary
glioblastomas with higher EGFRVIII expression wheoaexpressed PTEN; both
were responders to gefitinib (Fig. 3.5.6). It isught that the loss of PTEN might
promote resistance to EGFR kinase inhibitors (Byast@l. 2003). High expression
of PTEN was found in the majority of the culturésiwever, it is unclear if it is
functional. PTEN can be mutated with loss of fumgtiwhich has been reported for
about 30% of glioblastomas (Kleihues and Ohgakio200

PDGFR-a Expression in Relation to Imatinibo Responders in kgh-grade
Glioma Cultures

PDGFRa and PDGFR3 was expressed in 92.3% of the glioma cultures;AbCn
61.5%, and p-C-Kit in 61.5%. Non-responders hadigxpression of PDGFR-
in comparison to the responders (Fig. 3.5.12) (@&05.10). While PDGFR-and
PDGFRB levels were similar in the responders to erlotiaid gefitinib (Fig.
3.5.12) (Table 3.5.10). The imatinib responders mgtier PDGFRa expression in
comparison to the non-responders, erlotinib andtigéf responders (Fig. 3.5.12)
(Table 3.5.10). Responsiveness to imatinib in glsrappears to correlate with high
PDGFRa expression; it may be possible to base imatireatinent on PDGFR-
expression in glioma patients. Amplification of tHeDGFR-a gene and/or
overexpression of the receptor at the protein |elvat been found in high-grade
gliomas (Fleminget al. 1992; Kumabeet al. 1992; Smithet al. 2000), and in
astrocytomas (Guhet al. 1995; Saxenat al. 1999). Therefore, this receptor may
play a more generalized role in glioma formatios, i is not exclusive to
glioblastomas, and non-responders had higher PDEGERpression indicating that

PDGFR$ may be associated with a more resistant phenotype.

235



P-Akt, p-p70S6K, p-C-Abl and p-C-Kit Expression inRelation to Gefitinib
Responders in High-Grade Glioma Cultures

A downstream protein of MTOR, p-p70S6K was exprésae84.6% of the cultures
and p-Akt in 65.3%. Liet al, found in a cohort of 36 glioblastoma patients
expression levels of p-Akt (36.1%), p-MTOR (44.4%i\d p-p70S6K (41.7%); in
addition they found levels correlated with gradenmdlignancy (Liet al. 2010).
Annovazzi et al, found mTOR, p-p70S6K, p-Akt expression in 64 adint
gliomas, and found the expression which was ineeas higher grades of
malignancy (Annovazz al. 2009).

In our cohort higher expression of p-p70S6K wasntbun the gefitinib
responders, and lower expression in non-responderstinib and imatinib
responders (Fig. 3.5.13) (Table 3.5.11). MTOR carrdgulated independently of
PI3K (Tanget al. 2003), the MTOR-p70S6K pathway may play a morgcadirole
in tumourigenesis, this would explain the highgpression of p-p70S6K in gefitinib
responders. Gefitinib responders had a slightly eloWPTEN expression in
comparison to the other groups; PTEN may have tsfunction in gefitinib
responders.

In addition higher expression of p-C-Abl and p-G-Kvas found with
gefitinib responders than with the non-responderstinib or imatinib responders
(Fig. 3.5.12) (Table 3.5.10). Jiamgal, showed that the over-expression of C-Abl
has been found in glioblastomas compared but notower grade gliomas,
suggesting an association with poor survival (Jieh@l. 2006). Stanulleet al,
showed that the expression of C-Kit was found andittoplasm of glioma cell lines,
suggesting its involvement in the autocrine growggulation of glioma cells
(Stanullaet al. 1995). It may also be that gliomas expressing drigévels of p-C-
Kit and p-C-Abl are more responsive to gefitinibechuse higher levels of
expression of the phosphorylated protein targetshef PI3K/Akt pathway were
found in the gefitinib responders indicated tha frathway was more active in

gefitinib responders.
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Bioinformatic Analysis of Proteins of the PI3K/Akt Pathway in Relation to
Response to Tyrosine Kinase Inhibitors in High-Graé Glioma

Using hierarchical cluster analysis (HCA) and uresuigzed principal components
analysis (PCA) two distinct clusters of samplesemveund within the cohort. It is
possible that the 2 clusters represent 2 diffesaigroups of high-grade gliomas.
Brennanet al, took a cohort of 27 glioma samples and carrietl pmoteomic
analysis, to examine signal transduction pathwd@mernnanet al. 2009). They
compared their results with The Cancer Genome ABasnnanet al. 2009), which
contains expression data of 243 glioblastoma sanflesubclasses of glioblastoma
emerged, one with high EGFR activation, anothehwigh PDGFR activation, and
a third had loss of the RAS regulator Neurofibroosét type | (NF1) (Brennagt al.
2009). The EGFR signalling class had high notchhway activation, the PDGF
class had high levels of PDGFB ligand and phospaton of PDGFRB and NF-
kappa-B (NK-B). The class with loss of NF1 had lower MAPK dPIBK activation
(Brennanet al. 2009). Cluster 2 from the present study may cpoed to class 2,
because it is characterized by high PDGFRxpression (Brennag al. 2009). It
would be interesting to check the samples for Néds land notch signalling by
proteomic analysis to see if any of the samplesespond to the third class
mentioned (Brennamet al. 2009). If glioma samples become classified intareno
specific subgroups based on protein expressionpatidvay signalling, a patient’s
treatment could become tailored with specific dragssuit each individual, and
possibly result in more effective treatment.

High expression of PTEN and PDGERwas characterized for cluster 1 (11
samples), while PDGFR; EGFR, p-C-Kit and p-C-Abl expression was
predominant in cluster 2 (15 samples) (Fig. 3.5.14)

High EGFR and p-Akt expression correlated with lswrvival time in
cluster 2 in glioblastomas (Figs. 3.5.20 and 3.p.B%se 2 biomarkers have been
previously associated with poor prognosis in gliog&hinojima et al. 2003).
PDGFRB, PDGFRe, p-C-Kit and p-C-Abl expression did not correlatgth
survival in either cluster (Figs. 3.5.15, 3.5.164.88 and 3.5.19). High expression of

PTEN was found in all samples in cluster 1 (Fi¢.B7) the average doubling time
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for cluster 1 was 100 hours whereas for clusténas 70 hours (Tables 3.5.12 and
3.5.13), this indicated that a loss of PTEN reslite a higher proliferation rate.
There were 10 gefitinib responders in cluster b{@#8.5.13). P-C-Abl had no effect
on survival in cluster 1; in cluster 2, 8 out of @&tients with C-Abl expression had
less than 20 months survival (Fig. 3.5.19). Overesgion of C-Abl has been found
in glioblastomas compared to lower grade gliomaggesting an association with
poor survival (Jianget al. 2006). Higher levels of p-C-Kit expression haveeie
associated with lower survival times in high-gragimma (Sunet al. 2006). P-
p70S6K expression in cluster 2 was found in 5 pédievith survival of 10 months
or less, and 4 patients with less than 20 monthgwval; it was not associated with
survival in cluster 1 (Fig. 3.5.21). Higher expiiessof p70S6K in glioblastoma is
associated with poor prognosis (Pelloskal. 2006). P-Akt expression in cluster 1
was found in 5 patients with less than 12 montingigal, and 4 patients who had no
expression had greater than 19 months survivaly @hitster 2, 4 patients with p-Akt
expression had survival of 10 months or less, ahddless than 20 months survival
(Fig. 3.5.22). The activation of Akt seems to beoasequence of the loss of PTEN
function (Wuet al. 1998).

Amplification of thePDGFR-a gene and/or overexpression of the receptor at
the protein level, has been found in high-gradengtis (Fleminget al. 1992;
Kumabe et al. 1992; Smithet al. 2000). Expression and amplification of the
PDGFRa gene have also been found in astrocytomas (@Guéla 1995; Saxenat
al. 1999). HoweverPDFGRa expression did not have any effect on survivaktim
in either cluster (Fig. 3.5.16). In addition PTENahad no effect on survival (Fig.
3.5.17).

Unsupervised PCA of the culture data captures 55%evariance in the
dataset showing PTEN, PGDKRand PGDFR3 loading vectors in approximately
the same direction (Fig. 3.5.23). All drug respansere separated using PCA based
on the expression of various target proteins (RBig.23). Non-responders and
responders to erlotinib and gefitinib showed low&pression of PDGFR- (Fig.
3.5.24 and 3.5.25); in contrast, higher expressiaa found in imatinib responders
(Fig. 3.5.26). The majority of gefitinib responde&rsre influenced by the proteins of
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the PI3K/Akt pathway (Fig. 3.5.25); while erlotinflesponse may be characterised
by lack of expression of those markers (Fig. 3.5.2tiggesting that erlotinib

responsiveness may not be reliant on the PI3K/Aktway.

PI3K/Akt Pathway in High-Grade Glioma

In high-grade gliomas was examined; other pathways] downstream proteins
seem to be involved in glioma tumourigenesis, BAS/RAF signalling is found in
gliomas (Jeukemt al. 2007). Copy number gains in the oncogenes BRAFASIR
KRAS, and HRAS and in growth factors EGF, PDGF, |GEF, TGF have been
found in 44% and 53% of gliomas, respectively (&sudt al. 2007). These copy
number gains were most frequently found in WHO grdd and IV gliomas;
phosphorylated MAPK, the activated downstream campoof the RAS/RAF
pathway, was detected in most cases (Jeekeh 2007). Faret al, found protein
kinase C (PKC) to be a mediator of EGFR signaliogi'TOR independently of
Akt in glioma, separating MTOR from the Akt-signalj cascadéFanet al. 2009).
They used erlotinib to inhibit EGFR signalling, afound a correlation with
decreased levels of phosphorylated MTOR (p-MTOR) pri0S6K in cells which
expressed the wild type for PTEN (Fetral. 2009). EGFR inhibition did not affect
cells which expressed p-MTOR, p70S6K and mutantNPTi#ee amount of p-Akt
decreased with EGFR inhibition, however, Akt lewvaild not correlate with MTOR
signalling (Fanet al. 2009). Activated MTOR correlated with the preserde
activated Akt, in glioblastoma, MTOR is thought have a stimulatory effect on
PI3K/Akt (Choeet al. 2003). They identified an Akt-independent pathwiayking
EGFR to MTOR which was dependent on PKC (Baal. 2009). They showed that
by blocking or activating Akt there was no effecet proliferation or response to
erlotinib in glioma, and the levels of EGFR cortethwith p-p70S6K and PKC in
glioblastoma, and but not with Akt (Fahal. 2009). Furthermore the inhibition of
PKC decreased the viability of glioma cells indegmmtly of EGFR or PTEN
expression levels (Fae al. 2009). Perhaps PKC is a more important signalling
pathway in glioma; PKC inhibitors need to be exaedinn glioma and may have

more promising results than PI3K/Akt inhibitors. riglation to TKI responsiveness
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there is a need to look at all of the differenthpatys to gain a better understanding

of cross talk between pathways, and biomarkerssfgponsiveness to TKIs.

3. 5 Summary and Conclusion
With 26 high-grade gliomas cultures correlatioregpression of proteins from the
PI3K/Akt pathway, resulted in statistically sige#int separation of responders and
non-responders to TKIs. High PDGKR-and PTEN expression correlated with
imatinib responders. Higher expression of p-Akp7#®S6K, p-C-Abl and p-C-Kit
was found with gefitinib responders. Possibly iadiieg that gefitinib responders
have a more active PI3K/Akt pathway. Erlotinib pesders and non-responders had
much lower expression of the proteins from the PAK pathway. They may be
more dependent on other pathways for survival, agihe RAS/MAPK or PKC
pathway.

There was a correlation with low survival and higl6FR and p-Akt
expression, this was not surprising as over exjmesd EGFR and high levels of p-

Akt have been reported to be associated with a pamnosis in glioma.

240



3.6 MicroRNA

3.6.1 Tagman Low Density Array (TLDA) Analysis of Two Subsets of Primary
Glioma Cultures

Within the cohort of primary glioblastoma culturdgere were large differences in
proliferation rate and invasive behaviour. The ote of this part of the project
was to look for miRNAs that regulate proliferatiand invasion in glioblastomas.
Therefore, two pools were formed: pool 1 consisiédwo invasive glioblastoma
cultures with a high proliferation rate, and poolc@ntained two glioblastoma
cultures with very little invasion activity and auch lower proliferation rate (Tables
3.6.1 and 3.6.2). TLDA analysis (section 2.14.13warried out on both pools, the
expression of 365 mIRNAs was measured. From theA'HBta miRNA expression
was compared in pool 1 (fast, invasive) with pool (fow, non-invasive).
Proliferation rate was previously measured basedthen doubling time of the
cultures (see section 2.4.2); invasion was measwigtdthe 3D spheroid invasion
assay (see section 2.8). Previously with pool Xpheres (tissue pieces) (Fig.
3.3.10) of NO70978 were found to be invasive, havewhen the culture of
NO70978 was tested for invasion using the 3D celtamvasion assay it was non-
invasive. Not all biospheres of N0O60913 were invasthe cell culture of NO60913
was not tested for invasion as it stopped prolifega For clarity, pool 2 is referred
to as non-invasive.

Pool 1 miRNA expression was designated as 100%mdJUsicycle threshold
(Ct) cut off of 34, out of 365 miRNAs, 82 were uguéated in Pool 2, and 34 were
downregulated; of which 19 have been reported @ lilerature to be associated
with glioma proliferation or invasion (Table 3.6.3 fold change cut off of 2 or
greater was then applied, this resulted in 62 miRNdentified as upregulated in
pool 2, and 13 downregulated in pool 2 in comparigopool 1.

The Ct (section 2.14.2) cut off was 34, therefargtlaing at 34 or above was
defined as not expressed or to have very low legéla miRNA expressed. 13

mMiRNAs were undetected or present at very low Ewelpool 1 (fast, invasive) in
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comparison to pool 2 (slow, non-invasive) (Tablé.5). 13 miRNAs were
undetected or present at very low levels in poat 2omparison to pool 1 (Table
3.6.6).

Table 3.6.1TLDA plate with the fast, invasiv@ool 1, with 2 invasive primary
glioblastoma cultures with a fast proliferationerat

Cell Tumour Doubling Invasive Patient Age
Culture Type Time (hrs) Behaviour Survival
Time
(months)
NO70152 Primary 55 Invasive
Glioblastoma
NO70859 Primary 55.98 Invasive 12 55

Glioblastoma

Table 3.6.2 TLDA plate with the slow non-invasiv®ool 2 with 2 primary
glioblastoma cultures, one non-invasive, and omghiy-invasive, both with a
slow proliferation rate.

Cell Tumour Doubling Invasive Patient Age
Culture Type Time (hrs) Behaviour Survival
Time
(months)
N060978 Primary 98.33 Non-invasive
Glioblastoma
N060913 Primary >168 Poorly- 110 67
Glioblastoma invasive
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Table 3.6.3 Deregulated miRNAs identified in primary glioblastas in the
present study (in comparison to pool 1) and in ogtedies.
Our TLDA Analysis

MiRNA

Deregulation in
Glioblastomas

MiR-125b P2 1 (Ciafre et al. 2005)
MiR-328 P2 | (Silber et al. 2008)
MiR-31 P2 I (Silber et al. 2008)
MiR-155 1P2 1 (Silber et al. 2008)
MiR-19a P2 1 (Malzkorn et al. 2010)
Mir-146b P2 I (Xia et al. 2009)
MiR-323* P2 | (Silber et al. 2008)
MiR-101* P2 | (Silber et al. 2008)
MiR-181b* P2 | (Ciafre et al. 2005)
MiR-218* P2 I (Godlewski et al. 2008)
MiR-25* P2 | (Ciafre et al. 2005)
MiR-330 1P2 1 (Gal et al. 2008)
MiR-34a P2 L (Li et al. 2009)
MiR-107 Low P2 1 (Gal et al. 2008)

MiR-9 Low P2 t (Malzkorn et al. 2010)
MiR-221* 1P2 1 (Zhang et al. 2009)
MiR-222* P2 1 (Zhang et al. 2009)
MiR-296* P2 1 (Wurdinger et al. 2008)
MiR-132* 1P2 L (Silber et al. 2008)

1: upregulated,l : downregulated. *: less than 2 fold dysregulate@: Pool 2 (slow, non-
invasive glioblastomas). Low: very low levels de¢etor undetected.

MiRNAs previously reported in the literature to &&sociated with invasion or

proliferation in glioblastoma, also found to beetgrlated in the present study.
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3.6.1.1 MiRNAs Upregulated in Pool 2 in Comparisomo Pool 1
MiR-143 was the most highly upregulated miRNA inop&, with a 7.6-fold

increase in expression in pool 2 in comparisondol d. Of the 62 miIRNAs that
were upregulated in pool 2 in comparison to pooR@,of these miRNAs were
greater than 3 fold upregulated (Fig. 3.6.1); 18engreater than 2 fold upregulated
in pool 2 (Fig. 3.6.2).

Fold expression
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Fig. 3.6.120 MiRNAs greater than 3 fold upregulated in pool 2comparison to
pool 1.

244



Table 3.6.4miRNAs upregulated greater than 3 fold in pooll24s non-invasive)
compared to pool 1 (fast, invasive), genes/fundtimmcer they are associated with.
Fold Genes/Function/Cancer associated with
Upregulated

miR-143 . ERKS5: apoptosis (Akao et al. 2009). DNMT3A: (Ng et al. 2009)
FNDC3B: invasion/migration & metastasis (Zhang et al. 2009)
KRAS: growth (Chen et al. 2009). ABL2: C-Abl

miR-99a 5.67 SAMSN1 and USP25: (Yamada et al. 2008). Downregulated in
ovarian cancer (Nam et al. 2008)

miR-146a 5.37 BRMS1: invasion, migration and metastasis (Hurst et al. 2009)
proliferation (Wang et al. 2008). MMPs: migration and invasion (Xia
et al. 2009)

miR-134 5.36 Developmental in brain (Schratt et al. 2006)

miR-23b 5.31 UPA & C-MET: migration & proliferation (Salvi et al. 2009)

miR-23a 5.14 Apoptosis (Chhabra et al. 2009)

miR-127 4.80 E2F3, NOTCH1, BCL6, ZFHX1B, and BCL2: apoptosis,
proliferation, cell-to-cell connection (Tryndyak et al. 2009)

miR-485- 4.65 ?

3p

miR-15a 4.61 Cell cycle arrest (Bandi et al. 2009). Proliferation (Calin et al. 2008)

Let-7c 4.61 Prostate cancer (Ozen et al. 2008)

miR-432 4.50 Muscle development and growth (McDaneld et al. 2009)

miR-382 4.30 ?

miR-411 3.90 ?

miR-145 3.88 TP53: apoptosis (Spizzo et al. 2009)

miR-152 3.79 ?

miR-100 3.42 Oral cancer (Henson et al. 2009)

miR-193a 3.40 Tumour suppressor (Kozaki et al. 2008)

miR-29¢ 3.39 TP53: (Mraz et al. 2009)

miR-125b 3.15 ErbB2: proliferation and migration (Hofmann et al. 2009)

miR-487b 3.04 ?

?: no information available on this. Genes are liggted in bold. References are in parenthesis.
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Fold upregulation

Fig. 3.6.218 miRNAs greater than 2 fold upregulated in pool Zamparison to
pool 1.

3.6.1.2 MiRNAs Downregulated in Pool 2 in Comparisoto Pool 1

13 miRNAs were 2 fold or greater downregulatedaol® (slow, non-invasive) in

comparison to pool 1 (fast, invasive) (Fig. 3.6.3).
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Fig. 3.6.313 miRNAs 2 fold or greater downregulated in poohZomparison to
pool 1.
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Table 3.6.5 miRNAs downregulated 2 fold or greater in pool 20(fs non-
invasive) compared to pool 1 (fast, invasive), g#oection/cancer they are
associated with.

mMiRNA Fold Genes/Function/Cancer associated with

Downregulated

miR-155 3.6 Targets the tumour suppressor genes:TP53INP1 (Yeung
et al. 2008), FUS1 (Du et al. 2009),
BCL11B (Karlsson et al. 2007), PTPRD (Veeriah et al.
2009), (Solomon et al. 2008),
CDKN1A (Petrocca et al. 2008)

miR-93 4.6 TP53INP1 (Gironella et al. 2007)

JARID2: cell cycle regulator (Bolisetty et al. 2009)
miR-660 3.1 RAB3GAP2: neurodevelopment (Aligianis et al. 2006)
miR-137 2.8 High expression found in lymph node metastasis of

colorectal cancer (Huang et al. 2009)

miR-345 2.5 Targets the tumour suppressor CDKN2A (Guled et al.
2009)

miR-423 2.4 Targets the tumour suppressor CDKN2A (Guled et al.
2009)

miR-20a 2.3 Promotes proliferation and invasion by targeting amyloid
precursor protein (APP) in ovarian cancer (Fan et al.
2010)

miR-17-5p 2.3 Promotes breast cancer migration and invasion by

suppression of HBP1 (Li et al. 2010)

miR-106b 2.2 Functions as an oncogene by suppressing p21 and BIM
(Kan et al. 2009)

miR-19a 2.2 Involved in the malignant progression in glioma (Malzkorn
et al. 2010)

miR-197 2.1 Regulates the expression of the tumour suppression gene

FUSL1 (Du et al. 2009)

miR-146b 2.0 Highly expressed in thyroid carcinoma (Chou et al. 2010)

miR-449b 2.0 ?

?: no information available on this. Genes are llgbted in bold. References are in parenthesis.
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3.6.1.3 MiRNAs Detected in the TLDA as Off or VeryLow Levels Detected

The Ct cut off was 34 and above, therefore theecltdse Ct was to 34 the lower the
level of miRNA detected and the more likely for tméRNA to be off. 13 miRNAs
were undetected or very low levels (Ct>33) detedtegool 1 (fast, invasive) in
comparison to pool 2 (slow, non-invasive) (Tablé6.@). 13 miRNAs were
undetected or very low levels detected in pool Zamparison to pool 1 (Table
3.6.7).

Table 3.6.6 13 miRNAs off or very low levels detected in Pool 1 (fast,
invasive) in comparison to Pool 2 (slow, non-inva¥i genes/function/cancer
they are associated with.

Cycle
Threshold

Pool 2, Pool 1

Genes/Function/Cancer
associated with

miR-193b 33.25, 33.97 UPA: invasion (Li et al. 2009)
miR-213 33.28, 33.97 ?
miR-302b 32.29, 33.97 CYCLIN D2: pluripotency of embryonic
stem cells (Lee et al. 2008)
miR-30e- 32.94, 34.67 ?
5p
miR-330 31.79, 33.94 E2F1: growth and apoptosis (Lee et al.
2009)
miR-433 32.40, 33.96 Gastric carcinoma (Luo et al. 2009)
miR-497 33.38, 36.94 Breast cancer (Yan et al. 2008)
miR-518f 31.96, undet ?
miR-564 32.93, 34.02 ?
miR-646 32.96, undet ?
miR-654 32.99, undet ?
miR-34a 32.11, 33.96 C-MET and NOTCH: growth (Li et al.
2009)
miR-485- 32.49, 33.99 ?
5p

?: no information available on this. Genes are liggted in bold. References are in
parenthesis. Undet: undetermined.
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Table 3.6.713 miRNAs off or very low levels detected in Pool 2 (slow,nno
invasive) in comparison to Pool 1 (fast, invasivgdnes/function/cancer they are
associated with.

mMiRNA Cycle Genes/Function/Cancer associated with

Threshold
Pool 1, Pool 2
miR-10a 29.9, undet

HOXB1 and HOXB3: metastasis (Weiss et al.

2009)
miR-219 32.9, undet ?
miR-501 32.9, undet ?
miR-107 29.3, 35.98 Head and neck cancer (Liu et al. 2009)
miR-589 32.9, undet ?
miR-9 28.3, 36.01 CBX7: (tumour suppressor) in glioma (Chao et
al. 2008)
miR-182 30.4, 35.95 FOXO3: metastasis (Segura et al. 2009)
miR-18a 32.9, 33.99 Hepatocellular carcinoma (Liu et al. 2009)
miR-32 32.9, 34.26 PTEN, BCL11B: (tumour suppressor genes)
miR-424 32.5, 34.97 BCL2L2: antiapoptotic protein
miR-449 31.7, 36.99 ?
miR-532 30.7, 33.96 ?
miR-550 31.3, 35.97 ?

?: no information available on this. Genes are Iidgted in bold. References are in parenthesis.
Undet: undetermined.
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3.6.2 Predicted Genes for miRNA Groups

To date biological experiments have uncovered angynallfraction of all miIRNA
targeted gendmiTGs); therefore computational target predictiemains one of the
key means to analyze the role of miRNAdiological processe20 miRNAs were
selected which were the most upregulated in poiol @mparison to pool 1 (Fig.
3.6.1) and a search was performed with this grdumi®NAs using the DIANA

LAB database Http://diana.cslab.ece.ntua.gr/?sec=softyvai®NA intelligent
analysis), which uses an algorithm to predict taggnes for a group of miRNAs.
The top ten genes predicted to be targeted by @hmiRNAs most upregulated in
pool 2 in comparison to pool 1 are listed; the ¢éarediction is grouped by mRNA,
ordered by descending number of expected sitesarigrof the selected miRNAs
(Tables 3.6.8 (a) and (b)). In addition the 20 mgategulated miRNAs in pool 1
were selected (Tables 3.6.9 (a) and (b)), thedogyenes predicted to be targeted by
this group of miRNAs are listed.
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Table 3.6.8(a) Top 10 predicted target genes using the DIANA LABabase
(http://diana.cslab.ece.ntua.gr/?sec=softyvéoe 20 miRNAs most upregulated in
pool 2 (slow, non-invasive) in comparison to podfdst, invasive).

Expected
Number of
miRNA binding

sites

ONECUT2 One cut homeobox 2

TNRC6B Trinucleotide repeat 16.0
containing 6B

SH3TC2 SH3 domain and 15.7
tetratricopeptide
repeats 2

FLJ25778 Hypothetical protein 12.9
FLJ25778

IGF1R Insulin-like growth 12.4
factor 1 receptor

BNC2 Basonuclin 2 zinc 12.0
finger protein
basonuclin

CC5 Chloride channel 5 11.9
(nephrolithiasis 2, X-
linked

FLJ20309 Hypothetical protein 11.9

ACVR2B Activin A receptor, type 115
1B

YOD10TU Deubiguinating enzyme 11.2
1 homolog (S.
cerevisiae)
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Table 3.6.8(b) Published information for the top 10 predictahet genes with the
DIANA LAB database littp://diana.cslab.ece.ntua.gr/?sec=softyvafer 20
mMiRNAs most upregulated in pool 2 (slow, non-inva¥iin comparison to pool 1
(fast, invasive).

Gene Published information

ONECUT2 Methylated in lymphoma (Pike et al. 2008), and lung cancer (Rauch et
al. 2006)

TNRC6B Associated with aggressive prostate cancer risk (Sun et al. 2009)

SH3TC2 Mutations in this gene result in autosomal recessive Charcot-Marie-
Tooth disease type 4C (Lupo et al. 2009)

FLJ25778  Cell cycle regulator (Balaji et al. 2009)

IGF1R IGF-I modulates proliferation and strongly stimulates migration of
glioma cell lines in vitro (Schlenska-Lange et al. 2008)

BNC2 ?
CC5 ?
FLJ20309 ?

ACVR2B An activin type 2 receptor. Activins are dimeric growth and
differentiation factors which belong to the transforming growth factor-
beta (TGF-beta) superfamily of structurally related signaling proteins
(Ishikawa et al. 1998)

YOD1 OTU ?

? no information available on this. Referencesmparenthesis.
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Table 3.6.9(a) Top 10 predicted target genes with the DIANA LABtatzse
(http://diana.cslab.ece.ntua.gr/?sec=softyvédoe 20 miRNAs most upregulated in

pool 2 (slow, non-invasive) in comparison to podfdst, invasive).

ATXN1

Ataxin 1

Expected

Number of

miRNA binding
sites

11.2

TNRC6B

Trinucleotide repeat
containing 6B

10.2

BNC2

Basonuclin 2 Zinc finger
protein basonuclin-2

8.4

SH3TC2

SH3 domain and
tetratricopeptide
repeats 2

8.2

KLF12

Kruppel-like factor 12

8.2

TCF4

Transcription factor 4

7.7

FLJ25778

Hypothetical protein

7.2

AAK1

AP2 associated kinase
1

7.1

MECP2

Methyl CpG binding
protein 2 (Rett
syndrome)

6.9

NFIB

Nuclear factor I/B

6.5
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Table 3.6.9(b) Published information for the top 10 predicted ¢irgenes with the
DIANA LAB database littp://diana.cslab.ece.ntua.gr/?sec=softyvafer 20
mMiRNAs most upregulated in pool 1 (fast, invasivefomparison to pool 2 (slow,
non-invasive).

Gene Published information

ATXN1 Ataxin-1 mediates neurodegeneration (Tsuda et al. 2005)

TNRC6B Required for miRNA function (Baillat and Shiekhattar 2009)

BNC2 Has the potential to generate nearly 90,000 mRNA isoforms
encoding over 2000 different proteins (Vanhoutteghem and Djian
2007). Expressed in glioblastoma, a tumour suppressor gene
(Nord et al. 2009).

SH3TC2 Mutations in this gene result in autosomal recessive Charcot-
Marie-Tooth disease type 4C, a childhood-onset
neurodegenerative disease characterized by demyelination of
motor and sensory neurons (Lupo et al. 2009).

KLF12 Activator protein-2 alpha (AP-2 alpha) is a developmentally-
regulated transcription factor and important regulator of gene
expression during vertebrate development and carcinogenesis.

TCF4 Associated with the pathogenesis of colorectal cancer (Goel and
Boland 2010).

FLJ25778 Cell-cycle regulator (Balaji et al. 2009).

AAK1 ?

MECP2 Contributes to apoptosis (Bracaglia et al. 2009).

NFIB ?

? no information available on this. &ehces are in parenthesis.
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3.6.3 Top Ten miRNA Targets

From the TLDA data comparing pool 1 (fast, invagive pool 2 (slow, non-
invasive) the top ten most interesting miRNA tasgetre selected (Table 3.6.10).
In relation to pool 1, 3 miRNAs were chosen thatreveipregulated and 5

downregulated, 1 off in pool 1, and 1 off in podb2 functional analysis.

Table 3.6.10Top ten most interesting miRNA targets differetyiadxpressed in
pool 1 (fast, invasive) in comparison to pool 2¥g&l non-invasive) from the TLDA
analysis.

MiRNA Comparison Gene targets/ Function

Targets the tumour suppressor genes:TP53INP1 (Yeung et
al. 2008), FUS1 (Du et al. 2009), BCL11B (Karlsson et al.
2007), PTPRD (Veeriah et al. 2009), (Solomon et al.
2008),CDKN1A (Petrocca et al. 2008)

miR-93 3.6 fold |

miR-155 4.6 fold | TP53INPL1 (Gironella et al. 2007)
JARID2: cell cycle regulator (Bolisetty et al. 2009)

miR-660 3.1 fold | RAB3GAP2 : neurodevelopment (Aligianis et al. 2006)
miR-143 7.6 fold 1 ERK5: apoptosis (Akao et al. 2009). DNMT3A: growth (Ng
et al. 2009)
FNDC3B: invasion/migration and metastasis (Zhang et al.
2009)
KRAS: growth (Chen et al. 2009). ABL2: growth
miR-99a 5.7 fold 1 SAMSN1 and USP25 (Yamada et al. 2008)
miR- 5.4 fold 1 BRMS1: metastasis, invasion and migration (Hurst et al.
146a 2009)

Growth (Wang et al. 2008). MMPs: glioma migration and
invasion by (Xia et al. 2009)

miR-134 5.4 fold 1t Developmental in brain (Coolen and Bally-Cuif 2009)
miR-23b 5.3 fold 1 UPA and C-MET: migration and proliferation (Salvi et al.
2009)

miR-518f Off PLV P2 ()  ?

miR-10a  Off P2 V P1 (**) HOXB1 and HOXB3: metastasis (Weiss et al. 2009)

* Ct: 31.96, ** Ct: 29.96, Ct: cycle threshold, @ft>34.1 downregulated in pool 2, upregulated
in pool 2. Genes are highlighted in bold. ? no iinfation available on this. References are in
parenthesis.
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3.6.3.1 Expression of miR-155 in Glioma Cultutres rad Normal Human
Astrocytes

The TLDA result identified that MiR-155 was 4.6 dolpregulated in pool 1 (fast,
invasive) in comparison to pool 2 (slow, non-inva$i The presence of miR-155
was measured by gRT-PCR in normal human astrocytpamary glioblastomas, 1
grade Il astrocytoma Il culture, and one estabtispoblastoma cell line SNB-19
(Fig. 3.6.4 (a)) (Table 3.6.11). As a calibratorM@52A was used and this was set
to 100% expression of miR-155. NO70152 and NO7088% included in pool 1
and N060978 and N060913 in pool 2 of the TLDA asmlywhich gave 4.6 fold
downregulation of miR-155 in pool 2 in comparisorpbol 1 (Fig. 3.6.4). However,
NO70859 showed downregulation of miR-155 in comgmarito NO70152, when
miR-155 was expected to also be upregulated in BBJO In addition high
expression of miR-155 was found in the normal hurastnocytes, and very low
expression of miR-155 in the established glioblastocell line SNB-19; the
opposite effect was expected as miR-155 was foundbe upregulated in the

invasive pool with high proliferation.
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Fig. 3.6.4 (a) MiR-155 expression by qRT-PCR in normal human astes, 5
primary glioblastomas and 1 grade Il astrocytoma&ulture and one established
glioblastoma cell line (SNB-19). NO70152A was alwator sample taken as 100%
expression of miR-155. Samples (with the exceptdnN060913, measured in
technical triplicate (n=3)) were measured in techhiand biological triplicate
(n=3x3). (b) Doubling time of 3 invasive culturesda3 cultures with less invasion;
all of which have been measured for miR-155 expoassStandard deviations were
generated using Microsoft excel software.
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Table 3.6.11Characteristics of primary glioma cultures validevgth miR-155.

Cell Culture  Tumour Doubling Invasive % Expression of
Type Time (hrs) Behaviour miR-155

NO070152 Primary 55 Invasive 98.2
Glioblastoma

NO070859 Primary 56 Invasive 35.8
Glioblastoma

NO070450 Grade I 65.1 Invasive 37.8
Astrocytoma

NO60893 Secondary 88.1 Poorly-invasive 29.6
Glioblastoma

N060978 Primary 98.3 Non-invasive 16.6
Glioblastoma

N060913 Primary >168 Poorly-invasive 111
Glioblastoma

SNB-19* Glioblastoma - Invasive 1.7

NHA - - Invasive 127.7

* SNB-19 is an established cell line known &vé a fast proliferation rate.
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3.6.3.2 Expression of miR-93 in Glioma Cultures andNormal Human

Astrocytes

MiR-93 was 3.6 fold upregulated in Pool 1 (fastyasive) compared to Pool 2
(slow, non-invasive) in the TLDA analysis (Fig. 3 The presence of miR-93 was
validated by gRT-PCR in one established glioblast@ell line SNB-19, 12 glioma
cultures (8 glioblastomas, 2 grade Il astrocytoniagrade Il oligoastrocytoma, 1
grade Il oligodendroglioma), and in normal humarnraaytes (Table 3.6.12).
NO70152A was used as a calibrator and taken as 1€Q8tession of miR-93.
NO070152 was an invasive primary glioblastoma celtwith a high proliferation
rate, which was included in pool 1 of the TLDA asad. 3 biological repeats of
each culture were included with the exception o603 and N0O70314; these
cultures had very slow proliferation rate and oahye RNA sample was obtained
from them. Cell cultures with high proliferationasied high expression levels of
miR-93, 3 of the cultures with high miR-93 expressivere also invasive (Fig. 3.6.5
(@)). Conversely miR-93 was down-regulated in aekuwith lower proliferation
and invasion rate, and in normal human astrocykgsg @.6.5 (a)). NO70152 and
NO70859 were included in pool 1, and N0O60978 an@(9Q.3 in pool 2.

These results indicated that expression of miR-@dtpely correlates with
invasive gliomas with a high proliferation rate.n$® of the cultures with high
expression of miR-93 also had a low doubling tifree,a low proliferation rate, and
some of the cultures with low expression of miRF2@l a high doubling time, i.e. a
low proliferation rate (Fig. 3.6.5 (b)). Most ofelcultures with low expression of

miR-93 showed little or no invasion (Table 3.6.12).
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Fig. 3.6.5(a) Percentage expression of miR-93 in an establishedlastoma cell
line SNB-19, normal human astrocytes (NHAs), andngh cultures, NO70152A
was a calibrator sample taken as 100% expressioniRf93. Most cultures were
measured in technical and biological triplicate 3x3) with the exception of
N060913 and NO70314, which were measured in teahtniplicate only (n=3). (b)
doubling time in glioma cultures. Standard deviasiavere generated using excel
software.
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Table 3.6.12Doubling time and invasive behaviour of glioma atds validated for
miR-93 expression.

Cell Tumour Type Doubling Invasive Percentage
Culture Time (hrs)  Behaviour Expression of
miR-93

SNB-19*  Primary Glioblastoma Invasive

NO070152 Primary Glioblastoma 55.0 Invasive 129.6

NO70865 Primary Glioblastoma 37.3 Invasive 98.2

NO70859 Primary Glioblastoma 56.0 Invasive 64.9

NO70126 Primary Glioblastoma 82.5 Non-invasive 55.6

NHA - - Invasive 52

NO70055 Grade lll 68.5 Invasive 34.4
Oligoastrocytoma

NO70788 Grade Ill Astrocytoma 65.7 Non-invasive 32.8

NO070201 Grade IIl Astrocytoma 60.2 Non-invasive 31.0

N060978 Primary Glioblastoma 98.3 Non-invasive 30.6

N060913 Primary Glioblastoma >168 Poorly-invasive 26.3

NO70314 Grade Il 71.5 - 15.6

Oligodendroglioma

N060893 Secondary 88.1 Poorly -invasive 5.9
Glioblastoma

N061007 Primary Glioblastoma >168 Poorly -invasive 5.9

* SNB-19 is an established cell line known to haviast proliferation rate.
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3.6.3.3 Functional Validation of miR-93: Transfecton of anti-miR-93 and pre-

miR-93 into an Established Glioblastoma Cell Line

The established glioblastoma cell line SNB-19, avasive cell line with a high
proliferation rate showed upregulation of miR-93g(F3.6.5 (a)). SNB-19 was
transiently transfected with anti-miR-93 and prdRrR33 to examine the effect on
proliferation when miR-93 expression was both dasee with anti-miR-93 and
increased with pre-miR-93. The cells were seeddKa0ES5/ ml, 1 ml per well in a
6 well plate for 3 days; with 2 pul of Neofx transien reagent, and 30 nM of
MiRNA, negative pre-miR, negative anti-miR and siRNhgainst kinesin). The
media was changed 8 hours post- transfection. €h@embers were then measured
using the acid phosphatase assay (see section B)4.Anti-miR-93 decreased

proliferation by 13.2%; pre-miR-93 had no effectpoliferation (Fig. 3.6.6).

120 -

100 +

80 -

60 -

40 -
20 -

Cells Kinesin Neg Ant- |Anti-miR-| Neg Pre- | Pre-miR-
only miR 93 miR 93

m % cell sunival 100 69.4 100 86.8 100 96.7

Fig. 3.6.6Transient transfection of anti-miR-93 and pre-miRi8to an established
glioblastoma cell line SNB-19. 30 nM of miRNA, néiga pre-miR, negative anti-
miR and siRNA (against kinesin) with 2 pl of Neafxer a 3 day assay. Standard
deviations were from 3 biologically individual agsgn=2X3). Standard deviations
were generated using excel software.
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3.6.3.4 Protein Targets of miR-93

We have shown miR-93 to be highly expressed insiveaglioblastomas with high
proliferation, and low expression of miR-93 in nonasive glioblastomas with low
proliferation and in normal human astrocytes (Bi§.5 (a)).

Using the database microRNA.org

(http://www.microrna. org/microrna/home)da@l tumour suppressor genes were
identified which are targets of miR-93, tumour pint53 inducible nuclear protein
1 (TP53INP1), B-cell CLL/lymphoma 11BCL11B), protein tyrosine phosphatase
receptor type D (PTPRD), and cyclin-dependent laniaibitor 1A (CDKN1A)
(Table 3.6.13). It was hypothesised that overexgioasof miR-93 may decrease the
expression of these tumour suppressor genes,irgsuitincreased proliferation and

invasion in glioma cell cultures.
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Table 3.6.13 Tumour suppressor genes targets predicted for rBiR€ing the
database microRNA.orditp://www.microrna.org/microrna/home o

Background Number of
MRNA target

sites for
miR-93

TP53INP1  Tumour protein 53 Induces G1 arrest and 4
inducible nuclear increases p53-mediated
protein 1 apoptosis in leukaemia
(Gironella et al. 2007; Yeung
et al. 2008; Cano et al. 2009).

BCL11B B-cell Bcl11b functions as a tumour 4
CL/lymphoma 11B suppressor in myelogenous
(zinc finger leukaemia, also found in brain
protein) tissue (Karlsson et al. 2007).
PTPRD Protein tyrosine Tumour suppressor gene 3
phosphatase, found in GBM & leukaemia
receptor type, D (Solomon et al. 2008; Veeriah
et al. 2009).
CDKN1A  Cyclin-dependent Impairs TGF beta tumour 1
kinase inhibitor 1A suppressor in gastric cancer
(P21 Cipl) (Petrocca et al. 2008).
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Fig. 3.6.7Expression of BCL11B in glioma cell lines and nafrhuman astrocytes.

The first target gene of miR-93 to be examined he tultures was BCL11B.
BCL11B was expressed in 5 out of 8 of the fastrgocultures tested, the 4 fast
cultures with the highest expression (lanes 2, 8nd 8) were also invasive, while
the fast culture with the lowest expression (la® Wwas non-invasive. Whereas
BCL11B appeared to have lower expression in slowen-invasive cell cultures
with 3 out of 5 having expression 1 with high exgsien (lane 14) and 2 with lower

expression (lanes 11 and 15) (Fig. 3.6.7).
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Table 3.6.14Characteristics of glioma cultures and normal humstrocytes of
which have been tested for BCL11B expression arédg.6.7.
Origin Doubling Invasive
Time Behaviour

(Hours)

Positive control  Jurkat nuclear lysate
(leukaemia cell line)

2 SNB-19* Primary Glioblastoma - Invasive
3 N070152 Primary Glioblastoma 55 Invasive
4 NO70865 Primary Glioblastoma 37.3 Invasive
5 NO70859 Primary Glioblastoma 56 Invasive
6 NO70126 Primary Glioblastoma 82.5 Non-invasive
7 NHA Normal Human Astrocytes - Invasive
8 NO70055 Grade Il Oligoastrocytoma 68.5 Invasive
9 NO70788 Grade Il Astrocytoma 65.7 Non-invasive
10 N070201 Grade Il Astrocytoma 60.2 Non-invasive
11 N060978 Primary Glioblastoma 98.3 Non-invasive
12 N060913 Primary Glioblastoma >168 ' Pooﬂy
invasive
13 N070314 Grade Il Oligodendroglioma 71.5 -
14 N060893 Primary Glioblastoma 88.1 Non-invasive
15 N061007 Primary Glioblastoma >168 _Poor!y-
invasive

* SNB-19 is an established cell line known to haviast proliferation rate.
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3.6.3.5 Expression of miR-23b in Glioma Cell Cultues and Normal Human
Astrocytes

To further examine miR-23b expression in gliomaxgsiRT-PCR we measured the
expression of miR-23b in 4 glioma cell lines andnormal human astrocytes.
NO070152 and NO70859 were the two cultures incluotegool 1 of the TLDA
analysis and N060978 and N060913 were included dol 2. N070152 and
NO70859 (fast, invasive cultures from pool 1) hadch lower expression of miR-
23b in comparison to N060978 and N0600913 (slow-ingasive cultures from
pool 2); over twice as much miR-23b was expressedhée slow non-invasive
cultures. NO70152 had lower expression of miR-28ltomparison to the NHAs;
however NO70859 had a similar expression level BR®-@8b to that of the NHAs
(Fig. 3.6.8).
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Fig. 3.6.8 Percentage expression measured by gRT-PCR of 8tRH2 glioma
cultures and normal human astrocytes. NO70152Atalen as a calibrator sample
as 100% expression of miR-23b. Each sample wasurezh@ technical triplicate
(n=3); in addition NO70152 and NHAs were measunetbhical triplicate (n=3x3),
NO070859 and N060978 in biological duplicate (n=3x@jandard deviations were
generated using excel software.
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3.6.3.6 Functional Validation of miR-23b: Transfedobn of pre-miR-23b with an
Established Glioblastoma Cell Line

MiR-23b was 5.3 fold upregulated in pool 2 (slownrinvasive) in comparison to
pool 1 (fast, invasive) of the TLDA analysis. It svehought that by increasing the
expression of miR-23b in glioma cells this woulcci@mse proliferation. Therefore
SNB-19 was transiently transfected with pre-miR-2%ye-miR-23b decreased
proliferation by 30% (Fig. 3.6.9). The cells weeeded at 1X10E5/ ml, 1 ml per
well, in a 6 well plate for 3 days with 2 pl of dfectamine 2000 transfection
reagent. 50 nM of miRNA, negative pre-miR, negativel SIRNA (against kinesin)
was used. The media was changed 8 hours postdrtiosft. The cell number was
then measured using the acid phosphatase assase(tem 2.4.1 B). It was decided
to examine if the effect on proliferation with preR-23b could be further
increased, therefore the assay length was incradasBdlays; the concentration of
the cells was decreased to 2X10E4/ ml so that tmra would not become
confluent, proliferation was decreased by 40% caegpdo the negative pre-miR
control (Fig. 3.6.10).
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Cells only Kinesin Neg-pre-miR | Lipofectamine | Pre-miR-23b

B % cell survival 100.9 40.7 100.0 99.4 69.9

Fig. 3.6.9Transient transfection of SNB-19 with pre-miR-28bcomparison to the
negative pre-miR control, with Pl of lipofectamine 2000. 50 nM of mIRNA,
negative pre-miR or siRNA (against kinesin) weredisStandard deviations were of
three biologically individual assays (n=2x3). Starti deviations were generated
using excel software.

268



300 +
250 +

200 +
150 +

100 +
\ -

Cells only Kinesin Neg-pre-miR | Lipofectamine | Pre-miR-23b

m % cellsurvival | 279.0 46.8 100.0 110.1 58.9

Fig. 3.6.10Transient transfection of SNB-19 with pre-miR-28kcomparison to the
negative pre-miR control, with @l of lipofectamine. 50 nM of miRNA, negative
pre-miR and siRNA (against kinesin) were used. &dath deviations were of two
biologically individual assays (n=2x2). Standardvidgons were generated using
excel software.

3.6.3.7 Expression of miR-23b in SNB-19 Cells PoBtansfection
After transient transfection of the glioma celldiSNB-19 with pre-miR-23b RNA

was extracted from the cells to measure the amoluntiR-23b in the cells post-
transfection (see section 2.14.3). miR-23b expoassias analysed by qRT-PCR.
There was much higher levels (over twice as mudhmdR-23b in the cells

transfected with pre-miR-23b in comparison to tlentml cells and the cells
transfected with the negative pre-miR (Fig. 3.6.11)
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Fig. 3.6.11Expression of miR-23b by gqRT-PCR in SNB-19, poahsfection with
pre-miR-23b. Negative pre-miR was used as a carfi@th sample was measured
in technical triplicate (n=2). Standard deviatiomg&re generated using excel

software.
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3.6.3.8 Gene Targets of miR-23b

By increasing expression of miR-23b in the gliomall dine SNB-19 strong
inhibition of proliferation was found. It was deedito look for target genes of miR-
23b using 3 different databases, TargetScdritp:(/www.targetscan.ory/
MicroRNA.org (ttp://www.microrna.org/and DIANA LAB

(http://diana.cslab.ece.ntua)yr/ In addition the literature was checked for

information on these genes to find the most likeindidates. The genes chosen
were associated with a malignant phenotype, i.&®-28b inhibition of the gene
would be advantageous to glioma progression. Tleetsen was also based on the
best alignment of the miR-23b sequence with thgetagene, and the most mRNA
sites. In total 15 strong potential target genesevieund for miR-23b, and 7 were
chosen for further examination (Tables 3.6.15 -.13p Using the website
(http://blast.ncbi.nim.nih.gov) primers were designed for the following genes
SEMaphorin 6D (SEMAG6D), X-linked Inhibitor of Apompsis (XIAP), SMAD
family member 5 (SMAD5), Mitogen-Activated Protekinase Kinase Kinase
Kinase 4 (MAP4K4), B-cell CLL/Lymphoma 2 (BCL2), MI\G (N-Methyl-N'-
nitro-N-nitroso-guanidine) HOS Tranforming gene (ME and Platelet Derived
Growth Factor Alpha (PDGFA) (see Table 2.14.12)e €kpression of these 7 genes
was examined by gRT-PCR in SNB-19 cells which hadnbtransfected with pre-

miR-23b. A small bit of genomic DNA carried oveoifin the RNA extraction, which
resulted in PCR product in the negative control émazyme included in the RT
reaction). This made it difficult to determine ttiiéference between significant PCR
product and product derived from genomic DNA (Ad.12-3.6.25). However with
XIAP there was a large difference between PCR mbdycle number and genomic
DNA cycle number for us to clearly identify produ@tig. 3.6.14). There was a
65.3% knockdown of XIAP after transfecting SNB-19thwpre-miR-23b (Fig.
3.6.15). The PCR amplicons were ran out on a 2.§4fose gel to check for primer-
dimers (PD); none were found (Fig. 3.6.26).
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Table 3.6.15Potential target genes found for miR-23b using Tla@get Scan

databasehttp://www.targetscan.oryy/

Number of Gene
conserved
mMRNA

sites

SEMAGD

Function

Regulates proliferation and invasion.

Publications

(Toyofuku et al.
2004; Kinsella et al.
2011)

2 RAB39B RAS oncogene family (Biermann et al.
involved in early pathogenetic events 2007)
of neoplastic germ cell formation.
2 MAP4K4  Expression associated with worse (Liang et al. 2008)
prognosis in pancreatic cancer.
Associated with lymph node (Hao et al. 2010)
metastasis in colorectal cancer.
Overexpressed in pancreatic cancer.  (Badea et al. 2008)
Promigratory kinase in ovarian (Collins et al. 2006)
cancer.
Upregulated in glioma. (Ramnarain et al.
2006)
2 XIAP Inhibits apoptosis. (Dubrez-Daloz et al.
2008)
Expressed in glioma. (Wagenknecht et al.
1999)
1 MAP3K9  May play a role in esophageal cancer. (Chen et al. 2008)
1 TGFA Transforming growth factor alpha. (Ramnarain et al.
Upregulated in glioma. 2006)
1 PDGFA Overexpressed in glioma increases (Martinho et al.

proliferation.

2009)

? no information available on this. Referencesmparenthesis.
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Table 3.6.16Potential target genes found for miR-23b usingMieroRNA.org
databasehttp://www.microrna.org/microrna/home.do

Gene

Number
of

conserve
d mRNA
sites

Function

TGFbeta-stimulated Smad1/5
phosphorylation mediates the pro-
migratory TGFbeta switch in
mammary epithelial cells (breast
cancer)

Increased expression in HCC

Publications

(Liu et al. 2009)

(Zimonijic et al. 2003)

3 XIAP/BIR  Inhibits apoptosis (Dubrez-Daloz et al.
C4 2008)
Expressed in glioma (Wagenknecht et al.
1999)
2 MAP3K7I  ? ?
P3

2 MET Regulates migration and (Salvi et al. 2009)
proliferation

2 MAP4K4  Expression associated with worse (Liang et al. 2008)
prognosis in pancreatic cancer. (Hao et al. 2010)
Associated with  lymph node
metastasis in colorectal cancer.
Overexpressed in pancreatic (Badea et al. 2008)
cancer.
Promigratory kinase in ovarian (Collins et al. 2006)
cancer.

2 BCL2 Causes brain tumours resistance (Tyagi et al. 2002)
to chemotherapy.
Increases proliferation in glioma. (Roth et al. 2000)

2 SEMA6D  Regulates proliferation and (Toyofuku et al. 2004)
invasion.

1 TGFA Transforming growth factor alpha (Ramnarain et al. 2006)
Upregulated in glioma.

1 PDGFA Overexpressed in glioma increase (Martinho et al. 2009)

proliferation.

? no information available on this. Referencesmaparenthesis.
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Table 3.6.17Potential target genes found for miR-23b using EHANA LAB
databasehttp://diana.cslab.ece.ntua.gr/?sec=softjvare

MiTG score Gene Function Publications

SEMAG6D Regulates proliferation and invasion. (Toyofuku et al.
2004)
19 XIAP/BIRC4 Inhibits apoptosis. (Dubrez-Daloz et al.
Expressed in glioma. 2008)
(Wagenknecht et al.
1999)
16.7 MAP3K1 ? ?
11.9 MYCT1 c-myc overexpressed in cancer. (Dang 2010)
114 MAP3K7IP3  ? ?
104 BCL2 Makes brain tumours resistant to (Tyagi et al. 2002)
chemotherapy.
Increases proliferation in glioma. (Roth et al. 2000)
10.3 TGFBR3 ? ?
9.2 SMAD5 TGFbeta-stimulated Smadl/5 (Liu et al. 2009)
phosphorylation mediates the pro-
migratory TGFbeta  switch in
mammary epithelial cells (breast
cancer).
Increased expression in HCC. (Zimonijic et al. 2003)
9 MET Regulates migration and (Salvi et al. 2009)
proliferation.
8.8 MAP4K3 ? ?

? no information available on this. Referencesmaparenthesis.
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Fig. 3.6.12Cycle numbers of the expression of SEMAGD meashyedRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in triplicate (n=3).
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Fig. 3.6.13Expression of SEMAG6D measured by qRT-PCR in SNB4I%
transfected with pre-miR-23b. Negative pre-miR waed as a control; each sample
was measured in technical triplicate (n=3). Statidimviations were generated with
SDS applied biosystem.
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Fig. 3.6.14Cycle numbers of the expression of XIAP measurgdjRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate (n=3).
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Fig. 3.6.15Expression of XIAP measured by qRT-PCR in SNB-&8sdransfected
with pre-miR-23b. Negative pre-miR was used asrdrofy each sample was
measured in technical triplicate (n=3). Standandat®ns were generated with SDS
applied biosystem software.
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Fig. 3.6.16Cycle numbers of the expression of SMAD5 measusedRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate.
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Fig. 3.6.17Expression of SMAD5 measured by gRT-PCR in SNR:4l%
transfected with pre-miR-23b. Negative pre-miR wasd as a control; each sample
was measured in technical triplicate (n=3). Staddi®viations were generated with
SDS applied biosystem software.
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Fig. 3.6.18Cycle numbers of the expression of MAP4K4 measbsedRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate (n=3).
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Fig. 3.6.19Expression of MAP4K4 measured by gRT-PCR in SNB:4l8s
transfected with pre-miR-23b. Negative pre-miR waed as a control; each sample
was measured in technical triplicate (n=3). Statidimviations were generated with
SDS applied biosystem software.
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Fig. 3.6.20Cycle numbers of the expression of BCL2 measuredRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate (n=3).
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Fig. 3.6.21Expression of BCL2 measured by gRT-PCR in SNB-dli& ¢ransfected
with pre-miR-23b. Negative pre-miR was used asrdro each samples was
measured in technical triplicate (n=3). Standandat®ns were generated with SDS

applied biosystem software.
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Fig. 3.6.22Cycle numbers of the expression of MET measuredjRy-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate (n=3).
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Fig. 3.6.23Expression of MET measured by gRT-PCR in SNB-18 teansfected
with pre-miR-23b. Negative pre-miR was used asrdrofy each sample was
measured in technical triplicate (n=3). Standandat®mns were generated with SDS
applied biosystem software.
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Fig. 3.6.24Cycle numbers of the expression of PDGFA meashyedRT-PCR in
SNB-19 cells (RT+) and in the negative RT contrBIT{). Each sample was
measured in technical triplicate (n=3).
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Fig. 3.6.25Expression of PDGFA measured by gRT-PCR in SNBdB
transfected with pre-miR-23b. Negative pre-miR wsasd as a control, each
samples was measured in technical triplicate (nS&ndard deviations were
generated with SDS applied biosystem software.
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BCL2 MET PDGFA pB-actin

Fig. 3.6.26PCR amplicons run on a 2.5% agarose gel. Firgt tamtains marker.
Lane 1-4 of each gene has (1) control (cells or(B),negative pre-miR, (3) pre-
miR-23b, (4) negative control for RT reaction (mzw@me). Where there is no band
present in lane 4 there was very little DNA contaation during the RNA

extraction.
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3.6.3.9 Effect of miR-93 and miR-23b on Invasion Awity of Glioma

MiR-93 had higher expression in fast, invasive mi#ocultures. The effect of anti-
miR-93 was tested on the invasion activity of te&ablished glioma cell line SNB-
19 after they had been transfected with anti-miRs#® section 2.14.3), to see if by
decreasing the expression of miR-93 we could atswedise invasion. There was no
decrease in invasion activity in cells transfeateth anti-miR-93 in comparison to
the negative anti-miR control. The transfectiongesd, lipofectamine had a strong
inhibitory effect on invasion (Fig. 3.6.27). We @ll®oked at the effect of pre-miR-
23b on invasion activity (see section 2.9) of SNB-fo see if by increasing the
amount of miR-23b in the cells would decrease ioradt did not appear that miR-
23b had any specific effect on invasion; howeverdglls were very sensitive to the
negative pre-miR control which had a strong inlaibyit effect on invasion (Fig.
3.6.28).

200 +

150 4

100 -

% Cell Invasion

50 +

Cells only Negar:;\i/; Ant- Anti-miR-93 | Lipofectamine
m Series1 128.0 100.0 95.1 58.9

Fig. 3.6.27Invasion of SNB-19 post transfection with anti-r8B. 3 biologically
individual assays were carried out (n=2x3). Stamhddeviations were generated
using excel software.
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Fig. 3.6.28Invasion of SNB-19 post transfection with pre-n#Bb. 3 biologically
individual assays were carried out (n=2x3). Stamhddeviations were generated

using excel software.
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3.6 Discussion

MiRNA Expression in Gliomas

Introduction

As miRNAs control important processes such as diffeation, cell growth and cell
death, they hold great promise for targeted catimrapy. MiRNAs are small non-
coding regulatory RNA fragments of 20-22 nucledidé21 human miRNAs have
been identified and thought to regulate at lea8b 20 genes (Lewigt al. 2005).
They bind mRNA through partial homology and caneptially regulate the
expression of multiple targets, most of which dilélargely unknown. MiRNAs are
thought to act as master regulators, which orcatgsmetworks of gene signalling.
Every type of analysed tumour has shown signifigadhfferent miRNA profiles in
comparison to normal cells from the same tissue.

Several miRNAs have already been reported to réggléoma proliferation
and invasion. Knockdown of miR-221/222 has redugeawth and invasion in
glioma cells due to downregulation of the anti-aptip gene BCL2 and the
upregulation of negative regulators of the cellleyncluding connexin43, p27, p57,
PUMA, caspase-3, PTEN, TIPM3 and Bax (Gillies amdimner 2007; Medinat al.
2008; Zhanget al. 2009; Zhangt al. 2009). Mir-21 also plays a key role in glioma
and other cancers as an anti-apoptotic factor (@ah 2005; Cheret al. 2008;
Ohnoet al. 2009). MiR-181a and miR-181b act as tumour sugomssin glioma
leading to growth inhibition, apoptosis and invasichibition (Shiet al. 2008).

Very little is known about miRNA interactions wittellular pathways in
brain tumours; however, some miRNAs have been shovre directly involved in
pathway regulation in glioma. MiRNAs have been agged with the Notch
pathway, which plays key roles in nervous systermmeltgpment and in brain
tumours (Kefaset al. 2009). A neuronally expressed miRNA, miR-326 was
upregulated following Notch-1 knockdown, and was owly suppressed by Notch
but also inhibited Notch proteins and activity, icading a feedback loop (Kefaes
al. 2009). Transfection of miR-326 into both estaldidtand stem cell-like glioma

lines andin vivo in a xenograft model was cytotoxic, and rescue el#ained with
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Notch restoration (Kefaet al. 2009). MiR-326 partially mediated the toxic effect
of Notch knockdown (Kefast al. 2009). MiR-34a is a transcriptional target of p53,
and is down-regulated in some cancer cell lineseflal. 2009). Transfection of
miR-34a down-regulated c-Met in human glioma anddutieblastoma cells and
Notch-1, Notch-2, and CDK6 protein expressions lionga and stem cells, and
strongly inhibitedin vivo glioma xenograft growth (Let al. 2009). MiR-34a in
glioma and medulloblastoma cell lines strongly Imiteid cell proliferation, cell
cycle progression, survival, and invasion €.al. 2009). MiR-34a suppresses brain
tumour growth by targeting c-Met and Notch in gleeells and stem cells (Ef al.
2009).

MiR-21 is an important oncogene that targets a adtvof p53, TGF-beta,
and tumour suppressor genes in glioblastoma cellbu (et al. 2007;
Papagiannakopoulca al. 2008). Type | interferons (IFNs) are involved iouthle-
stranded RNA responses. IFN-beta treatment redomiBe21 expression in glioma
cells, and IFN-beta suppressed the growth of gliometing cell-derived
intracranial tumours; downregulation of miR-21 adnites to the antitumor effects
of IFN-beta and miR-21 expression is negativelyutaigd by STAT3 activation
(Ohnoet al. 2009), it also inhibits the EGFR pathway indepertiyeof PTEN status
(Zhouet al.).

The most common genetic alterations found in géstima include EGFR
activation and AKT pathways (Wong al. 1987; Haas-Kogaret al. 1998). In
glioblastoma cells, transfection of miR-7 decreatbedlevel of EGFR and upstream
regulators of the AKT pathway, insulin receptor stusite 1 (IRS1) and insulin
receptor substrate 2 (IRS2); these cells had isexkapoptosis and reduced invasion
(Kefaset al. 2008). This would suggest that miR-7 regulatesB@-R and AKT
pathways. MIR-7 is a potential tumour suppressaglioblastoma targeting critical
cancer pathways. MiR-7 decreased viability and sixeness of primary
glioblastoma lines and is a regulator of major earpathways suggesting that it has
therapeutic potential for glioblastoma (Ke&isl. 2008).

MiR-26a is a direct regulator of PTEN expressiond as frequently

amplified in human glioma, most often in assocratwith monoallelic PTEN loss
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(Huseet al. 2009). MiR-26a-mediated PTEN repression in a neughoma model
both enhancede novo tumour formation and precludes loss of heteroziygand
the PTEN locus (Huset al. 2009).

TLDA Screening of MiRNAs in Glioma
The expression of 365 miRNAs in 2 sets of primdigldastomas was screened by
TLDA, one set contained 2 primary invasive gliobdamsa cultures with a high
proliferation rate (pool 1) (Table 3.6.1), and omentained 2 non-invasive
glioblastomas with a low proliferation rate (pogl(Zable 3.6.2). The most extreme
characteristics were chosen from the newly develgp®ma cultures, i.e. the most
invasive with the highest proliferation rate, ahe east invasive with the lowest
proliferation rate. It is thought that glioma cefés/our one phenotype, that is they
are either highly invasive or highly proliferativéknown as the go or grow
hypothesis, however some of the glioma samplebamtesent study had both high
proliferation and were also invasive. There wassigmificant correlation between
invasion and proliferation within the cohort ofatia cultures, i.e. a highly invasive
culture was not necessarily a slow proliferating,oand a low amount of invasion
did not always correlate with a fast proliferatiogiture. These characteristics may
have been determined by the section of the tumloatr the biopsy sample was
removed from, i.e. a highly invasive section whislould have resulted in an
invasive cell population, or a highly proliferatigection which would have given a
highly proliferative population, as brain tumourentain a very heterogeneous
population, and each section of a tumour has beewrsto have specific functions
(Deisboecket al. 2001; Huanget al. 2008). It is possible that the glioblastoma
cultures in pool 1 contained cells from a highlyasive area as well as cells from a
highly proliferative area of the tumour, and thdtues in pool 2 may have
contained cells from a low invasive and low protifieve areas.

From the TLDA data it was found that 62 miRNAs wapregulated in pool
2 (Fig. 3.6.1 and 3.6.2) (Table 3.6.4), and 13 wa&oenregulated in pool 2 in
comparison to pool 1 (Fig 3.6.3) (Table 3.6.5)MiBRNAs were also found to be off
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or have very low levels of detection in pool 1 omparison to pool 2 (Table 3.6.6),
and 13 in pool 2 in comparison to pool 1 (Table®.6

Godlewskiet al, identified MiRNA-451 as a conditional switch cooiting glioma
cell proliferation and migration (Godlewslat al. 2010). MiR-451 levels were
regulated by glucose, with abundant energy miR-@¥dression is high (Godlewski
et al. 2010). MiR-451 suppresses AMP-activated protenmage (AMPK) signalling,
which leads to high proliferation rates in cellsttwicontinual MTOR activation
(Godlewski et al. 2010). With low amounts of glucose present, miR-45
downregulation is necessary for AMPK pathway at¢itorg leading to suppressed
proliferation rates, increased cell survival, angjnation (Godlewskiet al. 2010).
This is known as the “go or grow hypothesis” (Hiitziu et al. 2010), it is possible
that miR-451 levels are lower in pool 2 cell lirmsd this could explain their low
proliferation rate.

Silber et al, looked at 192 human miRNAs in anaplastic ast@ogs and
primary glioblastomas, from human tissue samplesoimparison to normal brain
tissue, and found 4 upregulated and 25 miRNAs degulated in glioma (Silbest
al. 2008). They found that transfection of miR-124noiR-137 induced G1 cell
cycle arrest in glioblastoma cells, which was asded with decreased expression
of cyclin-dependent kinase 6 and phosphorylatethablastoma (pSer 807/811)
proteins (Silbeet al. 2008). Ciafreet al, examined the expression of 245 miRNAs
in glioblastoma tissue and cell lines in comparismmormal brain by microarray,
and found 9 upregulated and 4 downregulated miR{Aafre et al. 2005). They
found miR-221 to be strongly upregulated in gliabtema, and miR-128, miR-181a,
miR-181b, and miR-181c were downregulaf{€dafre et al. 2005). Godlewsket al,
looked at miRNA expression with a microarray usiglijpblastoma tissue in
comparison to normal brain and found 8 upreguladed 11 downregulated
MiRNAs (Godlewskiet al. 2008). They found that miR-128 targeted the Bmi-1
oncogene/stem cell renewal factor and inhibitecbrgé proliferation and self
renewal (Godlewsket al. 2008). 19 of the miRNAs dysregulated in our sthdye
been reported in the literature to be associatéd glioma proliferation or invasion
(Table 3.6.3). A high number of miRNAs were upreged in pool 2, i.e.
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downregulated in pool 1 the fast, invasive phenetyyost of the miRNA profiling
studies on glioblastomas have focused on compamogmal brain with
glioblastomas; however the present study differghiat it related fast, invasive
glioblastomas to slow, non-invasive glioblastomad examined the deregulation of
MiRNAs between these phenotypes. To our knowletigetype of study has not
been carried out before.

MiR-143 was the highest upregulated miRNA in pooin2comparison to
pool 1 (over 7 fold) (Fig. 3.6.1) (Table 3.6.4). Mgal, found overexpression of
miR-143 is significant in suppressing colorectain@a cell growth through
inhibition of translation of the oncogene KRAS (Ghet al. 2009), and DNA
methyltranferase 3A (Ngt al. 2009). Clapeet al, have shown that increased
expression of miR-143 in prostate cancer inhibiell proliferation this was partly
due to the inhibition of extracellular signal-regigéld kinase-5 (ERKS5) activity
(Clapeet al. 2009). The expression of miR-143 has also beemwrsto suppress
growth and induce apoptosis in leukaemia (Aktal. 2009) and B-cell lymphoma
(Akao et al. 2007). Unfortunately, no effect was seen on peddifion with miR-143
in a transient transfection, however miR-143 iswnoto cluster with miR-145
(Parmacek 2009), therefore it may be necessarthése 2 miRNAs to function at
the same time (i.e. to transfect both miR-143 aid-&%5 at the same time); miR-
145 was also upregulated in pool 2 (3.8 fold) (€ehb.4).

Predicted Genes for miRNA Groups from TLDA Analysis

Based on the hypothesis that groups of differdgtiakpressed miRNAs may
regulate the same genes the algorithm from the [NAMB database was applied
(http://diana.cslab.ece.ntua.gr/?sec=softyvdaceidentify potential genes targeted by
the 20 most upregulated miRNAs in Pool 1 and inlRodNith Pool 1 the top 2

targeted genes were ataxin 1 (ATXN1) and trinualeotrepeat containing 6B
(TNRC6B) (Table 3.6.8). Tsudaet al, found that ATXN1 mediates
neurodegeneration through its interaction with B#enseless proteir§sudaet al.
2005), Crespo-Barretet al, found that partial loss of ATXN1 function contiies
to the pathogenesis of Spinocerebellar ataxia tipgSCAL), an inherited
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neurodegenerative disease caused by expansionC#G repeat that encodes a
polyglutamine tract in ATXN1 (Crespo-Barreéb al. 2010). Suret al, found that
TNRCB6B is associated with aggressive prostate caBedliat et al, discovered that
a single nucleotide polymorphism at 22913 locatéithiov the TNRC6B gene has
been associated with prostate cancer risk €ah 2009); TNRCG6B is required for
miRNA-mediated mRNA degradation function (BaillatdaShiekhattar 2009). With
Pool 2 the top 2 targeted genes were one cut haommed{ONECUT2) and again
TNRCG6B (Table 3.6.9); Piket al, found ONECUT2 to be methylated in lymphoma
(Pikeet al. 2008) and Rauch et al, found it methylated in leagcer (Rauckt al.
2006) and it may also play a role in glioma. TNRCHpears to be targeted by both

pools and could possibly be significant in reguigtmiRNA function in glioma.

miR-155 Expression in Glioma

From the TLDA analysis miR-155 was found to be dmgolated in slow, non-

invasive glioblastomas in comparison to fast, imaglioblastomas (Fig. 3.6.3)
(Table 3.6.5). High expression of miR-155 was foundthe normal human

astrocytes, and low expression in the establishielgstoma cell line SNB-19; 1

primary glioblastoma (NO70152) had high expresssbrmiR-155 and all of the

other cell lines had low expression of miR-155 (RBg.4) (Table 3.6.11). It was
expected that miR-155 would have had high expragsiall fast, invasive cultures;
this was not the case as the highest expressiorionad in NHAs. As there were 2
pooled cell cultures in the fast, invasive poold aniR-155 expression in NO70152
was more than twice that of NO70859, this dilutedl the low miR-155 expression
in NO70859.

With high miR-155 expression in NHA’s, and 1 out #ffast, invasive
glioma cultures, it was decided that miR-155 waubd be an ideal miRNA target to
follow up in fast, invasive glioblastomas. Yeuetgal, showed miR-155 binds to the
MRNA of TP53INP1, which regulates P53 activity, @own tumour suppressor
gene which functions in glioma (Yeumgal. 2008), and may be over-expressed in a
number of glioblastomas with low P53 activity, Imat in all glioblastomas.
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miR-93 Expression in Glioma

From the TLDA analysis miR-93 was found to be 3l fdownregulated in slow,
non-invasive glioblastomas in comparison to faswasive glioblastomas (Fig.
3.6.3) (Table 3.6.5). The expression of miR-93 wakdated by gRT-PCR in one
established glioblastoma cell line SNB-19, 12 gkooultures including 8 primary
glioblastomas, 1 secondary glioblastoma, 1 gradelijoastrocytoma and 1 grade
Il oligodendroglioma, and in NHAs (Fig. 3.6.5) (Tal8.6.12). As expected miR-93
was upregulated in all 3 fast, proliferating andvaisive cultures and was
downregulated in all non-invasive, slow prolifengticultures as well as in NHAs
(Fig. 3.6.5). This indicated that miR-93 might play important role in regulating
invasion and proliferation in gliomas. Yeurgal, have also shown that miR-93
binds to the mRNA of TP53INP1, which regulates BB8vity (Yeunget al. 2008),

and may also be over-expressed in a number oflgtimas with low P53 activity.

Functional Validation of miR-93 in an Established Gioblastoma Cell Line

As miR-93 was found to be overexpressed in fasasive glioma cells by qRT-
PCR, the functional effect of miR-93 was then exadi in an established
glioblastoma cell line SNB-19. SNB-19 was trandiettansfected with anti-miR-
93, and a 13.2% decrease in proliferation was fdingl 3.6.6). The effect of anti-
miR-93 on invasion activity needs to be examine8NB-19.

It was hypothesized that the overexpression of B8Rn fast proliferating
invasive glioma cells results in a downregulatidnT®53INP1, and an increase in
proliferation. TP53INP1 regulates P53 activity; tambur suppressor gene which
functions in glioma. Increased miR-93 expressiomuldead to downregulation of
P53 and increased proliferation. Using the microRNé@ database

(http://www.microrna.org/microrna/home.Jdo4 tumour suppressor genes were

identified which are potential targets of miR-93miour protein 53 inducible nuclear
protein 1 (TP53INP1), B-cell CLL/lymphoma 11BCL11B), protein tyrosine
phosphatase receptor type D (PTPRD), and cyclirnidgnt kinase inhibitor 1A
(CDKN1A) (Table 3.6.13)Yeunget al, found that knockdown the expression of
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both miR-93 and miR-130b resulted in enhanced TIRB2I expression causing
apoptosis in leukaemia (Yeumrgal. 2008).Canoet al, have shown thalP53INP1
induces p53-driven oxidative stress response,gbssesses both a p53-independent
intracellular reactive oxygen species regulatorycfion, and a p53-dependent
transcription regulatory functior(Cano et al. 2009). Gironella et al, found
dramatically reduced expression of TP53INP1 in paaiic cancer (Gironelle al.
2007). Karlssonet al, found BCL11B to be a tumour suppressor in leukaem
(Karlssonet al. 2007); and Veeriakt al, and Solomoret al, also found PTPRIo
function as a tumour suppressor gene in leukaefolbonet al. 2008; Veerialet

al. 2009) Petroccaet al, showed thaCDKN1A acts as a tumour suppressor in
gastric cancer by inhibiting TGF beta (Petroetal. 2008)

The expression of BCL11B, a target of miR-93 waanmexed by western
blot. It was found that BCL11B was expressed ircaltures tested. 5 out of 8 of the
fast glioblastoma cultures had high expression ©LBLB. 1 out of 4 slow cultures
had high expression of BCL11B (Fig. 3.6.7) (Tablé.B4). Higher expression of
miR-93 in fast, invasive glioma cultures correlategh higher expression of
BCL11B (Fig. 3.6.5). Inhibition of this tumour sugssor gene favours glioma
progression. Western blot analysis of the othercwmsuppressor genes, including
TP53INP1, CDKN1A, and PTPRD would confirm if thegenes are expressed in
the cultures. It would be interesting to analyse #xpression of all 4 tumour
suppressor genes after SNB-19 cells had been éctedfwith anti-miR-93, to see if

the expression of these genes is increased wherdeXpression is decreased.

Functional Validation of miR-23b in an EstablishedGlioblastoma Cell Line

From the TLDA analysis miR-23b was found to be fl8 upregulated in pool 2
(slow, non-invasive), that is it was downregulatedpool 1 (fast, invasive) (Fig.
3.6.1) (Table 3.6.4). The expression of miR-23b alas examined by gRT-PCR in
4 glioma cell cultures, 2 of which were includedpaool 1 (fast, invasive) of the
TLDA analysis, and 2 which were in pool 2 (slow,nAavasive); in addition the
expression of miR-23b was examined in NHAs. Twice nauch miR-23b was

expressed in pool 2 cultures as in pool 1 cultufég pool 1 cultures had a similar
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expression level of miR-23b to that of the NHAsg(FB.6.8). It was previously
shown that NHAs are invasive.

By increasing the expression of miR-23b in a tramssitransfection assay
pre-miR-23b decreased proliferation by 30% in argh cell line over 3 days, and
by up to 40% in a 5 day assay. This is a strongoitibn of proliferation for one
mMiRNA with a transient transfection over a shontiqe of time. The expression of
miR-23b was examined by gRT-PCR in SNB-19 cellst pransfection with pre-
miR-23b, this confirmed very high levels of miR-2Bbthe cells in comparison to
the non-transfected parental cell line. This conéid the inhibition of proliferation
was due to the increase in the amount of miR-2&fstected into the cells.

As such a strong effect was observed the nextistdpded finding target
genes of miR-23b using 3 different databases, Taoga (http://www.targetscan.
org/), MicroRNA.org [http://www.microrna.org/microrna/home.)dand DIANA

LAB (http://diana.cslab.ece.ntua.gr/?sec=softyvarelThese databases predict

thousands of potential gene targets for each iddali miRNA, and although they
predict target genes based on target sequencereatise homology and/or with
MiRNASs, there is no guarantee that these genes daet targets of these miRNAs.
In addition the literature was examined for infotima on these genes, particularly
information which supported the malignant gliomeaepbtype i.e. invasion and
proliferation; by increasing miR-23b expression aledvnregulating the target gene
that would be advantageous to glioma progressibe. Selection was based on the
best alignment and the most potential MRNA sitethefmiR-23b sequence within
the target gene. The list was comprised of 15 fpiatietarget genes for miR-23b, and
7 genes were chosen for further examination.

Using the website http://blast.ncbi.nlm.nih.gov/Blast.cgprimers were
designed for the 7 genes: semaphorin 6D (SEMAG6D)jnkéed inhibitor of
apoptosis (XIAP), SMAD family member 5 (SMADS)itogen-activated protein
kinase kinase kinase kinase 4 (MAP4KB)cell lymphoma 2(BCL2), met proto-

oncogene (hepatocyte growth factor recep{btleT), and platelet-derived growth
factor subunit A (PDGFA) (Table 3.8.15). Toyofutal, have shown SEMADG to

be involved in cardiac morphogenesis, and to hawagaation-promoting activity
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on outgrowing cells of cardiac explants (Toyofudtual. 2004). XIAP is known to
inhibit apoptosis in many cancer types (Dubrez-Ra&oal. 2008). Liuet al, have
found that SMAD5 mediates the pro-migratory TGFabstwitch in breast cancer
mammary epithelial cells (Livet al. 2009), Zimonjic et al, found increased
expression of SMADS in human hepatocellular canciaoZimonjicet al. 2003).
Liang et al, and Badaet al, found MAP4K4 expression to be associated withrpoo
prognosis in pancreatic cancer (Badtal. 2008; Lianget al. 2008). Haoet al,
found MAP4K4 to be associated with metastasis ilorectal cancer (Haet al.
2010). BCL2 is an anti-apoptotic gene, Tygaal, found that BCL2 was involved
in brain tumour resistance to chemotherapy (Tyaigal. 2002), and Rotlet al,
showed that overexpression of BCL2 increased pmalifon in glioma (Rotlet al.
2000). Salviet al, found that overexpression of miR-23b led to daseel migration
and proliferation abilities of human hepatocellut@rcinoma cells (Salvet al.
2009).

QRT-PCR was then carried out for each of the 7etaggnes in SNB-19
cells which had been transfected with pre-miR-2Bbe to a small amount of
genomic DNA contamination during the RNA extractignwas only possible to
measure the PCR product from MAP4K4 and XIAP, asrghwas sufficient
separation of the cycle threshold number from atopk generated from RNA and
that of the genomic DNA.

The PCR amplicons were resolved on a 2.5% agarekdogcheck for
additional bands including primer-dimers (PD), therere none present. A PD is a
potential by-product in PCR, it consists of prinmolecules that have attached to
each other due to strings of complementary basekerprimers. No bands were
expected in lane 4 for each gene (RT negative ahntwhich was the case with
XIAP, SMAD5, MAP4K4, and MET; however bands derivikdm genomic DNA
were present in the gel for BCL2, PDGFA and B-gatthich were not as strong as
lanes 1 to 3, but the band in lane 4 for SEMADG6 stasng. The presence of a band
in lane 4 indicated the presence of genomic DNAun PCR reaction. However
with the exception of SEMADSG6 the fourth band wabei absent or fainter than the

other bands, confirming that sufficient ampliconsrevamplified specifically for the
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target genes. To prevent DNA contamination theagx®éd RNA could have been
treated with DNase (an enzyme which digests DNAjetmove any DNA carried
over in the RNA extraction.

QRT-PCR showed that a 65.3% knockdown of XIAP \@akieved with
overexpression of miR-23b in the glioma cell lifdB519. This was a very strong
inhibitory effect with a single miRNA. Thability of cancer cells to resist apoptosis
is crucial for development, progression, and trestihmesistance. XIAP is the most
potent member of the inhibitor of apoptosis (IARmily (Deveraux and Reed
1999). XIAP is a direct inhibitor of cell death peases, it directly inhibits caspase-3
and 7; these caspases are highly conserved throughe animal kingdom
(Deverauxet al. 1997). These have a protective effect againstliteon and anti-
cancer drugs (LaCasst al. 1998). Shiet al, have shown miR-21 to also target
caspase-3 in addition to targeting caspase-9 iomglj leading to cell growth
suppression and invasion reduction (8&hal. 2008). XIAP could potentially play a
very significant role in glioma progression. As firesent study has shown miR-23b
to be decreased in invasive glioblastoma with & Ipigliferation rate, it is possible
that a decrease of miR-23b expression in glioblaatand subsequent unregulated
expression of XIAP, has led to the ability of gliagtomas to evade apoptosis,
which has possibly contributed to resistance andigment progression in
glioblastoma.

Future work will include the confirmation by westeblot, of decreased
protein levels of XIAP in SNB-19 cells overexpregsi miR-23b. Further
confirmation of XIAP as a target gene for miR-23buld include cloning of 3
stably transfected plasmids (Fig. 4.12.3) eachainimg an XIAP 3'UTR with one
of the 3 potential binding sites for miR-23b (Kg12.2), downstream of a reporter
gene e.g. luciferase or GFP; this could then besfezted into glioblastoma cells
with pre-miR negative and pre-miR-23b. MiR-23b wabthen bind to the 3’ UTR of
the XIAP gene, and downregulate the gene. BindihgnidR-23b would reduce
luciferase expression levels if XIAP is a spectheget of miR-23b in glioma cells.
This would confirm XIAP as a target of miR-23b, aaldo determine the exact
binding site of miR-23b on the XIAP gene.
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It would also be interesting to check the presesfcmiR-23b in the lower
grade tumours, as it has only been examined inhigkeer grade tumours. This

would indicate if miR-23b is associated with malghprogression in glioma.

58 - aucacauugccagggauuacc - 78

fttp://mirbase.org/cqgi-bin/mirna_entry.pl?acc=M|10d439

Fig 4.12.1Mature sequence of hsa-miR-23b.

3' ccAUU--AGGGACC---GUUACACUa 5' hsa-miR-23b

LEE 0 bl
999:5' gUUAACCUUUUUGGUGCCAAUGUGAa 3' XIAP

3' ccauuagggaccGUUACACUa 5' hsa-miR-23b

ST
3102: 5'agugaguguauaUAAUGUGAuU 3' XIAP

3' ccauuagggaccGUUACACUa 5' hsa-miR-23b

LT
4634:5' auacaguuaacaCAAUGUGAa 3' XIAP

(Wwww.microrna.org

Fig. 4.12.2Three predicted binding sites of miR-23b in thding sequence for the
XIAP gene.
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CMV Luciferase XIAP 3'UTR

I

CMV: cytomegalovirus. XIAP: X-linked inhibitor ofpoptosis 3'UTR: 3 prime
untranslated region.

Fig. 4.12.3Plasmid containing XIAP 3'UTR, and the reportengduciferase.

Effect of miR-93 and miR-23b on Invasion Activity d Glioma

The effect of anti-miR-93 was examined on the invasctivity of SNB-19 to see if

by decreasing the expression of miR-93 that thiddcalso decrease invasion. No
effect on invasion was found (Fig. 3.8.27). Inchegghe expression of miR-23b
with pre-miR-23b to try to decrease invasion in SNBhad no effect (Fig. 3.8.28).
Unfortunately the cell line SNB-19 was sensitive ttte transfection reagent
lipofectamine 2000; this alone had a strong inbityiteffect on invasion. In addition

the negative control for pre-miR had an even steomghibitory effect on invasion;

this made it difficult to accurately measure ineasiactivity when SNB-19 was

transfected with miR-93 and miR-23b. However, aR+®8 and miR-23b have

previously been shown to directly inhibit proliféca it is possible they may also
inhibit invasion, as it has been discussed thabnghi cells can switch from a
proliferative to an invasive state and vice versgpeanhding on environmental
influences. Unfortunately it was not possible toaswge invasion with SNB-19 post
transfection with the reagent lipofectamine 2000.may have damaged the
membrane of the cells irreversibly and preventedsion activity. Other methods of
transfection need to be examined that leave thkemembrane intact, such as

different transfection reagents or sonication.
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3.6 Summary and Conclusion

MiRNA Expression in Gliomas

(1)

(2)

3)

(4)

(5)

From the TLDA analysis 62 miRNAs were upregulatednion-invasive
glioblastomas with slow proliferation and 13 werewtregulated in
comparison to invasive glioblastomas with fast ipechtion.

MiR-155 was 4.6 fold downregulated in slow, nonasive glioblastomas;
however, its expression did not correlate withst fiavasive phenotype.
MiR-93 was 3.59 fold downregulated in slow, nonasive glioblastomas in
comparison to fast invasive glioblastomas. MiR-9%erexpression
correlated with high proliferation and invasiven@sd2 glioma cultures, 1
established cell line, and in normal human astexytAnti-miR-93
downregulated proliferation by 13.2 % in an esti#d glioblastoma cell
line, SNB-19. MiR-93 plays a role in proliferatiamgliomas.

High expression of the tumour suppressor gene B8L11 fast invasive
glioma cultures correlated with high expressiomoiR-93, suggesting that
miR-93 targets BCL11B.

MiR-23b was 5.3 fold upregulated in slow, non-invasglioblastomas.
Overexpression of miR-23b resulted in a 30% deeredproliferation over
3 days, and 40% over 5 days. Twice as much miRe2pbession was found
in the slow, non-invasive glioblastoma pool in camgon to the fast,
invasive glioblastoma pool. Overexpression of mB®-2esulted in a 65%
knockdown at mRNA level of XIAP, the most potentntan inhibitor of
apoptosis, which is responsible for resistancergatient in a variety of
cancer types. Therefore, miR-23b might be a promisiandidate for the

development of new targeted treatment options.
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Section 4.0 Future Plans
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4.1 The Effect of Imatinib and Docetaxel on Glioma

(1) It is possible that this study identified a ated form of BCR-AbI in the
established glioma cell line SNB-19, which accoueisthe resistance of this
cell line to imatinib. This mutated protein shouldd analysed further by mass
spectrometry. In addition, it would be interestiogscreen the newly developed
glioma cultures for this mutation.

(2) The strongly synergistic effect of the combioatof imatinib and docetaxel
shown in glioma cells should be validated in thevigedeveloped primary
cultures.

4.2 Temozolomide Resistant Cell Line SNB-19

The temozolomide resistant cell line SNB-19-Tmzveadeped in this study should

be further characterized with regard to its prosif®on and invasion behaviour and
its expression profile of the glial marker GFAPddhe stem cell markers nestin and
CD133. It would also be interesting to examine M@MT and the P53 status, as
both are playing a role in drug resistance. By d@ag for possible mutations or

deletions in proteins of the PI3K/Akt pathway it uld enable us to explore another

mechanism of resistance in this temozolomide @sistell line.

4.3 Response of Glioma Cell Lines to Tyrosine Kinas

(1) As the response to TKIs with the glioma cultuweas not correlated with specific
targets of the TKils, it would be interesting to Koat single nucleotide
polymorphism (SNP) analysis in each culture to idgmutations indicative of
responders or non-responders to TKiIs.

(2) The expression of targets involved in the PR/pathway was examined in
relation to responders and non-responders to TIBIg. examining other
pathways, which might be involved in glioma tumgenesis, such as the PKC,
and MAPK pathways, this would give a better ideaglidma dependency on

such pathways.
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4.4 MiRNA
(1) Validation of other miRNAs identified in the DIA analysis in all newly
developed glioma cultures and the NHAs, to identdgditional miRNAs

involved in the regulation of proliferation and asion in glioma.

(2) Western blot analysis of XIAP in SNB-19 cellssp transfection with pre- miR-

23Db, to measure the amount of protein knockdowh mitR-23b.

(3) Investigation of the phenotypical effect resgt from miRNA-23b
overexpression by using a stable transfection sys®y cloning a plasmid
containing the XIAP 3'UTR containing binding sitder miR-23b, and a
luciferase reporter gene into glioma cells, thisildaallow us to identify if XIAP
is a specific target of miR-23b.
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