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Abstract 

Gliomas are among the most difficult of tumours to treat. Their highly invasive 

nature leads to recurrence even after aggressive therapy including surgery, 

radiotherapy and chemotherapy. A promising target for new therapies are tyrosine 

kinases, because they regulate a large range of proteins involved in growth, 

metabolism and differentiation. The receptor tyrosine kinases, epidermal growth 

factor receptor (EGFR), platelet derived growth factor receptor (PDGFR) and C-Kit, 

as well as the non-receptor tyrosine kinase C-Abl are often amplified, 

overexpressed, and/or mutated in gliomas and play an important role in glioma 

development. A number of tyrosine kinase inhibitors (TKIs) have been developed 

and tested in clinical trials with mixed results. 

In collaboration with Beaumont hospital 31 glioma cell cultures were 

established to identify molecular markers indicative of responsiveness to EGFR and 

PDGFR blockade. Each culture was characterised with regard to their protein 

expression profile, their proliferative and invasive behaviour and their 

responsiveness to three TKIs, erlotinib, gefitinib and imatinib, and two 

chemotherapy drugs, docetaxel and temozolomide.  

All data of 26 high-grade gliomas (20 primary glioblastomas, 2 secondary 

glioblastomas, and 4 grade III astrocytomas including medical history of the patients 

were analysed using hierarchical clustering analysis (HCA) and principal component 

analysis (PCA) employing multivariate statistics.  

Two distinct clusters of samples were found, which separated by the 

expression of PTEN and PDGFR-α in cluster 1 and predominately PDGFR-β, 

EGFR, phosphorylated C-Kit (p-C-Kit) and phosphorylated C-Abl (p-C-Abl) 

expression in cluster 2. Principal components analysis of the culture data captured 

55% of the variance in the dataset showing PTEN, PGDFR-α and PGDFR-β loading 

vectors in approximately the same direction.  

Imatinib responsiveness was strongly correlated with high expression levels 

of PTEN and PDGFR-α. Responsiveness to erlotinib was correlated with the lack of 

expression of all proteins tested, while non-responders showed higher expression of 

PTEN and PDGFR-α. Responders to gefitinib fit into two groups, the majority 

(group 1) were influenced by the expression of the proteins tested, while the second 

smaller group correlated with the lack of protein expression. Non-responders to 



 14 

erlotinib and gefitinib showed higher expression of PTEN and PDGFR-α; in 

contrast, these markers were highly expressed in imatinib responders. While 

influenced by the proteins; erlotinib response may be characterised by lack of 

expression of those markers. 

 In a panel of 2 glioma cell lines and 2 glioma cultures tested, the 

combination effect of imatinib and docetaxel was tested and a strongly synergistic 

inhibition of the drug combination on proliferation and invasion was seen.     

According to their proliferative and invasion characteristics two pools of 

glioblastoma cultures were chosen and analysed for their microRNA expression. 

MiR-93 was upregulated in highly proliferative glioblastoma cultures, 

downregulation of miR-93 reduced proliferation by 13.2%. Validation of miR-93 

expression profile in 12 primary glioma cultures, one established glioblastoma 

culture and normal human astrocytes suggested that miR-93 played a role in the 

regulation of glioma proliferation and invasion. MiR-23b was upregulated in slowly 

proliferating glioblastoma cultures. Increased expression of miR-23b in a glioma 

cell line decreased proliferation by up to 40% and resulted in a 65% knockdown of 

the X-linked inhibitor of apoptosis gene (XIAP), which has been identified as the 

most potent member of the inhibitor of apoptosis (IAP) gene family. XIAP protects 

cancer cells against irradiation and anti-cancer drugs by binding to and inhibiting 

caspase-3, 7 and 9, caspases are enzymes involved in apoptosis, this makes XIAP an 

ideal target in the battle against cancer. 
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1.1 Background 

The majority of brain tumours occur in adults from the age of 35 and older. Each 

year in the United States about 180,000 adults are found to have a brain tumour. In 

Ireland there were 302 malignant and 39 begnin registered cases of brain tumours in 

2007 . 

High-grade gliomas are the most common primary central nervous system 

neoplasms in adults. They are considered to be among the deadliest of human 

cancers (Jemal et al. 2005). Glioblastoma is the most common and aggressive 

primary malignant cancer of the central nervous system. Despite current therapies 

the average survival rate of a patient with a glioblastoma is 14 months (Stupp et al. 

2005). The lethality of a glioblastoma is due to characteristics such as high growth 

rate, extreme invasiveness, and intrinsic resistance to current therapies. Even novel 

treatments have not substantially improved the survival rate of glioblastoma patients 

so far. The use of personalized medicine, by targeting essential molecular 

mechanisms involved in the survival of the tumour, provides new hope. 

Glioblastomas commonly express molecular or genetic abnormalities that influence 

signal pathways which regulate cell proliferation. Overexpression of EGFR and/or 

mutations of tumour suppressor genes such as phosphatase and tensin homolog 

(PTEN) (Frederick et al. 2000) are the most common oncogenic alteration in 

glioblastomas. These gains or losses may promote cancerous behaviour but also may 

be targets for new treatments.                     

The increasing knowledge of cell-growth signalling pathways and the role of 

oncogenes and tumour suppressor genes in tumorigenesis are critical for the 

development of new molecular-based approaches for the treatment of brain tumours. 

These new therapies may lead to improved prognosis for patients with brain 

tumours. 

 MicroRNAs (miRs), although known for several years, are lately gaining 

increasing importance in cancer research. Every type of tumour analysed has shown 

significantly different miR profiles, compared to normal cells from the same tissue. 

MiRs are small non-coding regulatory RNA fragments of 20-22 nucleotides. They 

regulate a variety of cellular pathways through the control of target gene expression. 

They bind mRNA through partial homology and, in doing so, can  potentially 

regulate the expression of multiple targets (Zhu et al. 2007), most of which are still 

largely unknown. There are indications that miRs might regulate the expression of 
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up to 30% of the genome (Lewis et al. 2005). MiRs are now emerging as master 

regulators, which can act as oncogenes or tumour suppressors. 

 

1.2 Glial Cells and Gliomas 

There are over 100 different types of brain tumour. Primary brain tumours are 

classified by histology and location. Primary brain tumours arise from the brain 

itself, in contrast to metastases, which are derived from tumours developed in other 

organs and parts of the body. Primary brain tumours can be benign or malignant. 

Benign brain tumours (e.g. meningiomas, acoustic neuromas, pituitary gland 

tumours) usually grow slowly and can often be removed by surgery depending upon 

their specific location in the brain. Malignant brain tumours tend to grow rapidly 

spreading into the surrounding brain tissue and often cannot be entirely removed 

surgically. Any cell type in the central nervous system (CNS) has the potential to 

become neoplastic, often resulting in mixed cell types within a single tumour. Brain 

tumours are named after their cell type of origin. A schematic drawing of glial cell 

types present in the CNS is seen in figure 1.1. Astrocytes are stellate cells with 

numerous processes contacting several cell types in the CNS. These star-shaped 

cells provide structural and physiological support for neurons in the CNS. 

Astrocytes are named after the greek word "astro" meaning "star". Oligodendrocytes 

form the myelin sheets around axons and have an insulating function; they can 

myelinate up to 50 axonal segments. A number of interactions between glial cells, 

particularly between astrocytes in the mature CNS, are 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 their interactions (Baumann 
and Pham-Dinh 2001). Neurons conduct electrical impulses in the brain, astrocytes 
provide structural support, oligodendrocytes form myelin sheaths around axons, 
microglia are involved in the immune response in the brain. 
 

1.2.1 Gliomas 

Gliomas are formed from the glial component of the nervous system. These are the 

most common primary brain tumours. Gliomas are very heterogenous with an 

infiltrative growth pattern with the majority being resistant to both radiotherapy and 

chemotherapy. It is thought that a small population of cancer stem-like cells is 

responsible for resistance to therapy in gliomas (Auger et al. 2006; Kolenda et al. 

2010). Brain tumours have been classified by the World Health Organisation 

(WHO) according to their cell type and malignancy. Gliomas are comprised of 

astrocytomas, oligodendrogliomas, oligoastrocytomas, and ependymomas. These 

tumours are graded according to their malignancy: astrocytomas I-IV, the latter also 

being known as glioblastoma; oligodendrogliomas and oligoastrocytomas grade II 

(low-grade) and grade III (anaplastic) lesions (Francis Ali-Osman 2005). 

1.2.2 Astrocytomas 

Astrocytomas usually occur in the cerebral hemispheres, however they can be found 

in any location in the CNS. They are derived from astrocytes, show diffuse 

 

Different types of glial cells in the CNS 
and their interactions

←Myelin sheath 
containing axons

←Axon 
terminal

←Blood vessel

(Baumann, 2001)
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infiltration of brain structures, and low-grades tend to progress to more malignant 

phenotypes. Malignant astrocytomas are the most frequent intracranial neoplasms, 

and comprise more than 60% of all primary brain tumours. Table 1.1 gives the 

WHO classification of astrocytomas, based on histological criteria and molecular 

changes. The mean age of occurrence for low grade astrocytomas is 34, whereas 

higher grade astrocytomas typically occur within the age range of 40-70 years. Some 

low-grade astrocytomas progress rapidly to higher grades (1-2 years), while some 

may show no change in histological grade over more than 10 years. Grade II 

astrocytomas and higher grades exhibit diffuse invasion and a high rate of 

transformation, in addition primary glioblastomas are angiogenic, with a higher 

proliferation rate and increased cellular necrosis than lower grade gliomas (Fig. 1.2). 

Progression to a higher grade astrocytoma is associated with an increase in multiple 

genetic alterations. Tumour p53 mutations and overexpression of platelet derived 

growth factor (PDGFR) are associated with low-grade diffuse astrocytomas. Loss of 

heterozygosity (LOH) on chromosome 19q is associated with anaplastic 

astrocytomas. LOH on chromosome 10/MMAC1/PTEN, PDGFR amplification, and 

loss of DCC (deleted in colorectal cancer) are characteristic of glioblastoma (Table 

1.1). Most gene amplification events in high-grade astrocytomas involve the gene 

for the receptor tyrosine kinase, EGFR. Half of all glioblastoma cases have receptor 

amplification associated with gene rearrangement. The most common mutation is 

EGFRvIII. The DCC gene encodes a protein involved in neural cell adhesion. Loss 

of DCC expression is increased during transformation from low-grade astrocytoma 

to glioblastoma. Primary glioblastomas usually occur in older patients who do not 

have a prior history of lower-grade astrocytoma, typically affecting older patients 

with an average age of 55 years (Paul Kleihues 1997). These primary glioblastomas 

generally overexpress EGFR, a tyrosine kinase receptor with downstream effects 

resulting in cell proliferation and invasion. Secondary glioblastomas are thought to 

arise from lower-grade astrocytomas and usually occur in younger age groups 

(Nagane et al. 2001). These glioblastomas generally do not overexpress EGFR; 

instead, they commonly have mutations in tumour suppressor gene p53 (Frederick et 

al. 2000), which is responsible for cell-cycle control, DNA repair after radiation 

damage, and induction of apoptosis, p53 is mutated in approximately 50% of 

cancers and in 30% of gliomas (Frankel et al. 1992) resulting in decreased 

apoptosis, and predisposition towards neoplastic transformation. There is an 
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increased risk of developing an astrocytoma when exposed to irradiation of the 

CNS. There is also a genetic susceptibility including Li-Fraumeni syndrome, p53 

germline mutations, Turcot syndrome and the NF1 syndrome (Paul Kleihues 1997).



 21 

Table 1.1 WHO classification of diffuse astrocytomas (Paul Kleihues 1997).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Pathways to glioblastoma formation (Maher et al. 2001). There are two 
types of glioblastoma, (1) a secondary glioblastoma which is derived from a low 
grade astrocytoma and progresses to a glioblastoma over a number of years; (2) a 
primary glioblastoma occurs spontaneously. There are large differences in clinical 
features between primary and secondary glioblastomas. 
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LOH on chromosome 

19/MMAC1/PTEN 

Loss of DCC 

IV Secondary 
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Nuclear atypia, mitoses, 

endothelial proliferation 

and/or necrosis 

P53 mutations 

LOH on chromosome 

19/MMAC1/PTEN 

Loss of DCC 
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1.2.3 Oligodendrogliomas 

Oligodendrogliomas are derived from oligodendrocytes and account for 5-12% of all 

glial tumours. They are usually found in the cerebrum, especially in the frontal or 

temporal lobes, and at the optic nerve. They are more common in adults than in 

children, with a mean occurrence age of 40-49 years. Survival rates range from 3-10 

years. They appear as grade II and III (anaplastic). Oligodendrogliomas with 1p19q 

respond well to treatment with a combination of procarbazine, CCNU, and 

vincristine (PCV) (Paul Kleihues 1997). Loss of 1p19q are associated with 

sensitivity of brain tumours to chemotherapy and radiotherapy, improved outcome 

with temozolomide treatment has been associated with promoter methylation of 

MGMT and  loss of heterozygosity (LOH) of 1p and 19q in glioma patients (Rivera 

et al. 2010). Oligodendrogliomas are clinically less aggressive than astrocytomas, 

and tend to have a better prognosis than other gliomas. EGFR amplification and 

LOH on chromosomal region 19q are predictors of shorter progression-free survival 

giving a more aggressive form of tumour, and LOH on chromosomal region 1p is 

associated with longer survival. Mutations in p53 are found in about 10-15% of 

cases. Half of all oligodendrogliomas have EGFR overexpression (Paul Kleihues 

1997). 

1.2.4 Mixed Gliomas 

Mixed gliomas are made up of two or more neoplastic cell types. The most common 

mixed gliomas are oligoastrocytomas (Paul Kleihues 1997) which consist of 

oligodendrocytes and astrocytes; the cell types may be mixed or found in two 

separate areas, resembling oligodendroglioma or an astrocytoma. Oligoastrocytomas 

appear as WHO grade II and III. The mean age of occurrence is 45 years. 

Oligoastrocytomas are usually found in the cerebral hemisphere, the frontal lobes 

are typically more affected, than the temporal lobes. Some oligoastrocytomas 

respond well to treatment with PCV. 30-50% of oligoastrocytomas have LOH of 1p 

and 19q, 30% also have mutations of the p53 gene and/or LOH on 17p. The survival 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tumour grade Mutations 

 

Oligoastrocytomas   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 19q and 1p 

  EGFR overexpression and amplification 

 

Anaplastic 

Astrocytoma 

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

The protein tyrosine kinases (PTKs) regulate a large range of proteins involved in 

processes including growth, metabolism and differentiation. They are divided into 

receptor and non-receptor tyrosine kinases, which initiate signalling processes by 

phosphorylation (activation) and dephosphorylation (deactivation) of a variety of 

downstream proteins including PI3K/Akt and members of the RAS/RAF/MAPK 

pathway (Schlessinger 2000). As previously mentioned progression to a higher 

grade astrocytoma is associated with an increase in multiple genetic alterations. The 

identification of genetic mutations in high-grade astrocytic tumours opened a whole 

field for possible new therapies, shifting away from the deregulated cell cycle 

control as the only target. The most prevalent mutations in high grade astrocytomas 

include the receptor tyrosine kinases (RTKs) EGFR, PDGFR, and the vascular 

endothelial growth factor receptor (VEGFR). Overexpression or gene loss results in 

increased downstream neoplastic signalling, and may promote neoplastic cell 

behaviour. Recent advances in our understanding of the signalling pathways of these 

growth factor receptors involving their downstream effectors, e.g. phosphoinositol3 

kinase (PI3K)-AKT, RAS-mitogen-activated protein kinase (MAPK), made these 

available as targets and novel treatments have been developed, which resulted in 

some improvements, particularly in quality of life (Haas-Kogan et al. 2005).  

 

1.3.1 Epidermal Growth Factor and its Receptor  

EGFR is a receptor tyrosine kinase which plays an important role in normal tissue 

development and carcinogenesis. EGFR signalling promotes proliferation, 

migration, and invasion, and inhibits glioma cell apoptosis (Hynes and Lane 2005). 

EGFR is abnormally activated in 70% of solid cancers, and is amplified or 

overexpressed in up to 60% of primary glioblastomas (Omuro et al. 2007). EGFR 

amplification is the most common genetic abnormality in high-grade gliomas 

(Ziegler et al. 2008). EGFR is a type I cell surface receptor kinase and a member of 

the ErbB family which has 4 receptor members: EGFR/ERBB1, ERBB2, ERBB3 

and ERBB4. EGFR is a highly glycosylated 170 kDa membrane spanning protein, 

with a single polypeptide chain of 1186 amino acids. The extracellular domain of 

EGFR has four subdomains designated I, II, III and IV. The domains I, II and III 

form the ligand-binding pocket (Fig. 1.3) (Ogiso et al. 2002). ERBB2 is the 
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heterodimerization partner of the other ligand-bound family members. Without the 

presence of a ligand EGFR exists as monomers on the cell surface. All have an 

extracellular ligand binding region, a single membrane spanning region and a 

cytoplasmic tyrosine kinase containing domain. The receptors are expressed in 

epithelial, mesenchymal and neuronal tissue. The EGF ligands are specific for each 

receptor (Fig. 1.4). Ligand binding to EGFR results in the formation of receptor 

homo- and heterodimers, depending on dimerization with itself or with another ErbB 

family member, and to phosphorylation of specific tyrosine residues in the 

cytoplasmic tail. These phosphorylated residues serve as docking sites for a number 

of proteins, resulting in the activation of intracellular signalling pathways (Fig. 1.5). 

The main pathways activated in response to EGFR and ERBB2 phosphorylation 

include MAPK, PI3K-AKT, signal transducer and activator of transcription (STAT) 

and SRC tyrosine kinase (Fig. 1.8) (Hynes and Lane 2005). 
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Fig. 1.3 EGFR structure and ligand binding (Zandi et al. 2007). The extracellular 
domain of EGFR has 4 subdomains I, II, III and IV, the domains I, II and III form 
the ligand binding pocket (A). Ligand binding to EGFR results in the formation of 
receptor homo- and heterodimers and to phosphorylation of specific tyrosine 
residues in the cytoplasmic tail; these phosphorylated residues serve as docking 
sites for a number of proteins, resulting in the activation of intracellular signalling 
pathways (B). 
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Fig. 1.4 Schematic diagram of EGFR receptors and their ligands. There are four 
types of EGFR receptors, ERBB1, ERBB2, ERBB3 and ERBB4. Each receptor has 
specific ligands. 
 

1.3.1.1 EGFR and Cancer 

Gene amplification causing EGFR overexpression is commonly found in cancers. 

Many EGF-related growth factors are produced by the tumour cells or the 

surrounding stromal cells giving rise to constitutive EGFR activation. EGFR 

amplification can be caused by structural rearrangements resulting in in-frame 

deletions in the extracellular domain of the receptor, e.g. EGFRVIII variant. The 

resulting mutant protein is ligand independent and constitutively phosphorylated. 

This variant has been found in glioma, breast, lung and ovarian carcinomas. Mutant 

EGFR activates the pro-survival pathways PI3K-AKT and STAT (Hynes and Lane 

2005). Mammalian target of rapamycin (MTOR), a serine/threoine kinase, a 

downstream activator of the PI3K-AKT pathway, plays a very important role in 

tumour cell growth and proliferation, by sensing the availability of nutrients/energy. 

MTOR can also be activated by stimuli other than RTKs (Hynes and Lane 2005).  

Mechanisms by which EGFR signalling becomes oncogenic include: (1) 

overexpression of EGFR, (2) autocrine and/or paracrine growth factor loops, (3)  
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heterodimerization with other EGFR family members and cross-talk with 

heterologous receptor systems, (4) failure in receptor downregulation and (5) 

activating EGFR mutations (Fig. 1.5). 

 

 

Fig. 1.5 Mechanisms leading to EGFR oncogenic signalling: (1) overexpression of 
EGFR, (2) autocrine and/or paracrine growth factor loops, (3) heterodimerization 
with other EGFR family members and cross-talk with heterologous receptor 
systems, (4) failure in receptor downregulation and (5) activating EGFR mutations 
(Zandi et al. 2007). 

 

1.3.1.2 EGFR as a Target for Cancer Therapy 

EGFR receptor overexpression has been found in many human tumours, providing 

an ideal candidate for selective therapy. Many monoclonal antibodies targeting 

EGFRs, are already in clinical trials e.g.: Trastuzumab (Herceptin), Pertuzumab 

(Omnitarg), Cetuximab (Erbitux), Matuzumab, and Panitumumab. However, 

monoclonal antibodies are of limited use in glioma therapy, because of the restricted 

passage through the blood brain barrier (BBB). An alternative treatment option is 

the use of tyrosine kinase inhibitors. They are small molecules preventing 

phosphorylation of tyrosine kinases, which results in the inhibition of downstream 

signalling pathways. Examples of TKIs are Gefitinib (Iressa), Erlotinib (Tarceva), 

Lapatinib,AEE788,CI-
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1033, EKB-569 and EXEL 7647/EXEL 0999, some of which are multifunctional 

inhibitors targeting several TKs. 

It is important to consider that by targeting multiple EGFR receptors this 

may also increase toxicity. Clinical trials have shown that patients with amplified 

EGFR gene and/or elevated EGFR mRNA expression, have a higher response rate to 

TKIs and improved survival, than those with low EGFR copy number and/or mRNA 

expression level (Hirsch et al. 2005; Dziadziuszko et al. 2006). Tumour cells 

containing mutated EGFR have constitutively activated pro-survival pathways 

PI3K-AKT and STAT, and are responsive to TKI treatment resulting in cell 

apoptosis. A subgroup of non small cell lung cancer patients with mutated EGFR 

showed tumour regression to treatment with gefitinib (Paez et al. 2004).  

Another treatment option is a recombinant toxin, TP-38, which consists of 

the EGFR ligand TGF-α. This has been tested in a phase I toxicity trial for the 

treatment of glioblastoma patients with promising results: one patient showed a 

complete response and 3 out of 15 had a partial response, while no toxicity was seen 

(Sampson et al. 2003).  

During development cancer cells typically have acquired multiple mutations, 

causing malignancy; therefore it is unlikely that targeting one specific mutation will 

kill these cells. The benefit of targeting EGFR as a treatment is still under 

discussion; it is not known whether treatment failure is due to ineffective agents, or 

inefficient drug delivery. Resistance to TKIs has become a clinical problem, e.g. 

chronic myelogenous leukemia (CML) patients expressing the oncoprotein BCR-

ABL, usually have complete recovery with imatinib treatment; however, resistance 

to imatinib has been seen more and more, which is due to acquired mutations in the 

BCR-ABL kinase domain (Hynes and Lane 2005).  

Another possibility for the ineffectiveness of TKI treatment could be the 

involvement of compensatory growth pathways. Activation of other RTKs has been 

found, e.g. insulin like growth factor-1 receptor (IGF1R), fibroblast growth factor 

receptor (Adnane et al. 1991; Laban et al. 2003). Therefore, a combination treatment 

targeting ERBB2 and IGF1R has shown reduced cell growth in 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 glioblastomas and EGFRvIII is present in 24-

67% (Heimberger et al. 2005). Amplification and overexpression of EGFR is a 

characteristic of glioblastomas. EGFRvIII overexpression in the presence of EGFR 

amplification is a strong indicator of poor survival in glioblastoma patients 

(Shinojima et al. 2003). The role of EGFR is to mediate cell growth and 

proliferation signals via the PI3K-AKT pathway, which is negatively regulated by 

PTEN (Hesselager and Holland 2003). Mutations in the PTEN gene can further 

predispose the cells toward cancerous proliferation, and are found in 45% of 

glioblastomas (Pan E 2004).  

Following promising results in patients with lung cancer, EGFR blockade 

was tested in recurrent glioblastomas and was successful in a sub-group. About 20% 

of patients responded to erlotinib and gefitinib, as determined by a reduction in 

tumour size measured by MRI. Response was correlated with co-expression of the 

mutated form EGFRvIII and PTEN; however, the detailed mechanism of action is 

still unknown (Mellinghoff et al. 2005). Sordella et al. have shown in lung cancer 

cells that EGFRvIII activates PI3K/AKT signalling and can sensitise cells to the 

EGFR inhibitor, gefitinib (Sordella et al. 2004). It has not been established whether 

this is true for glioblastomas. The loss of PTEN might promote resistance to EGFR 

kinase inhibitors (Bianco et al. 2003).  

 

1.3.2 Platelet Derived Growth Factor and its Receptor  

The overexpression of PDGF and its receptor PDGFR plays an important role in the 

development of cancer through an autocrine stimulation of cancer cells and 

angiogenesis. The PDGF family consists of 4 ligands, PDGF-A, -B, -C, and –D and 

2 receptor tyrosine kinases, PDGFR-α and PDGFR-β (Fig. 1.6). The ligands form 

disulfide-linked homodimers, PDGF-AA, -BB, -CC, -DD, and the heterodimer 

PDGF-AB. PDGFR-α and PDGFR-β, are transmembrane glycoproteins and have 

tyrosine kinase activity (Kanakaraj et al. 1991). PDGFR-α binds A, B and C chains 

with high affinity, while PDGFR-β only binds the B and D chains  (Lokker et al. 

2002; Zhuo et al. 2004) (Fig. 1.6). Ligand binding leads to receptor homo- or 

heterodimerization and autophosphorylation of the tyrosine kinase residues which 
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initiates intracellular signalling cascades (Kanakaraj et al. 1991). Two most 

significant PDGFR signalling pathways are the RAS/MAPK pathway, which 

mediates an increase in proliferation, migration and differentiation (Schlessinger 

1993), and the PI3K-AKT pathway promoting cell survival (Franke et al. 1995). 

PDGF-BB had a more important role than PDGF-AA in normal and tumour 

angiogenesis (Risau et al. 1992). The α–granules of platelets are the main site of 

PDGF formation; other cell types producing PDGF include macrophages, epithelial 

and endothelial cells (Lindroos et al. 1997; Mondy et al. 1997; Demayo et al. 2002). 

Expression of PDGF initiates organ development (Pinzani et al. 1996; Ponten et al. 

2003), and diseases such as fibrosis and atherosclerosis (Wilcox et al. 1988).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 A schematic diagram of PDGF receptors and actions. The ligands form 
disulfide-linked homodimers, PDGF-AA, -BB, -CC, -DD, and the heterodimer 
PDGF-AB. PDGFR-α and PDGFR-β, are transmembrane glycoproteins and have 
tyrosine kinase activity PDGFR-α binds A, B and C chains with high affinity, while 
PDGFR-β only binds the B and D chains.  
 

 

1.3.2.1 PDGFR in Glioma 

PDGFR and PDGF are commonly overexpressed in glioma, especially in secondary 

glioblastoma. The overexpression is associated with p53 tumour suppressor gene 
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loss (Omuro et al. 2007). One of the most common cellular signalling defects found 

in brain tumours, is the presence of a PDGF/PDGFR autocrine loop. The activation 

of the PDGF/PDGFR autocrine loop is thought to be an early event in the 

pathogenesis of malignant astrocytomas, and continues to play a role in late stage 

tumour maintenance (Guha et al. 1995). This occurs in all brain tumour grades, 

including low-grade and anaplastic astrocytomas, and glioblastomas (Maher et al. 

2001). In addition to PDGF-A and –B, Lokker et al. identified the ligands –C and –

D. They also found that PDGF-C was ubiquitously expressed in glioblastoma cells 

and tissue, but its expression was low or absent in normal adult and foetal brain. 

PDGF-D was expressed in 10 of 11 glioblastoma cell lines and in 3 of 5 primary 

brain tumour samples (Lokker et al. 2002). Looking for PDGFR expression in a 

series of 101 glioblastoma tissue samples Haberler et al, found 25.8% expressed the 

α form and 24.8% expressed the β form (Haberler et al. 2006). Nister et al, 1991 

found three different phenotypes in 12 out of 13 glioma cell lines, those that 

expressed PDGFR-α or PDGFR-β only, and those that expressed both receptors 

(Nister et al. 1991).  

 

1.3.3 C-Kit 

KIT, a receptor tyrosine kinase, and its ligand stem cell factor (SCF), are highly 

expressed in embryonic and adult mouse brain, and play an important role in 

proliferation, differentiation, as well as in cancer cell metastasis, and glioma 

development (Stanulla et al. 1995). SCF induces angiogenesis in the normal brain, 

and probably in brain tumours since it is found in human gliomas. Expression of C-

Kit protein was found only in a small number of tissue samples of low and high-

grade gliomas (Blom et al. 2008) and in 4 out of 101 glioblastomas (Haberler et al. 

2006). While in cell lines, C-Kit mRNA or protein was detected in about 50% 

(Hamel et al. 1992) to 100% (Stanulla et al. 1995). The coexpression of the receptor 

kinase C-kit and its ligand SCF was found in the cytoplasm of glioma cell lines, 

suggesting its involvement in the autocrine growth regulation of glioma cells 

(Stanulla et al. 1995). 

SCF signalling includes the PI3-kinase-AKT, the phospholipase C, the 

STAT and the RAS/MAPK pathways leading to proliferation, differentiation, cell 

cycle regulation and apoptosis. It is suggested that KIT plays a role in altering cell 
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growth and size, and might be responsible for the transformation of astrocytes to 

gliomas (Blom et al. 2008).  

 

1.3.4 C-Abl 

C-Abl is a ubiquitously expressed non-receptor tyrosine kinase, which is activated 

by a number of signals including DNA damage and cell adhesion interactions. 

Expression of C-Abl is found in the nucleus and the cytoplasm and is involved in 

two cell responses, cell cycle arrest and apoptosis. C-Abl activates p53 (a cellular 

tumour suppressor). Under cellular stress p53 is negatively regulated by Mdm2, 

upon C-Abl phosphorylation p53 is dissociated from Mdm2 resulting in active p53, 

on recovery from damage p53 reassociates with Mdm2 to form a stable complex 

(Fig 1.7) (Levav-Cohen et al. 2005). Haberler et al, found C-Abl expression in just 7 

out of 101 glioblastoma tissue samples (Haberler et al. 2006). Using tissue samples 

on a protein lysate array, Jiang et al. found overexpression of C-Abl in 

glioblastomas compared to lower grade gliomas, and suggested an association with 

poor survival (Jiang et al. 2006). 

The oncogenic form of C-Abl occurs when the N-terminal portion of C-Abl 

is replaced with fragments of genes such as bcr, tel or the viral gag, forming the 

fusion tyrosine kinases Bcr-Abl, Tel-abl, and v-Abl (Shteper and Ben-Yehuda 2001; 

Wong and Witte 2004). The most important oncogenic form is Bcr-Abl; it is a 

cytoplasmic protein that triggers mitogenic and anti-apoptotic signals. Bcr-Abl 

promotes cell proliferation and counteracts p53-mediated apoptosis, by causing 

constitutive anti-apoptotic signals. Bcr-Abl is present in over 95% of CML patients 

(Levav-Cohen et al. 2005). 
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Fig. 1.7 The p53/ Mdm2 negative auto-regulatory loop (Levav-Cohen et al. 2005). 
With cellular stress p53 is negatively regulated by Mdm2, upon C-Abl 
phosphorylation p53 is dissociated from Mdm2 resulting in active p53, on recovery 
from damage p53 reassociates with Mdm2 to form a stable complex. 
 

1.4 Signal Transduction Pathways 

There are a number of different signal transduction pathways associated with the 

various receptors mentioned above. In the following paragraphs two of the pathways 

will be discussed in detail: the RAS/MAPK pathway, and the PI3K/AKT/MTOR 

pathway. These cellular signalling pathways are required for normal cell physiology 

(Schlessinger 2000). In gliomas, however, these pathways are overactive due to the 

overexpression and constitutively activated RTKs (Ali et al. 1999). The 

RAS/MAPK and the PI3K/AKT/MTOR pathway, in particular, are involved in 

tumour resistance to radiotherapy and chemotherapy.  

 

1.4.1 RAS/MAPK Pathway 

In normal cellular proliferation RAS proteins control signalling pathways which are 

key regulators of cell growth. Overactivation of the RAS/MAPK pathway can 

increase cellular proliferation, migration and differentiation in several types of 

cancers including gliomas (Schlessinger 1993). RAS is a membrane-bound G-

protein; it exists in an inactive GDP-bound form and an active GTP-bound form. 

RAS is activated by RTKs, including EGFR, PDGFR, other growth factor receptors 

and cytokines (Gullick 2008). Activated RAS recruits Raf to the cell membrane. Raf 

activation requires phosphorylation of a tyrosine residue by a SRC kinase, and/ or 

phosphorylation of serine/threonine residues by PKC. Activated Raf 
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activates/phosphorylates mek kinases and subsequently MAPK and ERK, causing 

ERK translocation to the nucleus. ERK-2 activates nuclear targets such as 

topoisomerase II-α, a cell cycle progression mediator, and transcription factors 

including cyclic AMP response element binding protein (CREB), oestrogen 

receptor-α (ER-α), Iκ-B/NF-κB, and C-Fos. Activation of these transcription factors 

results in the expression of oncogenes involved in cell cycle progression, cell 

growth, neoangiogenesis, and anti-apoptosis (Fig. 1.8) (Wong et al. 2007). MAPK 

activation is partially influenced by the level of EGFR expression. MAPK activity is 

involved in cell migration by interacting with the cytoskeletal machinery; 

phosphorylation of the myosin light chain kinase results in the phosphorylation of 

myosin light chains which generate the force to move the cell forward (Wong et al. 

2007).  

Increased activity of RAS-GTP has been found in high-grade astrocytomas. 

Ras mutations in gliomas are rare in comparison with other cancers (Woods et al. 

2002). It is thought that activation of Ras in malignant gliomas may be due to the 

overactivity of membrane tyrosine kinase receptors (Newton 2003). Ras inhibitors 

such as R111577 (tipifarnib) and SCH66336 (lonafarnib) are being tested in clinical 

trials (Brunner et al. 2003). Both of these demonstrated positive results in preclinical 

studies (Glass et al. 2000). 

 

1.4.2 PI3K/AKT/MTOR Pathway 

The PI3K/AKT pathway promotes cell survival. Phosphoinositide 3-kinase (PI3K) 

regulates EGF-driven cell motility and invasion of glioma, breast, and bladder 

cancer cell lines (Schlessinger 2000). The activation of this pathway is stimulated by 

the growth factor receptors, EGFR, PDGFR, fibroblast growth factor receptor 

(FGFR) and insulin-like growth factor receptor (IGFR). PI3Ks are a family of kinase 

heterodimers with separate p85 regulatory subunits which are phosphoprotein 

substrates for RTKs, such as VEGFR, EGFR and PDGFR and p110 catalytic 

subunits. This pathway is activated either directly through the p85-p110 complex or 

indirectly through RAS. Accumulation of phosphoinositol 3,4,5-triphosphate (PIP3), 

a product of PI3K, is involved in directional movement. This is involved in the role 

of p85-p110α PI3K isoform in localising actin polymerization and lamellipodia 

extension in response to EGF. The accumulation of PIP3 is recognised by Akt which 
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stimulates cell cycle progression and inhibits apoptosis. Akt promotes cell growth 

via the mammalian target of rapamycin (MTOR) signalling. MTOR is a central 

growth regulator. MTOR plays an important role in regulating protein translation 

through phosphorylation of p70 S6 kinase 1 (S6K1), a protein involved in ribosome 

biogenesis, and 4E-BP1 (eIF-4E binding protein), a translation repressor. It has been 

shown that MTOR has a direct linkage to the phosphatidylinositol-3'-kinase 

(PI3K)/PTEN-Akt survival pathway (Endersby and Baker 2008). Phosphatase and 

tension homolog (PTEN) is a major tumour suppressor gene which inhibits cell 

growth. PTEN inhibits PI3K by depleting levels of PIP3. PTEN loss is correlated 

with aggressive phenotypes, indicating it plays a role in tumour cell invasion 

(Schlessinger 2000). PTEN mutations are found in up to 65% of high-grade gliomas, 

and 15% to 40% of primary glioblastomas (Omuro et al. 2007). In glioblastoma, the 

reduced level of PTEN and increased Akt activity has been correlated with more 

aggressive tumour behaviour and reduced survival time in patients (Wong et al. 

2007). 

PTEN mutations are found in 20-40% of malignant gliomas (Cai et al. 2005). 

The loss of function of the PTEN is more commonly found in high-grade gliomas, 

which are extremely invasive. Furukawa et al. introduced the wild-type PTEN gene 

into malignant glioma cell lines, which inactivated Rac and cdc42 (two Rho-family 

GTP-binding proteins), inhibited MMP-2 and 9 enzyme activity and decreased 

MMP-2 mRNA expression. This resulted in a significant reduction of migration and 

invasion activities of the transfected cells (Furukawa et al. 2006).  

Direct inhibitors of Akt have been difficult to develop, and have not been 

tested in glioma clinical trials. As an alternative agents have been developed that are 

directed at the mammalian target of rapamycin (MTOR) pathway (Schmelzle and 

Hall 2000). The classic MTOR inhibitor is rapamycin, initially developed as an 

immunosuppressant for patients undergoing transplantation. This agent works by 

forming a complex that binds to MTOR and inhibits its kinase activity, resulting in 

G1 cell-cycle arrest (Neshat et al. 2001). Preclinical studies have shown that 

rapamycin is cytostatic against xenografts of glioblastoma and medulloblastoma 

(Geoerger et al. 2001). Compared with PTEN-positive tumours, PTEN-negative 

tumours appear to be more sensitive to inhibition by rapamycin (Neshat et al. 2001). 

Rapamycin is unstable in solution and has not been used in many clinical trials. 

Instead, more soluble ester analogs of rapamycin (e.g., CCI-779) have been studied. 
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CCI-779 has been shown to inhibit glioblastoma proliferation in vitro and is 

currently being tested in several clinical trials (Geoerger et al. 2001). 

 

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

Tyrosine kinase inhibitors inhibit the phosphorylation and dephosphorylation of a 

variety of downstream proteins. In addition to the primary effect on growth factor 

signalling, TKIs seem to reduce matrix metalloproteinase (MMP) expression and 

activity, which has a negative effect on the invasion and infiltration abilities of 

tumour cells (Newton 2004). 

Clinical trials using TKI as monotherapy on high-grade astrocytic tumours 

have revealed only modest response rates, confirming in vitro studies, which have 

shown that e.g. effective siRNA silencing of EGFR in receptor-positive cell lines did 

not inhibit proliferation, migration and activation status of EGFR-coupled signalling 

cascades in these cells; suggesting single agent treatment not being sufficient 

(Vollmann et al. 2006). Glioblastoma, as with most epithelial cancers, has multiple 

interactive and dysregulated cell signalling pathways, that will require a multipotent 

combination of targeted therapies for effective invasion blockage and tumour cell 

killing. 

Although there are several combination therapies currently in clinical trial 

phase, very little data are available on the interaction between TKIs directed at 

EGFR and PDGFR/C-Kit/C-Abl, and conventional, cytotoxic drugs.  

 

1.5.1 Imatinib  

A promising TKI is Imatinib (GLEEVECTM, STI1571, Novartis), it was specifically 

developed to treat chronic myeloid leukaemia (CML), many CML patients have 

shown a full recovery with imatinib treatment. It specifically inhibits BCR-ABL, 

created as a consequence of a (9:22) chromosomal translocation: known as the 

Philadelphia chromosome and used as a diagnostic marker for CML (Druker 2001). 

The chromosomal translocation causes the fusion of two broken genes, the BCR 

gene on chromosome 9, and the ABL gene on chromosome 22, to give a new gene 

called BCR-ABL. The ABL gene produces a tyrosine kinase, which controls growth 

and division. The fusion protein BCR-ABL contains unregulated tyrosine kinase 

activity, and is the target for imatinib (le Coutre et al. 2004). The development of 

imatinib began in the late 1980s, when several pharmaceutical companies initiated 

screens, to identify compounds that would interact with the BCR-ABL tyrosine 

kinase. The drug was approved in 2001.  
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Imatinib is a small molecule belonging to the group of 

phenylaminopyrimidines which have been shown to interact with and inhibit 

tyrosine kinases. Its main metabolite is N-desmethyl-imatinib. Imatinib itself 

specifically targets the BCR-ABL tyrosine kinase, blocks any growth signals, which 

the abnormal protein generates and prevents cell proliferation (le Coutre et al. 2004). 

Imatinib also inhibits the tyrosine kinases PDGFR-α, PDGFR-β, the stem 

cell factor receptor C-Kit, the non-receptor protein tyrosine kinase C-Abl, and 

BCRP expression. PDGFR expression status is directly correlated with imatinib 

sensitivity (Kilic et al. 2000; Hagerstrand et al. 2006). However, Haberler et al. 

showed no correlation between the expression of these proteins and the response to 

imatinib in glioblastoma patients (Haberler et al. 2006). Imatinib inhibits growth by 

cell cycle arrest by selectively disrupting the PDGF receptor autocrine loop (Kilic et 

al. 2000). Clinical trials using imatinib as a single agent resulted in increased 

progression free survival after 6 months for a small number of patients with 

recurrent glioblastoma (Katz et al. 2004; Raymond et al. 2008). The low treatment 

response could be due to the limited permeability of imatinib into the brain. In mice 

only 20% of imatinib was shown to cross the BBB, as the other 80% is effluxed by 

BCRP and Pgp (Bihorel et al. 2007). Le Coutre et al. have reported a mean peak 

plasma concentration (PPC) for imatinib of 4-5 µg/ml of a 600 mg dose, and 2-3 

µg/ml for a 400 mg dose, 4 hours after oral administration and for the metabolite N-

desmethyl-imatinib 531 ng/ml. The average cerebrospinal fluid (CSF) concentration 

for imatinib was 38 ng/ml, and for N-desmethyl-imatinib it was less than 10 ng/ml 

showing that only a small amount of drug crosses the BBB (le Coutre et al. 2004). 

High-grade glioma patients have a disrupted BBB, which would allow a higher 

concentration of imatinib in the CNS; however, it still might not reach an effective 

concentration. Inhibition of PDGFR alone seems not to be sufficient to stop glioma 

growth, since other pathways might compensate (Wen et al. 2006). 
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Fig. 1.9 Structure of imatinib, molecular formula C29H31N7O·CH4SO3, molecular 
weight 589.7 (Boddy et al. 2007). 
 

1.5.2 Erlotinib 

Erlotinib (TARCEVA®, OSI-774, OSI Pharmaceuticals) is an EGFR-specific TKI. It 

inhibits autophosphorylation of EGFR, resulting in inhibition of EGFR-dependent 

cell proliferation. In combination with temozolomide it has shown antitumour 

activity, in a small group of patients with glioblastoma, resulting in an increased 

survival time (Prados et al. 2009). Responsiveness to erlotinib in patients with 

glioblastomas seemed to be dependent on the co-expression of mutated EGFR 

(EGFRvIII) and the tumour suppressor gene PTEN (Mellinghoff et al. 2005).  

The average PPC of 67 ng/ml erlotinib has been seen in patients who 

received escalating doses ranging from 50 mg/ml to 150 mg/ml of erlotinib 

(Yamamoto et al. 2008). A 75 mg erlotinib dose resulted in an average peak plasma 

concentration for erlotinib and its active metabolite OSI-420 of 30.3 µg/ml and 2.5 

µg/ml, respectively, and in the CSF of 2.1 µg/ml and 0.2 µg/ml, respectively 

(Broniscer et al. 2007). 

 

 

 

 

 

Fig. 1.10 Structure of erlotinib, chemical formula C22H23N3O4·HCL, molecular 
weight 429.90 (rxlist). 
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1.5.3 Gefitinib 

Gefitinib (IRESSA®, ZD1839, AstraZeneca) is a specific inhibitor of EGFR; it 

inhibits the intracellular phosphorylation of Akt and PI3K. This results in inhibition 

of proliferation, angiogenesis and induction of apoptosis. Patients with 

phosphorylated Akt have been shown to be better responders to gefitinib; suggesting 

patients with Akt activation may be more sensitive to gefitinib (Cappuzzo et al. 

2004). An average PPC of a 250 mg oral dose of gefitinib measured 5 hours after 

administration was 85 ng/ml (Swaisland et al. 2005).  

              

 

 

 

 

Fig. 1.11 Structure of gefitinib, chemical formula C22H24ClFN4O3, molecular weight  
446.9 (rxlist). 
 

1.5.4 Elacridar 

Elacridar (GF120918) N-[4-[2-(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2-

yl)ethyl] phenyl]-5-methoxy-9-oxo-10H-acridine-4-carboxamide], a second 

generation Pgp antagonist  is a potent and selective inhibitor of P-gp and BCRP 

which affect drug efflux at nanomolar concentration (Stokvis et al. 2004).  

It has been shown in mice that blockade of both Pgp and BCRP by elacridar 

produced significantly greater brain penetration of imatinib and docetaxel (Kemper 

et al. 2004; Bihorel et al. 2007); this effect has also been seen in glioma cell lines 

with imatinib (Decleves et al. 2008), and with docetaxel in lung cancer cell lines 

(Myer et al. 1999). 

 
 
 
 
 
 
 
 
Fig. 1.12 Structure of elacridar, molecular formula C34H33N3O5, molecular weight 
563.64 (www.chemblink.com). 
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1.6 Mechanisms of Drug Resistance  

Multidrug resistance in tumour cells is due to an ATP-dependent decrease in drug 

accumulation, caused by the overexpression of specific ATP-binding cassette (ABC) 

transporter proteins. Some of the most significant ABC proteins involved in this 

process include P-glycoprotein (MDR1/Multidrug resistance 1/Pgp/ABCB1), the 

multidrug resistance protein 1 (MRP1/ABCC1), MRP2 (ABCC2), and the breast 

cancer resistance protein (BCRP/MXR/ABCP/ABCG2). As well as being involved 

in drug resistance, these proteins also play a role in tissue defence by forming an 

essential barrier in specific tissues (e.g. BBB, blood-CSF barrier, blood-testis barrier 

and maternal-fetal barrier or placenta) and are found in tissues involved in 

absorption (e.g. lung and gut), metabolism and elimination (e.g. liver and kidney) 

(Leslie et al. 2005).  

 

1.6.1 The ATP-binding Cassette Transporter Superfamily 

The ABC protein superfamily is very large and widely expressed throughout the 

body and in tumours. Most of its members actively transport a large range of 

compounds including phospholipids, ions, peptides, steroids, polysaccharides, amino 

acids, organic anions, bile acids, drugs and other xenobiotics. There are 48 ABC 

genes with 7 superfamilies (A-G) that have been identified in humans. Many of the 

ABC transporters require ATP binding and hydrolysis at their nuclear binding 

domain (NBD), to give them the energy to move their substrates across membranes. 

In each NBD three sequences Walker A, Walker B, and a sequence located between 

A and B called the ABC signature motif (or C motif), are conserved among all ABC 

transporter family members and other ATP binding proteins (Leslie et al. 2005). 

Pgp was the first drug transporter to be associated with multiple drug 

resistance, followed by the detection of MRP1, MRP2, MRP3, MRP4, and MRP5. 

BCRP, another important transporter was originally found in a breast cancer cell 

line. BCRP is highly expressed in placenta, and is possibly regulated by sex 

hormones (Allikmets et al. 1998). The role of BCRP and MRP2-5 in drug resistance 

is not fully understood. All of the ABC proteins mentioned are also expressed in 

non-malignant tissue where they protect against xenobiotic accumulation. MRP1 is 

usually located in the basolateral cellular surface, and high levels are found in the 

lung, testis, kidneys, skeletal muscle and peripheral blood mononuclear cells. 
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MRP1, in certain tissues effluxes substrates into the blood. MRP2, BCRP, and Pgp 

are found in the apical surface of epithelial cells and are highly expressed in areas 

that need protection from xenobiotics, including the BBB, the placenta, liver, gut 

and kidneys (Leslie et al. 2005). 

BCRP is activated by hypoxia-inducible transcription factor (HIF-1α), which 

is over-expressed in many primary and metastatic cancers, due to hypoxia or loss of 

Hif-1α-inactivating tumour suppressor genes such as VHL or PTEN (Semenza 

2003). BCRP expression has been correlated with drug resistance in several studies 

about acute myeloid leukaemia (Nakanishi et al. 2003), and a subpopulation of 

tumour cells called a side population. This side population shows high expression 

levels of BCRP; it was hypothesised that this side population represents cells with 

stem-like characteristics (Hirschmann-Jax et al. 2004). Cancer stem cells are 

undifferentiated and have the potential for self-renewal and long term proliferation, 

they can differentiate into many different cell types. This side population has been 

found in a number of human solid cancers, e.g. ovarian carcinoma, small-cell lung 

carcinoma, Ewing sarcoma, and prostate cancer. BCRP has a significant role to play 

in clinical drug resistance and may also have prognostic value. Yoh et al. have 

shown that BCRP -negative non small-cell lung carcinomas had a better rate of 

response to therapy (44%) than BCRP-positive tumours (24%) (Yoh et al. 2004).  

 

1.6.1.1 Specificity for Anticancer Drugs 

Pgp is a primary active transporter of bulky amphipathic natural product type drugs 

e.g. taxanes, vinca alkaloids, anthracyclines, camptothecans, epipodophyllatoxins 

and TKIs. Besides the common substrates transported by Pgp, MRP1 and MRP2, 

they also transport uncharged drugs, like methotrexate, cisplatin, and anthracyclins 

Overexpression of MRP2 is associated with cisplatin resistance. MRP1 and MRP2 

also transport metabolites of alkylating anticancer agents including chlorambucil 

and cyclophosphamide. BCRP causes resistance to a smaller range of anticancer 

agents, including anthracyclines, mitoxantrone, toptotecan, and the topoisomerase I 

inhibitor camptothecin, but does not transport vinca alkaloids, epipodophyllatoxins, 

paclitaxel or cisplatin. BCRP gives resistance to anthracyclines. The MRPs cause 

resistance to methotrexate after short-term exposure, whereas BCRP causes 
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resistance to methotrexate after long-term exposure to methotrexate (Leslie et al. 

2005). 

 

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

Parenchyma 

The BBB and the blood cerebro spinal fluid barrier (BCB) act as an interface 

between the circulatory systems. The BBB is made up of a monolayer of brain 

capillary cells, fused together by zonulae occulents and tight junctions to give a 

continuous cellular barrier, which is impermeable to almost everything except the 

smallest lipid soluble compounds. BBB capillaries are covered with a continuous 

basement membrane enclosing pericytes and a cell layer. An astrocytic foot is in 

contact with the basement membrane and plays a role in the establishment and 

maintenance of the brain endothelial cell phenotype. Drug metabolising enzymes 

including cytochrome P450 haemoproteins and UDP-glucoronosyltransferases 

provide an enzymatic barrier (Fig 1.12) (Leslie et al. 2005). 

The BCB forms a barrier between the ventricular and the blood systems. It is 

located in the choroid plexus and is formed by highly vascularised cells located in 

the ventricular system of the brain, which produce cerebrospinal fluid. While the 

capillaries in the choroid plexus do not have tight junctions and are leakier than in 

the BBB, the choroid epithelial cells do have tight junctions and prevent the passage 

of compounds from the blood to the CSF. The brain parenchymal cells (glial cells 

and neurons) give additional protection to the brain by preventing toxin 

permeability. Pgp expression is found in many cell types in the brain including the 

choroid plexus, astrocytes, microglia and capillary endothelium. Most importantly 

Pgp is found in the luminal plasma membrane of the capillary endothelium, where it 

inhibits drugs and toxins from crossing the capillary membrane into the brain. Pgp is 

also present in the apical membrane of the choroid plexus, where it probably 

facilitates the transport of compounds from the blood into the CSF (Fig. 1.12(b)) 

(Leslie et al. 2005). 

BCRP is mainly expressed at the luminal surface of brain capillaries. MRP1 

is expressed at high levels in the choroid plexus, where it regulates the drug 

concentration in the CSF. MRP1 also functions in brain glial cells. MRP1 is found in 

the apical side of brain microvessel endothelial cells and in brain capillaries. MRP4 
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is located in the basolateral surface of the choroid plexus and the apical side of brain 

microvessel endothelial cells, where it protects against topotecan and other 

xenobiotics. MRP2 is located in the apical membranes of brain capillary 

endothelium where it effluxes xenobiotics (Leslie et al. 2005). 

 

 

Fig. 1.13 A Schematic diagram showing the membrane localization of MRP1, 
MRP2, Pgp and BCRP in (A) blood–brain barrier and (B) blood–cerebral spinal 
fluid barrier. CP, choroid plexus; TJ, tight junctions (Leslie et al. 2005). 
 

1.6.1.3 Drug Resistance in Gliomas 

Increased expression of resistance genes was not correlated with overall survival of 

patients with medulloblastomas/PNET and high grade gliomas (Valera et al. 2007). 

Pgp is expressed in newly formed capillaries in human gliomas and might contribute 

to the resistant behaviour of these tumours (Toth et al. 1996). Pgp expression is 

upregulated in gliomas (Calatozzolo et al. 2005; Valera et al. 2007; Nakagawa et al. 

2009). BCRP expression is upregulated in gliomas (Valera et al. 2007; Gilg et al. 

2008). Pgp possibly inhibits the delivery of anticancer drugs to brain tumours. 

MRP1 and MRP3 are present in glioma capillaries; MRP1 is also present in glioma 

cells. MRP4 is present in astrocytes, glioma cells of astrocytic tumours and tumour 

capillaries. MRP4 may be the sole transporter for astrocytic glutathione release: 

glutathione is an intracellular reductant which protects cells from free radicals and 

other compounds. MRP5 is present in astrocytes, glioma capillaries and tumour 

cells. BCRP expression has not been detected in astrocytes or neurons, but has been 

found in glioma tumour capillaries, though not in the tumour cells (Nies 2007). 

Pgp inhibitors are known as chemosensitizers or reversal agents. They inhibit 

Pgp drug transport and increase cellular concentrations of therapeutic agents, 

therefore they are co-administered. Reversal agents include calcium channel 

blockers like verapamil, calmodulin antagonists such as phenothiazines, quinolines, 
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immunosuppressive agents such as cyclosporin A, antibiotics such as cefoperazone, 

and rifampicin, steroid and hormonal analogs, reserpine, and surfactants. 

Unfortunately some of these agents have severe side effects. Verapamil and 

cyclosporin A cause cardiotoxicity and increase hepatic, renal, myeloid and 

neurotoxicity. Second generation analogs to verapamil and cyclosporin A have 

reduced the side effects (Leslie et al. 2005).  

Alternative methods of overcoming Pgp mediated drug resistance are 

monoclonal antibodies against Pgp, anticancer drug containing liposomes which can 

bypass the Pgp in the lipid bilayer. MDR-1-specific antisense oligonucleotides have 

also been used to decrease the expression of Pgp mRNA l. As Pgp is expressed in 

other tissues such as the liver and kidneys, Pgp inhibitors co-administered with 

anticancer drugs could, however, lead to altered drug metabolism and excretion, and 

to unwanted side effects (Leslie et al. 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 astrocytomas and recurrent 

glioblastomas is temozolomide (Temodar, Temodal – Shering Plough), an 

alkylating drug, which causes DNA methylation at the O6 position of guanine and 

crosslinks between strands of DNA, which results in cell death. Temozolomide 

induces autophagy, or programmed cell death type II in glioma cells (Aoki et al. 

2007). The active metabolite of temozolomide is 5-(3-methyltriazeno)-imidazole-4-

carboxamide (MTIC) (Rudek et al. 2004). The DNA repair protein O6-

methylguanine-DNA methyltransferase (MGMT) reverses the alkylating effect of 

temozolomide, giving increased resistance to temozolomide. The allelic losses of 1p 

and 19q are associated with sensitivity of brain tumours to radiotherapy and 

chemotherapy. Improved outcome after treatment with temozolomide has been 

associated with promoter methylation of MGMT (or loss of MGMT) and Loss of 

heterozygosity (LOH) of 1p and 19q in patients with glioblastoma, anaplastic 

astrocytoma, oligoastrocytomas and, in particular, oligodendrogliomas. In particular, 

LOH in 1p and promoter methylation of MGMT was associated with longer 

progression free survival (Ishii et al. 2007). In malignant glioma patients 

temozolomide concentrations range between 0.10 µg/ml and 13.99 µg/ml in the 

plasma and between 0.16 µg/ml to 1.93 µg/ml in the CSF (Ostermann et al. 2004). 

Up to only 6 months progression free survival is reported for glioblastoma patients 

(Perry et al. 2010). A subcutaneous human xenograft glioma model gel matrix-

temozolomide was placed directly at the tumour site, resulting in minimal 

cytotoxicity toward normal brain tissue, and high levels of oncolytic activity toward 

glioma cells were seen, this may offer an alternative treatment method (Akbar et al. 

2009). 

 

 

 

 

Fig. 1.14 Structural formula of temozolomide molecular formula of C6H6N6O2 and a 
molecular weight of 194.15 . 
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1.7.2 Docetaxel 

Docetaxel (Taxotere, Aventis) is a cytotoxic taxane that inhibits depolymerisation 

of microtubules, thereby interrupting cell proliferation and inhibiting cell motility 

(Bissery et al. 1995). Docetaxel is a hemisynthetic product derived from the 

European yew tree; it is used to treat various forms of cancer and is one of the most 

active chemotherapeutic agents for non-small cell lung cancer (Burris et al. 1995). 

As second line treatment in phase II trials for recurrent glioblastoma, docetaxel 

showed very little response in glioblastoma, which is probably due to the poor 

penetration of docetaxel through the BBB (Forsyth et al. 1996; Kemper et al. 2003; 

Kemper et al. 2004). This problem can be addressed by convection-enhanced 

delivery (CED), which is been used with paclitaxol in an ongoing clinical trial to 

patients with recurrent gliomas and is showing promising results. CED is a drug 

application method in which the drug is injected directly into the tumour avoiding 

the blockage through the BBB (Chamberlain 2006). PPCs for docetaxel have been 

reported to be 0.5 nM and 0.050 nM for CSF (Fracasso et al. 2004). 

 

 

 

 

 

 

 

 

 

 

Fig. 1.15 structure of docetaxel, molecular formula of C43H53NO14•3H2O 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 RNAs that control gene 

expression post-transcriptionally, by degradation of target mRNAs or the inhibition 

of protein translation. The discovery of Let-7 in Caenorhabditis elegans as a 

regulator of developmental cellular fate (Reinhart et al. 2000) and discovery of let-

7-related genes in multiple species indicated the importance of these miRNAs 

(Pasquinelli et al. 2000). This led to the understanding that miRNAs act as key 

participants in cellular differentiation. MiRNAs have also been found to play a key 

role in neuronal patterning (Johnston and Hobert 2003), tissue homeostasis (Cui et 

al. 2006), and apoptosis (Baehrecke 2003). There are currently 678 mature human 

miRNA sequences listed in the miRNA registry (Sanger) with about 1000 predicted 

miRNAs, each possibly targeting 200 genes (Lewis et al. 2003). Lewis et al. also 

identified miRNA target sites in 5300 of 17850 genes in their data set, indicating 

that >30% of the human genome may be under the translational regulation of 

miRNAs (Lewis et al. 2005).  

MiRNAs are now emerging as master regulators which either act as an 

oncogene or a tumour suppressor, or even affect both phases of tumourigenesis, e.g. 

the loss of let-7 causes tumour progression by modulating both apoptotic and cell 

cycle pathways. Each miRNA is thought to control the expression of multiple 

mRNA targets and have been shown to be involved in the initiation and progression 

of human cancer. As they control important processes such as differentiation, cell 

growth and cell death, miRNAs hold great promise for targeted cancer therapy. As 

miRNA biology evolves we will need to understand miRNA function more on a 

systems level, where relationships between miRNAs and target genes are less 

important, than changes in overall gene expression pattern induced by altered 

miRNA levels (Pasquinelli et al. 2000). 
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1.8.2 MicroRNA Transcription and Function   

 

1. Transcription 
These small non-coding RNAs are generated in vivo within the chromosome regions 

once called “junk DNA”, which are the introns within protein coding genes. 

MiRNAs are encoded by specific genes (Nelson et al. 2003). MiRNAs are small 

molecules consisting of about 21 nucleotides; they mediate expression of the target 

genes by base pairing with complementary regions within target messenger RNA 

(mRNA). A perfect match causes destruction in a similar way to small interfering 

RNAs (siRNAs), and mismatches cause inhibition of translation (Nelson et al. 2003; 

Krol et al. 2004).  

 

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

genome. MiRNAs expressed within introns are expressed with their host mRNA 

which is derived from introns within the same precursor mRNA (pre-mRNA) 

transcript. Whereas siRNAs, which are used therapeutically, have exogenous origins 

and are either directly introduced into cells as ~21-bp double stranded RNA 

molecules, or are generated in vivo from introduced expression vector systems. 

   All miRNA gene products originate in the nucleus. A primary precursor 

miRNA (pri-miRNA) is transcribed from noncoding transcription units, or spliced 

off from introns of pre-mRNA. MiRNAs are expressed as part of pri-miRNAs (Lee 

et al. 2002) and transcribed by RNA Polymerase II, that include 5' caps and 3' 

poly(A) tails (Smalheiser 2003). The miRNA portion of the pri-miRNA transcript 

forms a hairpin which signals for double stranded RNA-specific nuclease cleavage.  

 

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

the nucleus to release hairpin, pre-miRNA (Lee et al. 2003). This Pri-miRNA is 

processed by Drosha-type endonucleases following the so called pre-miRNA, which 

is exported from the nucleus by the receptor exportin-5. Exportin-5 binds directly to 

correctly processed pre-miRNAs, which is a requirement for miRNA biogenesis and 

a probable role in coordination of nuclear and cytoplasmic processing steps (Yi et al. 

2003; Lund et al. 2004). Pre-miRNAs are 70 nucleotide RNAs with 1–4 nucleotide 
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3' overhangs, 25–30 base pair stems, and relatively small loops. Drosha also 

generates either the 5' or 3' end of the mature miRNA, depending on which strand of 

the pre-miRNA is selected by RNA induced silencing complex (RISC) (Lee et al. 

2003; Yi et al. 2003).  

 

4. Dicer Processing 
When the pre-miRNA reaches the cytoplasm it is cleaved by Dicer-type nucleases to 

form mature, fully processed miRNA. Dicer is a member of the RNase III 

superfamily of bidentate nucleases, and is involved in RNA interference in 

nematodes, insects, and plants (Lee et al. 2003; Yi et al. 2003). The resulting 

double-stranded RNA has 1–4 nucleotide 3' overhangs at either end (Lund et al. 

2004). Only one of the two strands is the mature miRNA; some mature miRNAs 

derive from the leading strand of the pri-miRNA transcript, and with other miRNAs 

the lagging strand is the mature miRNA.  

 

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

of the termini of the two ends of the double stranded RNA (Khvorova et al. 2003; 

Schwarz et al. 2003). The strand with lower stability base pairing of the 2–4 

nucleotide at the 5' end of the duplex associates with the RNA-induced silencing 

complex (RISC) and thus becomes the active miRNA (Schwarz et al. 2003) (Fig. 

1.15). 
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Fig. 1.15 MiRNA transcription. The excision and activation of active single-
stranded miRNAs from precursor transcripts occurs through a multi-step process. A 
primary precursor miRNA (pri-miRNA) is transcribed from noncoding transcription 
units, or spliced off from introns of pre-mRNA. MiRNAs are expressed as part of 
pri-miRNAs and transcribed by RNA Polymerase II, that include 5' caps and 3' 
poly(A) tails. The miRNA portion of the pri-miRNA transcript forms a hairpin 
which signals for double stranded RNA-specific nuclease cleavage. The double 
stranded RNA-specific ribonuclease Drosha digests the pri-miRNA in the nucleus to 
release hairpin, pre-miRNA. This Pri-miRNA is processed by Drosha-type 
endonucleases following the so called pre-miRNA, which is exported from the 
nucleus by the receptor exportin-5. Exportin-5 binds directly to correctly processed 
pre-miRNAs, which is a requirement for miRNA biogenesis and a probable role in 
coordination of nuclear and cytoplasmic processing steps. The strand with lower 
stability base pairing of the 2–4 nucleotide at the 5' end of the duplex associates with 
the RNA-induced silencing complex (RISC) and thus becomes the active miRNA 
(Ambion).  
 

1.8.3 MiRNA Expression in Gliomas 

Oncogenic signalling is central to the development of most cancers, including the 

most common class of primary brain tumour, glioma. MicroRNAs are small non-

coding RNA molecules that regulate protein expression by targeting the mRNA of 

protein-coding genes, for either cleavage or repression of translation. MiRNAs are 
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effective post-transcriptional regulators of gene expression and are important in 

many biological processes. Although the oncogenic and tumour suppressive 

functions of several miRNAs have been characterized, the involvement of miRNAs 

in tumour invasion and migration remains largely unexplored. Increased 

understanding of the molecular and cellular mechanisms that drive glioblastoma 

formation are required to improve patient outcome.  

 

1.8.3.1 miRNAs Involved in the Proliferation and Invasion of Gliomas 

Several miRNAs have been implicated in regulating the development of gliomas 

through their targeting of mRNA involved in processes including growth and 

invasion. Knockdown of miR-221/222 in glioma cells and xenograft tumours 

reduced growth, invasion ability, cell cycle was blocked at G(0)/G(1) phase of the 

cell cycle, and apoptotic cell number increased (Zhang et al. 2009), which resulted 

in the downregulation of the anti-apoptotic gene bcl-2 and the upregulation of 

negative regulators of the cell cycle including connexin43, p27, p57, PUMA, 

caspase-3, PTEN, TIMP3 and Bax (Gillies and Lorimer 2007; Medina et al. 2008; 

Zhang et al. 2009; Zhang et al. 2009). It is known that P27 is expressed at low levels 

in high-grade astrocytomas (Piva et al. 1997). It seems likely that miR-221/222 play 

a crucial role in enhancing proliferation in gliomas. 

Very little is known about miRNA interactions with cellular pathways. 

MiRNAs have been associated with the Notch pathway, which plays key roles in 

nervous system development and in brain tumours (Kefas et al. 2009). Neuronally 

expressed miR-326 was upregulated following Notch-1 knockdown, and was not 

only suppressed by Notch but also inhibited Notch proteins and activity, indicating a 

feedback loop (Kefas et al. 2009). Transfection of miR-326 into both established 

and stem cell-like glioma lines and in vivo was cytotoxic, and rescue was obtained 

with Notch restoration (Kefas et al. 2009). MiR-326 partially mediated the toxic 

effects of Notch knockdown (Kefas et al. 2009).  

MiR-34a is a transcriptional target of p53, and is down-regulated in some 

cancer cell lines (Li et al. 2009). Transfection of miR-34a down-regulated c-Met in 

human glioma and medulloblastoma cells and Notch-1, Notch-2, and CDK6 protein 

expressions in glioma cells and stem cells, and strongly inhibited in vivo glioma 

xenograft growth (Li et al. 2009). MiR-34a expression is down-regulated in 
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glioblastoma tissues in comparison to normal brain and in mutant p53 gliomas as 

compared with wild-type p53 gliomas. MiR-34a in glioma and medulloblastoma cell 

lines strongly inhibited cell proliferation, cell cycle progression, survival, and 

invasion (Li et al. 2009). In human astrocytes transfection with miR-34a did not 

affect cell survival or cell cycle status (Li et al. 2009). MiR-34a suppresses brain 

tumour growth by targeting c-Met and Notch in glioma cells and stem cells (Li et al. 

2009).  

Overexpression of miR-125b promotes human glioma cell proliferation and 

inhibits all-trans retinoic acid (ATRA)-induced cell apoptosis and low expression of 

miR-125b sensitizes cells to ATRA-induced apoptosis (Xia et al. 2009). Bcl-2 

modifying factor (BMF) may play an important role in the process of miR-125b 

influencing cell apoptosis (Xia et al. 2009). 

MiR-21 up-regulation has been reported for the majority of cancers profiled 

to date; the mechanism of action of miR-21 is poorly understood, although it is 

known to  contribute to proliferation and apoptosis (Chen et al. 2008). MiR-21 

expression plays a key role in regulating cellular processes in glioblastomas, and 

appears to function as an anti-apoptosis factor in glioblastomas (Chan et al. 2005; 

Chen et al. 2008; Ohno et al. 2009); however the functional target genes of miR-21 

are largely unknown. Increased miR-21 levels have been found in human 

glioblastoma tumour tissues, early-passage glioblastoma cultures, and in established 

glioblastoma cell lines in comparison with non-neoplastic fetal and adult brain 

tissues, and in comparison with cultured nonneoplastic glial cells (Chan et al. 2005). 

In addition to increasing apoptosis, inhibiting miR-21 expression has also led to 

glioma cell growth suppression, invasion reduction, caspase-3 activity elevation and 

caspase-9 activation, but has not affected PTEN and caspase-8 expression (Shi et al. 

2008). Inhibiting miR-21 expression could induce glioma cell apoptosis via caspase-

9 and 3 activation, but not PTEN activation (Shi et al. 2008). MiR-21 is an 

important oncogene that targets a network of p53, TGF-beta, and tumour suppressor 

genes in glioblastoma cells (Zhu et al. 2007; Papagiannakopoulos et al. 2008). 

Downregulation of miR-21 contributes to the antitumour effects of IFN-beta and 

miR-21 expression is negatively regulated by STAT3 activation (Ohno et al. 2009), 

it also inhibits the EGFR pathway independently of PTEN status (Zhou et al.).  

Over-expression of miR-15b resulted in cell cycle arrest at G0/G1 phase 

while suppression of miR-15b expression resulted in a decrease of cell populations 
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in G0/G1 phase, and a corresponding increase of cell populations in S phase (Xia et 

al. 2009). MiR-15b regulates cell cycle progression in glioma cells by targeting cell 

cycle-related molecules including CCNE1 (encoding cyclin E1) (Xia et al. 2009). 

MiR-181a and miR-181b function as tumour suppressors leading to growth 

inhibition, apoptosis and inhibited invasion in glioma cells (Shi et al. 2008). Down-

regulated miR-181a and miR-181b may be critical factors that contribute to 

malignancy in human gliomas (Ciafre et al. 2005; Shi et al. 2008). 

Control of cell proliferation by Polycomb group proteins (PcG) is important 

in cellular homeostasis, and its disruption can promote tumorigenesis (Chao et al. 

2008). Chromobox protein homologue 7 protein (CBX7) is a novel PcG protein 

controlling the growth of normal cells (Chao et al. 2008). The protein level of CBX7 

was reduced in glioma tissues and cell lines in comparison to normal brain tissue 

and the up-regulation of miR-9 in glioma tissues and cell lines, was associated with 

down-regulation of CBX7 (Chao et al. 2008). 

MiRNA-128 is significantly down-regulated in glioblastoma cell lines in 

comparison to normal brain tissue (Ciafre et al. 2005; Godlewski et al. 2008); 

increased expression of miR-128 in glioblastoma cells reduced proliferation 

(Godlewski et al. 2008; Zhang et al. 2009). MiR-128 targets angiopoietin-related 

growth factor protein 5 (ARP5/ANGPTL6), Bmi-1 and E2F-3a, key regulators of 

brain cell proliferation. ARP5/ ANGPTL6 is a transcription suppressor that 

promotes stem cell renewal, and inhibits the expression of known tumour suppressor 

genes involved in senescence and differentiation; Bmi-1, a transcription factor 

critical for the control of cell-cycle progression, and E2F-3a, were found to be up-

regulated in glioblastoma (Cui et al. 2009; Zhang et al. 2009). Addition of miRNA-

128 into glioblastoma cell lines restored ARP5 (ANGPTL6), Bmi-1 and E2F-3a 

expression, and significantly decreased proliferation. Down-regulation of miR-128 

may contribute to glioma proliferation by up-regulating ARP5 (ANGPTL6), Bmi-1 

and E2F-3a (Cui et al. 2009; Zhang et al. 2009). 

The most common genetic alterations found in glioblastoma include EGFR 

activation and AKT pathways (Wong et al. 1987; Haas-Kogan et al. 1998). Low 

expression levels of miR-7 were found in glioblastoma in comparison to normal 

brain (Kefas et al. 2008). In glioblastoma cells transfection of miR-7 decreased the 

level of EGFR and upstream regulators of the AKT pathway, insulin receptor 

substrate 1 (IRS1) and insulin receptor substrate 2 (IRS2); these cells had increased 
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apoptosis and reduced invasion (Kefas et al. 2008). This would suggest that miR-7 

regulates the EGFR and AKT pathways. MiR-7 is a potential tumour suppressor in 

glioblastoma targeting critical cancer pathways. MiR-7 decreased viability and 

invasiveness of primary glioblastoma lines and is a regulator of major cancer 

pathways and suggests that it has therapeutic potential for glioblastoma (Kefas et al. 

2008). 

MiR-10b was initially identified as a miRNA highly expressed in metastatic 

breast cancer, promoting cell migration and invasion (Sasayama et al. 2009). MiR-

10b expression was found to be upregulated in glioma in comparison to normal 

brain tissue (Sasayama et al. 2009). The expression levels of miR-10b were 

associated with higher grade glioma. mRNA expressions of Ras homolog gene 

family, member C (RhoC) and urokinase-type plasminogen activator receptor 

(uPAR) were significantly correlated with the expression of miR-10b. MiR-10b 

might play some role in the invasion of glioma cells (Sasayama et al. 2009).  

MiR-146b significantly reduced the migration and invasion of glioma cells, 

by targeting a matrix metalloproteinase gene, MMP16. This implicates miR-146b as 

a metastasis-inhibiting miRNA in glioma (Xia et al. 2009).  

The Akt pathway, which is regulated by the tumour suppressor gene PTEN 

(phosphatase and tensin homolog), plays a crucial role in the process of 

gliomagenesis (Huse et al. 2009). MiR-26a is a direct regulator of PTEN expression. 

miR-26a is frequently amplified in human glioma, most often in association with 

monoallelic PTEN loss (Huse et al. 2009). MiR-26a-mediated PTEN repression in a 

murine glioma model enhanced de novo tumour formation (Huse et al. 2009).  
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1.9 Plan of Investigation 

 

Characterisation of a Panel of Newly Developed Glioma Cultures 

� To establish new glioma low passage cultures, derived from brain tumour 

biopsy samples. 

� To compare these low passage cultures with established glioma cell lines and 

early passage cultures from other laboratories; to identify potential cellular or 

molecular therapeutic targets. 

� To examine invasion, migration, proliferation and apoptosis in the presence 

of tyrosine kinase inhibitors imatinib, erlotinib, and gefitinib and 

chemotherapeutic drugs docetaxel and temozolomide, as single agents and in 

various combinations. 

� To examine the expression of EGFR in the glioma cultures in relation to the 

responsiveness to tyrosine kinase inhibitors, as erlotinib and gefitinib are 

tyrosine kinase inhibitors which specifically target EGFR, to determine if 

EGFR expression is indicative of a responder or non-responder to TKIs 

which target EGFR in  glioma. 

� To compare the expression of specific targets of imatinib including PDGFR-

β, C-Kit and C-Abl in relation to responsiveness to imatinib in the cultures, 

to see if these targets are indicative of responsiveness to imatinib in glioma. 

� To see if the expression levels of ABC transporter proteins, Pgp and BCRP 

indicated sensitivity or responsiveness to TKIs or chemotherapeutic drugs. 

� To correlate responsiveness to TKIs with their target expression including 

PDGFR-α, PDGFR-β, C-Abl, C-Kit, (specific targets of imatinib); EGFR 

and EGFRvIII (specific targets of erlotinib and gefitinib), and downstream 

targets of the EGFR and PDGFR signalling pathway, e.g. phosphorylated 

Akt, PTEN and p70S6K in the cultures. 

� To measure the accumulation of tyrosine kinase inhibitor gefitinib in a panel 

of these cultures, to determine if the amount of drug within the cell is related 

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

� Identification of key miRNAs, which are correlated with tumour 

proliferation and invasion, in fully characterized primary cell cultures 

developed from brain tumour tissue, in order to identify novel markers and 

increase our understanding on the pathways involved in glioblastoma 

proliferation and invasion. 

� Validation of identified key miRNAs in selected established cell lines and 

primary glioma cultures and in normal human astrocytes. To identify 

miRNAs associated with proliferation/ invasion in malignant glioma. 

� Functional validation of identified key miRNAs in selected glioma cultures, 

to demonstrate that these miRNAs have a significant role to play in the 

progression of malignant glioma. 

 
 

1.10 Overall Thesis Hypothesis 

To develop a cohort of early passage glioma cultures from tumour biopsy samples 

and determine their response to the TKIs, erlotinib, gefitinib and imatinib and 

correlate this with expression of specific targeted proteins of the TKIs, EGFR, 

PDGFR, C-Abl, C-Kit and downstream targets of the EGFR and PDGFR signalling 

pathway, PTEN, Akt and p70S6K to see if expression of these proteins is indicative 

of TKI response in glioma. 

 To characterise the glioma cultures in relation to their invasion and 

proliferation rate, and look at the effect of TKIs and chemotherapeutic drugs on these 

characteristics. To examine the expression of drug efflux pumps in these cultures, 

and to correlate this with drug sensitivity. 

 To identify key miRNAs which play a role in the malignant progression of 

glioma, i.e. that are directly involved in the regulation of proliferation and/ or 

invasion in glioma. 
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2.1 Cell Culture 

All cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) with 10% 

fetal calf serum (Harlan 5-0001AE), and 4% non-essential amino acids (NEAA) 

100x (GIBCO 11140).  

  Normal human cerebral and foetal astrocytes were purchased from Lonza 

(CC-2565) and cultured in an astrocyte bullet kit (CC-3186) containing 500 mls of 

Astrocyte Basal Medium (no growth factors) and Supplements for a complete 

growth medium, developed especially for NHA. 

 

2.1.1 Origin of Cell Cultures 

Primary cell cultures were established from brain tumour biopsy samples from 

Beaumont Hospital, Dublin. Approved by the Ethics (Medical Research) (ERC/IRB) 

Committee in Beaumount Hospital, Dublin9, investigator: Professor Michael Farrell, 

protocol number: 04/05, title: Cellular Investigation of Drug Effect on the Invasive 

Behaviour of Malignant Astrocytoma, final approval date 31st August 2005. 

 

All newly established glioma cultures were below passage 10. The passage numbers 

of other cell cultures used during this study are listed in table 2.1. 

 
          Table 2.1 Passage numbers of cell cultures used in this study. 
 
 
 
 
 
 

 
 
* : SNB-19 has the same origin as the cell line U251 and there is a possibility that 
they are the same cell line (Lorenzi et al. 2009). 

 
 
 
 
 

Cell Culture Passage Numbers 
 

CLOM002 11 to 40 
UPHHJA 9 to 25 
SNB-19* +9 to +31 
IPSB-18 52 to 72 
NHA Below 6 
SNB-19- Tem +40 
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          Table 2.2 Origin of cell cultures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           

Tem:temozolomide. Prev res: previous resection. Later res: later resection. 
1: Geoff Pilkington’s laboratory, University of Portsmouth, UK. 
2: The German cell bank Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 
(DSMZ), Germany (German Collection of Microorganisms and Cell Cultures). 
3: Lonza biologics, Cambridge, UK (CC-2565). 
4: The National Institute for Cellular Biotechnology, Dublin City University, Ireland. 

Cell Culture Origin Source 
 

CLOM002 Primary Glioblastoma 1 
UPHHJA Primary Glioblastoma 1 
 SNB-19 Primary Glioblastoma 2 
  IPSB-18 Grade III Astrocytoma 1 
  NHA Cerebral & Foetal Astrocytes 3 

SNB-19-Tem Primary Glioblastoma 4 
N070055 Grade III Oligoastrocytoma  4 
N070126 Primary Glioblastoma  (later res) 4 
N070152 Primary Glioblastoma 4 
N070201 Grade III Astrocytoma  4 
N070219 Grade II Oligodendroglioma  4 
N070314 Grade II Oligodendroglioma 4 
N070788 Grade III Astrocutoma (prev res) 4 
N070859 Primary Glioblastoma 4 
N070865 Primary Glioblastoma 4 
N080501 Primary Glioblastoma 4 
N080533 Primary Glioblastoma 4 
N080540 Primary Glioblastoma 4 
N080869 Primary Glioblastoma 4 
N080923 Primary Glioblastoma 4 
N080943 Primary Glioblastoma 4 
N070229 Grade III Astrocytoma 4 
N070237 Grade III Astrocytoma (prev res) 4 
N070440 Secondary Glioblastoma (prev res) 4 
N070450 Grade II Astrocytoma 4 
N070780 Secondary Glioblastoma (prev res) 4 
N070934 Primary Glioblastoma 4 
N071155 Grade III Oligodendroglioma 4 
N060893 Secondary Glioblastoma (prev res) 4 
N060913 Primary Glioblastoma 4 
N060950 Grade III Oligoastrocytoma 4 
N060978 Primary Glioblastoma 4 
N061007 Primary Glioblastoma 4 
N061092 Primary Glioblastoma 4 

      N070454* Primary Glioblastoma 4 
N070701 Secondary Glioblastoma (prev res) 4 
N070293 Primary Glioblastoma 4 
N071026 Primary Glioblastoma 4 
N071057 Primary Glioblastoma 4 
N071060       Primary Glioblastoma 4 
N071144       Primary Glioblastoma 4 
N071271       Primary Glioblastoma 4 
N080558       Primary Glioblastoma 4 
N080749       Primary Glioblastoma 4 
N080805       Primary Glioblastoma 4 
N081185 Secondary Glioblastoma  prev res) 4 
N070215 Grade III Astrocytoma (prev res) 4 
N070950 Grade III Oligoastrocytoma 4 
N070311 Secondary Glioblastoma 4 
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Table 2.3 Preparation of Drugs 
Drug Dilution Source 

 
Erlotinib (Tarceva) 10 mg/ml Sequoia Research Products Ltd 

 
Gefitinib (Iressa) 10 mg/ml Sequoia Research Products Ltd 

 
Elacridar (GF120918) 10 mg/ml Sequoia Research Products Ltd 

 
Imatinib (Glivec) 10 mg/ml Novartis 

 
Docetaxel (Taxotere) 10 mg/ml Sanofi Aventis 

 
Temozolomide (Temodal) 20 mg/ml Donated from the National 

Cancer Institute, USA 
 

Drugs were diluted in DMSO, Docetaxel was in liquid form. 
 

2.2 Generation of Cultures from Biopsy Samples 

The tissue sample was placed into a petri dish, with cold DMEM media containing 

10% fetal calf serum and 4% NEAA. Each tissue sample was dissected into very 

small pieces using a scalpel and tweezers (to hold the tissue in place). The dissected 

tissue sample was pipetted up and down 3-4 times to further break up the sample. 

The media containing the dissected tissue sample was then pipetted into vented 

25cm2 flasks. After 2 days the media was removed and placed into fresh vented 

25cm2 flasks. Fresh media was placed onto the original vented 25cm2 flasks, where 

attached cells were left to proliferate. All flasks were continuously given media 

changes to generate primary cultures. Generation of each primary culture ranged 

from one to four months. 

 

2.3 Proliferation Assays 

Cells in the exponential phase of growth were harvested by trypsinisation. Cell 

suspensions containing 2x104 cells/ml were prepared in cell culture medium. 100 

µl/well of the cell suspension was added to 96-well plates (Costar, 3599). Plates 

were agitated gently in order to ensure even dispersion of cells over the surface of 

the wells. Cells were then incubated overnight. Drug dilutions were prepared at 2X 

their final concentration in cell culture medium, as 100 µl of cells was already on the 

plate this allowed for a 1 in 2 dilution of the drug. 100 µl of the drug dilutions were 

then added to each well. Plates were then mixed gently as above. Cells were 

incubated for a further 7 days until the control wells had reached approximately 80-

90% confluency.  
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2.3.1 Assessment of Cell Number - Acid Phosphatase Assay 

 
A. Acid Phosphatase in 96-well plate format. 

Following an incubation period of 6-7 days, media was removed from the plates. 

Each well on the plate was washed with 100 µl PBS. This was removed and 100 µl 

of freshly prepared phosphatase substrate (10 mM p-nitrophenol phosphate (Sigma 

104-0) in 0.1 M sodium acetate (Sigma, S8625), 0.1% triton X-100 (BDH, 30632), 

pH 5.5) was added to each well. The plates were wrapped in tinfoil and incubated in 

the dark at 37°C for 1.5 hours. The enzymatic reaction was stopped by the addition 

of 50 µl of 1 M NaOH to each well. 

 

B. Acid Phosphatase in 6-well plate format. 

Following an incubation period of 72 hours, media was removed from the plates. 

Each well on the plate was washed with 1 ml PBS. This was removed and 2ml of 

freshly prepared phosphatase substrate in 0.1 M sodium acetate, 0.1% triton X-100 

(BDH, 30632), pH 5.5) was added to each well. The plates were wrapped   in   

tinfoil and incubated in the dark at 37°C for 2 hours. The enzymatic reaction was 

stopped by the addition of 1 ml of 1 M NaOH to each well. Plates were read in a 

dual beam plate reader at 405 nm with a reference wavelength of 620 nm. 

Assessment of cell survival in the presence of drug was determined by the acid 

phosphatase assay. Results were graphed as percentage survival (relative to the 

control cells) versus drug concentration, using excel software. 

2.3.2 Measurement of Doubling Time 

Cells were seeded in two 6 well plates at a concentration of 5000 cells/2ml/well and 

incubated approximately 72 hours before the first cell count. For each cell count 

cells of two wells were trypsinized, centrifuged and resuspended in 100 µl culture 

medium. Cells were counted using a haemocytometer. Cells were counted every 48 

or 72 hours and 6 times in total. The doubling time was calculated in three steps: 

The counted cell number was divided by the previous count resulting in a 

multiplication factor. Then the time period between two counts was divided by the 

multiplication factor and the resulting number was multiplied by 2. A series of 

doubling times was obtained for each cell line, which were 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 combination for 24 hrs in a consecutive way. 

For the proliferation assay each treatment schedule was performed with three 

different drug concentrations (IC10, IC25 and IC50) per drug, representing high, 

medium and low concentrations. The assay was done twice in triplicates. In the 

invasion assay we tested 4 different drug schedules individually with one set of drug 

concentrations. After the last incubation drug/drug combination containing medium 

was replaced with fresh medium and the cells were incubated for a further 3 days.  

 

2.5 Analysis of Drug Combination Effects  

The effect of the drug combination on cell kill was performed and analysed 

according to a protocol by Chou and Talalay (Chou and Talalay 1984). For each cell 

line the IC10, IC20, and IC30 of imatinib was combined with the IC10, IC20, and IC30 

of docetaxel, resulting in a total of nine value points per combination index (CI) 

plot. A range of IC values were tested to examine the combination effect at low and 

high toxicity. A CI value smaller than 1 indicates a synergistic action of the two 

drugs; a CI value equal 1 an additive effect and a CI value greater than 1 indicates 

an antagonistic effect.  

 

2.6 Apoptosis Assay 

On day 0 cells were set up at 1x104 cells/well in a 24-well plate. On day 3 the media 

was removed and drug was added. After 24 or 48 hrs cells were trypsinized and 

counted. After incubation, the supernatant was removed to eppendorfs, rinsed with 

300 µl sterile PBS, this PBS was added to the same eppendorf. During trypsinisation 

this was spun at 1000rpm for 5 minutes at RT. 300 µl trypsin was added to each 

well, the plate was covered with parafilm and incubated at 37oC and 5% CO2 with 

monitoring until the cells had detached. 600 µl of serum-supplemented medium was 

added to each well and this was added to the initial eppendorf, with previously 

removed supernatant containing centrifuged cells. Each well was washed with 300 

µl sterile PBS and this was also added to the same eppendorf. This was also spun at 

1000rpm for 5 minutes at RT. The supernatant was gently removed and resuspended 

in 150 µl serum-supplemented medium. 75 µl of sample was added to a well in a 96-

well round bottomed plate. A 75 µl sample of a positive control (cells exposed to 

drug) was included, and also a 75 µl sample that is a negative control (cells not 
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exposed to anything). These were used to adjust the settings on the Guava. 75 µl of 

nexin reagent was added; this was mixed and incubated for 20 minutes with gentle 

mixing in the dark (i.e. covered with tin foil). Cells were assessed for early and total 

apoptosis using the Guava Nexin® Assay and the Guava® EasyCyteTM Flow 

Cytometer according to manufacturer’s recommendations. At least 3 biological 

replicates in duplicate for each condition was used. 

 

The Guava Nexin® Annexin V Assay 

The Guava Nexin® Annexin V Assay offers detected early apoptosis. The assay 

relies on the translocation of phosphatidyl serine (PS) to the outer surface of the cell 

membrane, an event often associated with the onset of apoptosis. A mix-and-read 

assay for monitoring externalization of PS through the binding of Annexin V to the 

exposed PS, the automated single-cell analysis assay is the choice for monitoring 

apoptosis due to its sensitivity and reproducibility. Annexin V is a calcium-

dependent phospholipid binding protein with high affinity for phosphatidylserine 

(PS), a membrane component normally localized to the internal face of the cell 

membrane. Early in the apoptotic pathway, molecules of PS are translocated to the 

outer surface of the cell membrane where Annexin V can readily bind to them. 

The assay relies on a two-dye stategy: 1) Annexin V-PE to detect PS on the external 

membrane of apoptotic cells and 2) 7-AAD, a cell impermeant dye, as an indicator 

of membrane structural integrity. 7-AAD is excluded from live, healthy cells and 

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

 

2.7 3D Collagen Invasion Assay 

Cell spheroids were formed using the hanging drop method described by Del Duca 

(Del Duca et al. 2004). Briefly, after trypsinisation the cells were diluted with 

conditioned medium (CM) reaching a concentration of 1x106cells/ml. Drops (20 µl) 

of cell suspensions were placed onto the lids of 100 mm Petri dishes, which were 

inverted over dishes containing 10 ml sterile water. Hanging drop cultures were 

incubated for 24-48 hrs until cell aggregates were formed, which were transferred to 

a 100 mm dish coated with 4% agar and filled with 10 ml CM. The 

aggregates/spheroids were incubated for another 2 days, while they rounded up, and 

then implanted into collagen gel. Cold PureColTM (INAMED, USA) was mixed with 

cold 10-fold concentrated minimal essential medium (Sigma) and cold 0.1 M 
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sodium hydroxide at a ratio of 8:1:1 reaching a final concentration of 2.4 mg/ml 

collagen type I. The pH was neutralised by adding 1 M NaOH (Sigma). The 

collagen solution was distributed into 24-well plates (0.5 ml/well) and one spheroid 

was placed into each well. The plates were kept at 37°C for about 30-60 min. After 

solidification the gels were overlaid with 0.5 ml CM and kept at 37°C under 5% 

CO2. On day 4, the medium was replaced with fresh CM (control) or drug-

containing CM. Cell migration out of the spheroid was measured before drug 

addition (day 0) to 12 after drug addition.  

 

2.7.1 Spheroid Measurement 

Spheroid measurements were taken at 4X magnification using a graticule eye piece, 

with 10 mm line in 100 parts, each part = 0.1 mm. A spheroid measurement was 

taken from a central point in the spheroid. Each spheroid had 4 measurements per 

timepoint. Day 0 (post 4 day spheroid invasion) measurements were subtracted from 

the overall measurements. Each condition was done in duplicate per experiment, with 

3 biological repeats, in some cases 2 biological repeats. 

 

2.8 In vitro Invasion Assay 

Invasion assays were performed using the method of Albini et al.(Albini  et al. 

1997). 100 µl of matrigel were placed into each insert (Falcon 3097) (8.0 µm pore 

size, 24 well format) and kept at 4 oC for 24 hours. 4 inserts per 24 well plate was 

used per assay, with 3 separate assays. The insert and the plate were then incubated 

for one hour at 37 oC to allow the proteins to polymerise. Cells were harvested and 

resuspended in culture media containing 5% FCS at 1 × 106 cells/ml. Excess 

media/PBS was removed from the inserts, and they were rinsed with culture media. 

100 µl of the cell suspension was added to each insert. A further 100 µl of culture 

media was added to each insert and 500 µl of culture media containing 5% FCS was 

added to the well underneath the insert. Cells were incubated for 24 hours. After this 

time period, the inside of the insert was wiped with a cotton swab dampened with 

PBS, while the outer side of the insert was stained with 0.25% crystal violet for 10 

minutes and then rinsed in distilled water (dH2O) and allowed to dry. The inserts 

were then viewed and photographed under the upright brightfield microscope. The 

invasion assays were quantified by counting cells in 10 random fields within a grid 
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at 20x objective and graphed as the total number of cells invading at 200x 

magnification. 
 

2.9 Drug Accumulation Assay 

On day 0 Cells were seeded at 5 x 104 cells/ml in T25 flasks (3 flasks per cell line 

per drug) and 3 control flasks also with no drug. On day 1 the medium was removed 

and 5mls of medium with drug was added. The flasks were incubated for 2 hours; 

the drug containing medium was then removed. The flasks were than washed with 4 

mls of cold PBS. The cells were than trypsinised with 2 mls of trypsin; this was 

stopped with 2mls of medium. The suspensions were transferred into extraction 

tubes, centrifuged at 1000rpm and the supernatant then removed leaving the pellet 

intact. The pellet was resuspended in 1ml of PBS. A small aliquot was removed for 

counting. This was then spun down, and the PBS was removed, the pellet was then 

frozen at -20oC. The samples were then analysed by mass spectrometry by a 

postgraduate student, Sandra Roche, in the National Institue 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 culture grade petri dishes. Media 

was removed and cells were washed twice with 10 mls ice cold PBS. All procedures 

from this point forward were performed on ice. Cells were lysed with 150 µl of NP-

40 lysis buffer (425 ml dH2O water, 25 ml 1 M Tris-HCl (pH 7.5) 50 mM Tris-HCl 

(pH 7.5), 15 ml 5 M NaCl 150 mM NaCl, 2.5 ml NP-40 0.5% NP-40) 15 µl of the 

10X protease (100X Protease inhibitors 2.5 mg/ml leupeptin, 2.5 mg/ml aprotinin, 

15 mg/ml benzamidine and 1 mg/ml trypsin inhibitor in dH2O) and 1.5 µl 

phosphatase inhibitors (100 mM DTT 154 mg in 10 ml dH2O, 100 mM PMSF 174 

mg in 10 ml 100% ethanol) were also added to each petri dish and incubated on ice 

for 20 minutes. Cells were then removed with a cell scraper and further 

homogenised by passing through a 21 guage syringe. Sample lysates were 

centrifuged at 14,000 rpm for 10 minutes at 4 oC. Supernatant containing extracted 

protein was transferred to a fresh chilled eppendorf tube. Protein concentration was 

quantified using the Biorad assay. Samples were then stored in aliquots at -80°C. 

 

2.10.2 Protein Quantification 

Protein levels were determined using the Bio-Rad protein assay kit (Bio-Rad, 500-

0006) according to maufacturers guidelines, with a 2 mg/ml bovine serum albumin 

(BSA) solution (Sigma, A9543). 

 

2.10.3 Gel Electrophoresis 

Proteins for analysis by Western blotting were resolved using SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE). PAGEr®duramide®Precast Gels with 7.5% Tris-

Glycine gels (Lonza, 59601) were used. The gels were run at 250V and 20mA until 

the bromophenol blue dye front was found to have reached the end of the gel, at 

which time sufficient resolution of the molecular weight markers was achieved. In 

advance of samples being loaded in to the relevant sample wells, 20 µg of protein 

was diluted in 5x loading buffer. Molecular weight markers (Sigma, C1992) were 

loaded alongside samples. Western Blotting was performed by the method of 
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Towbin et al, 1979. Once electrophoresis was complete, the SDS-PAGE gel was 

equilibrated in transfer buffer (25 mM Tris (Sigma, T8404), 192 mM glycine 

(Sigma, G7126), pH 8.3-8.5) for approximately 15 minutes. Five sheets of Whatman 

3 mm filter paper were soaked in freshly prepared transfer buffer. These were then 

placed on the cathode plate of a semidry blotting apparatus (Bio-rad). Air pockets 

were then removed from between the filter paper. Nitrocellulose membrane (GE 

Healthcare, RPN 3032D), which had been equilibrated in the same transfer buffer, 

was placed over the filter paper on the cathode plate. Air pockets were once again 

removed. The gels were then aligned onto the membrane. Five additional sheets of 

transfer buffer soaked filter paper were placed on top of the gel and all air pockets 

removed. The anode was carefully laid on top of the stack and the proteins were 

transferred from the gel to the membrane at a current of 275mA at 25 V for 30-40 

minutes, until all colour markers had transferred. Following protein transfer, 

membranes were stained using PonceauS (Sigma, P7170) to ensure efficient protein 

transfer. The membranes were then blocked for 2 hours at room temperature using 

5% blotting grade blocker (Bio-Rad 170-6404) in PBS with 0.1% tween 20 (Sigma 

P1379) at 4 °C. Membranes were incubated with primary antibody overnight at 4 

°C. Antibodies were prepared in 5% blotting grade blocker in PBS with 0.1% tween. 

Primary antibody was removed after this period and the membranes rinsed 3 times 

with PBS containing 0.5% Tween 20 for a total of 15-30 minutes. Secondary 

antibody (1 in 1,000 dilution of anti-mouse IgG peroxidase conjugate (Sigma, 

A4914)) in PBS, was added for 1.5 hours at room temperature. The membranes were 

washed thoroughly in PBS containing 0.5% Tween for 15 minutes. 



 70 

       Table 2.4 Western Blot antibodies. 

Primary Antibody Dilution Source 

 

Pgp 1:200 Sc-13131, Santa Cruz  

EGFR 1:100 Ab-15, Lab Vision 

PDGFR-ββββ 1:50 PR7212, Calbiochem  

PDGFR-αααα 1:500 Ab35765, Abcam 

BCRP 1:40 Ab3380, Abcam  

C-Abl 1:500 Tyr245, Cell signalling 

BCR-Abl 1:1000 3902, Cell Signalling 

C-Kit 1:1000 Ab32363, Abcam  

ββββ-actin 1:10,000 A5441, Sigma  

Secondary 

Antibody 

Dilution Source  

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-2048, Santa Cruz) and ECL 

AdvanceTM (Amersham, RPN2135) which facilitated the detection of 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 natural state, they were plated on chamber 

slides (Menzel Glaeser) at a concentration of 6.25x104 cells/ml in 80 µl  culture 

medium per well. Cells were incubated for 24hrs at 37oC, 5% CO2, and were then 

fixed with ice cold acetone, air dried and stored at -20oC. This work was carried out 

with my supervisor Dr. Verena Amberger Murphy. The slides were transported to 

Beaumont Hospital for staining by immunohistochemistry. The following 3 sections 

describe ICC carried out by Rachel Howley in Beaumont hospital. 

 

2.11.2 Automated Immunocytochemistry (ICC) 

To ensure all tissue microarrays (TMAs) and chamber slides were treated under the 

same conditions, where possible, antibodies were optimised for use on the 

automated Bond™maX system (Vision Biosystems™, Leica Microsystems, Milton 

Keynes, UK.) The procedure for automated immunocytochemistry on Bond™maX 

was set up as described in the user manual (Table 2.5).  

 

2.11.3 Manual Immunocytochemistry 

Both cultured chamber slides and formalin fixed paraffin embedded (FFPE) TMAs 

were immunohistochemically manually stained for phospho-AKT and phospho-

P70S6K. Culture chamber slides were treated with 3% hydrogen peroxide for 5 mins 

to block endogenous peroxidases. They were then washed for 5 mins (x2) in TBS-T, 

circled with the pap pen. All slides were blocked with 100-200 µl per slide of 

blocking buffer (5% Normal Goat Serum (Vector)) in TBST for 1 hour at room 

temperature, followed by an incubation with primary antibody overnight at 4oC. 

Both primary antibodies were diluted in blocking buffer; 1/60 and 1/30 for phospho-

AKT and phospho-P70S6K.  

      The following day all unbound primary antibody was removed using 5 min (x3) 

washes with TBS-T. The biotinylated anti-rabbit secondary antibody (Vector) was 

diluted 1/200 in blocking buffer and applied to each slide for 30 mins at room 

temperature. Again, all unbound antibody was removed by washing with TBS-T (5 
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min x3). The ABC complex (ABC vectastain kit, Vector) diluted 1/100 in TBS-T 

was applied to the slides for 30 mins at room temperature. (Note: the ABC complex 

was prepared 30 mins prior to use to allow the Avidin-Biotin Complex to form.) All 

unbound Avidin complex was removed by washing with TBS-T for 5 mins (x3) 

after which the chromagen Novared (Vector) was applied for 5-10 mins. This 

peroxidase labelled chromagen reacts with the Horseradish Peroxidase (HRP) 

labelled Avidin resulting in a red stain located wherever the primary antibody is 

bound. The reaction was stopped by immersing in a trough of running tap water 

before being Haematoxylin stained for 1 min. Excess Haematoxylin was rinsed in 

running tap water and the slides were dipped in acid alcohol once before allowing 

the haematoxylin to darken in running tap water for 5 mins. Finally, the slides were 

dehydrated by dipping once in three alcohol dips (95%, 100%, 100% ethanol) before 

being submerged in two xylene washes. Finally the slides were mounted with DPX 

(Fisher) and viewed under the microscope for manual scoring or image analysis 

(Table 2.5). 

 

2.11.4 Manual Scoring of Immunocytochemistry 

In order to quantify the amount of each protein present in ICC stained slides a 

manual scoring system was established. This scoring system took into consideration 

both the staining intensity and the percentage of cells that were stained as previously 

described by Riemenschneider (Riemenschneider et al. 2006). The staining intensity 

was recorded on a scale of 0-3 for each protein. The percentage of cells stained was 

divided into the four quartiles; 0, 1-25%, 26-50%, 51-75% and 76-100% which were 

assigned values of 0, 1, 2, 3 and 4 respectively. An overall score was determined by 

multiplying the score for staining intensity (0-3) by the score for the percentage of 

cells stained (0-4) for an overall score between 0-12. Manual scoring was carried out 

by a Ph.D student, Rachel Howley from Beaumont Hospital, Dublin and a 

neuropathologist, Professor Michael Farrell.  
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Table 2.5 Immunocytochemistry methods. 

 
       CST: Cell Signalling Technologies,      BPDS: Bond Polymer Detection System. 

 

Antibody  Cat. No.  Company  Working 
Dilution 

IHC Method  Technology  Chromagen  
(staining) 

EGFR tot 4267S CST 1:50 Automated  BPDS DAB 

EGFR vIII 
Donated by Darell D. 
Bigner, Duke University 1:50 Automated  BPDS DAB 

PTEN  
(Clone 
6H2.1) ABM-2052 

Cascade 
Biosciences 1:300 Automated  BPDS DAB 

Phos-AKT 
(Pan) 
(Thr308) 9266L CST 1:60 Manual  

Vecastain 
ABC Biotin / 
Avidin  Novared 

Phos-
P70S6K 
(Thr389) Ab32359 Abcam 1:30 Manual  

Vecastain 
ABC Biotin / 
Avidin  Novared 

PDGFR αααα 3164 CST  1:100 Automated  BPDS DAB 

PDGFR ββββ 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 Z0334  Dako 1:7000  Automated  BPDS DAB 
NESTIN  
(Clone 
10C2) MAB 5326  Millipore 1:500  Automated  BPDS DAB 
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2.12 Statistical Methods 

Statistical methods were used to analyse our immunocytochemistry (section 3.5) 

results in comparison to responsiveness to TKIs of the cell cultures; to test the 

dependency of the cultures with the PI3K/Akt pathway. The cohort included 26 

high-grade glioma cell cultures, this dataset was too small for supervised analysis, 

therefore unsupervised analysis was used, hierarchial clustering analysis and 

principal components analysis were chosen for multivariate statistics. 

 

2.12.1 Hierarchical Clustering Analysis 

Cluster analysis is the assignment of a set of observations into subsets (called 

clusters) so that observations in the same cluster are similar in some sense. This is an 

unsupervised analysis which is commonly used. Hierarchical clustering creates a 

hierarchy of clusters which can be depicted in a tree structure called a dendrogram. 

The root of the tree consists of a single cluster containing all observations, and the 

leaves correspond to individual observations. Any valid metric may be used as a 

measure of similarity between pairs of observations. The choice of which clusters to 

merge or split is determined by a linkage criterion, which is a function of the 

pairwise distances between observations. The results are in a dendrogram signifying 

a hierarchical clustering algorithm using Ward’s linkages in Euclidian space (Lomo 

et al. 2008). 

 

2.12.2 Principal Components Analysis 

Principal component analysis (PCA) involves a mathematical procedure that 

transforms a number of possibly correlated variables into a smaller number of 

uncorrelated variables called principal components. The first principal component 

accounts for as much of the variability in the data as possible, and each succeeding 

component accounts for as much of the remaining variability as possible. It is a 

popular technique in pattern recognition. It can be used to extract relevant 

information from confusing data sets. It can transform a complex data set to a lower 

dimension to reveal the sometimes hidden, simplified structures that often underlie it 

(Shlens 2009). 
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2.12.2 One Way Anova 

One-way analysis of variance is a technique used to compare means of two or more 

samples (using the F distribution). This generates a p value; a p value less than or 

equal to 0.05 is classified as statistically significant. 
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2.13 MicroRNA 

2.13.1 Taqman Low Density Array (TLDA)  

The TaqMan® Custom Array is a 384-well micro fluidic card that allows you to 

perform 384 simultaneous real-time PCR reactions without the need to use multi-

channel pipettors to fill the card. This card allows for 1-8 samples to be run in 

parallel against 12-384 TaqMan® Gene Expression Assay targets that are pre-loaded 

into each of the wells on the card.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(www.appliedbiosystems.com) 

 

Fig 2.1 TaqMan low density array workflow. 1:Isolate total RNA that contains small 
RNAs such as miRNA, siRNA, and snRNA. 2: convert miRNA to cDNA prior to 
real-time PCR quantitation.3: dilute RT product. 4: TaqMan® Universal Master Mix 
II is added to each sample and pipetted into the sample loading ports of a TaqMan® 
Array Card. 5: The Taqman arr card in run, performing real-time PCR.6: data 
analyzed.
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Materials for TLDA anaylsis 
Human Multiplex RT set (Pools 1-8) (P/N 4384791, Applied Biosystems) 

TaqMan® MicroRNA Reverse Transcription Kit (200 reactions) (Applied 

Biosystems P/N 4366596) 

TaqMan® 2X Universal PCR Master Mix, No AmpErase® UNG   (Applied 

Biosystems P/N 4324018) 

TaqMan® Array Human MicroRNA Panel V 1.0 (4 Arrays) (Applied Biosystems 

P/N 4384792) 

MirVanaTM miRNA isolation kit  (Applied Biosystems AM1560) 

 

Multiplex reverse transcription 

1. Prepare the RT master mix 

The taqman microRNA reverse transcription kit components were thawed on 

ice. The directions and volumes listed below were for a single sample and were 

scaled appropriately. 

a. The RT master mix for a total of eight multiplex RT reactions was prepared 

in a polypropylene tube (12.5% excess volume was allowed for pipetting 

losses). 

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

placed on ice. 

 

Table 2.6  Preparation of RT master mix 
 

Component Volume for one RT 

reaction (µl) 

Volume for one 

sample (8 RT 

reactions) with 25% 

excess (µl) 

100 mM dNTPs 0.2 2 

MultiScribe™ reverse 
transcriptase, 

50 U/µl 
 

2 20 

10x reverse transcription buffer 1 10 

RNase inhibitor, 20U/µl 0.125 1.25 

Nuclease-free water 2.675 26.75 

Total 6 60 
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Add the RNA template 

a. 2 µl of the 50 ng/µl total RNA template was dispensed into each well of the 

MicroAmpTM optical reaction plate. 

b. The MicroAmpTM optical reaction plate was placed on ice. 

 

2. Prepare the multiplex RT reaction 

a. 6 µl of RT master mix was dispensed into each well of the MicroAmpTM 

optical reaction plate. 

b. 1 µl of each multiplex RT human primer pool (5x) was transferred into the 

appropriate wells. A total of eight independent RT reactions were run per 

sample. The plate was sealed using MicroAmpTM optical adhesive film.  

c. This was mixed gently. The plate was placed on ice for 5 minutes before 

loading it into the thermal cycler. 

 

3. Perform multiplex reverse transcription 

a. The thermal cycler was set to the 9600 emulation mode as follows 

  

                         Table 2.7 Thermal cycle for RT reaction   
 
Step Type  
 

 
Time 
(min)  

 
Temperature  
( °C) 

HOLD 30 16 

HOLD 30 42 

HOLD 5 85 

HOLD ∞ 4 

   

The volume was set to 10 µl, the plate was put into the thermal cycler and the run 

was started. 

 

Taqman array 
1.  Preparing the RT reaction-specific PCR mix 

a. The RT reaction was diluted 62.5-fold by adding 615 µl of nuclease free 

water to each of the eight 10 µl RT reactions. For each RT reaction a 1.5 ml 

microcentrifuge tube was labelled. 

b. The Taqman Universal PCR Master Mix was thawed on ice. 

c. The following components were added to each 1.5 ml microcentrifuge tube 
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                  Table 2.8 Preparation of PCR master mix 
         

 

 

 

 

 

d.  The microcentrifuge tubes were capped and mixed gently. 

e. The tubes were centrifuged to eliminate air bubbles from the mixture, and    

placed on ice. 

 

2. Loading the RT reaction-specific PCR reaction mix into fill reservoirs 

a. When the TaqMan array had equilibrated to room temperature, the card was   

carefully removed from the packaging, and placed foil side down on the lab 

bench. 

b. 100 µl of the RT reaction-specific PCR reaction mix was loaded into the 

corresponding ports. This was dispensed so that it went in and around the fill 

reservoir toward the vent port; the entire 100 µl was pipetted into the fill 

reservoir. 

 

3. Centrifuge the TaqMan Array 

a. The TaqMan Arrays were centrifuged according to the user bulletin: Applied 

Biosystems TaqMan® Low Density Array (P/N 4371129). 

b. Centrifugation was repeated so that the arrays were centrifuged for a total of 

two consecutive, 1 minute spins to ensure complete distribution of the PCR 

reaction mix. 

c. When complete each array was examined to determine if filling was 

complete. 

 

4. Seal the TaqMan Array 

a. The array was sealed according to the user bulletin: Applied Biosystems 

TaqMan® Low Density Array (P/N 4371129). 

b. By using a scissors we trimmed the fill reservoirs from the array.  

 

Component Volume (µl) 

per fill reservoir 

Diluted RT reaction 50.0 

TaqMan 2x Universal PCR Master Mix     

(No AmpErase® UNG) 

50.0 

Total volume 100.0 
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5. Set up and run the plate document 

            Referred to the user bulletin: Applied Biosystems TaqMan® Low Density    

Array (P/N 4371129) and Applied Biosystems 7900HT Fast Real-Time PCR   

System and SDS Enterprise Database User Guide (P/N 4351684). 

 

6. Analyze the PCR reactions 

Referred to the SDS online help, 7900HT system user guide. 
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2.13.2 Relative quantity of miRs by qRT-PCR 

Total RNA was extracted as per section (2.14.2.1) and cDNA synthesised and 

experiments were performed in triplicate, according to the manufacturer’s 

instructions. Reverse transcriptase (RT) reactions were performed using 

micropipettes which were specifically allocated to this work. To form cDNA, a 

high-capacity cDNA reverse transcription kit (Applied Biosystems) was used. 

The number of copies of a mRNA transcript of a gene in a cell or tissue is 

determined by the rates of its expression and degradation. The Real-Time PCR 

system is based on the detection and quantitation of a fluorescent reporter (Livak et 

al. 1995). There are two conventional real time PCR methods SYBR Green and 

TaqMan probe based. The former was the first to be used in real-time PCR. It is a 

fluorescent dye that binds to double-stranded DNA and emits light when excited. 

Unfortunately, it binds to any double-stranded DNA which could result in a non-

specific signal, especially compared with the specificity found with TaqMan probe 

based method. This uses a fluorogenic probe which is a single stranded 

oligonuleotide of 20-26 nucleotides and is designed to bind only the DNA sequence 

between the two PCR primers. Cycle threshold is defined as Cycle number (in 

qPCR) at which the fluorescence generated within a reaction well exceeds a defined 

threshold. The threshold is defined by the software or user to reflect the point during 

the reaction at which the number of amplicons is doubling with each PCR cycle (Fig. 

2.14.2). 

 

 

 

 

 

 

 

 

 

 

 

www.appliedbiosystems.com)  

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

TaqMan® MicroRNA Reverse Transcription Kit (200 reactions) (Applied 

Biosystems, P/N 4366596) 

TaqMan® 2X Universal PCR Master Mix, No AmpErase® UNG   (Applied 

Biosystems, P/N 4324018) 

Fast SyBr Green master mix  (Applied Biosystems, P/N 4385612 ) 
MirVanaTM miRNA isolation kit (Applied Biosystems, AM1560) 

MicroAmpTm Fast 96-well Reaction Plate with barcode (Applied Biosystems, PN 

4346906) 

MicroAmpTm optical adhesive film (100 covers) (Applied Biosystems, PN 4311971) 

Nuclease free water (Applied Biosystems, AM9930) 

RNU44 control (Applied Biosystems, PN4373384) 

MiR-93 TaqMan MicroRNA Assay (Applied Biosystems, PN4427975, ID2139) 

MiR-155 TaqMan MicroRNA Assay (Applied Biosystems, PN4427975, ID2623) 

MiR-23b TaqMan MicroRNA Assay (Applied Biosystems, PN4427975, ID400) 

 

2.13.2.1 Organic RNA Extraction using MirVana miRNA Isolation Kit 

Cells were cultured in vented 75cm2 flasks until they reached 80% confluency. The 

cells were then lysed and RNA was extracted from them using the MirVanaTM 

miRNA isolation kit (catalogue number 1560, 1561). 

 

Cell Lysis Prior to RNA Extraction 

Trypsinised cells were washed by gently re-suspending in 10 mls of 1X PBS and 

pelleted at low speed. The PBS was removed and the cells were resuspended in 600 

µl lysis/binding solution (from the MirVanaTM miRNA isolation kit). The sample 

was then vortexed vigorously to ensure complete lysis of the cells and to obtain a 

homogenous lysate. 

 

The MirVana TM  miRNA isolation kit  designed for purification of RNA is suitable 

for studies of both siRNA and miRNA. The kit employs organic extraction followed 

by immobilization of RNA on glass-fibre filters to purify either total RNA, or RNA 

enriched for small species, from cells or tissue samples. The total RNA from cell 
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samples was isolated as per the manufacturer’s protocol a recommended 102-107 

cells were used for RNA extraction. 

2.13.2.2 Using the Nanodrop to Measure Nucleic Acids 

The NanoDrop is a cuvette free spectrophotometer. It uses just 1 µl to measure from 

5 ng/µl to 3000 ng/µl of nucleic acids in solution. Before applying the RNA sample 

the pedestal was wiped down using a lint free tissue dampened with UHP. 1 µl of 

UHP was then loaded onto the lower measurement pedestal. The upper sample arm 

was then brought down so as to be in contact with the solution. “Nucleic acid” was 

selected on the NanoDrop software to read the samples. After the equipment was 

initialised the “blank” option was chosen, and after a straight line appeared on the 

screen the “measure” option was selected. All sample readings were automatically 

saved as text files which could be viewed using Microsoft Excel. The upper and 

lower pedestals were cleaned with a clean dry wipe between samples. When 

finished, the pedestal was cleaned with a wipe dampened with UHP followed by 

drying with a dry wipe. The purity of the RNA extraction was determined by 

calculating the A260:A280 ratio. An A260:A280 ration of 2 is indicative of pure RNA. 

Only those samples with ratios between 1.7 and 2.1 were used in this study. 
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2.13.2.3 Two step RT-PCR 

In the reverse transcription (RT) step, cDNA (complemetary DNA) was reverse 

transcribed from total RNA samples using specific miRNA primers from the 

TaqMan MicroRNA Assays and reagents from the TaqMan® MicroRNA Reverse 

Transcription Kit and the TaqMan® 2x Universal PCR Master Mix, No AmpErase® 

UNG. PCR was carried out using the TaqMan® MicroRNA Assays, with the control 

RNU44. The following products were also used for PCR nuclease free water, 

MicroAmpTm fast optical 96-well reaction plate with barcode, 0.1ml E94 20 plates, 

and MicroAmpTm optical adhesive film 100 covers E215. RT-PCR was carried out 

according to TaqMan® microRNA Assay Protocol. The following reagents were 

thawed and mixed on ice in a 0.5 ml eppendorf (Eppendorf, 0030 121.023). 

 

 

               
(www.appliedbiosystems.com) 

    

Fig. 2.4 Two step RT-PCR The first step is reverse transcription (RT), in which RNA 
is reverse transcribed to cDNA using reverse transcriptase. This step is very 
important in order to perform PCR since DNA polymerase can act only on DNA 
templates. The RT step can be performed either in the same tube with PCR (one-step 
PCR) or in a separate one (two-step PCR) using a temperature between 40°C and 
50°C, depending on the properties of the reverse transcriptase used  
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                 Table 2.9 Preparation of RT master mix per 15 µl reaction. 
Components In 15 µl reaction 

 

dNTP mix (100mM) 0.15 µl 

MultiscribeTM RT enzyme (50 U/ µl) 1.00 µl 

10 x RT Buffer 1.50 µl 

RNase Inhibitor (20 U/ µl) 0.19 µl 

Nuclease free water 4.16 µl 

Primer 3.00 µl 

 

The master mix was placed on ice and mixed gently, cDNA reverse transcription 

reaction was prepared by adding 10 µl of the RT master mix into an individual tube, 

5 µl (10ng/ µl) of RNA was pipetted into master mix containing tubes, sealed, 

centrifuged briefly and loaded into the thermal cycler (Hybaid). The reaction volume 

was set to 15 µl. 

 

                                  Table 2.10 Thermal cycle for RT reaction. 
Temperature Hold ( oC) Duration 

(minutes) 

16 30 

42 30 

85 5 

4 ∞ 

 

After completion of the reaction cDNA was ready for quantitative PCR. 
 
 

Table 2.11 Preparation of PCR master mix per 20 µl reaction 
Components Per reaction (20 

µl) 

2X PCR master mix 10.00 µl 

Nuclease free water 7.67 µl 

Primer 1.00 µl 

cDNA 1.33 µl 

 

The PCR reaction was carried out the Applied Biosystems 7900HT Fast Real-Time 

PCR system. 
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       Table 2.12 Thermal cycle for qRT-PCR 
Step Temperature 

Hold ( oC) 

Duration Cycle 

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 with SyBr Green 

 

 

                 Table 2.13 Preparation of  2X RT master mix per 20 µl reaction. 

Components In 20 µl reaction 

 

10 x RT Buffer 2.0 µl 

dNTP mix (100mM) 0.8 µl 

10x RT Random Primers 2.0 µl 

MultiscribeTM RT enzyme (50 U/ µl) 1.0 µl 

RNase Inhibitor (20 U/ µl) 1.0 µl 

Nuclease free water 3.2 µl 

Total per Reaction 10.0 µl 

 

The master mix was placed on ice and mixed gently, cDNA reverse transcription 

reaction was prepared by adding 10 µl of the RT master mix into an individual tube,  

10 µl (100ng/ µl) of RNA was pipetted into master mix containing tubes, sealed, 

centrifuged briefly and loaded into the thermal cycler (G-Storm). The reaction 

volume was set to 15 µl. 

 

 

                             Table 2.14 Thermal cycle for High-Capacity RT reaction. 
Temperature Hold ( oC) Duration 

(minutes) 

25 10 

37 120 

85 5 sec 

4 ∞ 
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Table 2.15 Preparation of SyBr Green PCR master mix per 20 µl reaction. 
Components Per reaction (20 

µl) 

2X PCR master mix 10.0 µl 

Nuclease free water 7.0 µl 

Primer (10 µM F & R) 1.0 µl 

cDNA 2.0 µl 

                             F: forward, R: reverse. 

 

      Table 2.16 Thermal cycle for SyBr Green qRT-PCR 
Step Temperature 

Hold ( oC) 

Duration 

(seconds) 

Cycle 

Denature 95 20 secs 1 

Denature 95 3 secs 2 

Annealing & Extending 60 30 secs X40 
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          Table 2.17 PCR Primers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Tm: annealing temperature 
             s: sense, a.s: anti-sense 
 
 

 

Primer Name Sequence 5’ – 3’ Direction Tm 
(0C) 
 

SEMA6D.s 
 
SEMA6D.a.s 
 

TGCTTTCCATAACCACAGTGCTGAA   
 
TCGTACACCATGGCAGTCCCCT 

61.3 
 
64 

XIAP.s  
 
XIAP.s  
 

TGTCCTGGCGCGAAAAGGTGG 
 
ACCCTGCTCGTGCCAGTGTTG 

63.7 
 
63.7 

SMAD5.s 
 
SMAD5.a.s 

AGCCGGCTCGCGAAAAGGAA 
 
TGCTTCTTTCATTGGGTCAAGTCCTGT 
 

61.4 
 
63.2 

MAP4K4.s 
 
MAP4K4.a.s 
 

CGAGGTGCCTCCAAGGGTTCC 
 
TTCTGCTGCCCACTGCCCTG 

65.7 
 
63.5 

BCL2.s 
 
BCL2.a.s 
 

TGAACCGGCACCTGCACACC   
 
CAAAGGCATCCCAGCCTCCGT   

63.5 
 
63.7 

MET.s 
 
MET.a.s 

TGCTTTGCCAGTGGTGGGAGC   
 
AGAGCGATGTTGACATGCCACTG 

63.7 
 
62.4 
 

PDGFA.s 
 
PDGFA.a.s 
 

AGAGGACACGGATGTGAGGTGAGG 
 
CCATGTCCCAGGAAAGGGCTGC 

66.1 
 
65.8 

Actin.s 
 
Actin.a.s 
 

CAATGGCTCCGGCCTGGTGA 
 
CCATGACGCCCTGGTGTCGG 

63.5 
 
65.5 
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2.13.3 Transient Transfections with anti-miR and pre-miR 

Anti-miR was used to inhibit miRNA activity in the cells, and pre-miR was used to 

increase the copy number of miRNA in the cells. Anti-miR and pri-miR used were 

chemically synthesised (Ambion Inc). These miRNAs were 21-23 bps in length and 

were introduced to the cells via reverse transfection with the transfection agent 

siPORTTM NeoFXTM
 (Ambion Inc., 4511), or lipofectamineTM 2000 (Invitrogen, 

11668-019). 

 

 

                   Table 2.18 Synthetic miRNA Oligonucleotides 
 
 

 

 

 

2.13.3.1 Transfection Optimisation 

In order to determine the optimal conditions for miRNA transfection, optimisation 

with kinesin siRNA (Ambion Inc., Am4639) was carried out for each cell line. A 

protocol was optimised for the miRNA transfection of an established glioblastoma 

cell line, SNB-19. Cell suspensions were prepared at 2x104, 1x105, 3x105 and 5x105 

cells per ml. Solutions of negative control (Ambion Inc., 4390843) and kinesin 

(Ambion Inc., 4392420) siRNAs at a final concentration of 30 nM/ 50 nM were 

prepared in optiMEM (GibcoTM, 31985). Transfection reagent solutions at a range of 

concentrations were prepared in optiMEM in duplicate and incubated at room 

temperature for 10 minutes. After incubation, either negative control or kinesin 

siRNA solution was added to each neoFX concentration. These solutions were 

mixed well and incubated for a further 10 minutes at room temperature. 100 µl of 

the siRNA/transfection reagent solutions were added to each well of a 6-well plate. 1 

ml of the relevant cell concentrations were added to each well. The plates were 

mixed gently and incubated at 37°C for 24 hours. After 24 hours, the transfection 

mixture was removed from the cells and the plates were fed with fresh medium. The 

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 - 
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plates were assayed for changes in proliferation at 72 hours using the acid 

phosphatase assay. Optimal conditions for transfection were determined as the 

combination of conditions which gave the greatest reduction in cell number, after 

kinesin siRNA transfection, and the least cell kill in the presence of transfection 

reagent.  

2.13.3.2 Proliferation Assays on miRNA Transfected Cells 

Cells were seeded using 2 µl Neofx/lipofectamine 2000 to transfect 30 nM/ 50 nM 

miRNA in a cell density of 1x105 per well of a 6-well plate. After 24 hrs, 

transfection medium was replaced with fresh media and cells were allowed to grow 

until they reached 80-90% confluency, a total of 72 hours. Cell number was assessed 

using the acid phosphatase assay. All experiments were carried out independently at 

least three times. In the miRNA experiments, siRNA scrambled transfected cells 

were used as control compared to miRNA treated samples. This was to ensure no 

‘off-target’ effects of the transfection procedure. Non-treated controls were used to 

ensure scrambled siRNA was having no effects and to normalise data. Pre-miR 

negative control (AM17110) was used to ensure no ‘off-target’ effects of pri-miR-93 

with the transfection procedure. Cell number was assessed using the acid 

phosphatase assay described in section 2.4.1 B. Analysis of the difference of 

comparisons, as well as untreated versus miRNA treated mean percentage survival 

was calculated on Microsoft Excel. 

 

2.13.4 Agarose Gel Preparation 

5 g of agarose was weighed and added to 200 ml of TAE buffer (1X), this was 

placed in the microwave for 3 minutes at power 70. This was then left to stand for 

10-15 minutes to come to room temperature. 4 µl of ethidium bromide were added 

to the mixture in a fumehood. This was then poured into 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 Effectively Inhibit Glioma 

Invasion in an in vitro 3D Invasion Assay 

The effect of the combination of imatinib and docetaxel was examined on 4 

established glioma cell cultures, with respect to proliferation and invasion. 

 

3.1.1 The Effect of Imatinib and Docetaxel on Glioma Proliferation  

The IC50 values were established for imatinib and docetaxel on four different glioma 

cell lines; CLOM002 and UPHHJA are primary cell lines, which were used at low 

passage numbers, and SNB-19 and IPSB-18 are established cell lines. The IC50 for 

imatinib was similar for all four cell lines, ranging between 15.7 µM and 18.7 µM 

(Table 3.1). Docetaxel inhibited cell proliferation at much lower concentrations. 

SNB-19 was the most sensitive cell line with an IC50 of 0.7 nM docetaxel, and 

UPHHJA was the least sensitive cell line with a 28-times higher IC50 value of 19.8 

nM. In addition, normal human astrocytes (NHAs) were tested, where an IC50 with 

imatinib of 17 µM was found, which is very similar to the value found with the 

glioma cell lines; with docetaxel the graph plateaued and 50 % inhibition could not 

be reached with a concentration up to 124 nM. 

 

 

Table 3.1 IC50 values for imatinib and docetaxel on cell proliferation of four 
different glioma cell cultures and normal human astrocytes. Data represents 3 
individual biological assays. Standard deviations were generated using Microsoft 
Excel software. 

 

 

 

 

Drug CLOM002 UPHHJA IPSB-18 SNB-19 NHA 

Imatinib ( µµµµM) 15.7 ± 1.3 17.7 ± 1.3 17.4 ± 2 18.7 ± 2 17 ± 0.2 

Docetaxel (nM) 11.8 ± 0.6 19.8 ± 2.5 8.2 ± 0.7 0.7 ± 0.02 >124 
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3.1.2 Combined Treatment with Imatinib and Docetaxel Synergistically 

Inhibited Cell Proliferation in 3 out of 4 Cell Cultures 

To investigate the drug combination effect three low kill concentrations of docetaxel 

and one low kill concentration for imatinib were chosen, which reduced cell 

proliferation of CLOM002, UPHHJA and IPSB-18 cells only up to 37% (Fig. 3.1.1). 

The combination of both drugs at low concentration resulted in up to 87% inhibition 

in these three cell lines compared to imatinib or docetaxel alone. On the other hand, 

the combined treatment of imatinib and docetaxel had no significant effect on SNB-

19 (Fig. 3.1.1).  

For each cell culture the combined effect of the IC10, IC20 and IC30 of 

imatinib and docetaxel revealed a synergistic effect for 3 out of 4 tested cultures 

analysed/, using the combination plot according to Chou and Talalay (Chou and 

Talalay 1984). An effect is synergistic when the combination of two drugs results in 

a higher toxicity than expected, based on pre-determined toxicity levels of either 

drug alone, an effect is additive when the combination of two drugs gives the 

expected toxicity. Highest synergism was seen in IPSB-18 cells with a combination 

index (CI) between 0.05 and 0.25; in UPHHJA the CI was between 0.1 and 0.4 and 

the weakest synergy was in CLOM002 cells with a CI between 0.1 and 0.7. The CI 

in SNB-19 cells was between 0.7 and 1.0 representing an additive effect.  
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      Table 3.1.2 The 
concentrations of docetaxel 
and imatinib used in the 
proliferation assay in figure 
3.1.1. 

 

 

 

 

 

 

 

 

                                                                                                            Do: Docetaxel, Im: Imatinib.                                                      
 

 

 

 

 

 

 
 
 
 
 
 
 
 
Fig. 3.1.1 Combination effect of imatinib (Im) and docetaxel (Do) on cell 
proliferation. *: p <0.05. Data represents 3 individual biological assays. Standard 
deviations were generated using Microsoft Excel software. 

Cell 
Culture 

Docetaxel 
(nM) 
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3.1.3 Imatinib Combined with Docetaxel Induces Apoptosis in Glioma Cultures  

Total apoptosis was analysed in the presence of single drug and drug combinations. 

Over 24 to 48 hours between 2 and 3.4% apoptotic cells were measured in the 

controls (no drug) (Fig. 3.1.2(a)). Drug effects were low after 24 hours, but much 

more pronounced after 48 hours: imatinib alone induced apoptosis in 4.7-7% cells 

and docetaxel alone in 4.3-10% cells, while the combination of imatinib and 

docetaxel caused apoptosis in 13.8-40.1% cells, with CLOM002 cells being the most 

sensitive. In SNB-19, however, docetaxel alone caused 10% apoptotic cells and the 

drug combination increased this effect to 13.8% apoptotic cells (Fig. 3.1.2(a)). There 

was no major difference in early and late apoptosis (not shown). Neither drug alone 

had a significant effect on cell viability of CLOM002, IPSB-18, and UPHHJA cells; 

however, the combination significantly reduced cell viability by over 30% in all 

three cell lines (Fig. 3.1.2(b)). In SNB-19 cells, docetaxel alone caused 10% 

reduction in cell viability, which was similar to 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 after 24 and 48 hrs in the 
absence and presence of drug; imatinib 13.5 µM; docetaxel 14.9 nM. Im & Doc: 
imatinib and docetaxel. The first two bars in each set represent the controls for each 
cell culture, i.e. no drug added. *: P < 5E-3. Data represents 3 individual biological 
assays. Standard deviations were generated from Microsoft Excel software. 
 
 

 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3.1.2 (b) Percentage cell viability after 24 and 48 hrs in the absence and 
presence of drug; imatinib 13.5 µM; docetaxel 14.9 nM. Im & Doc: imatinib and 
docetaxel. The first two bars in each set represent the controls for each cell culture, 
i.e. no drug added. *: P < 5E-3. Data represents 3 individual biological assays. 
Standard deviations were generated from Microsoft Excel software. 
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3.1.4 Drug Scheduling Effect with Imatinib and Docetaxel on Cell Proliferation 

In order to increase the inhibitory effect on proliferation five different drug 

schedules were tested (Table 3.1.3). Each treatment was performed with three 

different drug concentrations; high, medium and low. The high drug concentrations 

were chosen just under the IC50 values, medium was the IC25 and the lowest was the 

IC10. Treatment 5 involving a combination of imatinib and docetaxel on day 1 and 2, 

followed by imatinib alone on day 3 and 4 was the most effective treatment (Fig. 

3.1.3). With treatment 5 survival of CLOM002, UPHHJA and IPSB-18 cells was 

less than 10% in the presence of both high and medium drug concentrations with all 

three cell lines showing similar sensitivity. SNB-19, however, was less responsive to 

the drug scheduling treatment, with 23% survival with the highest concentration, 

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

 
 
Table 3.1.3 Drug treatment schedules: Cells were treated with each drug/drug 
combination for 24 hrs. On day 5 medium was replaced with fresh medium without 
drugs. Cell proliferation was determined at day 8. 

Schedule  Day 1 Day 2 Day 3 Day 4 

 

1 Imatinib Imatinib & 
Docetaxel 

Imatinib Imatinib 
 
 

2 Imatinib Docetaxel Imatinib Imatinib 
 

3 Docetaxel Imatinib Imatinib Imatinib 
 

4 Docetaxel Imatinib & 
Docetaxel 

Imatinib Imatinib 
 
 

5 Imatinib & 
Docetaxel 

Imatinib & 
Docetaxel 

Imatinib Imatinib 
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Fig. 3.1.3 Cell survival (%) after 5 different drug schedules using three different 
drug concentrations; high = closed bars, medium = hatched bars, low = open bars. 
Each drug treatment was measured against 100% cell survival of cells in the absence 
of drug. Data represents 2 individual biological assays. Standard deviations were 
generated from Microsoft Excel software. 
 
Table 3.1.4 Concentrations of docetaxel and imatinib for drug scheduling with 
CLOM002, UPHHJA, IPSB-18, and SNB-19. 

 
                      Do: Docetaxel, Im: Imatinib. 

 

Cell Line Docetaxel (nM) 
 
Do1    Do2   Do3 

Imatinib (µM) 
 
Im1   Im2   Im3 

CLOM002 12.4    6.2    2.5 13.5   6.8    0.2 
 

UPHHJA 12.4    6.2    2.5 13.5   6.8    1.7 
 

IPSB-18 12.4    6.2    2.5 13.5   6.8    1.7 
 

SNB-19  0.6     0.4    0.008 13.5   6.8    3.4 
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3.1.5 Effect of Imatinib and Docetaxel on Glioma Invasion  

In the absence of drug the cell lines UPHHJA, IPSB-18 and CLOM002 showed 

similar invasion activity reaching a distance between 1700 µm and 2000 µm from 

the spheroid within 11/12 days; SNB-19 cells invaded much less and reached only a 

distance of 760 µm within the specified time (Fig. 3.1.4). To investigate the effect of 

imatinib and docetaxel on actively invading cells, the drug was added 4 days after 

implanting the spheroids, when invasion had already started. Imatinib alone had 

little inhibitory effect (CLOM002, UPHHJA, and IPSB-18) or even a slightly 

increasing effect on invasion activity (SNB-19) compared to invasion in the absence 

of drug (Fig. 3.1.5). Docetaxel alone reduced the invasion distance reached after 

11/12 days up to 40% in CLOM002, IPSB-18 and UPHHJA and 50% in SNB-19. 

The combination of imatinib and docetaxel did not increase the inhibitory effect on 

SNB-19 invasion, in comparison to docetaxel alone; however, the combination of 

imatinib and docetaxel substantially decreased the invasion of IPSB-18 (87.7%), 

CLOM002 (63%), and UPHHJA (59%) in comparison to either single drug 

treatment and controls (Fig. 3.1.5 and 3.1.7). NHAs showed significant invasion 

activity, which was only inhibited up to 60% although treated with much higher 

concentrations of drug than glioma cell lines (imatinib 40.7 µM, docetaxel 29 nM). 

The combination of imatinib and docetaxel did not significantly increase the effect 

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

 

 

 

 

 

 

 

 
Fig. 3.1.4 Invasion activity of four cell lines and NHAs in the absence of drug; 
UPHHJA (○), IPSB-18 (□), CLOM002 (▲), SNB-19 (×), cells were tested in 
biological triplicate assays. NHA (---♦♦♦♦---) NHAs were tested in duplicate in one 
experiment. Standard deviations were derived using Microsoft Excel software. 
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Fig. 3.1.5 Average invasion distance over 10-12 days in the absence (control) and 
presence of imatinib 13.5 µM and docetaxel 14.9 nM alone and in combination. 
Cells were tested in biologically triplicate assays. Standard deviations were derived 
using Microsoft Excel software. 
 
 
 

 

 

 

 

 

 

 

Fig. 3.1.6 Percentage of average invasion over 13 days with normal human 
astrocytes with imatinib (Imt) 40.7 µM and docetaxel (Doc) 29 nM in comparison to 
the control (Ctr). Cells were tested in duplicate of one experiment. Standard 
deviations were derived using Microsoft Excel software. 
 
 

 

 

 

 

 

Fig. 3.1.7 CLOM002 cell invasion on day 24 in the absence (a) and presence of the 
combination of imatinib 13.5 µM and docetaxel 14.9 nM (b). 
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3.1.6 Protein Expression Profile of Glioma Cell Cultures  

Using western blotting the protein expression of tyrosine kinases (PDGFR-β, 

PDGFR-α, C-Kit, C-Abl) of multidrug resistance pumps (Pgp, BCRP) and of glial 

fibrillary acidic protein (GFAP) were analysed. All four cultures were positive for 

GFAP proving their glial origin (Fig. 3.1.8). Low expression of PDGFR-β was seen 

in CLOM002, UPHHJA, and SNB-19, and higher expression was found in IPSB-18 

(Fig. 3.1.8). In addition low expression of PDGFR-β in NHAs was found (Fig. 

3.1.10). All cell cultures expressed low levels of PDGFR-α, but no C-Kit. C-Abl 

was expressed in cell cultures (Fig. 3.1.8) and in NHAs (Fig. 3.1.10). In SNB-19 

cells the C-Abl antibody recognized an additional band around 210 KDa which is 

similar to the pattern expressed in the positive control K562, a chronic myelogenous 

leukaemia cell line expressing both C-Abl and the mutated form Bcr-Abl (Fig. 

3.1.8). A Bcr-Abl-specific antibody recognized the same band in SNB-19 cells 

suggesting the expression of a mutated form of C-Abl in these cells (Fig. 3.1.9).  

The multidrug resistance protein BCRP (ABCG2, MXP) was found in all 

four cell cultures (Fig. 3.1.8); however, SNB-19 and IPSB-18 expressed much 

higher levels compared to CLOM002 and UPHHJA cells. Pgp (MDR-1, ABCB1) 

was only expressed in SNB-19 cells (Fig. 3.1.8). Higher expression of Pgp was 

found in the NHAs and low expression of BCRP (Fig. 3.1.10). In summary, SNB-19 

protein expression differed from the other cell cultures in a strong BCRP expression, 

the presence of Pgp, and a protein similar to the mutated tyrosine kinase Bcr-Abl.  
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Fig. 3.1.8 Western blot analysis of tyrosine kinases PDGFR-β, PDGFR-α, Bcr-Abl, 
and C-Abl, multidrug resistance pumps BCRP, Pgp and the astrocyte marker GFAP. 
CLOM002 (1), UPHHJA (2), SNB-19 (3) IPSB-18 (4). 

 
 

 
 
 
 
 
 
 
 
 

 

Fig. 3.1.9 Western blot analysis  
with Bcr-Abl specific antibody.  
Positive control (K562) (1),  
SNB-19 (2), IPSB-18 (3). 
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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, and had the highest BCRP 

expression. Imatinib is a substrate for both Pgp and BCRP (Leslie et al. 2005), 

which has possibly led to a higher efflux of imatinib in SNB-19 cells. Docetaxel is 

also a substrate of Pgp. To test the functionality of Pgp and BCRP, a specific 

inhibitor of both pumps, elacridar, was added which should prevent the efflux of the 

substrates imatinib and docetaxel resulting in stronger inhibition of proliferation. 

Elacridar was tested on CLOM002 and SNB-19 using an IC10 of imatinib, an IC20 of 

docetaxel, and an IC20 of elacridar, a concentration which has been optimised 

previously in lung cancer cell lines. In CLOM002 the inhibition of Pgp did not result 

in inhibition of proliferation in the presence of imatinib and docetaxel (Fig. 3.1.11); 

however in SNB-19 the addition of elacridar resulted in a 17% increase in inhibition 

of proliferation in the presence of the drug combination (Fig. 3.1.12). This indicated 

that the efflux pumps Pgp and BCRP were active in SNB-19 cells and were 

responsible for effluxing imatinib and docetaxel. 
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Fig. 3.1.11 The combined effect of imatinib 1.7 µM, docetaxel 0.12 nM and 
elacridar 0.25  µM on proliferation. 1: Elacridar (El), 2: Imatinib (Imt), 3: Imt and 
El, 4: Docetaxel (Doc), 5: Doc and El, 6: Imt and Doc, 7: Imt and Doc and El. Data 
represents 3 individual biological assays. Standard deviations 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 the TKI imatinib singly and in 

combination with the chemotherapeutic drug docetaxel has been examined in glioma 

cell cultures. Clinical trials using imatinib as a single agent for the treatment of 

recurrent glioblastoma resulted in increased progression free survival after 6 months 

for only a small number of patients (Katz et al. 2004; Raymond et al. 2008). A 

similar result was seen in primary cultures of glioma specimen; out of 15 specimens 

Hägerstrand et al, 2006 identified a small subgroup of high-grade human glioma 

cultures, which were imatinib-sensitive (Hagerstrand et al. 2006). In this subgroup 

the PDGFR expression and phosphorylation status was significantly correlated with 

imatinib sensitivity, indicating a dependency on the PDGFR signalling (Hagerstrand 

et al. 2006).  

TKs regulate a large range of proteins involved in processes including 

growth, metabolism and differentiation. A number of small molecule inhibitors were 

developed to target tyrosine kinases; some of these inhibitors are highly effective in 

the treatment of specific types of cancer, e.g. imatinib. Imatinib for example had 

been designed to target Bcr-Abl, a mutated form of the non-receptor kinase C-Abl 

found in Philadelphia chromosome positive chronic myeloid leukaemia (CML) 

(Sherbenou and Druker 2007). The success of this compound in the treatment of 

CML triggered the hope that imatinib could also be effective against other tumour 

types. Besides BCR-Abl imatinib targets PDGFR, stem cell factor C-Kit and C-Abl, 

causing cell cycle arrest and/or apoptosis (Kilic et al. 2000; Nagar 2007).  

There are various possible reasons for the ineffectiveness of imatinib 

monotherapy on the majority of gliomas: inhibition of C-Kit and PDGFR by 

imatinib may lead to induction of vascular epithelial growth factor (VEGF) resulting 

in angiogenesis; inhibition of a single tyrosine kinase might be insufficient to impact 

downstream signalling cascades, and the molecular targets of imatinib may not play 

a key role in glioma growth and spread. Higher levels of VEGF are found in high-

grade glioma, making this an ideal therapeutic target (Takano et al. 2010); an 

antibody targeting VEGF, bevacizumab, showed promising results in glioma, 
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initially, however the development of resistance emerged (Norden et al. 2008; 

Narayana et al. 2009). A more promising treatment in glioma is currently being 

examined by combining temozolomide with radiotherapy and bevacizumab 

(Narayana et al. 2008).   

The main problem in the treatment of malignant gliomas is their invasive 

behaviour. Successful resection of the main tumour mass cannot prevent recurrence 

due to single cells invading the surrounding brain parenchyma at the time of 

diagnosis. The clinical effectiveness of combination therapy PCV (Procarbazine, 

CCNU and Vincristine), which was used for over 30 years in the treatment of 

malignant astrocytomas and glioblastomas, is still doubtful. The development of 

new treatment strategies is urgently needed. 

Another possibility for increasing the response and effectiveness of TKIs 

could be a combination treatment consisting of a TKI and a cytotoxic drug, e.g. 

docetaxel. Docetaxel is a hemisynthetic product derived from the European yew 

tree, which promotes the assembly and inhibits the depolymerisation of 

microtubules in the cells (Bissery et al. 1995). This drug is widely used as 

chemotherapeutics and is particularly effective in the treatment of non-small cell 

lung cancer (Plosker and Hurst 2001). The use of docetaxel alone for the treatment 

of glioblastomas has shown little or no significant response possibly due to the BBB 

limiting drug flow into the brain (Forsyth et al. 1996; Sanson et al. 2000). However, 

docetaxel combined with radiotherapy resulted in a partial response (Koukourakis et 

al. 1999), and local delivery of docetaxel in vivo in an animal model significantly 

improved survival (Sampath et al. 2006). 

The combined treatment of imatinib and docetaxel was tested on four glioma 

cell cultures. Two of the cell cultures (CLOM002 and UPHHJA) derived from 

primary glioblastomas were used at low passage numbers (CLOM002 passage 11 to 

40, UPHHJA passage 9 to 25) and were developed in Professor Geoffrey 

Pilkington’s laboratory in Portsmouth, UK. A cell line IPSB-18 also from Professor 

Geoffrey Pilkington’s laboratory was derived from a grade III astrocytoma, was 

used at passages 57 to 72. A second cell line SNB-19 is an established and 

commercially available cell line and was used between passages +9 to +31 (after 

purchase). The cell lines IPSB-18 and SNB-19 appeared as homogeneous 

populations possibly due to higher passage number; while the primary glioblastoma 

cell cultures CLOM002 and UPHHJA presented as heterogeneous cell populations. 
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All cell cultures had fast proliferation rates and were highly invasive. The effect of 

imatinib and docetaxel singly and in combination on proliferation, 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 imatinib and the chemotherapeutic drug 

docetaxel decreases proliferation activity of glioma cells the IC50 concentration for 

each drug was determined in a monolayer proliferation assay (Table 3.1). The IC50 

values for imatinib were in the micromolar range (15.7 µM to 17.4 µM), which is 

consistent with published data where Servidei et al, 2006 showed IC50 values 

ranging from 18.6 µM to 32.6 µM in U87 glioma cells (Servidei et al. 2006). IC50 

values for docetaxel ranged from 8.2 nM (IPSB-18) to 19.8 nM (UPHHJA) (Table 

3.1).  

The combination of both drugs at low concentration (Fig. 3.1.1) (Table 3.1.2) 

resulted in up to 87% inhibition of proliferation in CLOM002, UPHHJA and IPSB-

18. For each cell culture the combined effect of the IC10, IC20 and IC30 of imatinib 

and docetaxel was analysed using the Chou and Talalay plot (Chou and Talalay 

1984). This revealed a synergistic effect of imatinib together with docetaxel in these 

3 glioma cell cultures. The highest synergism was seen in IPSB-18 cells followed by 

UPHHJA and CLOM002 cells. Gucluler and Baran et al, have shown that the 

combined treatment of imatinib and docetaxel decreased cellular proliferation in 

chronic myeloid leukaemia cell lines (Gucluler and Baran 2009). They increased the 

chemosensitivity of human K562 cells to imatinib in combination with docetaxel, 

and showed that the combination of both drugs decreased cellular proliferation and 

increased apoptosis as compared to any drug alone. Apoptosis was reduced through 

caspase-3 enzyme activity (Gucluler and Baran 2009).  

It has been reported that small amounts of imatinib in the plasma can cross 

the blood–brain barrier (BBB). Bihorel et al, have shown that in mice only 20% of 

imatinib is crossing the BBB, while 80% is effluxed by BCRP and Pgp (Bihorel et 

al. 2007). Le Coutre et al, found a mean plasma concentration with imatinib in 

leukaemia patients of 2–5 µg/ml and 531 ng/ml for the metabolite N-desmethyl-

imatinib (le Coutre et al. 2004). They also found that the average CSF concentration 

for imatinib was 38 ng/ml, and less than 10 ng/ml for N-desmethyl-imatinib (le 
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Coutre et al. 2004). High-grade glioma patients have a disrupted BBB in the tumour 

centre, which would allow a higher concentration of imatinib in the CNS; however, 

it is not clear if an effective concentration can be reached. 

A similar problem exists with docetaxel. Docetaxel as a substrate of Pgp 

probably does not reach a sufficient concentration in the brain, which might explain 

the poor response seen in recurrent glioblastoma treated with docetaxel 

systemicallypo (Forsyth et al. 1996; Kemper et al. 2003; Kemper et al. 2004). 

Plasma concentrations for docetaxel are around 0.5 nM, while concentrations in the 

cerebrospinal fluid (CSF) are ten times lower (0.05 nM) (Fracasso et al. 2004). This 

issue has been addressed recently by using convection-enhanced delivery (CED), for 

the treatment of recurrent gliomas with some promising results, where direct 

regional administration of protein toxins is achieved through stereotactically 

implanted catheters by using CED (Chen et al. 1999; Debinski 2002). The 

concentrations of docetaxel in the proliferation assays with SNB-19 and CLOM002 

(0.1 nM to 0.5 nM) (Table 3.1.2), were within the reported plasma concentration 

reported by Fracasso et al, for docetaxel (Fracasso et al. 2004), and over 4 times 

higher for UPHHJA and IPSB-18 (1.2 nM) (Table 3.1.2); and the concentrations for 

imatinib are lower than the plasma concentrations reportedly found by Le Coutre et 

al, for imatinib (up to 8 µM) (le Coutre et al. 2004). It is possible that the 

concentrations of imatinib and docetaxel currently achievable in the CSF are 

inactive concentrations and have no toxic effect on glioma. 

The synergistic effect of imatinib and docetaxel in combination was caused 

by apoptosis, while single drugs had little apoptotic effect (Fig. 3.1.2). Docetaxel 

causes G2/M cell cycle arrest (Gucluler and Baran 2009) and imatinib induces cell 

cycle arrest at the G0-G1 or G2/M phase in glioma cells (Ren et al. 2009). Increased 

apoptosis through combination of imatinib and docetaxel has also been found in 

human K562 chronic myeloid leukaemia cells, and this effect was induced by 

caspase-3 enzyme activity (Gucluler and Baran 2009).  

A variety of drug scheduling assays were carried out to increase the 

combination effect of imatinib and docetaxel (Fig. 3.1.3). A combination of imatinib 

and docetaxel on day 1 and 2, followed by imatinib alone on day 3 and 4 was the 

most effective treatment, resulting in 90% cell kill in CLOM002, UPHHJA and 

IPSB-18 cells (Fig. 3.1.3).  
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UPHHJA, IPSB-18 and CLOM002 show similar invasion activity reaching a 

distance between 1700 and 2000 µm from the spheroid within 11/12 days (Fig. 

3.1.4). Imatinib alone had little or no effect on glioma invasion activity while 

docetaxel slightly inhibited invasion in these 3 cell cultures (Fig. 3.1.5). The drug 

combination, however, reduced invasion activity between 63% in CLOM002, 59% 

in UPHHJA and 87.7% in IPSB-18, and was much more effective compared to 

single drugs. It is also possible that the 3D invasion assay allowed some cells to 

invade and some to proliferate, therefore the drugs may have had an effect on both 

invasion and proliferation. In figure 3.1.7 the image of the invasion assay with 

CLOM002 after 24 days invasion shows cells with an elongated structure, these may 

have been invasive, and cells with a round structure, which may have been involved 

in proliferation, possibly indicating a difference in function for each cell type (Fig. 

3.1.7). Golembieski et al, have shown migrating U87MG glioma cells maintain an 

elongated morphology on a fibronectin substrate, migration was correlated with 

decreased proliferation, they found an increase in the number of rounded cells with 

proliferative function (Golembieski et al. 2008). It is possible that docetaxel 

inhibited both proliferation and invasion, as it specifically targets microtubules, 

which are involved in cell division and motility. 

All cell cultures expressed GFAP proving their glial origin (Fig. 3.1.8). C-

Abl, PDGFR-α and PDGFR-β were expressed at low levels in all cell cultures, 

while C-Kit expression was absent. Low expression or absence of these imatinib 

targets could explain the low sensitivity to imatinib. C-Kit and C-Abl are frequently 

mutated or overexpressed in glioblastomas (Haberler et al. 2006), and are associated 

with glioma progression (Stanulla et al. 1995; Jiang et al. 2006), Overexpression of 

C-Kit and C-Abl was not found in the tested glioma cells. Other growth factors such 

as EGFR, tumour growth factor (TGF), insulin growth factor (IGF) may play a more 

significant role in proliferation of these cell lines. EGFR which signals through the 

PI3K/Akt pathway (Hynes and Lane 2005) is commonly overexpressed in gliomas 

(Heimberger et al. 2005).  

IPSB-18 had the highest expression of PDGFR-β, which is not surprising as 

the activation of the PDGF autocrine loop is thought to be an early event in the 

pathogenesis of malignant astrocytomas (Guha et al. 1995) and IPSB-18 is derived 

from a grade 3 astrocytoma. Secondary glioblastomas are usually associated with 
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overexpression of platelet derived growth factor (PDGF) and its receptor tyrosine 

kinase PDGFR forming an autocrine loop, which contributes to tumour growth, and 

the transformation process to a more malignant phenotype (Hermanson et al. 1992; 

Westermark et al. 1995).  

 

Effect of Imatinib and Docetaxel on Proliferation and Invasion of Normal 

Human Astrocytes 

As a control cell line normal human astrocytes (NHAs) were included. Their IC50 for 

imatinib was 17 µM, which is similar to the value found in glioma cell cultures, 

suggesting the possibility of side effects on normal cells. Bartolovic et al, found a 

reversible effect with normal hematologic (CD34 positive) progenitor cells at IC50s 

ranging from 0.3 µM to 1.8 µM (Bartolovic et al. 2004). This effect was 

independent of C-Kit signalling and could not be seen with stem cells (Bartolovic et 

al. 2004).  

With the NHAs an IC50 concentration with docetaxel could not be achieved, 

the highest concentration tested was 124 nM (Table 3.1), which resulted in an IC20; 

this is a very low toxicity in comparison to that seen with the glioma cells. It appears 

from this result that docetaxel is more toxic to cancerous cells, making docetaxel an 

ideal therapy for glioma, with low-toxicity to normal astrocytes. Docetaxel is a 

known substrate of Pgp, the NHAs had very high expression of Pgp (Fig. 3.1.10) in 

comparison to the glioma cells (Fig. 3.1.8). Pgp expression is known to be expressed 

in the BBB (Leslie et al. 2005) and in human astrocytes (Marroni et al. 2003). It is 

possible that Pgp effluxes docetaxel in NHAs and that there is a loss of function of 

Pgp in glioma cells. 

Rabi and Bishayee et al, have shown that d –limonene, a non-nutrient dietary 

component, enhanced the antitumor effect of docetaxel against human prostate 

cancer cells without being toxic to normal prostate epithelial cells (Rabi and 

Bishayee 2009). Cells have a complex defence system for protection against free 

radical-induced damage resulting in the generation of glutathione (GSH), cysteine 

and antioxidant enzymes, including GSH peroxidase, superoxide dismutase and 

catalase (www.benbest.com/nutrceut/AntiOxidants.html). Hydrogen peroxide (H 2 O 

2) has been identified as a major cytotoxic molecule of reactive oxygen species 

(ROS) in docetaxel-induced cell death (Bauer 2000; Bohler et al. 2000; Komatsu et 

al. 2001). Rabi and Bishayee et al, 2009 have shown that docetaxel induced certain 
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amounts of ROS with cell death and suggested that the different effects of docetaxel 

on the prostate cancer cells in comparison to the normal prostate epithelial cells, 

may be due to the presence of more effective endogenous antioxidant mechanisms in 

the normal cells than in the malignant ones (Rabi and Bishayee 2009).  

To our surprise, NHAs invaded collagen gel from the spheroid up to a 

distance of 1193 µm within 10 days (Fig. 3.1.4). NHAs used in this project are of 

cerebral and foetal origin suggesting the presence of a mixture of astrocytes and 

oligodendrocyte-type 2 astrocyte progenitor cells (O2A). Rat O2A cells have been 

shown to spread and migrate on myelin coated dishes, and on spinal cord sections 

(Amberger et al. 1997). 

NHA invasion activity was only inhibited up to 60% although treated with 

much higher drug concentrations than the glioma cultures, mainly due to the 

docetaxel effect (imatinib 40.7 µM, docetaxel 29 nM) (Fig. 3.1.6). As NHAs had 

high Pgp expression and both imatinib and docetaxel are substrates for Pgp, it is 

possible that they were effluxed, which could explain why high concentrations were 

necessary to show an effect on invasion. The combination of imatinib and docetaxel 

did not significantly increase the effect of docetaxel alone, a similar result to that 

obtained with SNB-19 (Fig. 3.1.6).  

NHAs also had low expression of PDGFR-β, BCRP and C-Abl (Fig 3.1.10). 

The 2 low passage primary cultures CLOM002 and UPHHJA had similar expression 

of BCRP to the NHAs, again possibly indicating that BCRP expression is correlated 

with increased passage number (Figs 3.1.8 and 3.1.10). 

 

 

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 a glioblastoma, had an IC50 for 

imatinib of 18.7 µM, and for docetaxel an IC50 of 0.7 nM was found (Table. 3.1). 

The combination of both drugs resulted in an additive effect in contrast to the results 

obtained with the other glioma cells (Fig. 3.1.1). With drug scheduling a cell kill of 

77% could be reached in SNB-19 (Fig. 3.1.3), showing their lower responsiveness to 

the drug combination. 
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SNB-19 appear as a homogeneous population and seem to have the potential 

to revert to a cancer stem cell-like genotype when exposed to chemotherapeutic drug 

(Auger et al. 2006). Stem cells seem to be responsible for resistance to 

chemotherapy, which might explain the lower cell kill effect of drug combination on 

SNB-19. Auger et al, developed temozolomide resistant variants of SNB-19 which 

did not show increased MGMT expression (Auger et al. 2006). Ma et al, also found 

MGMT expression not to be correlated with resistance in glioma; but some loss of 

chromosome 2p no amplification of chromosome 4 and 16q (Ma et al. 2002). Drug 

resistance in glioma is due to chromosome recombination (Duesberg et al. 2001); 

however, Auger et al, found that SNB-19 temozolomide-resistant variants had less 

rearranged chromosomes than the parental population, these cells were possibly 

derived form a pre-existent population in the parental cell line (Auger et al. 2006). 

They used microarray analysis to compare gene expression profiles of SNB-19-

temozolomide resistant variants in comparison to the parental cell line. They found a 

number of genes known to be involved in developmental pathways to be 

overexpressed in the resistant variants, including frizzled-2 (FZD2) (Galceran et al. 

2004) which is involved in the Wnt pathway or in stem cell self-renewal, and genes 

involved in proliferation such as leukaemia inhibitory factor (LIF) (Pitman et al. 

2004), RNA polymerase II elongation factor (ELL) (Kanda et al. 1998), and Co-

purified with NNF1 protein 1 (CNN1) (Xie et al. 2004). If following temozolomide 

treatment gliomas have the ability to revert back to senescent drug resistant stem 

cell-like cells it could explain why tumours relapse over time.  

Invasion activity of SNB-19 cells was slow and the cells reached a distance 

of only 760 µm within 10 days (Fig. 3.1.4). Invasion was strongly inhibited in the 

presence of docetaxel alone, and the drug combination did not significantly increase 

this effect (Fig. 3.1.5). Western blot analysis revealed an additional band similar to 

that found in K562, a CML cell line, representing the fusion protein Bcr-Abl at 210 

kDa (Fig. 3.1.8 and 3.1.9). Bcr-Abl is a specific target for imatinib; however SNB-

19 did not show higher sensitivity to imatinib suggesting that the band does not 

represent Bcr-Abl. Several BCR-Abl kinase domain point mutations have been 

identified, in CML tumour cells after imatinib treatment, it is more common to find 

these mutations in patients with acquired resistance to imatinib, than patients with 

primary resistance (Qin et al. 2010; Sherbenou et al. 2010). It is possible that SNB-
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19 has a mutated form of Bcr-Abl, which can be examined by specifically looking at 

single nucleotide polymorphisms using PCR. 

SNB-19 cells expressed both efflux pumps, Pgp and BCRP which might 

explain why the drug combination was not as effective as it was on the other tested 

cultures. Using elacridar, a specific Pgp and BCRP inhibitor (Evers et al. 2000), 

suggested the functionality of these pumps in SNB-19 cells (Fig. 3.1.11). It has been 

shown in mice that blockade of both Pgp and BCRP by elacridar produced 

significantly greater brain penetration of imatinib and docetaxel (Kemper et al. 

2004; Bihorel et al. 2007); this effect has also been seen in glioma cell lines with 

imatinib (Decleves et al. 2008), and in lung cancer cell lines with docetaxel (Myer et 

al. 1999). 

Co-expression of Pgp and BCRP has also been found in an imatinib resistant 

subgroup of acute myeloid leukaemia patients (van den Heuvel-Eibrink et al. 2007).  

It is also possible that the more established cell lines SNB-19 and IPSB-18, 

have developed into more resistant cell lines over time, as they have undergone 

more passages, possibly allowing for clonal selection, resulting in higher expression 

of BCRP and Pgp expression in SNB-19 in comparison to the two cell cultures 

which have less passages, CLOM002 and UPHHJA. 

 

3.1 Summary and Conclusion  

 

The Effect of Imatinib and Docetaxel on Glioma 

The combined effect of the TKI, imatinib and the chemotherapeutic drug, docetaxel 

had a synergistic antitumourigenic effect on glioma cells. The drug combination 

strongly inhibited both proliferation and invasion, and had a pro-apoptotic effect in 3 

out of 4 glioma cell cultures. The combined treatment of imatinib and docetaxel is a 

promising treatment for glioma patients. 

 SNB-19 cells express a mutation of the Abl protein, which might prevent 

imatinib binding. Out of 4 cell cultures only SNB-19 expressed both BCRP and Pgp, 

which might lead to higher efflux of imatinib explaining 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 necessary to develop drug resistant glioma 

cells. Two glioma cultures were chosen to develop resistant variants, SNB-19 an 

established glioma cell line bought in from DSMZ, and CLOM002 cells which 

originated from a glioblastoma and was developed in Professor Geoffrey 

Pilkington’s laboratory in University House, Winston Churchill Avenue, 

Portsmouth, Hampshire, PO1 2UP, UK. Both cell cultures were exposed for 4 hours 

once a week over 10 weeks, separately to imatinib (169 µM), docetaxel (4.96 nM 

and 1.24 nM), and temozolomide (257.5 µM). Neither SNB-19 nor CLOM002 

developed resistance to imatinib or docetaxel, only CLOM002 did not develop 

resistance to temozolomide. However, SNB-19 became strongly resistant (15 fold) 

to temozolomide in comparison to the parental population (temozolomide IC50 561.4 

µM ±  45.8 µM versus 37 µM ± 4.1 µM). The parental cell line was used at passage 

P+16, and were temozolimide resistant at passage P+40. Figure 3.2.1 shows cell 

morphology at 10 and 20 times magnification of the parental cell line ((a) and (c)), 

and the temozolomide resistant variant ((b) and (d)). The latter appeared rounder and 

with a more flattened structure. 

 

 

Table 3.2.1 Temozolomide IC50 values SNB-19 and SNB-19 temozolomide 
resistant cell line. 

Cell Line IC50 

 

Parental SNB-19 P+16 37 µM ± 4.1 µM 

 

Temozolomide resistant 

SNB-19 P+40 

561.4 µM ±  45.8 µM 

                           Standard deviations represent the result of 3 biologically individual assays. 



 116 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 

 

 

 

 
Fig. 3.2.1 (a) and (c) show the parental cell line SNB-19 without drug exposure; (b) 
and (d) show the SNB-19 after 10 weeks exposure to temozolomide. 

 

 
 

 

SNB-19 Parental cell line SNB-19 Temozolomide resistant cell line

(a) (b)

(c) (d)

200 µm 200 µm

200 µm 200 µm
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3.2 Discussion 

 
Development of Drug Resistant Cell Lines 
 

Introduction 

Development of resistance in glioma to current therapies over time ultimately results 

in treatment failure in glioma patients. Exploration of resistance mechanisms in 

glioma cells should increase our understanding of resistance in glioma, and enable 

identification of new targets for treatment. In order to study resistance in glioma it 

was necessary to firstly make a resistance model; an established glioma cell line 

SNB-19, and the glioma culture CLOM002 were chosen, both were derived from 

glioblastomas.  

Both cultures were separatley pulse selected with imatinib, docetaxel and 

temozolomide four 4 hours once a week over 10 weeks. Toxic concentrations of 

drug were chosen; the concentrations used were 169 µM imatinib, 4.96 nM and 1.24 

nM of docetaxel, and 257.5 µM of temozolomide. With either culture there was no 

change in resistance to imatinib and docetaxel in comparison to the parental cells, 

when the IC50 values were tested. CLOM002 did not develop resistance to 

temozolomide; however SNB-19 developed strong resistance to temozolomide (15-

fold). The parental cell line SNB-19 had an IC50 with temozolomide of 37 µM, while 

the SNB-19 temozolomide resistant cell line had a much higher IC50 of 561.4 µM 

(Table 3.2.1). Auger et al. used an incremental concentration of 3-150 µM of 

temozolomide with SNB-19 and created two resistant variants, SNB-19A4 and 

SNB-19C1 which had a 100-fold and 55-fold resistance to temozolomide in 

comparison to the parental SNB-19 cell line (Auger et al. 2006). They initially used 

a low concentration of temozolomide (3 µM) and selected out the more resistant 

clones, then they incremented the concentration of temozolomide over time, this 

appears to be a more effective way of developing resistant variants (Auger et al. 

2006). 

The parental cell line had a homogeneous population, with elongated cells, 

while the SNB-19 temozolomide resistant cell line had a mixed population of 

elongated, flattened and rounded cell types (Fig. 3.2.1). There were much larger 

nuclei present in the resistant cell line, possibly indicating the presence of a stem 

cell-like population, as stem cells tend to have larger nuclei with less defined 
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structures (Li and Xie 2005). Strong staining for stem cell markers such as CD133 in 

these temozolomide resistant cells and the parental cells would be interesting to see 

if there are stem cells present and if there is a higher population of stem cells in the 

resistant cells. If there are stem cells in the resistant cells they could be isolated by 

fluorescently activated cell sorting (FACS) analysis, and further testing of 

temozlomide resistance could be examined to see if these cells are more resitant than 

the original mixed population. 

The induction of O6-G-methylation by temozolomide is reversed by the 

DNA repair gene MGMT. Increased levels of MGMT leads to resistance to 

temozolomide in some glioblatomas, however Auger et al, found that the levels of 

temozolomide resistance did not correlate with MGMT expression levels (Auger et 

al. 2006). Very few gliomas actually overexpress O6-G-methylation-DNA 

methyltransferase, suggesting dependence on other resistance mechanisms. Some 

tumours develop resistance independently to MGMT status, with mechanisms such 

as loss of p53 function, which causes cell cycle arrest and apoptosis (Auger et al. 

2006); or the Akt pathway which prevents senescence and mitosis (van den Bent et 

al. 2009). Ulasov et al, found that glioma CD133 positive stem cells which were 

resistant to temozlomide treatment had more active Notch and Sonic hedgehog 

(SHH) pathways, the pathway activity was further enhanced after exposure to 

temozolomide (Ulasov et al. 2010). The SHH pathway is involved in prenatal brain 

development where it regulates proliferation (Dahmane et al. 2001). The Notch 

pathway is associated with proliferation differentiation and apoptosis (Miele and 

Osborne 1999). The activationof these pathways in the temozolomide resistant cells 

from the present study could be examined by using westrn 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 membrane receptor for the 

proinflammatory cytokine macrophage migratory inhibitory factor (MIF) on 

immune cells, which promotes cell proliferation through the MAPK and Akt 

pathways (Kitange et al. 2010). They found overexpression of CD74 in glioblastoma 

(Kitange et al. 2010). The levels of CD74 in the SNB-19 temozolomide resistant 

cells from the present study could be examined  to see if CD74 expression correlates 

with resistance in these cells. 
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Schaich et al, examined MDR1 nucleotide polymorhisms of glioblastoma 

patients treated with temozolomide (Schaich et al. 2009). They found that response 

to temozolomide treatment was dependent on MDR1 expression, analysis of MDR1 

genotypes showed that the C/C variant of the exon12 C1236T SNP was associated 

with higher survival for patients treated with temozolomide, the effect was 

independent of MGMT methylation status (Schaich et al. 2009). The overexpression 

of MDR1 has been found in most brain tumours (Demeule et al. 2001). It has been 

suggested temozolomide resistant clones of SNB-19 develop resistance due to less 

differentiated pre-existent cells possibly of stem cell origin (Auger et al. 2006). 

Tumour stem cells are thought to be naturally resistant to chemotherapy due to their 

quiescence, their ability to repair DNA, and their increased ABC transporter 

expression (Auger et al. 2006). In a previous section it was shown that SNB-19 have 

high expression of Pgp and express BCRP (Kinsella et al. 2011), BCRP is known to 

be a stem cell marker (Wang et al. 2008). It would be interesting to check the levels 

of Pgp and BCRP expression in the temozolomide resistant cell line developed to 

see if the levels have increased in comparison to the parental population. 

 

3.2 Summary and Conclusion  

A temozolomide resistant variant (15-fold) was developed from exposure of SNB-19 

cells to temozolomide. There was a change in morphology, resistant cells were 

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

Hospital 

31 cell cultures were generated from biopsy samples from 44 glioma patients. 15 of 

the cultures had good growth. The cultures were grown in DMEM with 20% fetal 

calf serum, and 4% non-essential amino acids. Reasons for unsuccessful 

development were non-adherence to the bottom of the flask, bacterial contamination, 

and cell division arrest. The age range of the patient cohort was 22 to 78 years, 

35.5% of the patients were between 24-49 years, and 64.5% of the patients were 50-

78 years. The cohort included 31 male and 12 female patients. Malignant gliomas 

are more frequently found in older male patients (Paul Kleihues 1997), which is 

consistent with our findings. The survival time was determined in months from the 

point of enrollement. 26 of these patients passed away during the course of this 

study, patient survival did not correlate with cell growth rate (Table 3.3.3); this is 

not surprising as benign meningioma cultures usually grow rapidly for ten passages 

and then senesce (Rooprai et al. 2003; Ragel et al. 2008). Patients with a 

glioblastoma had an average age of 58 years and an average survival time of 16.5 

months, in comparison to the lower grade tumours where the average age was lower 

at 40 years with more than a 2-fold increase in an averge survival time of 34 months 

(Fig 3.3.1).  

Of the 39 biopsy samples which formed cell cultures, 25 originated from 

glioblastomas, 5 secondary glioblastomas, other samples included 4 grade III 

astrocytomas, 1 grade II astrocytoma, 1 grade III oligoastrocytoma, 1 grade III 

oliogodendroglioma and 2 grade II oliogodendrogliomas II (Table 3.3.2). Fig. 3.3.2 

shows representative morphologies of the different cell lines. Figures 3.3.3 to 3.3.8 

are images of each cell culture, showing the vast range of differences in morphology 

with each culture. The cultures with fast growth had a more elongated structure 

(Figs 3.3.3 and 3.3.4), the slow growing cell lines had more of a mixture of 

elongated and rounded cells (Figs 3.3.5, 3.3.6 and 3.3.7). 

In total 15 cultures were established with fast growth rates; 7 with slow 

growth, and 18 samples were slow initially and slowed down even further after less 

than 10 passages (Table 3.3.2). One grade III astrocytoma sample (N070215) 

stopped growing completely (Table 3.3.2). A grade III oligoastrocytoma and a 

secondary glioblastoma (N070950 and N070311) failed to attach to the bottom of 
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the flask (Table 3.3.2), and one glioblastoma sample (N070948) became 

contaminated with bacteria (Table 3.3.2).  

Figure 3.3.3 contains images of the glioma cultures with a fast growth rate 

N070055 has a typical oligoastrocytoma structure, with clusters of cells forming 

networks with each other typical of an oligodendroglioma, with a typical star shaped 

astrocytic cell to the right hand side of the image, these cell types had large nuclei 

and represent a mixed cell population of oligodendrocytes and astrocytes. The 

glioblastoma images (N070126, N070152, and N070859) showed mixed cell types 

of mostly elongated cells and some rounded cells, with small nuclei; N070126 

shows a low confluency population of cells. The grade III astrocytomas (N070201 

and N070788) shows typical astrocytic cellular networks between clusters of cells. 

Both grade II oligodendrogliomas (N070219 and N070314) have elongated cells 

typical of oligodendrocytes, in addition there are a few smaller more rounded shaped 

cells. 

In figure 3.3.4 all of the images are of glioblastoma cell cultures with a fast 

growth rate, and show mixed cell type populations, of mostly elongated cells and 

rounded cells, typical of the heterogeneity of a glioblastoma. However there are 

differences in cell size between samples, N080501 has much larger cells with larger 

nuclei, while N080923 has smaller cells and small nuclei in comparison. There is 

also a difference in confluency beween the images, N080533 and N080869 have low 

confluency, while N080943 is the most confluent. 

Figure 3.3.5 shows images of glioma cultures with a slow growth rate. The 

astrocytomas (N070229, N070237, and N070450) have a typical star-like structure 

of an astrocyte, however N070229 has larger cells and N070237 has a higher 

confluency. The secondary glioblastoma N070440 has a very low confluency in this 

image, showing small rounded cells, the other secondary glioblastoma N070780, has 

larger flattened cells, these are very different in cell types of the glioblastomas with 

fast growth rates from figures 3.3.3 and 3.3.4. The glioblastoma N070934 has very 

small cells which are a mixture of thin elongated and rounded cells, again they are 

very different in structure to the glioblastoma cells with fast growth in figures 3.3.3 

and 3.3.4. N071155 represents a typical oligodendroglioma structure, flattened and 

elongated with a rounded center.  

Figure 3.3.6 shows images of glioma cultures whose growth rate slowed 

down in culture below passage 10. The secondary glioblastoma N060893 had a 
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typical mixed cell type population of elongated and rounded cells, however in 

comparison to glioblastomas, there is a higher population of small rounded cells. 

The other secondary glioblastoma shown here N070701, has large flattened cells. 

Figure 3.3.7 also shows glioma cultures which slowed down in culture with fewer 

than 10 passages. These were all derived from a glioblastoma and all slowed down 

in culture. Figure 3.3.8 shows a glioblastoma with large flattened cells with a 

rounded centre, more typical of an oligodendroglioma, it also shows a secondary 

glioblastoma with large flattened cells. Figure 3.3.9 is an image of a grade III 

astrocytoma culture which stopped growing, it mainly has small rounded cells with 

one cell containing thin elongated processes. 

Fast growing cultures originated from patients with an average survival time 

of 22 months, the cultures with slow growth originated from patients with an 

average survival time of 25 months, while the cultures which slowed down in 

growth (with the exception of the outlier N06893 with greater than 138 months 

survival) had a much lower average patient survival time of 13 months (Table 3.3.3 

(a)). All biopsy samples were taken prior to treatment (Table 3.3.3 (b)). 

 
 
        Table 3.3.1 Brain tumour 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 III Astrocytoma  4 out of 5 

Grade II Astrocytoma  1 out of 1 

Grade III Oligoastrocytoma  1 out of 3 

Grade III Oliogodendroglioma  1 out of 1 

Grade II Oliogodendroglioma II 2 out of 2 
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Table 3.3.2 The take rate of glioma cultures. 
 

Tumour Type Fast 
Growth 

Slow 
Growth 

Slowed 
Down 

Stopped 
Growing 

Never 
Attached 

Cont 

Primary 
Glioblastoma 
(26 samples) 

 

10 1 14 - - 1 

Secondary 
Glioblastoma 
(6 samples) 

 

- 2 3 - 1 - 

Grade III 
Astrocytoma  
(5 samples) 

 

2 2 - 1 - - 

Grade II 
Astrocytoma  
(1 sample) 

 

- 1 - - - - 

Grade III 
Oligoastrocytoma  

(3 samples) 
 

1 - 1 - 1 - 

Grade III 
Oligodendroglioma  

(1 sample) 
 

- 1 - - - - 

Grade II 
Oligodendroglioma  

(2 samples) 
 

2 - - - - - 

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

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

PR: Previous resection. LR: Later resection. ?: patient emigrated and contact details were lost 

Cell 
Culture 

Tumour Type Growth 
Rate 

 

Age Survival Time 
(months) 

 
N070055 Grade III Oligoastrocytoma Fast       32 >38 
N070126 Primary Glioblastoma (LR) Fast 56 28 
N070152 Primary Glioblastoma Fast 52 5 
N070201 Grade III Astrocytoma Fast 42 >36 
N070219 Grade II Oligodendroglioma Fast 66 >36 
N070314 Grade II Oligodendroglioma Fast 33 >36 
N070788 Grade III Astrocytoma (PR) Fast 38 >31 
N070859 Primary Glioblastoma Fast 55 12 
N070865 Primary Glioblastoma Fast 70 5 
N080501 Primary Glioblastoma Fast 60 18 
N080533 Primary Glioblastoma Fast 55 15 
N080540 Primary Glioblastoma Fast 51 ?>12 
N080869 Primary Glioblastoma Fast 54 >20 
N080923 Primary Glioblastoma Fast 61 15 
N080943 Primary Glioblastoma Fast 62 >19 
N070229 Grade III Astrocytoma Slow 22 >36 
N070237 Grade III Astrocytoma (PR) Slow 33 55 
N070440 Secondary Glioblastoma  (PR) Slow 45 7 
N070450 Grade II Astrocytoma Slow 35 >34 
N070780 Secondary Glioblastoma  (PR) Slow 60 4 
N070934 Primary Glioblastoma Slow 52 10 
N071155 Grade III Oligodendroglioma Slow 36 >28 
N060893 Secondary Glioblastoma  (PR) Slowed down 40 >138 
N060913 Primary Glioblastoma Slowed down 67 10 
N060950 Grade III Oligoastrocytoma Slowed down 50 >30 
N060978 Primary Glioblastoma Slowed down 54 3 
N061007 Primary Glioblastoma Slowed down 75 1 
N061092 Primary Glioblastoma Slowed down 78 6 
N070454* Primary Glioblastoma Slowed down 73 3 
N070701 Secondary Glioblastoma  (PR) Slowed down 39 >56 
N070293 Primary Glioblastoma Slowed down 38 >36 
N071026 Primary Glioblastoma Slowed down 46 10 
N071057 Primary Glioblastoma Slowed down 73 7 
N071060 Primary Glioblastoma Slowed down 58 >29 
N071144 Primary Glioblastoma Slowed down 53 8 
N071271 Primary Glioblastoma Slowed down 59 11 
N080558 Primary Glioblastoma Slowed down 64 5 
N080749 Primary Glioblastoma Slowed down 74 4 
N080805 Primary Glioblastoma Slowed down 75 6 
N081185 Secondary  Glioblastoma  (PR) Slowed down 55 4 
N070215 Grade III Astrocytoma (PR) Stopped 

growing 
58 >36 

N070950 Grade III Oligoastrocytoma Cells failed to 
attach to flask 

52 14 

N070311 Secondary Glioblastoma Cells failed to 
attach to flask 

57 6 

N070948 Primary Glioblastoma Bacterial 
contamination 

51 5 



 125 

Table 3.3.3 (b) Patient treatment during the course of the study. 

Sample 
Number 

Tumour Type Radiation 
Treatment 

Temozolomide Gliadel PCV 

N070126 Primary Glioblastoma 60Gy (30fr) Yes Yes No 
N070152 Primary Glioblastoma 56Gy (28fr) Yes No No 
N070201 Grade III Astrocytoma 55Gy (30fr) No No Yes 
N070788 Grade III Astrocytoma Yes amt? No No No 
N070859 Primary Glioblastoma 45Gy (20fr) Yes No No 
N070865 Primary Glioblastoma 60Gy (30fr) Yes No No 
N080501 Primary Glioblastoma Unknown Unknown No No 
N080533 Primary Glioblastoma Yes amt? Yes No No 
N080540 Primary Glioblastoma 58Gy (28fr) Yes No No 
N080869 Primary Glioblastoma 60Gy (30fr) Yes No No 
N080923 Primary Glioblastoma 60Gy (30fr) Yes No No 
N080943 Primary Glioblastoma 58Gy (29fr) Yes No No 
N070229 Grade III Astrocytoma Unknown Unknown No No 
N070237 Grade III Astrocytoma 55Gy (30fr) No No No 

N070440 
Secondary 
Glioblastoma No No yes No 

N070780 
Secondary 
Glioblastoma No No No No 

N070934 Primary Glioblastoma 56Gy (28fr) Yes Yes No 

N060893 
Secondary 
Glioblastoma 60Gy (30fr) Yes No No 

N060913 Primary Glioblastoma 66Gy (30fr) No No No 
N060978 Primary Glioblastoma 20 Gy (5fr) No No No 
N061007 Primary Glioblastoma No No No No 
N061092 Primary Glioblastoma 45Gy (20Fr) No No No 
N070454 Primary Glioblastoma 40Gy (60fr) No No No 

N070701 
Secondary 
Glioblastoma 60Gy (30fr) Yes No No 

N070293 Primary Glioblastoma 60Gy (30fr) Yes No No 
N071026 Primary Glioblastoma Unknown Unknown No No 
      
N071057 Primary Glioblastoma Unknown Unknown No No 
N071060 Primary Glioblastoma 30Gy (60Fr) Yes No No 
N071144 Primary Glioblastoma Unknown Unknown No No 
N07-
1271 

Primary Glioblastoma 
60Gy (30fr) Yes No No 

N080558 Primary Glioblastoma 30Gy (30Fr) Yes No No 
N080749 Primary Glioblastoma Unknown Unknown No No 
N080805 Primary Glioblastoma Unknown Unknown No No 

N081185 
Secondary 
Glioblastoma No No No No 

N070215 Grade III Astrocytoma No Yes No No 

N070311 
Secondary 
Glioblastoma 55Gy (30fr) Yes No No 
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*: Patient still alive. N060893 was an outlier with >138 months survival. 2o: Secondary Glioblastoma. 

 

Fig 3.3.1 (a) Survival and age of patients with a glioblastoma (b) survival and age of patients with a lower grade glioma
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Fig. 3.3.2 Images of glioma cell cultures. (a) Glioblastoma, (b) Grade III 
Oligoastrocytoma (c) Grade III Astrocytoma (d) Grade III Oligodendroglioma. 
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     Fig. 3.3.3 Images (10x) of glioma cell cultures with fast growth rate.  
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Fig. 3.3.4 Images (10x) of glioma cell cultures with fast growth rate.  
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Fig. 3.3.5 Images (10x) of glioma cell cultures with slow growth rate.  
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Fig. 3.3.6 Images (10x) of glioma cell cultures which slowed down in growth. 
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Fig. 3.3.7 Images (10x) of glioma cell cultures which slowed down in growth.  
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Fig. 3.3.8 Image (10x) of glioma cell cultures which slowed down in growth.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.9 Image (10x) of glioma cell culture which stopped growing.  
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3.3.1 Characterization of Newly Developed Glioma Cell Cultures 

The newly developed glioma cell cultures were characterised in relation to invasion, 

proliferation, sensitivity to TKIs and chemotherapeutic drugs, and protein 

expression. 

 

3.3.1.1 Invasion and Proliferation  

Invasion and proliferation was tested with my supervisor, Dr. Verena Amberger-

Murphy. The 3D spheroid collagen invasion assay was used because it is a better 

model for tumour invasion in vivo. One cell culture was additionally tested in the 

Boyden Chamber assay, which resulted in similar invasion activity. 65% of all cell 

cultures tested were invasive. Out of 19 glioblastomas, 4 were non-invasive, and 15 

were invasive, 5 cell cultures showed invasive behaviour with biospheres produced 

from segments of the biopsy sample, the other cell cultures showed invasive 

behaviour from spheroids produced from the cell cultures (see section 2.8). Within 

the lower grade tumours invasive behaviour was independent of the tumour type and 

grade of malignancy. The overall invasion rate per day ranged from 5.23 µm to 

50.69 µm (Fig. 3.3.10). 

Proliferation activity was determined by measuring the doubling time, which 

ranged from 37.3 to more than 168 hours (Figs. 3.3.11 and 3.3.12). Again 

proliferation rate was independent of tumour type and grade. Invasion did not 

correlate with proliferation rate in glioblastomas or the lower grade tumours (Fig. 

3.3.13). The ICC for GFAP and Nestin with 17 of the cultures was carried out a 

Ph.D student, Rachel Howley. ICC of GFAP and nestin was correlated with 

doubling time for the cultures, a low amount of GFAP was detected overall, there 

was an increase in nestin expression with slower proliferating cultures (Fig. 3.3.14). 
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Fig. 3.3.10 Invasion rate per day for 19 invasive cultures. Data represents 3 individual 
biological assays. Standard deviations were generated from Microsoft excel software. 
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      *: Doubling time greater than 168 hours. Blue bars represent secondary glioblastomas. 

Fig. 3.3.11 Doubling time of glioblastoma cell cultures measured in hours. Data represents 3 individual biological assays. Standard 
deviations were generated from Microsoft excel software. 

 
 

 

 

 

 

 

 

                                                        *: Doubling time greater than 168 hours. ** repeat astrocytoma III. 

Fig. 3.3.12 Doubling time of cell cultures derived from other tumour types measured in hours. Data represents 3 individual 
biological assays. Standard deviations were generated from Microsoft excel software. A: astrocytoma, OA: grade II 
oligoastrocytoma, OD: oligodendroglioma
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     Biosphere, ** Doubling Time greater than 168 hours.  
 
Figure 3.3.13 The invasion and proliferation rate of glioblastoma cultures (a) and 
the invasive lower grade cultures, a grade III oligoastrocytoma (N070055), a grade 
II astrocytoma (N070450), and a grade III astrocytoma (N070229) (b). Invasion was 
measured in micrometres per day, doubling time was measured in hours. Data 
represents 3 individual biological assays. Standard deviations were generated from 
Microsoft Excel software. 
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Figure 3.3.14 Doubling time of cultures tested for ICC of GFAP and nestin. GFAP 
and nestin were graded 1 to 12.  
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3.3.1.2 Sensitivity to Tyrosine Kinase Inhibitors 

31 glioma cell cultures were tested for sensitivity to three TKIs, erlotinib, gefitinib, 

and imatinib. Using a cut-off concentration based on data published in the literature 

each cell culture was classified as a responder or non-responder to the TKIs (Table 

3.3.4). The cut off concentration for Erlotinib was 10 µM based on Mellinghoff et 

al, (Mellinghoff et al. 2005) and Zerbe et al, who reported a concentration of 

erlotinib of up to 9 µM found in tumours of an animal model (Zerbe et al. 2008). 

The cut off concentration for gefitinib was 20 µM, based on Hofer and Frei, (Hofer 

and Frei 2007); they found gefitinib concentrations of up to 24 µM in human 

glioblastoma tissue. Cemeus et al, (Cemeus et al. 2008) classified glioblastoma cell 

lines as responsive, if they were inhibited by gefitinib at a concentration of 20 µM. 

The cut off concentration for imatinib was 20 µM which is consistent with data 

published by Servidei et al, (Servidei et al. 2006).  

8 out of 23 glioblastomas, 1 out of 5 astrocytomas III, and 1 out of 2 

oligoastrocytomas III were responsive to erlotinib (Table 3.3.5). Responders to 

gefitinib included 13 out of 23 glioblastomas (Table 3.3.6). 6 out of 23 

glioblastomas, 2 out of 5 astrocytomas, and 1 out of 2 oligoastrocytomas III, and the 

only oligodendroglioma II responded to imatinib (Table 3.3.6). Overall there were 

more imatinib responders found in astrocytomas and mixed tumours than in 

glioblastoma. 

Figure 3.4.4 represents the glioblastoma responder profile. 7 glioblastomas 

responded to 2 TKIs. One grade III astrocytoma responded to both erlotinib and 

imatinib (N070201), and one grade III oligoastrocytoma (N070055) responded to 

both erlotinib and imatinib (Tables 3.3.7 to 3.3.9). Only one secondary glioblastoma 

culture was sensitive to all three TKIs tested (N070701) (Tables 3.3.7 to 3.3.9). 
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Fig. 3.3.15 Glioblastoma cultures which responded to the tyrosine kinase inhibitors, 
erlotinib, gefitinib and imatinib. 
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Table 3.3.4 Classification of glioma cultures as responders and non-responders to 
erlotinib, gefitinib and imatinib. 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   Responder: +        Non-responder:- 
 

 

Cell 
Culture 

Tumour Type Erlotinib Gefitinib Imatinib 
 
 

N070701 Secondary 

Glioblastoma 
+ + + 

N060978 Primary Glioblastoma + +  - 
N070152 Primary Glioblastoma + +  - 
N071144 Primary Glioblastoma + +  - 
N080923 Primary Glioblastoma + +  - 
N080540 Primary Glioblastoma  - + + 
N071057 Primary Glioblastoma  - + + 
N070055 Grade III 

Oligoastrocytoma 
+ - + 

N070201 Grade III 
Astrocytoma 

+ - + 

N060913 Primary Glioblastoma + -  - 
N061007 Primary Glioblastoma + -  - 
N061092 Glioblastoma + -  - 
N060893 Secondary 

Glioblastoma 
- +  - 

N070126 Primary Glioblastoma - +  - 
N070293 Primary Glioblastoma - +  - 
N071271 Primary Glioblastoma - +  - 
N080501 Primary Glioblastoma - +  - 
N080533 Primary Glioblastoma - +  - 
N070454 Primary Glioblastoma - - + 
N071026 Primary Glioblastoma - - + 
N080869 Primary Glioblastoma - - + 
N070450 Grade II 

Astrocytoma 
- - + 

N070314 Grade II 
Oligodendroglioma 

- - + 

N070788 
Grade III 

Astrocytoma 
- -  - 

N070859 Primary Glioblastoma - -  - 
N070865 Primary Glioblastoma - - - 
N080558 Primary Glioblastoma - - - 
N080943 Primary Glioblastoma - - - 
N070229 Grade III 

Astrocytoma 
- - - 

N070237 Grade III 
Astrocytoma 

- - - 

N060950 Grade III 
Oligoastrocytoma 

- - - 



 142 

Table 3.3.5  IC50 values of glioma cell cultures responsive to erlotinib.  

 
 
 

 

 

 

 

        

 

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

 

 

Table 3.3.6 IC50 values of glioma cell cultures responsive to gefitinib.  

 

 

 

 

 

 

 

 

 

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

Cell 
Culture 

Tumour 
Type 

Erlotinib   
(µM) 

 
N070152 Glioblastoma   6.5 ± 0.9 * 
N060913 Glioblastoma   7.2 ± 0.2 * 
N080923 Glioblastoma 7.2 ± 0.5 
N070701 Secondary 

Glioblastoma 
7.9 ± 0.7 

N061007 Glioblastoma   9.1 ± 1.2 * 
N071144 Glioblastoma 9.3 ± 0.5 
N060978 Glioblastoma 9.5 ± 1.4 
N061092 Glioblastoma 9.3 ± 1.4 
N070201 Grade III      

Astrocytoma 
  8.4 ± 0.1 * 

N070055 Grade III 
Oligoastrocytoma 

9.3 ± 0.7 

     Cell Culture Tumour   Type Gefitinib 
(µM) 

 
N080923    Primary Glioblastoma 15.2 ± 0.7 
N071271    Primary Glioblastoma 16.7 ± 1.3 
N080533    Primary Glioblastoma 16.7 ± 1.1 
N070701 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 * 
N070293    Primary Glioblastoma 18.3 ± 2.2 
N080540    Primary Glioblastoma 18.5 ± 1.8 
N070126    Primary Glioblastoma    20.0 ± 1.1 * 
N071144    Primary Glioblastoma 19.5 ± 2 * 
N071057    Primary Glioblastoma    17.2 ± 0.9 * 
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Table 3.3.7 IC50 values of glioma cell cultures responsive to imatinib.  

 

 

  

 

 

 

 

  

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

 

 

Overall, the IC50 values for each drug were relatively high and no cell culture 

showed particular sensitivity to any TKI. 

Cell Culture Tumour  Type Imatinib  
(µM) 

 
N080869    Primary Glioblastoma 14.0 ± 4 * 
N070701 Secondary Glioblastoma 14.4 ± 0.7 
N080540    Primary Glioblastoma 15.8 ± 1.7 
N070454    Primary Glioblastoma   16.7 ± 1.5 * 
N071026    Primary Glioblastoma   19.6 ± 2.4 * 
N071057    Primary Glioblastoma   14.0 ± 1.7 * 
N070201 Grade III Astrocytoma   20.0 ± 0.7 * 
N070450 Grade II Astrocytoma   15.8 ± 3.2 * 
N070055 Grade III Oligoastrocytoma 18.0 ± 0.5 
N070314 Grade II Oligodendroglioma 19.6 ± 1 * 



 144 

3.3.1.3 Sensitivity to Chemotherapeutic Drugs  

The same cell cohort was also tested for sensitivity to the chemotherapeutic drugs 

docetaxel and temozolomide. The IC50 values for docetaxel ranged in glioblastomas 

from 0.4 nM to 25.4 nM and the astrocytomas from 1.4 nM to 59.5 nM; both grade 

III oligoastrocytomas had an IC50 of 2.7 nM, and for grade II oligodendroglioma the 

IC50 for docetaxel was 24.8 nM. The IC50 values clearly demonstrate that sensitivity 

to docetaxel is not correlated with tumour type and grade. 11 out of 23 

glioblastomas and 1 grade III astrocytoma had an IC50 <2 nM for docetaxel (Table 

3.3.8, Fig. 3.3.15) and were responsive to one, two or three TKIs; this would 

indicate there might be a benefit from combing docetaxel and TKIs.  

     The IC50 values of temozolomide also did not correlate with tumour type and 

grade. They ranged in glioblastoma from 198.3 µM to 1146 µM, in astrocytoma from 

437.8 µM to 1037.8 µM, in grade III oligoastrocytomas from 417.2 µM to 852.4 

µM, and the IC50 value in the grade II oligodendroglioma was 939.9 µM (Table 

3.3.9, Fig. 3.3.16).  
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            Table 3.3.8 Docetaxel IC50 values of glioma Cultures.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
        

Standard deviations represent biological duplicate results calculated in Microsoft Excel.* 
Biologically triplicate results. ** Result of a single assay. N070788 is an outlier not included in 
Fig. 3.3.16. 

 
 
 
 
 
 
 
 
 

 
Fig. 3.3.16 The IC50 values of docetaxel in glioblastomas (a), and in other glioma 
cell cultures (b).

     Cell Culture Tumour Type Docetaxel  
(nM) 

 
N080923 Primary Glioblastoma 0.4 ± 0.05 * 
N070152 Primary Glioblastoma     0.5 ± 0.0 
N071271 Primary Glioblastoma 0.6 ± 0.02 * 
N080540 Primary Glioblastoma 0.7 ± 0.01 * 
N070454 Primary Glioblastoma     0.9 ± 0.2 
N060978 Primary Glioblastoma     1.0 ± 0.4 
N070701   Secondary Glioblastoma     1.1 ± 0.4 
N061007   Primary Glioblastoma     1.2 ** 
N060893  Secondary  Glioblastoma     1.6 ± 0.7 
N070201  Grade III Astrocytoma     1.4 ± 0.1 
N061092 Primary Glioblastoma     1.5 ± 0.4 
N070126 Primary Glioblastoma     1.4 ± 0.1 
N070859 Primary Glioblastoma     2.1 ± 0.1 
N060950  Grade III Oligoastrocytoma     2.7 ± 0.6 
N080533   Primary Glioblastoma     2.6 ± 1.6 
N070055  Grade III Oligoastrocytoma     2.7 ± 0.2 
N070865 Primary Glioblastoma     5.0 ± 1.7 
N060913 Primary Glioblastoma     5.6 ± 3.1 
N080501 Primary Glioblastoma     5.8 ± 0.5 * 
N071144 Primary Glioblastoma     6.4 ± 1.5 
N070450   Grade II Astrocytoma     8.3 ± 2.2 
N080943   Primary Glioblastoma     9.0 ± 1.2 
N070229   Grade III Astrocytoma           9.4 ± 1 * 
N070293   Primary Glioblastoma         13.0 ± 5.2 
N070237   Grade III Astrocytoma   16.4 ± 1 
N070314 Grade II Oligodendroglioma   24.8 * 
N080869 Primary Glioblastoma   19.0 ± 5.2 * 
N071026 Primary Glioblastoma   23.2 ± 4 * 
N080558 Primary Glioblastoma   25.4 ± 4.3 
N070788   Grade III Astrocytoma   59.5 ±±±± 3.5 
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Table 3.3.9 Temozolomide IC50 values of glioma cell cultures.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 
      
 
 
 
 
 
 
 
 
 

 
 
Data represents biologically triplicate assays. * Standard deviations are from biologically duplicate 
assays. ** result of a single assay.  

 
 
 
 
 
 
 
 

 

Fig. 3.3.17 The IC50 values of temozolomide in glioblastomas (a), and in other 
glioma cell cultures (b). 

Cell 
Culture 

Tumour Type Temozolomide  
(µM) 

 
 

N070126  Primary Glioblastoma 198.3 ± 10.8 * 
N080923  Primary Glioblastoma 322.9 ± 66.9 
N071271  Primary Glioblastoma 372.4 ± 44.8 
N070055  Grade III Oligoastrocytoma 417.2 ± 65.4 * 
N070201  Grade III Astrocytoma 437.8 ± 22 * 
N070152  Primary Glioblastoma 497.0 ± 98.4 * 
N070859  Primary Glioblastoma 502.2 ± 91.2 * 
N070788  Grade III Astrocytoma 515.0 ± 0 * 
N080805  Primary Glioblastoma 515.0 ** 
N061007  Primary Glioblastoma 566.6 ** 
N080540  Primary Glioblastoma 609.3 ± 90.7 
N061092  Primary Glioblastoma 618.0 ± 0 * 
N070454  Primary Glioblastoma 638.7 ± 284.3 * 
N071144  Primary Glioblastoma 638.7 ± 126.7 
N070865  Primary Glioblastoma 643.8 ± 182.3 * 
N080501  Primary Glioblastoma 700.5 ± 116.4 
N070237  Grade III Astrocytoma 713.4 ± 114.3 
N080533  Primary Glioblastoma 738.1 ±  136.5 
N071026  Primary Glioblastoma 738.1 ± 59.2 
N080869  Primary Glioblastoma 763.8 ± 147.8 
N070701  Secondary  Glioblastoma 772.6 ± 67 
N071057  Primary Glioblastoma 793.2 ± 320.4 * 
N060978  Primary Glioblastoma 810.2 ± 73.1 
N060950 Grade III Oligoastrocytoma 852.4 ± 18 * 
N080943  Primary Glioblastoma 877.3 ± 127.7 
N070450  Grade II Astrocytoma 888.5 ± 346.1* 
N070314  Grade II Oligodendroglioma 939.9 ± 127.2 * 
N080558  Primary Glioblastoma 940.5 ± 95.8 
N070293  Primary Glioblastoma     1004.4 ± 164.3 
N070229  Grade III Astrocytoma     1037.8 ± 25.2 ** 

     N060913  Primary Glioblastoma     1133.1 ± 145.8 * 
N060893  Secondary  Glioblastoma     1146.0 ± 91.2 * 
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3.3.1.4 Normal Human Astrocytes  

To evaluate the drug effects on normal cells, we tested cell proliferation of normal 

human astrocytes (NHAs) in the presence of TKIs and the chemotherapeutic drugs. 

NHAs were not responsive to erlotinib; however, they had IC50 values of 7.8 µM for 

gefitinib, and 16.9 µM for imatinib. We also found that the NHAs were not sensitive 

to chemotherapeutic drugs. IC50 values were 1228.4 µM for temozolomide and >124 

nM for docetaxel. The NHAs had higher IC50 values 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 tumour cells we selected 4 glioma cell 

cultures according to their responsiveness to gefitinib: glioblastoma 1 and the 

oligoastrocytoma III as non-responders, and glioblastoma 2 and glioblastoma 3 as 

responders. The cell cultures were exposed to 2 µM gefitinib for 2 hours, followed 

by mass spectrometry analysis carried out by a Ph.D student in our centre, Sandra 

Roche. Glioblastoma 2 and glioblastoma 3 showed a 2 fold increased uptake of 

gefitinib in comparison to glioblastoma 1 (Fig. 3.3.17). Although the grade III 

oligoastrocytoma, was not a responder to gefitinib (IC50>10 µM) it showed a much 

higher drug uptake (1125.1 ng/million cells) than all three glioblastomas (136.2-

291.5 ng/million cells).  

 

 

Gefitinib Accumulation in Glioma Cell Lines

0

200

400

600

800

1000

1200

1400

1600

GBM1 GBM2 GBM3 OA III

M
as

s 
pe

r 
m

ill
io

n 
ce

lls
 (

ng
)

 
OA: oligoastrocytoma. 
 

Fig. 3.3.18 Accumulation of gefitinib in three glioblastomas and one grade III 
oligoastrocytoma. Data represents triplicate samples. Standard deviations were 
generated from Microsoft excel software. 
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3.3.1.6 Expression at Protein Level of Growth Factor Receptors, ATP 

Transport Proteins, and Tyrosine Kinases 

Western blotting analysis was carried out on 26 cell cultures and on NHAs (Fig. 

3.3.18 (i) and (ii)), to analyse protein expression of Pgp and BCRP. The ATP-

transporter Pgp was expressed in all cultures except two, the glioblastoma lines 

N070152 and N080943. However, N070152, has a very low IC50 value for 

docetaxel, which does not fit with the low levels of Pgp expression. BCRP 

expression varied greatly between the cultures. 8 cultures showed very low BCRP 

expression (Fig. 3.3.18 (ii)), these blots were developed with enhanced 

chemiluminescence confirming the presence of BCRP in these cultures (Fig. 3.3.18 

(iii)).      

 

Table 3.3.10 Cell cultures analysed by western blotting in figure 3.3.18 (i) and  
(iii).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lane Sample Tumour Type 
 

1    Positive control - 
2 N060893 Secondary Glioblastoma 
3 N060978 Primary Glioblastoma 
4 N070055       Grade III Oligoastrocytoma 
5 N070152 Primary Glioblastoma 
6 N070201 Grade III Astrocytoma 
7 N061092        Primary Glioblastoma 
8 N070126 Primary Glioblastoma 
9 N070293 Primary Glioblastoma 
10 N070314 Grade II Oligodendroglioma 
11 N070229  Grade III Astrocytoma  
12 N070701        Secondary Glioblastoma 
13 N070788  Grade III Astrocytoma 
14 N070859 Primary Glioblastoma 
15 N070865 Primary Glioblastoma 
16 N060913 Primary Glioblastoma 
17 N071026 Primary Glioblastoma 
18 N071271 Primary Glioblastoma 
19 N080501 Primary Glioblastoma 
20 N080533 Primary Glioblastoma 
21 N080540 Primary Glioblastoma 
22 N080869 Primary Glioblastoma 
23 N080923 Primary Glioblastoma 
24 N080943 Primary Glioblastoma 
25 NHA Normal Human Astrocytes 
26 N070450 Grade II 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 multidrug resistance 

proteins Pgp, and BCRP.  
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Fig. 3.3.19 (ii) Western blot analysis of the tyrosine kinases multidrug resistance 
proteins Pgp, and BCRP.  
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3.3.1.7 Specific Targets of Erlotinib and Gefitinib 

Western blot analysis was carried out on 26 cell cultures and NHAs, to examine the 

expression of EGFR. Both erlotinib and gefitinib specifically target EGFR. All cell 

cultures expressed EGFR (Fig. 3.3.19). 3 cultures were responsive to erlotinib alone, 

7 cultures were responsive to gefitinib alone, and 5 cultures were responsive to both 

erlotinib and gefitinib. One culture, N070152, expressed both EGFR and EGFRvIII, 

and was responsive to both erlotinib and gefitinib. 8 cultures did not respond to 

either drug. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

* Responsive to Erlotinib   * Responsive to Gefitinib 
 
Fig. 3.3.20 Expression of EGFR and EGFRvIII in the glioma cell cultures. 
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3.3.1.8 Specific Targets of Imatinib  

The expression of the specific targets of imatinib in the cell cultures was examined, 

including PDGFR-β, C-Abl and C-Kit. All cultures expressed PDGFR-β, however, 

N070152 had much lower expression in comparison to the other cultures (Fig. 

3.4.10 and 3.4.11). N070978 was the only culture not to express C-Abl and 

N070152 was the only culture not to express C-Kit (Fig. 3.4.11). Expression of 

these imatinib targets did not always correspond to responsiveness to imatinib. 

  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

* Responsive to imatinib    
 
Fig. 3.3.21 (a) Expression of PDGFR-β, C-Abl and C-Kit in the cell cultures. 
PDGFR-β has 2 bands, C-Kit also has 2. 
 
 

 
 
 
 
 
 
 
 

*      * *      *   *

po
si

tiv
e 

co
nt

ro
l  

   

N
06

08
93

N
06

09
78

N
07

00
55

N
07

01
52

N
07

02
01

N
06

10
92

N
07

01
26

N
07

02
93

N
07

03
14

N
07

02
29

N
07

07
01

N
07

07
88

po
si

tiv
e 

co
nt

ro
l  

   

N
06

08
93

N
06

09
78

N
07

00
55

N
07

01
52

N
07

02
01

N
06

10
92

N
07

01
26

N
07

02
93

N
07

03
14

N
07

02
29

N
07

07
01

N
07

07
88 PDGFR-β

β-actin

β-actin

β-actin

C-Abl

C-Kit

189kDa
170kDa

135kDa

110kDa



 153 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* Responsive to imatinib    
 
Fig. 3.3.21 (b) Expression of PDGFR-β, C-Abl and C-Kit in the cell cultures. 
PDGFR-β has 2 bands, C-Kit also has 2. 
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3.3 Discussion  
 
Characterization of newly Developed Glioma Cell Cultures 
 

Introduction 

Established immortalised glioma cell lines which have undergone several passages, 

involving clonal selection in vitro are homogeneous, their phenotype typically does 

not change, and may not represent the diversity of genetic abnormalities found in 

brain tumours (http://ehis.niehs.nih.gov/; Harry et al. 1998; Francis Ali-Osman 

2005). The experimental results obtained with these cell lines may be quite different 

from those obtained from studies using biopsy specimens. To maintain the cell 

heterogeneity typically found in a brain tumour, glioma cell cultures were developed 

from brain tumour biopsy samples and characterized at early passages (below 

passage 10) with regard to protein expression, sensitivity to TKIs and 

chemotherapeutic drugs, proliferation and invasion activity. In parallel the 

corresponding tissue had undergone immunohistochemical and molecular 

characterisation, which is subject of a different thesis.  

Out of 44 glioma biopsy samples 39 cell cultures were developed (Table 

3.3.2). The age of the patient cohort ranged from 22-78 years, with the majority of 

patients being aged between 50-78 years (Table 3.3.3). The average survival of 

patients with a glioblastoma in our cohort was 16 months with an average age of 

occurrence of 58 years (Table. 3.3.3), this is consistent with published data (Van 

Meir EG 2010). The average survival for patients with a lower grade glioma was 34 

months and the average age was 40 years (Table. 3.3.3), patients with lower grade 

gliomas tend to be younger and have a higher survival rate (Paul Kleihues 1997).  

Glioblastoma cell cultures were characterized by both elongated and rounded 

cells, depicting the heterogeneity seen in vivo. The grade III oligoastrocytoma had 

clusters of cells forming networks with other clusters, and the grade III astrocytoma 

showed a typical star-shaped cell structure. The grade III oligodendroglioma showed 

the typical fried egg cell structure reported by others (Paul Kleihues 1997).  

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

possibly the fast proliferating cells (Fig.3.3.3 to 3.3.4). The slow growing cultures 
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had more of a mixed and flattened cell type, while the cultures which slowed down 

in growth with less than 10 passages had more of a mixed cell type population, with 

larger flattened cells present (Fig.3.3.5 to 3.3.8). The cultures with fast growth 

originated from patients with an average survival time of 22 months, the slow 

growing cultures originated from patients with an average survival time of 25 

months, while the cultures which slowed down in culture originated from patients 

with an average survival time of 13 months. The culture which stopped growing was 

derived from a patient with greater than 36 months survival. It is possible that the 

culture which slowed down in growth contained more of a mixed cell population 

than the fast or slow growth cultures, and possibly even contain stem cell-like cells, 

which would explain the large cell types with large nuclei. 17 cultures were 

examined by ICC for GFAP and nestin expression, a low amount of GFAP was 

expressed, and nestin expression was higher in the lower proliferating cultures (Fig. 

3.3.14). This indicated that there was possibly undifferentiated stem cells present in 

the slower cultures, as nestin is a neuronal stem cell marker (Kawataki et al. 2010). 

 

Invasion and Proliferation of Newly Developed Glioma Cell Cultures 

The invasion and proliferation rate of each cell culture was examined. The majority 

of the glioblastomas were invasive, however the average invasion activity ranged 

from 6 µm/day to 50 µm/day (Fig. 3.3.10). Within the group of astroctyomas and 

mixed gliomas both invasive and non-invasive phenotypes were found. There was a 

large variation of proliferation rates in the cultures; there was no correlation between 

tumour grade and proliferation rate (Fig. 3.3.11 and. 3.4.12). There was no 

significant correlation between invasion and proliferation, i.e. a highly invasive 

culture was not necessarily a slow proliferating one, and a low amount of invasion 

did not always correlate with a fast proliferating culture (Fig. 3.3.13). Invasion and 

proliferation are dependent on substrate, no correlation may have been due to 

different substrates, proliferation assays were carried out with plastic and invasion 

with collagen. It would be possible to correlate invasion and proliferation if you 

used the MIB-1 antibody to the Ki-67 antigen, this antigen is expressed in cells in 

the proliferative phase of the cell cycle an is not expressed in cells at the resting 
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stage (Khoshyomn et al. 1999; Kogiku et al. 2008). Hagerstrand et al, established 20 

high-grade glioma primary cultures and also found large variation in growth rates 

among the cultures, the fastest growing culture displayed an 18-fold increase in cell 

number, the slowest growing cultures only showed a 1.2-fold increase in cell 

number over the 4-day culture period (Hagerstrand et al. 2006). While low-grade 

astrocytomas in vivo tend to be highly invasive, but slow proliferating, the 

proliferation rate of glial tumour cells and mixed gliomas seems to increase with the 

grade of malignancy (Francis Ali-Osman 2005).  

 These characteristics were not fully reflected in their in vitro behaviour. It 

is possible that the in vitro 3D collagen invasion assay was not suitable for each 

cell culture, some cultures did not form hanging drops, instead they remained as 

loose cell aggregates, other invasion assays such as the Boyden Chamber assay 

could have been used. However it is also thought that different sections of the 

tumour contain cells with specific functions, some may be specifically involved in 

proliferation and others in invasion, the biopsy section of the tumour could have 

determined the characteristics of the cell culture, i.e. a highly proliferative section 

of a tumour could have given rise to a cell culture with high proliferation, and a 

highly invasive section of a tumour could have resulted in a highly invasive cell 

culture. As all invasion and proliferation assays were carried out below passage 10 

with each culture, and large differences were seen with both characteristics this 

further supports the hypothesis that biopsy samples were taken from different 

sections of each tumour. With in vitro assays glioma spheroids have been shown to 

be organised adaptive biosystems, which carefully correlate the proliferative and 

invasive ratio within the spheroid to maximise cell number and spheroid expansion 

(Deisboeck et al. 2001; Huang et al. 2008), confirming that different sections of a 

tumour have different biological functions.  

With cultures of glioma cells Giese et al, have shown have shown a 

relationship between migratory and proliferative behaviour (Giese et al. 2003). 

Highly motile glioma cells tend to have lower proliferation rates, i.e. cells proliferate 

only when they do not move this is known as the or ‘Go or Grow’ mechanism (Giese 

et al. 1996). Biological evidence indicates that migratory and proliferative processes 
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share common signalling pathways, suggesting a unique intracellular mechanism 

that regulates both behaviours (Giese et al. 2003; Godlewski et al. 2010; Hatzikirou 

et al. 2010). 

Machesparan et al, established 12 glioblastoma and 1 astrocytoma culture 

from biopsy samples, and found a much more heterogeneous migratory response 

from these samples in comparison to their previous work with established glioma 

cell lines (Mahesparan et al. 1999). They found that the ability to migrate in 

response to extracellular matrix (ECM) was specific to each biopsy specimen as 

opposed to any individual ECM component; in addition with immunohistochemical 

analysis they found anti-glial fibrillary acidic protein (GFAP) staining revealed both 

GFAP-positive and -negative migrating cells, further supporting the presence of 

different cell types in these samples (Mahesparan et al. 1999). It is possible that by 

altering the ECM there could have been differences in invasion.  

Poor prognosis in glioblastomas arises from invasive tumour cells which 

have escaped treatment. It has been shown that glioblastoma cells have the ability to 

switch between invasive and proliferative phenotypes (Godlewski et al. 2010; 

Molina et al. 2010). Molina et al, developed an in vivo model of human invasive 

glioblastoma in mouse brain from a human glioblastoma cell line, they showed an 

increase in tumourigenicity in vivo with increased invasion, and decreased 

proliferation in  vitro for invasive cells (Molina et al. 2010). They also found Akt 

activation was directly related to increased tumourigenicity, stemness and 

invasiveness, and MAPK activation correlated with proliferation; cross-talk was 

found between these two pathways (Molina et al. 2010). If this cross-talk in 

glioblastomas is a key regulator of survival, inhibitors of the PI3K/Akt pathway may 

activate the MAPK pathway and vice versa, allowing an internal phenotype control 

switch between proliferation and invasion activation. Liu et al, have shown that 

activation of Notch1 signalling represses both, PI3K/Akt and MAPK in endothelial 

cells (Liu et al. 2006) increasing Notch1 signalling may have an antitumourigenic 

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

Specific tyrosine kinase inhibitors (TKI) of the epidermal growth factor receptor 

(EGFR) and the platelet derived growth factor receptor (PDGFR) have been used in 

the treatment of various cancer types where increased signalling is thought to 

contribute to tumour progression. Only subgroups of patients have been shown to 

response to each TKI. The molecular characteristics which determine a patients 

response to a TKI have yet to be fully defined. However EGFR kinase domain 

mutations were predictive of responsiveness of lung cancer patients to the EGFR 

TKIs erlotinib and gefitinib (Pao and Miller 2005). 

 Receptor tyrosine kinases, like EGFR and PDGFR, have been identified as 

therapeutic targets in glioblastoma; however, treatment success with inhibitors of 

these receptors is still debated since they are effective only in a limited number of 

patients (Omuro et al. 2007). It was thought that the expression of tyrosine kinases 

including EGFR, PDGFR, C-Abl, and C-Kit, which are specifically targeted by 

tyrosine kinase inhibitors, would be indicative of a responder or non-responder of 

each TKI in glioma. Each glioma cell culture was tested for sensitivity to three 

TKIs, erlotinib and gefitinib which target EGFR, and imatinib which targets 

PDGFR, C-Abl, and C-Kit. Using cut-off concentrations for IC50s, based on 

published data (Mellinghoff et al. 2005; Servidei et al. 2006; Hofer and Frei 2007; 

Zerbe et al. 2008) each cell line was classified as a responder or non-responder to 

each TKI (Table 3.3.4 – 3.3.7). 

 35% of the glioblastomas were responsive to erlotinib (Table 3.3.5) and 56% 

to gefitinib (Table 3.4.6). 26% of glioblastomas responded to two TKIs and 1 

responded to all 3 TKIs; the glioblastoma which responded to all 3 was a secondary 

glioblastoma, the other secondary glioblastoma tested was responsive to gefitinib, it 

is possible that secondary glioblastomas are more sensitive to TKIs; this would need 

to be further clarified with a larger number of secondary glioblastoma samples. 

Normal human astrocytes were not responsive to erlotinib, but were responsive to 

gefitinib and imatinib. 

 This response rate to EGFR-TKIs is high compared to the observations 

reported by Mellinghoff et al, (Mellinghoff et al. 2005). They found in their study 
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that only 10-20% of glioblastoma patients responded to erlotinib and gefitinib, with 

reduction of tumour size by 25%; however, a higher response is possible in vitro 

because of the absence of a BBB, allowing exposure to higher TKI concentrations. 

Mellinghoff et al, also analysed the tumour tissue of their patients and correlated co-

expression of EGFRvIII and PTEN in tumour cells with responsiveness to these 

EGFR kinase inhibitors (Mellinghoff et al. 2005). In a phase II trial with 110 

glioblastoma patients Van den Bent et al, found no correlation with EGFR, 

EGFRvIII expression and improved outcome with erlotinib; they also found 

insufficient single-agent activity in glioblastomas (van den Bent et al. 2009). 

Sarkaria et al, found 2 erlotinib sensitive glioblastoma tumours each with amplified 

EGFR and expressing wild-type PTEN, one of the tumours had truncated EGFRvIII, 

and the other had full length EGFR (Sarkaria et al. 2007). By western blot analysis 

only one cell culture N070152 had expression of EGFRvIII; therefore it was not 

possible to determine if expression of EGFRvIII was correlated with TKI response 

in the glioma cell cultures. It would have been necessary to examine the expression 

of PTEN in all cell cultures to identify its role in the response to these TKIs. 

 The majority of the cell cultures over-expressed wild-type EGFR in 

comparison to the NHAs regardless of tumour grade (Fig. 3.3.20); within this group 

32% of the cell cultures were responsive to erlotinib and 42% to gefitinib. 

Suggesting that responsiveness to erlotinib and gefitinib in vitro seems not to be 

directly correlated with EGFR expression. In the literature it is reported that EGFR 

is overexpressed in 50-60% of glioblastoma patients and amplification is often 

coupled with gene rearrangement (Omuro et al. 2007). The most common mutated 

form is EGFRvIII which is present in 24-67% of glioblastoma patients (Heimberger 

et al. 2005). Hwang et al, found that overexpression of EGFR is correlated with the 

grade of malignancy in tumour tissue; 67% in low-grade astrocytomas, 87% in 

anaplastic astrocytomas, and 100% in glioblastomas (Hwang et al. 1997). Torp et al, 

1991 also found that high-grade gliomas contain more EGFR positive tumour cells 

than low-grade gliomas, and that small neurons and normal glial cells did not 

express EGFR (Torp et al. 1991). Haas-Kogan et al, showed that the response to 

erlotinib treatment was higher in glioblastoma with high EGFR expression and low 
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phosphorylated protein kinase B (PKB)/Akt than those with low EGFR expression 

and high (PKB)/Akt levels (Haas-Kogan et al. 2005). Additionally, they found no 

correlation between EGFRvIII expression and response (Haas-Kogan et al. 2005). 

 Gefitinib has been shown to be effective in lung cancer patients carrying 

mutations in exons 19 and 21 of the EGFR tyrosine kinase domain. These mutations 

were not found in a study involving 95 gliomas including glioblastomas, anaplastic 

oligodendrogliomas, and low-grade gliomas, which might explain the limited 

success of gefitinib in glioma treatment (Marie et al. 2005). Using a multi-

institutional study with glioblastoma tissue and cell lines Lee et al, have shown that 

EGFR missence mutations and amino acid substitutions have an important role in 

determining sensitivity to EGFR small molecule inhibitors (Lee et al. 2006). 

Different mutations of EGFR found in gliomas in comparison to mutations of EGFR 

found in other cancers, may be responsible for resistance to gefitinib in glioma. To 

determine if response to gefitinib is directly related to mutations of EGFR, it would 

be necessary to screen all of the glioma cultures for these mutations. A PCR based 

GeneTailorTM/ QuickChange II site-directed high-throughput mutagenesis system 

could be used for that. 

 It appears that EGFR amplification and mutations together with the 

expression of functional PTEN are involved in glioma sensitivity to EGFR 

inhibition; additional factors influencing glioma sensitivity to EGFR have yet to be 

identified, such as other key pathways or mutations of downstream proteins of these 

pathways.  

Only 6 out of 23 glioblastomas responded to imatinib, whereas the response 

rate was higher within anaplastic astrocytomas and mixed gliomas. Haberler et al, 

found a 15.7% imatinib response rate in patients with glioblastoma (Haberler et al. 

2006). Hagerstrand et al, found a positive correlation in gliomas between PDGFR 

expression and imatinib sensitivity (Hagerstrand et al. 2006). The use of imatinib as 

a single agent in patients with recurrent malignant gliomas was successful only in a 

small group of patients, and only 3% had 6 months progression free survival (Wen 

et al. 2006). Phase II trials with imatinib alone in gliomas had very little effect (Wen 

et al. 2006; Raymond et al. 2008). It is uncertain whether this was due to poor 
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penetration of imatinib through the BBB to the target site. In the present study 

strong expression of C-Kit in 25 out of 26 cell cultures was found. In the literature 

the amount of C-Kit mRNA or protein expression in glioma cell lines varies 

between 50% and 100% (Hamel et al. 1992; Stanulla et al. 1995). The co-expression 

of the receptor kinase C-Kit and its ligand SCF, was found in glioma cell lines, 

suggesting it is involved in intracellular mechanisms for autocrine growth regulation 

of glioma cells (Stanulla et al. 1995). In the present study C-Abl expression was 

found in all cell cultures, with the exception of one, which was a non-responder to 

imatinib (Fig. 3.3.21). Jiang et al, found C-Abl to be overexpressed in glioblastomas 

compared to lower grade gliomas, and they suggest it is associated with poor 

survival (Jiang et al. 2006). 

One glioblastoma culture, N070152, a non-responder to imatinib showed 

very low expression of PDGFR-β and no C-Kit expression; on the other hand, 

EGFR and EGFRvIII were highly expressed (Fig. 3.3.20) and  the cells did respond 

to both EGFR inhibitors erlotinib and gefitinib. Another culture, N070701, 

expressed EGFR, PDGFR-β, C-Kit, and C-Abl and was sensitive to all three TKIs 

tested (Fig. 3.3.20 and 3.3.21). However, TKI target proteins was not indicative of a 

responder in the majority of the cultures.  

 Various other growth factor receptors are also activated in glioma including 

the vascular endothelial growth factor receptor (VEGFR), and the insulin-like 

growth factor (IGF) receptor; their inhibition can prevent tumour growth (Ziegler et 

al. 2008). It has been suggested that inhibition of multiple tyrosine kinases is 

necessary to effectively inhibit downstream signalling, as many tyrosine kinases 

involved in the PI3K signalling pathway are activated at the same time (Shingu et al. 

2009). Imatinib is an inhibitor of multiple tyrosine kinases including PDGFR and C-

Kit, which are associated with the PI3K/Akt pathway, but its effect as a single drug 

is minimal in glioma. 

 To date molecular targeted therapy has not translated into phase III trials for 

malignant glioma. The mechanisms of resistance to receptor tyrosine kinase (RTK) 

inhibition are not fully understood. New trials for gliomas are likely to involve a 

multiple target approach and combination with chemotherapy and/ or radiotherapy 
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(Omuro et al. 2007). Many anti-apoptotic mechanisms are responsible for the 

resistance of glioblastoma cells to chemotherapy and radiotherapy, and it is 

suggested that these mechanisms are also responsible for resistance to RTK 

inhibition (Ziegler et al. 2008).  

The oncogenetic process in gliomas is regulated by differentially activated or 

silenced signalling pathways; which include PI3K/AKT/PTEN/MTOR, 

Ras/Raf/MAPK and protein kinase C signalling. Due to the large amount of cell 

heterogeneity in malignant gliomas and low prevalence of each genetic abnormality, 

it has been difficult to identify targets that act as key promoters of oncogenesis, with 

many studies reporting conflicting results. Several drugs have been tested for glioma 

therapy, including tyrosine kinase inhibitors erlotinib and gefitinib, the PDGFR-TKI 

imatinib, the mTOR inhibitors temsirolimus and everolimus, VEFGR, protein kinase 

C-beta inhibitors, and other angiogenesis pathway inhibitors such as vatalanib, 

bevacizumab, and enzataurin (Omuro et al. 2007). A new approach is involving the 

inhibition of multiple targets simultaneously with less specific, multi-targeting 

drugs, which can be the use of two or more single-targeted drugs, in combination 

with cytotoxic chemotherapy and/or radiotherapy. It may be necessary to target 

other key proteins in the PI3K/AKT and Ras/MAPK growth and survival pathways, 

in addition to the proteins targeted in this study, to find an effective treatment for 

gliomas.  

 

Sensitivity of Glioma Cell Cultures to Temozolomide 

Temozolomide is currently the standard drug for the treatment of newly diagnosed 

and recurrent glioblastoma (Dresemann 2010). An IC50 range for the glioma cultures 

of 198.3 µM-1146 µM for temozolomide was found (Table 3.3.9) (Fig. 3.3.17), 

which is much higher than the plasma concentration of 72 µM reported for 

malignant glioma patients (Ostermann et al. 2004). A 100 µM concentration of 

temozolomide was found in the brain tumour of a xenograft model (Kato et al. 

2010), which is still significantly lower than the IC50 range found with the cell 

cultures. A similar IC50 concentration range with melanoma cell lines was found in 

the NICB by Dr. Alex Eustace (between 223 µM and 791 µM). Normal human 
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astrocytes were found to have an IC50 of 1228.4 µM, showing that temozolomide has 

little toxicity to normal cells in vitro. Temozolomide is rapidly hydrolysed to its 

active metabolite 5-(3-methyltriazeno)-imidazole-4-carboxamide (MTIC) which can 

reach a plasma concentration of 276 ng/ml (Rudek et al. 2004). Under physiological 

conditions temozolomide has a short half life of 1.8 hours, which might explain the 

high concentrations needed in in vitro assays to see an effect. Another explanation 

could be that temozolomide is a substrate of the MDR pump Pgp, which is 

expressed in the majority of the cell cultures (Fig. 3.3.19) (Schaich et al. 2009). 

Akbar et al, have published a gel-matrix containing temozolomide which was placed 

directly at the tumour site in a rat intracranial resection model. This resulted in high 

levels of oncolytic activity towards glioma cells, and minimal cytotoxicity toward 

normal brain tissue, this could be a promising treatment for gliomas (Akbar et al. 

2009).  

  

Sensitivity of Glioma Cell Cultures to Docetaxel 

Docetaxel is a very successful drug in the treatment of a variety of solid tumours 

particularly in lung cancer (Burris et al. 1995). All IC50s for the glioma cell cultures 

were in the nanomolar range, (0.4 nM to 24.5 nM) 12 out of 22 glioblastomas had an 

IC50 < 2 nM (Table 3.3.8) (Fig. 3.3.16). There was no difference in sensitivity 

between glioblastomas and lower grade tumours (Fig. 3.3.16). One cell culture, a 

grade III astrocytoma, was not as sensitive to docetaxel (IC50 of 59.5 nM) (Table 

3.3.8), normal human astrocytes were not as sensitive to docetaxel (IC50 of >124 

nM) (Table 3.1). 24 out of 26 cell cultures expressed Pgp: with 2 glioblastomas 

being negative for Pgp expression. One of these was highly sensitive to docetaxel 

(IC50 of 0.5 nM) (Fig. 3.3.8). Fracasso et al, have found a plasma concentration of 

docetaxel of 0.5 nM in glioma patients and a CSF concentration of 0.05 nM 

(Fracasso et al. 2004), the two sensitive glioblastoma cultures had an IC50 for 

docetaxel (Table 3.3.8) within that found in plasma.  

Expression of the MDR pump BCRP was found in all cell cultures tested: 

one glioblastoma and one grade II oligodendroglioma showed particularly high 

expression of BCRP compared to the positive control (Fig. 3.3.19). One grade III 
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astrocytoma culture showed IC50 of 59.5 nM for docetaxel but not particularly high 

expression of both ABC pumps Pgp and BCRP (Fig. 3.3.19). Therefore, the lack of 

sensitivity to docetaxel by MDR pump expression could not be explained.  

Other ABC transporter pumps, such as MRP1 and MRP2 have been found in 

gliomas (Leslie et al. 2005), and might be involved in docetaxel resistance/ 

sensitivity in the cell cultures, this remains to be examined. Clinical trials using 

systemic docetaxel have not been effective in malignant gliomas probably due to 

poor penetration of drug through the BBB and into the tumour (Forsyth et al. 1996; 

Sanson et al. 2000; Kemper et al. 2003; Kemper et al. 2004). This can be addressed 

by convection-enhanced delivery (CED), a drug application method in which the 

drug is injected directly into the tumour avoiding the blockage through the BBB; 

this is being used in an ongoing clinical trial with paclitaxol with recurrent gliomas 

and is showing promising results (Chamberlain 2006). All glioblastomas with low 

docetaxel IC50 (< 2 nM) were also responsive to one, two, or three TKIs. 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 directly related to the amount of drug 

accumulated in the cells. Therefore the accumulation of gefitinib in 4 glioma cell 

cultures was examined by mass spectrometry. The cultures were selected according 

to their responsiveness to gefitinib. The cells were exposed to 2 µM of gefitinib for 

2 hours. Glioblastoma cells which were responsive to gefitinib had a 2 fold increase 

in uptake of gefitinib compared to the non-responsive glioblastomas. The grade III 

oligoastrocytoma, however had a significantly higher uptake of gefitinib than all 3 

glioblastoma cultures although it was a non-responder to gefitinib. Therefore, the 

uptake of gefitinib seems not to predictive for responsiveness to the drug in the 

oligoastrocytoma cells.  

The accumulation of gefitinib to the brain is limited by the expression of Pgp 

and BCRP (Agarwal et al.). However, seen in the cultures analysed. There may be 

other membrane efflux pumps present  in these glioma cells such as MRP1 and 

MRP2 (Leslie et al. 2005). Bronger et al, have shown the membrane pumps ABCC4 
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and ABCC5, to be more strongly associated with oligoastrocytomas (Bronger et al. 

2005).  

 

3.3 Summary and Conclusion  

 
Characterization of Newly Developed Glioma Cell Cultures 

In collaboration with Beaumont hospital 31 glioma cell cultures were developed 

directly from tissue samples and characterized with regard to their invasion and 

proliferation rate. The majority of the glioblastoma cultures were invasive, however 

the average invasion activity varied between cultures. It was expected that all 

glioblastomas would be invasive, as is typically the case in vivo. Within the group of 

astroctyomas, and mixed gliomas both invasive and non-invasive phenotypes were 

found, while low-grade astrocytomas in vivo tend to be highly invasive. The 

proliferation rate of glial tumour cells and mixed gliomas seems to increase with the 

grade of malignancy in vivo. These invasive and proliferation characteristics are 

obviously not fully reflected in the in vitro behaviour. 

 

Response of Glioma Cell Cultures to Tyrosine Kinases  

Within the glioma cell culture cohort it was found that 35% of the glioblastomas 

were responsive to TKIs targeting EGFR, whereas anaplastic astrocytomas, mixed 

gliomas, and the oligodendroglioma responded better to imatinib, targeting PDGFR, 

C-Kit, and Bcr-Abl. However, in most cases the protein expression of the tyrosine 

kinases EGFR and PDGFR-β, C-Kit, and C-Abl, did not correlate with the 

responsiveness to the specific TKIs. Even though the cultures do express the target 

proteins of the TKIs, none of the cultures were sensitive to them; sensitivity to a TKI 

is usually seen with an IC50 of 1 µM or less, the lowest IC50 was 6.5 µM. The in 

vitro data indicated that individually the TKIs may not be a sufficient treatment for 

gliomas. 

 

Expression of Drug Efflux Pumps and Sensitivity to Chemotherapeutic Drugs 
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The expression of Pgp and BCRP did not always correlate to sensitivity to docetaxel 

or temozolomide. Therefore the expression levels of these pumps are not indicative 

of response to chemotherapeutic drugs. High concentrations of temzolomide were 

necessary to achieve an IC50 in the cultures. All glioblastomas, which were sensitive 

to docetaxel (IC50 < 2 nM) were also responsive to one or more TKIs, the 

combination treatment with docetaxel and one or two of these TKIs is potentially a 

good treatment option for these cases.  

 

Effect of TKIs and Chemotherapeutic Drugs on Invasion in Glioma 

As single drug treatments only docetaxel and imatinib were effective in inhibiting 

invasion activity. Unfortunately, their penetration through the BBB is limited. In 

general response rates of glioblastoma patients to TKIs which specifically target 

EGFR has been low, however the present study showed docetaxel and imatinib to  

be promising treatments for glioma. 

 

Accumulation of Gefitinib in Gliomas 

The intracellular accumulation of gefitinib was higher in gefitinib responsive 

glioblastomas than in non-responsive ones; however, a mixed glioma sample 

showed much higher up-take of TKI despite the fact that it was non-responsive to 

gefitinib. Further experiments have to be performed to explain this result.  
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3.4 Drug Effects in a 3D Invasion Assay  

The work in this section was carried out with my supervisor Dr Verena Amberger-

Murphy. Due to the highly infiltrative and invasive behaviour of gliomas, finding an 

effective drug to treat gliomas has proved difficult. The effect of TKIs and 2 

chemotherapy drugs on invasion in a 3D invasion assay was examind. The 

compounds tested included erlotinib (Erl), gefitinib (Gef) and imatinib (Imt), and the 

chemotherapeutic drugs temozolomide (Tmz) and docetaxel (Doc). The effect of 

each individual drug and the combination effect of TKIs with chemotherapy drugs 

was assessed. 16 invasive glioma cultures were examined, including: 11 primary 

glioblastomas, 2 secondary glioblastomas, 2 grade III astrocytomas and 1 

oligoastrocytoma.  

Spheroids of each culture were implanted into collagen type I gels and cells 

were left to invade for 4 days prior to drug treatment (Fig. 3.4.1) (see section 2.8). 

Invasion was then measured over 9-29 days in the presence and absence (Ctr) of 

drug. Drug concentrations were calculated as approximately twice the IC50 for each 

cell culture from the monolayer proliferation assay, as higher concentrations are 

typically required for spheroids; in some cases IC50 data were not available, and drug 

concentrations had to be estimated. The drug concentrations used for both 

proliferation and invasion are shown (Table 3.4.1 to 3.4.18). For each spheroid four 

measurements (in µm) were taken. Each condition was done in duplicate per 

experiment. Due to the slow proliferation rates of some cultures, repeated 

experiments were not always possible. Tables 3.4.12, 3.4.15 and 3.4.19 show the 

overall effect of drugs on the cultures.  

 

 

 

 

 
 
 
 
Fig. 3.4.1 A primary glioblastoma spheroid implanted into collagen gel, after 4 
days invasion, 10x magnification. 

 

400 µm400 µm
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3.4.1 Drug Effect on Invasion Activity of Primary Glioblastomas  

            Table 3.4.1 Drug concentrations N061007. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 18.3 µM 9.1 µM 
 

Gefitinib 20 µM >20 µM 
 

Imatinib 13.6 µM >20 µM 
 

Temozolomide  41.2 µM* 566.6 µM 
 

Docetaxel 13.9 nM 1.2 nM 
 

*: The invasion assay was carried out prior to the proliferation assay therefore the concentration used 
was too low. >: greater than the cut-off concentration (IC50 not determined). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

*: invasion increased. 

Fig. 3.4.2 (a) Average invasion per day over 13 days for N061007, (b) significance 
of combination effect of erlotinib and docetaxel compared to single drug effect. The 
deviations represent measurements over 13 days. Standard deviations were 
generated from Microsoft Excel software. 
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Surprisingly gefitinib alone and in combination with temozolomide and docetaxel 

increased invasion with N061007, single treatment with imatinib and docetaxel had 

a small inhibitory effect on invasion (Fig. 3.4.2 (a)).The combination of erlotinib 

and docetaxel had the strongest inhibitory effect  

(Fig. 3.4.2 (b)). 

 
                    Table 3.4.2 Drug concentrations N061092. 

Drug Invasion Assay 
Concentration 

IC50 Concentration 
Proliferation 
Assay 
 

Erlotinib 11.6 µM 9.3 µM 
 

Gefitinib 44.8 µM >20 µM 
 

Imatinib 67.8 µM >20 µM 
 

Temozolomide 1030 µM 618 µM 
 

Docetaxel 4.6 nM 1.5 nM 
 

         >: greater than cut-off concentration (IC50 not determined). 
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  *: increased invasion. 

Fig. 3.4.3 (a) Average invasion per day over 27 days for N061092, (b) significance 
of combination effect of imatinib and docetaxel compared to single drug effect. The 
deviations represent measurements over 27 days. Standard deviations were 
generated from Microsoft Excel software. 
 
Erlotinib, gefitinib, imatinib and docetaxel had a very strong inhibitory effect on the 

invasion of N061092, however, temozolomide showed an increase in invasion even 

though a high concentration was used (Fig. 3.4.3 (a)). The strongest inhibitory effect 

was with the combination of imatinib and docetaxel (Fig. 3.4.3 (b). 
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                  Table 3.4.3 Drug concentrations N070152. 
Drug Invasion Assay 

Concentration 
IC50 Concentration 
Proliferation 
Assay 
 

Erlotinib 11.6 µM 6.5 µM 
 

Gefitinib 44.8 µM 17 µM 
 

Imatinib 67.8 µM >20 µM 
 

Temozolomide 1030 µM 497 µM 
 

Docetaxel 4.6 nM 0.5 nM 
 

         >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.4.4 (a) Average invasion per day over 27 days for N070152, (b) significance 
of combination effect gefitinib and docetaxel compared to single drug effect. The 
deviations represent measurements over 27 days. Standard deviations were 
generated from Microsoft Excel software. 
 
Erlotinib had a strong inhibitory effect on the invasion of N070152, imatinib, 

gefitinib and docetaxel had an even stronger effect (Fig. 3.4.4 (a)). The strongest 

effect was with the combination of docetaxel and gefitinib (Fig. 3.4.4 (b)).        
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                      Table 3.4.4 Drug concentrations N070454. 
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Fig. 3.4.5 (a) average invasion per day over 15 days in comparison to the control for 
the cell line N070454, (b) and (c) significance of combination effect compared to 
single drug effect. The deviations represent measurements over 15 days. Standard 
deviations were generated from Microsoft Excel software. 
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IC50 
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Proliferation 
Assay 
 

Erlotinib 46.5 µM >10 µM 
 

Gefitinib 44.8 µM >20 µM 
 

Imatinib 10.1 µM 16.7 µM 
 

Temozolomide 2472.3 µM 638.7 µM 
 

Docetaxel 11.6 nM 0.9 nM 
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All of the single drug treatments had an inhibitory effect on invasion for N070454, 

docetaxel had a very strong effect (Fig. 3.4.5 (a)). When erlotinib or gefitinib were 

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

 

Table 3.4.5 Drug concentrations N070859. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 18.6 µM >10 µM 
 

Gefitinib 40.3 µM >20 µM 
 

Imatinib 67.8 µM >20 µM 
 

Temozolomide 1287.6 µM 502.2 µM 
 

Docetaxel 11.6 nM 1.9 nM 
 

  >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 
 
Fig. 3.4.6 Average invasion per day over 9 days for N070859. The deviations 
represent measurements over 9 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Temozolomide had a small inhibitory effect on the invasion of N070859, erlotinib, 

gefitinib had a stronger effect, imatinib and docetaxel had a very strong inhibitory 

effect (Fig. 3.4.6). 
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                         Table 3.4.6 Drug concentrations N070865. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 18.6 µM >10 µM 
 

Gefitinib 40.3 µM >20 µM 
 

Imatinib 67.8 µM >20 µM 
 

Temozolomide 1287.6 µM 772.6 µM 
 

Docetaxel 6.9 nM 5 nM 
 

  >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 
 
 
Fig. 3.4.7 Average invasion per day over 9 days for N070865. The deviations 
represent measurements over 9 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Erlotinib and temozolomide had a small inhibitory effect on the invasion of 

N070865, gefitinib, imatinib and docetaxel had a stronger effect; there was no 

increased effect with combination treatments (Fig. 3.4.7). 
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    Table 3.4.7 Drug concentrations N071026. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 23.2 µM >10 µM 
 

Gefitinib 40.3 µM >20 µM 
 

Imatinib 33.9 µM 19.6 µM 
 

Temozolomide 1442.1 µM 738.1 µM 
 

Docetaxel 46.1 nM 23.2 nM 
 

   >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 

 
Fig. 3.4.8 Average invasion per day over 14 days for N071026. The deviations 
represent measurements over 14 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Erlotinib, gefitinib and temozolomide had a strong inhibitory effect on the invasion 

of N071026, docetaxel and imatinib had a very strong effect, the combination of 

imatinb and docetaxel had the strongest effect (Fig. 3.4.8). 
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                         Table 3.4.8 Drug concentrations N071144. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 18.6 µM 9.3 µM 
 

Gefitinib 44.8 µM 19.5 µM 
 

Imatinib 50.8 µM >20 µM 
 

Temozolomide 1514.3 µM 401.7 µM 
 

Docetaxel 8.3 nM 6.4 nM 
 

  >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.4.9 (a) Average invasion per day over 16 days for N071144, (b)   significance 
of combination effect of gefitinib and docetaxel compared to single drug effect. The 
deviations represent measurements over 16 days. Standard deviations were 
generated from Microsoft Excel software. 
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Erlotinib and gefitinib had a small inhibitory effect on the invasion of N071144, 

temozolomide had no effect, imatinib and docetaxel had a very strong effect (Fig. 

3.4.9 (a)). A further significant inhibitory effect on invasion was seen with the 

combination of gefitinib and docetaxel with p-values of less than 0.05 (Fig. 3.4.9 

(b)). 

 

    Table 3.4.9 Drug concentrations N071271. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 23.2 µM >10 µM 
 

Gefitinib 35.8 µM 16.7 µM 
 

Imatinib 47.4 µM >20 µM 
 

Temozolomide 669.6 µM 372.4 µM 
 

Docetaxel 1.16 nM 0.6 nM 
 

  >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 

 
          *: increased invasion.                  
      
Fig. 3.4.10 Average invasion per day over 15 days for N071271. The deviations 
represent measurements over 15 days. Standard deviations were generated from 
Microsoft Excel software. 
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Erlotinib had a small inhibitory effect on the invasion of N071271, docetaxel had a 

stronger effect, gefitinib had a very strong effect; both imatinib and temozolomide 

substantially increased invasion (Fig. 3.4.10). 

 

                  Table 3.4.10 Drug concentrations N080869. 
 

 

 

 

 

 

 

 

 

      >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 
 
Fig. 3.4.11 Average invasion per day over 15 days for N080869. The deviations 
represent measurements over 15 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Gefitinib, imatinib and docetaxel had a strong inhibitory effect on the invasion of 

N080869, erlotinib and temozolomide had a small effect (Fig. 3.4.11). 
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Gefitinib 44.8 µM >20 µM 
 

Imatinib 40.7 µM 14 µM 
 

Temozolomide 1236.1 µM    763.8 µM 
 

Docetaxel 29 nM 19 nM 
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                         Table 3.4.11 Drug concentrations N080943. 
 

 

 

 

 

 

 

 

 

   >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

 

Fig. 3.4.12 Average invasion per day over 15 days for N080943. The deviations 
represent measurements over 15 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Single drug treatments of gefitinib, imatinib and docetaxel had the strongest 

inhibitory effect on the invasion of N080943, erlotinib and temozolomide had a 

small effect (Fig. 3.4.12). 

Drug Invasion Assay 
Concentration 

IC50 
Concentration 
Proliferation 
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Erlotinib 20 µM >10 µM 
 

Gefitinib 44.8 µM >20 µM 
 

Imatinib 40.7 µM >20 µM 
 

Temozolomide 1854.2 µM 877.3 µM 
 

Docetaxel 13.9 nM 9 nM 
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Table 3.4.12 Summary of drug effects on invasion activity of primary 
glioblastomas. 
Cell 
Culture 

Erl Gef Imt Tmz Doc Erl/ 
Tmz 
 

Erl/ 
Doc 

Gef/ 
Tmz 

Gef/ 
Doc 

Imt/ 
Tmz 

Imt/ 
Doc 
 
 

N061007 0.9 1.9 0.7 1.0 0.8 0.9 0.6 1.4 1.2 0.9 0.6 
 

N061092 0.5 0.2 0.3 1.3 0.4 0.9 0.4 0.2 0.2 - 0.1 
 

N070152 0.7 0.3 0.3 0.9 0.4 - 0.4 0.3 0.2 - 0.3 
 

N070454 0.5 0.8 0.7 0.7 0.2 0.2 0.2 0.3 0.3 - 0.1 
 

N070859 0.7 0.5 0.2 0.8 0.4 0.8 0.4 0.9 0.4 0.5 0.2 
 

N070865 0.8 0.6 0.5 0.7 0.5 0.7 0.5 0.5 0.5 0.6 0.5 
 

N071026 0.6 0.5 0.4 0.7 0.3 0.8 0.4 0.5 0.3 0.3 0.2 
 

N071144 0.8 0.8 0.2 1.0 0.3 0.6 0.3 0.7 0.2 0.3 0.2 
 

N071271 0.8 0.3 1.4 1.3 0.6 - 0.8 - 0.5 - 0.8 
 

N080869 0.7 0.2 0.5 0.8 0.3 0.9 0.3 0.7 0.2 0.4 0.2 
 

N080943 0.7 0.5 0.3 0.7 0.3 0.8 0.3 0.5 0.3 0.3 0.3 
 

The effect of drug treatment on invasion activity was compared to the control (1.0). The most 
effective single drug treatments are highlighted in blue. The combination treatments which had an 
increased inhibitory effect on invasion in comparison to either drug alone are highlighted in red. Erl: 
erlotinib, Gef: gefitinb, Imt: imatinib, Tmz: temozolomide, Doc: docetaxel. 
 

Overall the most effective single drug treatment with the primary glioblastomas was 

imatinib. The most effective drug combination treatment was with imatinib and 

docetaxel. 
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3.4.2 Drug Effect on Invasion Activity of Secondary Glioblastomas 

 

                         Table 3.4.13 Drug concentrations N060893. 
Drug Invasion Assay 

Concentration 
IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 15.3 µM >10 µM 
 

Gefitinib 33.5 µM 16.8µM 
 

Imatinib 49.4 µM >20 µM 
 

Temozolomide 2334.2 µM 1146 µM 
 

Docetaxel 1.6 nM 1.6 nM 
 

  >: greater than cut-off concentration (IC50 not determined). 
 
 

 

 

 

 

 

 

 

 
 
               *: increased invasion.               
 

Fig. 3.4.13 Average invasion per day over 26 days for N060893. The deviations 
represent measurements over 26 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Imatinib and docetaxel had a strong inhibitory effect on the invasion of N060893, 

erlotinib had no effect, gefitinib increased invasion and temozolomide strongly 

increased invasion (Fig. 3.4.13). 
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    Table 3.4.14 Drug concentrations N070701. 
 

 

 

 

 

 

 

 

 

   >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 
 
Fig. 3.4.14 Average invasion per day over 24 days for N070701. The deviations 
represent measurements over 24 days. Standard deviations were generated from 
Microsoft Excel software. 
 
Imatinib and docetaxel had the strongest inhibitory effect on the invasion of 

N070701, temozolomide had a small effect, gefitinib increased invasion.  
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Erlotinib 23.2 µM 7.9 µM 
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Imatinib 50.8 µM 14.4 µM 
 

Temozolomide 1545.2 µM 772.6 µM 
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Table 3.4.15 Drug effects on invasion activity of secondary glioblastomas. 
Cell 
Culture 

Erl Gef Imt Tmz Doc 
 

N060893 1.0 1.2 0.4 1.5 0.5 
 

N070701 1.0 1.1 0.2 0.8 0.5 
 

Drug treated spheroids were compared to the control (1.0), imatinib showed the most inhibition of 
invasion. The treatments which had the strongest inhibitory effect on invasion are highlighted in blue. 
Erl: erlotinib, Gef: gefitinb, Imt: imatinib, Tmz: temozolomide, Doc: docetaxel. 
 
 
 
Erlotinib had no effect on the invasion of both secondary glioblastomas; gefitinib 
increased invasion. Imatinib had a strong inhibitory effect with both secondary 
glioblastomas. 
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 3.4.3 Drugs Effect on Invasion Activity of Astrocytomas and an 

Oligoastrocytoma 

 

Table 3.4.16 Drug concentrations N070229 (grade III astrocytoma). 

 

 

 

 

 

 

 

 

 

   >: greater than cut-off concentration (IC50 not determined). 

Drug Invasion Assay 
Concentration 

IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 79 µM >10 µM 
 

Gefitinib 58.3 µM >20 µM 
 

Imatinib 67.8 µM >20 µM 
 

Temozolomide 1030.1 µM 1055.9 µM 
 

Docetaxel 4.6 nM 9.4 nM 
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Fig. 3.4.15 (a) Average invasion per day over 15 days for N070229 (b) significance 
of combination effect of gefitinib and temozolomide compared to single drug effect. 
The deviations represent measurements over 15 days. Standard deviations were 
generated from Microsoft Excel software. 
 
 

Erlotinib, imatinib and docetaxel had a very strong inhibitory effect on the invasion 

of N070229, temozolomide had very little effect and gefitinib had no effect (Fig. 

3.4.15 (a)). The combination of gefitinib and temozolomide had increased inhibitory 

effect on invasion (Fig. 3.4.15 (b)). 
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Table 3.4.17 Drug concentrations N070450 (grade II astrocytoma). 
 
 

 

 

 

 

 

 

 

 

 >: greater than cut-off concentration (IC50 not determined). 

 

 

 

 

 

 

 

 

         *: increased invasion. 

 

 

 

 

 

 

 

 

Fig. 3.4.16 (a) Average invasion per day over 15 for N070450, (b) significance of 
combination effect of erlotinib and temozolomide compared to single drug effect. 
The deviations represent measurements over 15 days. Standard deviations were 
generated from Microsoft Excel software. 

Drug Invasion Assay 
Concentration 

IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 23.2 µM >10 µM 
 

Gefitinib 44.8 µM >20 µM 
 

Imatinib 33.9 µM 15.8 µM 
 

Temozolomide 1287.6 µM 888.5 µM 
 

Docetaxel 11.6 nM 8.3 nM 
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Gefitinib and imatinib had a strong inhibitory effect on the invasion of N070450, 

docetaxel had a very strong effect (Fig. 3.4.16 (a)). The combination of erlotinib and 

temozolomide had an increased effect with significant p-values less than 0.05 (Fig. 

3.4.16 (b)). 

 

Table 3.4.18 Drug concentrations N070055 (grade III oligoastrocytoma). 

 

 

 

 

 

 

 

 

 

 >: greater than cut-off concentration (IC50 not determined). 

Drug Invasion Assay 
Concentration 

IC50 
Concentration 
Proliferation 
Assay 
 

Erlotinib 18.6 µM 9.3 µM 
 

Gefitinib 44.8 µM >20 µM 
 

Imatinib 33.9 µM 18 µM 
 

Temozolomide 1030.1 µM 417.2 µM 
 

Docetaxel 4.6 nM 2.7 nM 
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Fig. 3.4.17 (a) Average invasion per day over 29 days for N070055, (b) significance 
of combination effect of docetaxel and gefitinib compared to single drug effect. The 
deviations represent measurements over 29 days. Standard deviations were 
generated from Microsoft Excel software. 
 
Gefitinib and imatinib had a strong inhibitory effect on the invasion of N070055, 

docetaxel had the strongest effect (Fig. 3.4.17 (a)). The combination of gefitinib and 

docetaxel had an increased inhibitory effect with significant 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. 

N070229 and N070450: grade III astrocytoma. N070055: Oligoastrocytoma. 
The inhibitory effect of each drug treatment on invasion was measured in comparison to the control 
(1.0), the most effective single drug treatments are highlighted in blue. The combination treatments 
which had an increased effect on invasion in comparison to either drug alone are highlighted in red. 
Erl: erlotinib, Gef: gefitinb, Imt: imatinib, Tmz: temozolomide, Doc: docetaxel. 
 

 

Imatinib and docetaxel were the most effective single drug treatments with the 

astrocytomas and the oligoastrocytoma, while the most effective combination 

treatment was imatinib and docetaxel (Table 3.4.19). 

 

Cell 
Culture 

Erl Gef Imt Tmz Doc Erl/ 
Tmz 

Erl/ 
Doc 

Gef/ 
Tmz 

Gef/ 
Doc 

Imt/ 
Tmz 

Imt/ 
Doc 
 

N070229 0.4 1.1 0.2 0.9 0.3 0.3 0.2 0.6 0.4 - 0.2 
 

N070450 1.3 0.5 0.6 0.8 0.3 0.4 0.3 0.4 0.2 - 0.1 
 

N070055 1.0 0.3 0.6 0.8 0.2 0.8 0.2 0.7 0.1 - 0.1 
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3.4 Discussion  

 

Effect of Tyrosine Kinase Inhibitors and Chemotherapeutic Drugs on Invasion 
in Glioma 
 
Introduction 
 
Very little information is available on the direct effect of TKIs and 

chemotherapeutic drugs on glioma invasion. Therefore the effect of these drugs 

individually and in combination on the newly established glioma cultures, was 

examined using a 3D collagen invasion assay. Some of the pathways known to be 

involved in glioma invasion include the RAS/MAPK pathway and the PI3K/Akt 

pathway. RAS is activated by receptor tyrosine kinases, including EGFR, PDGFR, 

other growth factor receptors and cytokines (Gullick 2008). Overactivation of the 

RAS/MAPK pathway can increase cellular proliferation, migration and 

differentiation in several types of cancers including gliomas (Schlessinger 1993). 

The PI3K/Akt pathway is also stimulated by the growth factor receptors, EGFR, 

PDGFR, fibroblast growth factor receptor (FGFR) and insulin-like growth factor 

receptor (IGFR) and promotes cell survival, regulates EGF-driven cell motility and 

invasion of glioma, breast, and bladder cancer cell lines (Schlessinger 2000). About 

50% of glioblastomas overexpress EGFR (Omuro et al. 2007). A mutated form, 

EGFRvIII, has been found in 24 to 67% of glioblastomas. EGFRvIII is 

constitutively activated in  and is involved in response to TKIs (Heimberger et al. 

2005) PDGFR is overexpresed in about 25% of glioblastoma and 60% of 

astrocytomas (Haberler et al. 2006). Besides inhibing growth factor signalling, TKIs 

reduce matrix metalloproteinase (MMP) expression and activity, which has a 

negative effect on the invasive and infiltrative behaviour of tumour cells (Newton 

2004). Tumour cell-secreted MMPs and serine proteinases degrade extracellular 

matrix (ECM) proteins and provide space for movement and infiltration. Which 

mediates invasion in glioma through the induction of membrane type 1-MMP (Van 

Meter et al. 2004).  

To date single drug treatments with TKIs or chemotherapeutic drugs has 

shown little improvement in glioma treatment, therefore combinations of TKIs and 
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chemotherapeutic drugs were tested in this project expecting an increased inhibitory 

effect on glioma invasion. The effect of TKIs on invasion of newly developed 

glioma cultures was examined using erlotinib and gefitinib, which specifically target 

EGFR, and imatinib which targets PDGFR/C-Kit/ and C-Abl.  

In a previous section it has been shown that imatinib and docetaxel acted 

synergistically on 3 out of 4 glioma cell cultures and significantly decreased 

invasion in a 3D spheroid invasion assay (Kinsella et al. 2010). This result, 

however, could not be reproduced in early passage glioma cultures using the same 

assay. This could be due to heterogeneity of early passage cultures, possibly 

including stem-like cells. 

Response rates of glioblastoma patients to TKIs which specifically target 

EGFR has been low, with 10-20% of glioblastoma patients responding to erlotinib 

and gefitinib (Mellinghoff et al. 2005). Haberler et al, found a 15.7% imatinib 

response rate in patients with glioblastoma (Haberler et al. 2006). There are ongoing 

clinical trials in glioblastoma patients with erlotinib and chemotherapeutic drugs , 

however it may also be necessary to look at the effectiveness of some multiple 

targeting TKIs such as sunitinib which is showing promising results in glioma cells 

(Giannopoulou et al. 2010). Sunitinib specifically targets the growth factors PDGFR 

and VEGFR, it has shown strong antiangiogenic and antitumour activity in renal 

gastrointestinal and neuroendrocrine cancer cell lines (Abrams et al. 2003; Adams 

and Leggas 2007; Cuneo et al. 2008). Dasatinib is another TKI which specifically 

targets EGFR and SRC, SRC plays a key role in invasion through focal adhesion 

kinase (FAK) in glioblastoma, Milano et al, have shown dasatinib to be more 

effective in glioblastoma that were PTEN negative (Milano et al. 2009). 

It is believed that by combining TKIs and chemotherapeutic drugs this might 

improve patient outcome in glioma. In a phase II study Prados et al, found that a 

combination of erlotinib and temozolomide together with radiotherapy in patients 

with glioblastoma and gliosarcoma; resulted in 19.3 months median survival in 

comparison to the control group with a median survival of 14.1 months (Prados et 

al. 2009). Longer survival was correlated with O6-methylguanine-DNA 

methyltransfease (MGMT) promotor methylation and functional PTEN (Prados et 
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al. 2009). Van den Bent et al, examined a phase II trial in 110 recurrent 

glioblastoma patients who received prior radiotherapy, looking at erlotinib treatment 

in comparison to temozolomide or carmustine (BCNU) (van den Bent et al. 2009). 

There was no increase in survival, with erlotinib treatment they found an 11.4% 6 

month progression free survival, and in the control arm it was 24%, only low 

phosphorylated Akt expression had a low correlation with improved outcome, and 

none of the patients with EGFRvIII mutant presence and PTEN expression had 6 

month progression free survival (van den Bent et al. 2009). However Mellinghoff et 

al, correlated co-expression of EGFRvIII and PTEN in tumour cells with 

responsiveness to EGFR kinase inhibitors, erlotinib and gefitinib (Mellinghoff et al. 

2005). There are several glioma therapies currently in clinical trial phase; a phase II 

trial involving the PDGFR kinase inhibitor nilotinib which targets BCR-ABL in 

recurrent malignant gliomas, a phase II trial involving the TKI dasatinib targeting 

PDGFR and SRC kinase in recurrent glioblastoma patients, and a phase III trial 

involving temozolomide in combination with bevacizumab, an antibody which 

targets VEGF in patients with newly diagnosed glioblastoma or gliosarcoma .  

 

Effect of Temozolomide on Glioma Invasion 

Temozolomide is an alkylating drug, which causes DNA methylation at the O6 

position of guanine and crosslinks between DNA strands, which results in cell death. 

Temozolomide is currently the first line chemotherapeutic drug for glioblastomas, 

resulting in a median survival of around 16 months (Stupp et al. 2002). However, 

tested on the majority of cell cultures it had a 10 to 30% inhibitory effect on glioma 

invasion (Figs. 3.4.2 to 3.4.17). Surprisingly, temozolomide increased invasion 

activity in 4 cell cultures (Figs. 3.4.2, 3.4.3, 3.4.10, 3.4.13), which needs to be 

further assessed. Improved clinical outcome after temozolomide treatment has been 

associated with promoter methylation of MGMT (or loss of MGMT) and Loss of 

Heterozygosity (LOH) of 1p and 19q in patients with glioblastoma, anaplastic 

astrocytoma and oligoastrocytomas. The DNA repair enzyme MGMT reverses the 

alkylating effect of temozolomide, resulting in increased resistance to temozolomide 

(Ishii et al. 2007). Temozolomide treatment in glioblastoma patients, who have the 
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methylated MGMT promoter has been promising, and has shown an increase in 

progression free survival (PFS), PFS and overall survival were longer in patients 

with tumours with MGMT promoter methylation (13.4 and 23.2 months) versus 

those without MGMT promoter methylation (3.4 and 13.1 months) (Stupp et al. 

2010). The allelic losses of 1p and 19q are associated with sensitivity of brain 

tumours to radiotherapy and chemotherapy (Ishii et al. 2007). In particular, LOH in 

1p and promoter methylation of MGMT was associated with longer progression free 

survival in glioma (Ishii et al. 2007). It is possible the glioblastomas whose invasion 

was not affected by temozolomide or in fact increased, could have expression of 

MGMT, allowing them to repair the DNA damage caused by temozolomide; the 

presence of MGMT needs to be tested in these cultures to clarify this. It is also 

possible that these early passage cultures contain populations of stem cells, these 

cells are known to be resistant to chemotherapy and radiation (as discussed in 

section 2) (Bao et al. 2006; Chua et al. 2008). The expression of MGMT and the 

detection of LOH of 1p19q in the glioma cell cultures may explain the resistance to 

temozolomide, it would also be interesting to check for the stem cell marker CD133, 

to check for the presence of stem cells in the cultures.  

Using an established glioma cell line, U87MG, Gunther et al, showed found 

an IC50 of 50 µM with temozolomide after 8 days (Gunther et al. 2003), in the 

present study an established cell line SNB-19 had an IC50 with temozolomide of 30 

µM after 7 days, and with the low passage glioma cultures the IC50 results for 

temozoloimde were much higher ranging from 198.3 to 1146 µM. It appears that 

early passage glioma cultures are a lot more resistant to temozolomide than glioma 

cell lines. This could explain why temozolomide treatment is not as clinically 

effective as in vitro results appear. 

Others have found an improvement with temozolomide treatment by 

combining it with other inhibitors. Demuth et al, 2007 found that inhibition of 

mitogen-activated protein kinase (MAPK) kinase 3 (MKK3) signalling through a 

novel treatment combination of p38 inhibitor plus temozolomide heightens the 

vulnerability of glioma to chemotherapy (Demuth et al. 2007). They also found that 

members of the MAPK family are strong promoters of tumour invasion, 
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progression, and therefore associated with poor patient survival (Demuth et al. 

2007). Dasatinib targets drug-resistant tumours with mutant BCR-ABL, KIT, and 

EGFR by blocking tyrosine phosphorylation sites that are critical in tumorigenesis. 

Milano et al, found that levels of phosphorylated SRC, AKT, and ribosomal protein 

S6 were decreased in cell lines treated with low nanomolar concentrations of 

dasatinib at baseline and following stimulation with EGF (Milano et al. 2009). An 

increased sensitivity to dasatinib was noted in glioma cells with functional PTEN 

(Milano et al. 2009) and their invasive potential was reduced in the presence of 

dasatinib. A combination of glioma cells with dasatinib and temozolomide resulted 

in a significant increase in cell cycle disruption and autophagic cell death (Milano et 

al. 2009).  

 

Effect of Docetaxel on Glioma Invasion 

Docetaxel strongly inhibited the invasion activity of most cell cultures (Fig. 3.4.2 to 

3.4.17). In a previous section it has also been shown that docetaxel also strongly 

inhibits proliferation in glioma, possibly showing docetaxel to be a very effective 

chemotherapeutic drug for treating glioma (section 3). Docetaxel is a cytotoxic 

taxane that inhibits depolymerisation of microtubules, thereby interrupting cell 

proliferation and inhibiting cell motility (Bissery et al. 1995). Docetaxel is used in 

the treatment of various forms of cancer and is one of the most effective 

chemotherapeutic agents for non-small cell lung cancer (Burris et al. 1995). As 

second line treatment in phase II trials in recurrent glioblastoma, systemic docetaxel 

showed very little response which is probably due to the poor penetration of the 

BBB (Forsyth et al. 1996; Kemper et al. 2003; Kemper et al. 2004). Local delivery 

of docetaxel in an animal model resulted in a significant improvement in survival 

(Sampath et al. 2006). 

 Kogashiwa et al, showed that docetaxel suppressed filopodia formation in 

head and neck cancer, and suppressed two-dimensional (2D) cell migration and 3D 

cell invasion by decreasing Cdc42 activities in HEp-2 cells (Kogashiwa et al. 2010). 

Actin filament polymerization, elongation, and contraction, are thought to provide 

the major driving forces for cell migration (Ridley et al. 2003). Cdc42 controls the 
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polarity of actin in the microtubules through distinct signal transduction pathways 

(Cau and Hall 2005). Abnormal tubulin bundles induced by docetaxel may lead to 

suppression of Cdc42 and decreased transport of Cdc42 to the plasma membrane 

(Kogashiwa et al. 2010). Decreased Cdc42 activity was likely to affect actin 

filament formation, resulting in decreased filopodia. These results suggest that 

docetaxel treatment has the benefit of reducing local invasion in addition to its 

ability to cause apoptosis. 

 

Effect of Erlotinib and Gefitinib on Glioma Invasion 

Overall erlotinib and gefitinib as a single drug treatments did not have a strong 

effect on invasion (Fig. 3.4.2 to 3.4.17), while in 3 cultures the combination of 

erlotinib with docetaxel (Fig. 3.4.2) or with temozolomide (Figs. 3.4.5 and 3.4.16) 

was more potent than each drug alone. Gefitinib even increased invasion in 4 high-

grade glioma cultures (Figs. 3.4.2, 3.4.13, 3.4.14, and 3.4.15). A combination of 

temozolomide and gefitinib inhibited invasion activity of 2 cultures by 43% and 

36% (Figs. 3.4.5 and 3.4.15); which might be due to the presence of methylated 

MGMT making them more sensitive to temozolomide.  

Inhibition of EGFR alone may not be sufficient to inhibit invasion in glioma. 

Mutated forms of EGFR, i.e. EGFRvIII (Haas-Kogan et al. 2005) and other growth 

factors such as PDGFR and VEGFR (Schlessinger 2000) may have a more 

significant role to play in cell survival and invasion. Bevacizumab, a monoclonal 

antibody targeting VEGFR is showing promising results in glioma (Friedman et al. 

2009; Kreisl et al. 2009). Erlotinib is currently being combined with dasatinib in a 

phase I/II clinical trial in advanced NSCLC patients (Haura et al. 2010). Dasatinib 

specifically targets Src family kinase (SFK) proteins which are activated in cancer 

and coordinate growth, survival, invasion, and angiogenesis. It is known that Src 

kinase and EGFR signalling is coordinated, therefore it may be more effective to 

target both pathways in patients with advanced non-small-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 gefitinib reduced cell invasion in EGFR 
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amplified tumours and PTEN LOH seemed to be a determinant of resistance. They 

have also shown that inhibition of angiogenesis by gefitinib seems independent of 

EGFR (Guillamo et al. 2009). All cultures tested in this study express EGFR 

(section 3.4) and PTEN; however it is not clear if PTEN is mutated resulting in loss 

of function, making the cultures resistant to gefitinib. Mellinghoff et al, examined 

the effect of erlotinib and gefitinib in 49 patients with recurrent malignant glioma, 

and found only a 10-20% response which was correlated response with the co-

expression of EGFRvIII and PTEN (Mellinghoff et al. 2005). 

Gefitinib has been shown to be effective in lung cancer patients carrying 

mutations in exons 19 and 21 of the EGFR tyrosine kinase domain. These mutations 

were not found in a study involving 95 gliomas including glioblastomas, anaplastic 

oligodendrogliomas, and low-grade gliomas, which might explain the limited 

success of gefitinib in glioma treatment (Marie et al. 2005). There have been some 

encouraging results with TKIs and chemotherapeutic drugs in non-small cell lung 

cancer (NSCLC), however response appears to be due to specific activated EGFR 

mutations (Mack et al. 2009). Mack et al, have shown that activating mutations in 

the EGFR are associated with enhanced response to EGFR tyrosine kinase inhibitors 

in NSCLC, whereas KRAS mutations translate into poor patient outcomes (Mack et 

al. 2009). They found EGFR mutations in 10 of 49 patients (20%), six (12%) had 

single activating mutations in EGFR, associated with improved progression-free 

survival (median, 18.3 months), four patients had a de novo T790M resistance 

mutation (median progression-free survival, 3.9 months) (Mack et al. 2009). KRAS 

mutations were detected in two patients, both of whom had rapid progressive disease 

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

 

Effect of Imatinib on Glioma Invasion 

Most of the cultures tested express PDGFR-β, C-abl and C-Kit. Imatinib as a single 

drug had a strong inhibitory effect on invasion in most cell cultures (Fig. 3.4.2 to 

3.4.17), which is promising, imatinib blocks invasion through PDGFR inhibition 

(Aoki et al. 2007; Abouantoun and Macdonald 2009). It has been reported that small 

amounts of imatinib in the plasma can cross the BBB (Bihorel et al. 2007), this 
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could possibly be overcome by treatments such as convection enhanced delivery 

which bypasses the BBB (Chamberlain 2006). Imatinib combined with docetaxel 

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

3.4.3). In a previous section it has been shown that the combination of imatinib and 

docetaxel produces a strong apoptotic effect in glioma cell cultures as well as 

decreasing proliferation and invasion in glioma. Docetaxel causes G2/M cell cycle 

arrest (Gucluler and Baran 2009) and imatinib induces cell cycle arrest at the G0-G1 

or G2/M phase in glioma cells (Ren et al. 2009). As imatinib and docetaxel 

individually strongly inhibit invasion in these newly established glioma cell cultures, 

it would be interesting to see if a combined effect of both drugs would also strongly 

inhibit proliferation with each culture. 

Angiogenesis is an important hallmark of glioblastomas involving 

microvascular proliferation (Paul Kleihues 1997), this process is initiated by growth 

factors including VEGF, FGF and PDGF which activate several pathways 

controlling glioma formation. Abouantoun and Macdonald, have shown that 

PDGFRB tyrosine kinase activity is critical for migration and invasion of 

medulloblastoma cells possibly by transactivating EGFR (Abouantoun and 

Macdonald 2009). Aoki et al, have shown that PDGF-BB enhanced the invasive 

activity of malignant peripheral nerve sheath tumour cells schwannomas and 

neurofibromas through PDGFR phosphorylation which can 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 a strong increased effect on 

inhibition of invasion with the TKIs erlotinib, gefitinib and imatinib combined with 

the chemotherapeutic drugs docetaxel or temozolomide. Temozolomide showed 

some inhibition of invasion in some of the glioma cultures however, it was worrying 

to see that temozolomide increased invasion in 4 of the cultures. Docetaxel 

treatment on the other hand had a very strong inhibitory effect on invasion with the 

majority of the cultures. It was shown previously that docetaxel also inhibits 

proliferation in these cultures; possibly indicating that docetaxel would be a more 

effective chemotherapeutic drug for glioma than temozolomide. Erlotinib and 

gefitinib had a weak inhibitory effect on invasion of the cultures. Imatinib had a 

strong inhibitory effect on glioma cultures. 

 It is possible that single drug treatments of either imatinib or docetaxel may 

have a strong inhibitory effect on glioma invasion, using convection enhanced 

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

to their response to these Inhibitors  

As previously mentioned glioma cultures were generated from tumour biopsy 

samples. In collaboration with Rachel Howley, a Ph.D student from Beaumont 

hospital, Dublin, 26 high-grade gliomas were choosen (20 glioblastomas, 2 

secondary glioblastomas, and 4 grade III astrocytomas) to analyse the correlation 

between responsiveness to TKIs and the expression of specific protein targets of the 

PI3K/Akt pathway which are targeted by tyrosine kinase inhibitors. Rachel carried 

out immunocytochemical analysis with each culture. The expression of these targets 

was examined in each individual culture (Figs. 3.5.6-28). The targets included 

PDGFR-α, PDGFR-β, phosphorylated C-Abl (p-C-Abl), phosphorylated C-Kit (p-

C-Kit), all of which are specific targets of imatinib; EGFR and EGFRvIII, specific 

targets of erlotinib and gefitinib; and some downstream targets of EGFR and 

PDGFR including phosphorylated Akt (p-Akt), the tumour suppressor gene PTEN 

and a downstream protein of MTOR phosphorylated p70S6K (p-p70S6K). The 

expression of each target protein was given an immunocytochemical score (see 

section 2.12.4). The overall expression levels in the cultures were 92.3% PDGFR-α 

and PDGFR-β, 61.5% for p-C-Abl, 61.5% for p-C-Kit, 88.4% for EGFR, 65.3% for 

p-Akt, 84.6% for p-p70S6K and 100% for PTEN.  

 The age profile of these patients was between 22 to 78 years, and survival 

ranged from 1 month to several years (Table 3.5.1). Figure 3.5.1 shows the Kaplan 

Meier graph for survival data. The lowest survival time was seen with the primary 

glioblastomas, the secondary glioblastomas and the grade III astrocytomas had a 

longer survival time. 
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    Table 3.5.1 Patient age, gender and survival time. 

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

Cell Culture Tumour Type Age at 
onset 

Gender Survival 
Time 
(months) 
 

N060913 Primary Glioblastoma 67 F 10 

N060978 Primary Glioblastoma 54 F 3 

N061007 Primary Glioblastoma 75 M 1 

N061092 Primary Glioblastoma 78 M 6 

N070126 Primary Glioblastoma 56 M 28 

N070152 Primary Glioblastoma 52 M 5 

N070293 Primary Glioblastoma 38 M >36 

5070454 Primary Glioblastoma 73 F 3 

N070859 Primary Glioblastoma 55 M 12 

N070865 Primary Glioblastoma 70 M 5 

N071026 Primary Glioblastoma 46 M 10 

N071144 Primary Glioblastoma 53 M 8 

N071271 Primary Glioblastoma 59 M 11 

N080501 Primary Glioblastoma 60 M 18 

N080533 Primary Glioblastoma 55 F 15 

N080540 Primary Glioblastoma 51 M ?>12 

N080558 Primary Glioblastoma 64 M 5 

N080869 Primary Glioblastoma 54 F >20 

N080923 Primary Glioblastoma 61 M 15 

N080943 Primary Glioblastoma 62 F >19 

N060893 Secondary Glioblastoma 40 M >138 

N070701 Secondary Glioblastoma 39 F >56 

N070201 Grade III Astrocytoma  42 M >36 

N070229 Grade III Astrocytoma 22 M >36 

N070237 Grade III Astrocytoma 33 M 55 

N070788 Grade III Astrocytoma 38 F >31 
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Censored: still alive. 1o: Primary glioblastoma, 2o: Secondary glioblastoma, AA III: grade III 
anaplastic astrocytoma. Cum: cumulative. 

 

Fig. 3.5.1 Kaplan Meier graph showing the difference in survival time of the 
primary glioblastomas with secondary glioblastomas and grade III anaplastic 
astrocytomas used in our study. The cumulative survival was plotted on the y-axis 
with a value of 1 representing 100% of the cohort alive; with each death the line 
stepped down, a steeper drop represented a worse outcome. The vertical lines that 
cross each arm are patients still alive, and survival time is only known up to that 
point. 

 

Survival Time (months)
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3.5.1 Response of High-Grade Gliomas to the TKIs 

Using IC50 toxicity assays the cultures were classified as responders or non-

responders to Erlotinib, gefitinib, and imatinib (see section 3.2.2). TKI 

responsiveness was classified as follows: if the IC50 concentrations for the culture 

was less than or equal to 10 µM for erlotinib, and 20 µM for both gefitinib and 

imatinib these were responders, non-responders had IC50 values greater than these 

concentrations. Of the 26 high-grade glioma cultures, 7 were non-responders to any 

of the TKIs tested, 3 responded to erlotinib, 6 to gefitinib, and 3 to imatinib (Table 

3.5.2). There were also 4 which responded to both erlotinib and gefitinib, 1 to 

erlotinib and imatinib, 1 to gefitinib and imatinib, and 1 which responded to 

erlotinib, gefitinib and imatinib (Table 3.5.2). The ICC expression of specific 

protein targets of the PI3K/Akt pathway is shown for each individual culture; the 

cultures are grouped in regard to their TKI responsiveness (Figs. 3.5.29-44). 
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Table 3.5.2 Response of high-grade gliomas to the TKIs, erlotinib, gefitinib and 
imatinib. 

Cell Culture Tumour Type Response to TKIs 
 
 

N070229 Grade III Astrocytoma Non-responder 

N070237 Grade III Astrocytoma Non-responder 

N070788 Grade III Astrocytoma Non-responder 

N070859 Primary Glioblastoma Non-responder 

N070865 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 

N070126 Primary Glioblastoma Gefitinib 

N070293 Primary Glioblastoma Gefitinib 

N071271 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 

N070201 Grade III Astrocytoma Erlotinib & Imatinib 

N070454 Primary Glioblastoma Imatinib 

N071026 Primary Glioblastoma Imatinib 

N080869 Primary Glioblastoma Imatinib 

N080540 Primary Glioblastoma Gefitinib & Imatinib 

N070701 Secondary Glioblastoma 
 
Erlotinib, Gefitinib & 
Imatinib 
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3.5.1 Non-Responders to Tyrosine Kinase Inhibitors 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.2 PI3K/Akt pathway targets of 3 grade III astrocytomas N070229 (a), 
N070237 (b) and N070788 (c) which were non-responders to the TKIs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.5.3 PI3K/Akt pathway targets for 4 primary glioblastoma cultures N070865 
(a), N080558 (b) N080943 (c) and N070859 (d) which were non-responders to the 
TKIs. 
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 3.5.2 Erlotinib responders  

 
Table 3.5.3 IC50 values of erlotinib for cultures which responded to erlotinib. 

Cell Culture IC50 for Erlotinib 

 

N060913 7.2 µM 

N061007 9.1 µM 

N061092 9.3 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.4 PI3K/Akt pathway targets for 3 primary glioblastoma cultures N060913 
(a), N061007 (b) and N061092 (c) which responded to erlotinib. 
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3.5.3 Gefitinib Responders 

 

 

Table 3.5.4 IC50 values of gefitinib for cultures which responded to gefitinib. 

Cell Culture IC50 for Gefitinib 

 

N060893 16.8 µM 

N070126 20 µM 

N070293 18.3 µM 

N071271 16.7 µM 

N080501 16.9 µM 

N080533 16.7 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.5 PI3K/Akt pathway targets for a secondary glioblastoma N060893 (a), and 
2 primary glioblastomas N070126 (b) and N070293 (c) which responded to 
gefitinib. 
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Fig. 3.5.6 PI3K/Akt pathway targets for 3 primary glioblastomas N071271 (a), 
N080501 (b), and N080533 (c) which responded to gefitinib. 
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3.5.4 Responders to Erlotinib and Gefitinib 

 

Table 3.5.5 IC50 values of gefitinib and erlotinib for cultures which responded to 
erlotinib and gefitinib. 

Cell Culture IC50 for Erlotinib IC50 for Gefitinib 

 

N060978 9.5 µM 17.2 µM 

N070152 6.5 µM 17 µM 

N071144 9.3 µM 19.5 µM 

N080923 7.2 µM 15.2 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.7 PI3K/Akt pathway targets for 4 primary glioblastomas N060978 (a), 
N070152 (b), N071144 (c) and N080923 (d) which responded to both erlotinib and 
gefitinib. 
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3.5.5 Responders to Imatinib 

 

Table 3.5.6 IC50 values of imatinib for cell cultures which responded to imatinib.  

Cell Culture IC50 for Imatinib 

 

N070454 16.7 µM 

N071026 19.6 µM 

N080869 14 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.8 PI3K/Akt pathway targets for 3 primary glioblastomas N070454 (a), 
N071026 (b), and N080869 (c) which responded to imatinib. 
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3.5.6 Responder to Erlotinib and Imatinib 

 

                         Table 3.5.7 IC50 value of erlotinib and imatinib for N070201.  

Cell Culture IC50 for Erlotinib IC50 for Imatinib 

N070201 8.4 µM 20 µM 

 

 

                         

0
2
4
6
8

10
12
14

EFG
R

EGFRvIII

PTEN
p-Akt

p-p70S6K

p-C-Abl

p-C-Kit

PDGFR-a

PDGFR-b

IC
C

 S
co

re

 

Fig. 3.5.9 PI3K/Akt pathway targets for a grade III astrocytoma N070201 which 
responded to both erlotinib and imatinib. 
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3.5.7 Responder to Gefitinib and Imatinib 

 

Table 3.5.8 IC50 value of gefitinib and imatinib for N080540.  

Cell Culture IC50 for Gefitinib IC50 for Imatinib 

N080540 18.5 µM 15.8 µM 

 

                       

0
2
4
6
8

10
12
14

EFG
R

EGFRvIII

PTEN
p-Akt

p-p70S6K

p-C-Abl

p-C-Kit

PDGFR-a

PDGFR-b

IC
C

 s
co

re

 

Fig. 3.5.10 PI3K/Akt pathway targets for a primary glioblastoma N080540. 
 
 

3.5.8 Responder to Erlotinib, Gefitinib and Imatinib 

 

       Table 3.5.9 IC50 value of erlotinib, gefitinib, and imatinib for N070701. 

Cell Culture IC50 for Erlotinib IC50 for Gefitinib IC50 for Imatinib 

N070701 7.9 µM 16.7 µM 14.4 µM 
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Fig. 3.5.11 PI3K/Akt pathway targets for a secondary glioblastoma N070701. 
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3.5.9 PI3K/Akt Pathway Proteins Expression and Response to Tyrosine Kinase 

Inhibitors 

Receptor tyrosine kinases EGFR, PDGFR-α, PDGFR-β, C-Kit and a non-receptor 

tyrosine kinase C-Abl activate the PI3K/Akt pathway; the expression of these was 

examined by ICC.  

EGFR is a specific target of erlotinib and gefitinib. The gefitinib and 

erlotinib responders had the highest EGFR expression; and lower expression of 

EGFR was found in the non-responders and imatinib responders (Fig. 3.5.13) (Table 

3.5.10). 

PDGFR is specifically targeted by imatinib. The non-responders had higher 

expression of PDGFR-β whereas the imatinib responders had higher PDGFR-α 

expression (Fig. 3.5.13) (Table 3.5.10). The responders to erlotinib and gefitinib had 

similar expression levels of PDGFR-α and PDGFR-β (Fig. 3.5.13) (Table 3.5.10). 

KIT is a receptor tyrosine kinase which plays an important role in 

proliferation, differentiation, metastasis, and glioma development. C-Abl is an 

ubiquitously expressed non-receptor tyrosine kinase and is involved in cell cycle 

arrest and apoptosis. Overexpression of C-Abl in glioblastomas suggests an 

association with poor survival (Jiang et al. 2006). Overall, higher expression of p-C-

Abl and p-C-Kit was found in gefitinib responders compared to non-responders and 

erlotinib or imatinib responders (Fig. 3.5.13) (Table 3.5.10). 

PI3K/Akt pathway activation was examined by ICC expression of the 

tumour suppressor PTEN, p-Akt and p-p70S6K. PTEN is a tumour suppressor gene 

which inhibits cell growth, and negatively regulates the PI3K/Akt pathway. The 

PI3K/Akt pathway promotes cell survival and Akt promotes cell growth via MTOR 

signalling. MTOR also plays an important role in regulating protein translation 

through phosphorylation of p70S6K, a protein involved in ribosome biogenesis. 

Overall higher expression of p-Akt and p-p70S6K was found in the gefitinib 

responders (Figs. 3.5.14), (Table 3.5.11). 
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Fig. 3.5.12 Average ICC score of EGFR, PDGFR-α, PDGFR-β, p-C-Abl, and p-C-
Kit for non-responders, and for responders to erlotinib, gefitinib, and imatinib. The 
standard deviations represent the variance of the ICC score within each group. 
Standard deviations were generated from Microsoft Excel software. 
 
 

Table 3.5.10 Average ICC score of EGFR, PDFGR-α, PDGFR-β, p-C-Abl and p-C-
Kit in high-grade gliomas. 

Response 

to TKIs 

EGFR PDGFR-αααα PDGFR-ββββ 

 

p-C-Abl p-C-Kit 

 

Non-

responder 

1.9 ± 2 2.9 ± 1.2 8 ± 4.1 1.7 ± 1.8 2.1 ± 3.1 

Erlotinib 

responder 

4.3 ± 2.3 3.7 ± 3.9 4.4 ± 3.8 1.2 ± 1.9 1.7 ± 1.8 

Gefitinib 

responder 

5.3 ± 3.2 4.4 ± 3.5 5.6 ± 4.2 4 ± 3.2 3.8 ± 3.6 

Imatinib 

responder 

2.3 ± 1.4 7.8 ± 3.1 5.8 ± 2.9 1.7 ± 1.2 0.7 ± 0.8 

        Highest average ICC score 
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Fig. 3.5.13 Average ICC score of PTEN, p-Akt, and p-p70S6K for non-responders, 
erlotinib, gefitinib, and imatinib responders. The standard deviations represent the 
variance of the ICC score within each group. Standard deviations were generated 
from Microsoft Excel software. 
 
Table 3.5.11 Average ICC score of PTEN, p-Akt and p-p70S6K in high-grade 
gliomas. 

Response 

to TKIs 

PTEN 

 

p-Akt p-p70S6K 

 

Non-

responder 

8 ± 3.3 1.7 ± 1.9 3.1 ± 3 

Erlotinib 

responder 

8.6 ± 4.4 2.7 ± 4 2.1 ± 3.4 

Gefitinib 

responder 

7 ± 4.4 3.5 ± 4.3 5.3 ± 3.7 

Imatinib 

responder 

9.7 ± 3.7 1 ± 0.9 3.8 ± 3.3 

      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 Inhibitors 

The statistical analysis was carried out by a bioinformatician Dr. Colin Clarke from 

the NICB. The cohort included 26 high-grade glioma samples. This dataset was too 

small for supervised analysis; therefore hierarchical clustering analysis (HCA) and 

principal components analysis (PCA) were employed for multivariate statistics.  

3.5.10.1 Hierarchical Clustering Analysis 

Statistical analysis was used to analyse the large amount of data which were 

generated through ICC analysis. To stratify samples corresponding to a clinical trait 

or response to drug, the Ward’s distance method with Euclidian was used (Lomo et 

al. 2008). HCA on cell culture ICC data resulted in two main groupings of samples; 

11 samples with high and 15 with low PTEN expression (Fig. 3.5.14 vertical 

grouping). Clustering the marker again resulted in two additional clusters: PDGFR-

α, PDGFR-β and PTEN grouped together; these markers contain the majority of 

high scores from the ICC analysis. The second cluster contains p-C-Kit, p-C-Abl, 

EGFRtot, EGFRvIII, p-p70S6K and p-Akt expression, and was defined by low ICC 

scores (Fig. 3.5.14 vertical grouping).  

 Cluster 1 had the highest PTEN and PDGFR-α expression. PDGFR-β 

expression was high in some of the cultures. Cluster 1 also had very little expression 

of EGFR, p-C-Kit, and p-C-Abl. There was low expression of downstream targets of 

the PI3K/Akt pathway, including p-p70S6K and p-Akt (Fig. 3.5.14) (Table 3.5.12).  

 Cluster 2 is characterized by higher PDGFR-β, EGFR, p-C-Kit and p-C-Abl 

expression as well as higher expression of downstream targets of the PI3K/Akt 

pathway including p-p70S6K and p-Akt (Fig. 3.5.14) (Table 3.5.13).  

  



 216 

N
07

-2
93

N
07

-2
01

N
08

-8
69

N
0

6-
10

07

N
07

-2
37

N
06

-9
13

N
08

-5
58

N
08

-9
43

N
0

6-
10

92

N
07

-4
54

N
08

-5
40

N
08

-5
01

N
0

7-
11

44

N
08

-5
33

N
0

7-
12

71

N
08

-9
23

N
07

-1
52

N
07

-1
26

N
07

-2
29

N
06

-8
93

N
07

-7
88

N
07

-8
59

N
07

-8
65

N
06

-9
78

N
07

-7
01

N
0

7-
10

26
AKT.P

P70S6K.P

EGFRvIII

EGFRtot

c.ABL.P

c.KIT.P

PTEN

PDGFR.A

PDGFR.B

 
 

 
Bright green: high expression bright red: low expression black: in between. 
*: Anaplastic astrocytoma. *: secondary glioblastoma. Cluster 1 is highlighted with a gray arrow, 
cluster 2 with an orange arrow. 
 

Fig. 3.5.14 HCA and heatmap for cell culture ICC analysis of 26 high-grade glioma 
samples. The dendrogram depicts all cases individually in rows, and the 
interpretation of each protein in columns. PDGFR.A: PDGFRα; PDGFR.B: 
PDGFRβ; c.KIT.P: phosphorylated c-KIT; c.ABL.P: phosphorylated c-
ABL;  P70S6K.P: phosphorylated p70S6K; AKT.P: phosphorylated AKT. 

 * * * * *  * 

Cluster 1 Cluster 2 
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Table 3.5.12 Characteristics of Cluster 1 
Cell 
Culture 

Tumour Grade Survival Time 
(months) 

Doubling 
Time (hrs) 

Invasion Erl Gef Imt 

N070293 Primary Glioblastoma 
 

>36 91.5 2 - + - 

N070201 Grade III Astrocytoma 
 

>36 59.4 0 + - + 

N080869 Primary Glioblastoma 
 

>20 115 2 - - + 

N061007 Primary Glioblastoma 
 

1 >168 1 + - - 

N070237 Grade III Astrocytoma 
 

55 88.45 0 - - - 

N060913 Primary Glioblastoma 
 

110 >168 1 + - - 

N080558 Primary Glioblastoma 
 

5 115.4 0 - - - 

N080943 Primary Glioblastoma 
 

>19 94.33 2 - - - 

N061092 Primary Glioblastoma 
 

6 100.5 2 + - - 

N070454 Primary Glioblastoma 
 

3 51.5 2 - - + 

N080540 Primary Glioblastoma 
 

>12 49.1 0 - + + 

Erl: erlotinib, Gef: gefitinib, Imt: imatinib. -: non-responder, +: responder. Invasion. 2: very invasive, 1: some invasion, 0: no invasion. 
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Table 3.5.13 Characteristics of Cluster 1 
Cell 
Culture 

Tumour Grade Survival Time 
(months) 

Doubling 
Time (hrs) 

Invasion Erl Gef Imt 

N080501 Primary Glioblastoma 
 

18 107 1 - + - 

N071144 Primary Glioblastoma 
 

8 77.7 2 + + - 

N080533 Primary Glioblastoma 
 

15 62.58 2 - + - 

N071271 Primary Glioblastoma 
 

11 59.2 2 - + - 

N080923 Primary Glioblastoma 
 

15 56.2 0 + + - 

N070152 Primary Glioblastoma 
 

5 48.8 2 + + - 

N070126 Primary Glioblastoma 
 

28 82.54 0 - + - 

N070229 Grade III Astrocytoma >36 72.46 2 - - - 
 

N060893 Secondary Glioblastoma 
 

>138 88.13 1 - + - 

N070788 Grade III Astrocytoma >31 65.9 0 - - - 
 

N070859 Primary Glioblastoma 
 

12 56 1 - - - 

N070865 Primary Glioblastoma 
 

5 37.3 2 - - - 

N060978 Primary Glioblastoma 
 

3 99.3 0 + + - 

N070701 Secondary Glioblastoma 
 

>56 71.8 1 + + + 

N071026 Primary Glioblastoma 
 

10 74.52 2 - - + 

Erl: erlotinib, Gef: gefitinib, Imt: imatinib. -: non-responder, +: responder. Invasion 2: very invasive, 1: some invasion, 0: no invasion
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3.5.2 Correlation of Patient Survival Time with Hierarchial Cluster Analysis 

Within the two main clusters received through HCA patient survival time was 

correlated with the expression of each protein from the PI3K/Akt pathway. Cluster 1 

had a lower proliferation rate overall in comparison to cluster 2 (Table 3.5.12 and 

3.5.13). Figures 3.5.15 to 3.5.22 show the relationship with each protein between the 

two clusters: cluster 2 had higher PDGFR-β expression than cluster 1; the majority 

of patients in cluster 2 with high PDGFR-β expression had a lower survival time 

(Fig. 3.5.15). There was significantly higher expression of PDGFR-β in cluster 2 (p 

= 0.05) (Table 3.5.14). PDGFR-α expression was not correlated with survival time 

in either cluster (Fig. 3.5.16). There was no significant difference in expression of 

PDGFR-α between the two clusters (p = 0.067) (Table 3.5.15).  

High expression of PTEN in cluster 1 appears to be related to longer survival 

in 3 patients; whereas there was no correlation with PTEN and survival in cluster 2 

(Fig. 3.5.17). There was higher expression of PTEN in cluster 1 than cluster 2, 

statistically significant (p = 2.86E-05) (Table 3.5.16).  

In cluster 1 there was very little expression of p-C-Kit, (4 out of 11 cultures 

had expression); high expression of p-C-Kit was found in cluster 2 and seemed to 

correlate with lower survival time (Fig. 3.5.18), with higher 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 expression of p-C-Abl, while 13 out 

of 15 patients in cluster 2 expressed p-C-Abl and within this group 8 showed a 

correlation with lower survival (Fig. 3.5.19). There was no difference in expression 

of C-Abl between the clusters (p = 0.074) (Table 3.5.18).  

While levels of EGFRtot expression in cluster 1 were very low, EGFRtot 

expression was much higher in cluster 2 and correlated with lower survival time 

(Fig. 3.5.20), a difference in EGFRtot expression was found between the two 

clusters (p = 0.005) (Table 3.5.19).  

Very low expression of p-p70S6K was seen in cluster 1; 3 patients had no 

expression. In cluster 2 expression level of p-p70S6K was much higher and the 



 220 

majority of the patients with high expression had a lower survival time (Fig. 3.5.21), 

(p = 0.0046) (Table 3.5.20).  

There was little p-Akt expression overall. In cluster 2 strong expression of p-

Akt was seen in two samples, which was accompanied with lower survival time 

(Fig. 3.5.22), there was no difference of expression of p-Akt between the two 

clusters (p = 0.239) (Table 3.5.21). 
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3.5.2.1 PDGFR-ββββ Expression in Comparison to Patient Survival 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. PDGFRB: PDGFR-β. 
N060893 had greater than 138 months survival.  
 
Fig. 3.5.15 Survival time (months) of patients correlated with PDGFR-β ICC score 
in cluster 1 (a) and cluster 2 (b). 
 
Table 3.5.14 Anova analysis of PDGFR-β ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

PDGFR-β 4.5 ± 2.4 7.4 ± 4.4 0.05 
 

Standard deviations represent variance within each cluster. 
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3.5.2.2 PDGFR-αααα Expression in Comparison to Patient Survival 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. PDGFRA: PDGFR-α. 
N060893 had greater than 138 months survival 
 

Fig. 3.5.16 Survival time in months of patients correlated with PDGFR-α ICC score 
in cluster 1 (a) and cluster 2 (b). 
 

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

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

PDGFR-α 5.9 ± 4.0 3.5 ± 2.5 0.067 
 

Standard deviations represent variance within each cluster. 
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3.5.2.3 PTEN Expression in Comparison to Patient Survival 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. N060893 had   greater 
than 138 months survival. 
 
 
Fig. 3.5.17 Survival time in months of patients correlated with PTEN ICC score in 
cluster 1 (a) and cluster 2 (b). 
 
Table 3.5.16 Anova analysis of PDGFR-α ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

PTEN 11.6 ± 1.2 6.0 ± 3.5 2.86E-05 
 

Standard deviations represent variance within each cluster. 
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3.5.2.4 p-C-Kit Expression in Comparison with Patient Survival 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
       
 

 

A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. P-C-Kit: phosphorylated 
C-Kit. N060893 had greater than 138 months survival. 
 
Fig. 3.5.18 Survival time in months of patients correlated with p-C-Kit ICC score in 
cluster 1 (a) and cluster 2 (b). 
 

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

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

C-Kit-P 0.5 ± 0.9 4.1 ± 3.3 0.0018 
 

Standard deviations represent variance within each cluster. 
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3.5.2.5 p-C-Abl Expression in Comparison with Patient Survival 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
      
 
 
 
A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. P-C-Abl: phosphorylated 
C-Abl. N060893 had greater than 138 months survival 
 
 
Fig. 3.5.19 Survival time in months of patients correlated with p-C-Abl ICC score in 
cluster 1 (a) and cluster 2 (b). 
 

Table 3.5.18 Anova analysis of p-C-Abl ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

C-Abl-P 1.5 ± 2.0            3.4 ± 3.0 0.074 
 

Standard deviations represent variance within each cluster. 
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 3.5.2.6 EGFR Expression in Comparison with Patient Survival 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 

 

 

A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. EGFRtot: EGFR total. 
N060893 had greater than 138 months survival 
 
Fig. 3.5.20 Survival time in months of patients correlated with EGFRtot ICC score 
in cluster 1 (a) and cluster 2 (b). 
 

   Table 3.5.19 Anova analysis of EGFR ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

EGFRtot 1.8 ± 1.4 4.9 ± 3.1 0.005 
 

Standard deviations represent variance within each cluster. 
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3.5.2.7 p-p70S6K Expression in Comparison with Patient Survival 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. P-p70S6K: 
phosphorylated p70S6K. N060893 had greater than 138 months survival 
 
Fig. 3.5.21 Survival time in months of patients correlated with p-p70S6K ICC score 
in cluster 1 (a) and cluster 2 (b). 
 

Table 3.5.20 Anova analysis of p-p70S6K ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

p-p70S6K 1.7 ± 1.8 5.3 ± 3.5 0.0046 
 

Standard deviations represent variance within each cluster. 
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3.5.2.8 p-Akt Expression in Comparison with Patient survival 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
          
 
 
 
A: Grade III astrocytoma. 20: secondary glioblastoma. *: patient still alive. P-Akt: phosphorylated 
Akt. N060893 had greater than 138 months survival 
 
Fig. 3.5.22 Survival time in months of patients correlated with p-Akt ICC score in 
cluster 1 (a) and cluster 2 (b). 
 
 
Table 3.5.21 Anova analysis of p-Akt ICC score, with cluster 1 and cluster 2. 

Protein Average ICC Score 
Cluster 1 

Average ICC Score 
Cluster 2 

P Value 
 
 

p-Akt 1.5 ± 2.0 3.4 ± 4.0 0.23 
 

Standard deviations represent variance within each cluster. 
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3.5.11 Unsupervised Principal Components Analysis of Pathway Proteins 

response to Tyrosine Kinase Inhibitors 

Unsupervised Principal components analysis (PCA) was applied to the ICC data to 

see if expression of certain proteins is associated with response to TKIs. 55 % of the 

variance in the dataset was retained in the first two principal components (Fig. 

3.5.23). The biplot represents the grouping of the cell cultures in principle 

component space in relation to their expression of the proteins (Fig. 3.5.23). 

Figure 3.5.24 shows the PCA score plot for responders (R) and non-

responders to Erlotinib (NR). Fig 3.5.24 showed that there was a definitive 

separation between responders and non-responders to erlotinib treatment. The 

majority of responders cluster to the top right of the plots, suggesting that these 

samples were not influenced by the analysed proteins (Fig. 3.5.24). Most of the 

NR’s cluster to the lower right of the plots associated with higher expression of 

PTEN and PDGFR-α. 

With gefitinib there was stratification between responders and non-

responders, with the latter clustering toward the right of the plot (Fig. 3.5.25). Again 

the NRs were associated with higher expression of PTEN and PDGFR-α. Within the 

responders to gefitinib one group clustered to the top right not being influenced by 

the protein tested; another group clustered to the bottom left characterized by high 

expression of the target proteins, p-p70S6K,p-C-Kit, p-Akt and p-C-Abl (Fig. 

3.5.25). 

Imatinib responders clustered toward the bottom right hand corner of the 

plot, which shows a strong influence by PTEN and PDGFR-α (Fig. 3.5.26).  
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Fig. 3.5.23 Unsupervised PCA of 26 cell cultures. 55% of the variance in the dataset 

is retained in the first two principal components. The biplot represents the grouping 

of cell cultures in principle component space. The red arrows correspond to the 

influence of protein staining values on the separation of the samples. Each protein is 

labelled in red and each glioma cell culture is labelled in black. Each culture is 

positioned closest to the protein they had the highest expression of. The cultures 

which had little or no expression of the proteins lie to the right hand side of the 

arrows.
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Determination of variable influence on response/non-response 

 

Erlotinib 
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R: responder, NR: non-responder. PC1: principle component 1. PC2 : principle component 2. 
 
Fig. 3.5.24 PCA scores plot of cell culture ICC. Samples are labelled according to 
their responsiveness to erlotinib. This plot is a replicate of figure 3.5.23, with the 
cultures labelled as responders or non-responders to erlotinib. The main cluster of 
erlotinib responders is circled in red, which is at the top right hand side of the plot, 
showing that responsiveness to erlotinib is not associated with expression of the 
proteins. 
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R: responder, NR: non-responder. PC1: principle component 1. PC2: principle component 2. 
 
Fig. 3.5.25 PCA scores plot of of cell culture ICC. Samples were labelled according 
to their responsiveness to gefitinib. This plot has the same layout as figure 3.5.23, 
with the cultures labelled as responders or non-responders to gefitinib. The 2 main 
clusters of gefitinib responders are circled in red. There was a cluster of gefitinib 
responders that had high expression of some of the proteins (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 component 1. PC2 : principle component 2. 
 

Fig. 3.5.26 PCA scores plot of PC1 versus PC2 of cell culture ICC. Samples are 
labelled according to their response to imatinib. The cultures are labelled as 
responders or non-responders to imatinib and have the same grouping as figure 
3.5.23. The majority of the imatinib responders are circled in red. The cluster of 
imatinib responders was at the bottom right hand side of the plot, this was due to the 
high expression of PTEN and PDGFR-α. 
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3.5 Discussion:  

 
Expression of Proteins targeted by TKIs in High-Grade Glioma, in relation to 

their Response to these Inhibitors.  

Overexpression of EGFR and PDGFR is frequently found in glioblastoma, which 

results in the activation of downstream kinases including phosphatidylinositol 3′-

kinase (PI3K), Akt, and the mammalian target of rapamycin (MTOR). MTOR is a 

nutrient sensor which regulates cell growth and many cellular functions such as 

mRNA translation and metabolism (Shaw and Cantley 2006). MTOR has been 

shown to play a key role in tumour progression in various types of cancer including 

glioma (Seeliger et al. 2007), where it is activated by Akt (Riemenschneider et al. 

2006). MTOR phosphorylates p70S6K, which regulates protein synthesis and has 

been shown to cause glioblastoma formation in mice (Holland et al. 2000), while its 

inhibition causes apoptosis (Hu et al. 2005). It was hypothesized that the expression 

of specific proteins targeted by TKIs in glioma cell cultures would correlate with 

their response to tyrosine kinase inhibitors. 26 newly developed high-grade glioma 

cell cultures were analysed by immunocytochemistry (ICC) (Table 3.5.1). The ICC 

work was carried out by a Ph.D student, Rachel Howley, in Beaumont Hospital, 

Dublin. The cell cultures were classified as responders or non-responders to the 

TKIs, erlotinib, gefitinib, and imatinib (Table 3.5.2) (see section 3.3.2).  

EGFR was expressed in 88.4%, and EGFRvIII in 26.9% of the cultures. P-

Akt was expressed in 65.3% and PTEN in 100% of the cultures. A similar 

expression level of Akt was found in glioblastoma cells by others where Akt was 

activated in 70% of gliomas (Alessi et al. 1996; Haas-Kogan et al. 1998). The 

expression of EGFR by ICC varied in the cultures; it was low in the non-responders 

and imatinib responders, and high in erlotinib and gefitinib responders (Fig. 3.5.12) 

(Table 3.5.10). PTEN expression did not appear to be a determinant of TKI 

responsiveness. Mellinghoff et al, found the inhibition of EGFR was successful in a 

sub-group of recurrent glioblastomas (Mellinghoff et al. 2005). Response was 

correlated with co-expression of the mutated form of EGFRvIII and PTEN; 

however, the detailed mechanism of action is still unknown (Mellinghoff et al. 
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2005). Sordella et al, found that in lung cancer cells EGFRvIII activates PI3K/AKT 

signalling and can sensitize cells to the EGFR inhibitor, gefitinib (Sordella et al. 

2004); this has not been shown yet for glioblastomas. Overall a low amount of 

EGFRvIII was found in the cultures, 2 primary glioblastomas and 2 grade III 

astrocytomas had low EGFRvIII expression and PTEN expression, 1 of the primary 

glioblastomas was a gefitinib responder and 1 of these grade III astrocytomas was an 

erlotinib responder (Figs 3.5.2, 3.5.3 3.5.5 and 3.5.9). There were 2 primary 

glioblastomas with higher EGFRvIII expression who also expressed PTEN; both 

were responders to gefitinib (Fig. 3.5.6). It is thought that the loss of PTEN might 

promote resistance to EGFR kinase inhibitors (Bianco et al. 2003). High expression 

of PTEN was found in the majority of the cultures; however, it is unclear if it is 

functional. PTEN can be mutated with loss of function, which has been reported for 

about 30% of glioblastomas (Kleihues and Ohgaki 2000).  

 

PDGFR-αααα Expression in Relation to Imatinib Responders in High-grade 

Glioma Cultures 

PDGFR-α and PDGFR-β was expressed in 92.3% of the glioma cultures, p-C-Abl in 

61.5%, and p-C-Kit in 61.5%. Non-responders had higher expression of PDGFR-β 

in comparison to the responders (Fig. 3.5.12) (Table 3.5.10). While PDGFR-α and 

PDGFR-β levels were similar in the responders to erlotinib and gefitinib (Fig. 

3.5.12) (Table 3.5.10). The imatinib responders had higher PDGFR-α expression in 

comparison to the non-responders, erlotinib and gefitinib responders (Fig. 3.5.12) 

(Table 3.5.10). Responsiveness to imatinib in gliomas appears to correlate with high 

PDGFR-α expression; it may be possible to base imatinib treatment on PDGFR-α 

expression in glioma patients. Amplification of the PDGFR-α gene and/or 

overexpression of the receptor at the protein level, has been found in high-grade 

gliomas (Fleming et al. 1992; Kumabe et al. 1992; Smith et al. 2000), and in 

astrocytomas (Guha et al. 1995; Saxena et al. 1999). Therefore, this receptor may 

play a more generalized role in glioma formation, as it is not exclusive to 

glioblastomas, and non-responders had higher PDGFR-β expression indicating that 

PDGFR-β may be associated with a more resistant phenotype. 
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P-Akt, p-p70S6K, p-C-Abl and p-C-Kit Expression in Relation to Gefitinib 

Responders in High-Grade Glioma Cultures 

A downstream protein of MTOR, p-p70S6K was expressed in 84.6% of the cultures 

and p-Akt in 65.3%. Li et al, found in a cohort of 36 glioblastoma patients 

expression levels of p-Akt (36.1%), p-MTOR (44.4%), and p-p70S6K (41.7%); in 

addition they found levels correlated with grade of malignancy (Li et al. 2010). 

Annovazzi et al, found mTOR, p-p70S6K, p-Akt expression in 64 malignant 

gliomas, and found the expression which was increased in higher grades of 

malignancy (Annovazzi et al. 2009).  

In our cohort higher expression of p-p70S6K was found in the gefitinib 

responders, and lower expression in non-responders, erlotinib and imatinib 

responders (Fig. 3.5.13) (Table 3.5.11). MTOR can be regulated independently of 

PI3K (Tang et al. 2003), the MTOR-p70S6K pathway may play a more critical role 

in tumourigenesis, this would explain the higher expression of p-p70S6K in gefitinib 

responders. Gefitinib responders had a slightly lower PTEN expression in 

comparison to the other groups; PTEN may have loss of function in gefitinib 

responders. 

In addition higher expression of p-C-Abl and p-C-Kit was found with 

gefitinib responders than with the non-responders, erlotinib or imatinib responders 

(Fig. 3.5.12) (Table 3.5.10). Jiang et al, showed that the over-expression of C-Abl 

has been found in glioblastomas compared but not in lower grade gliomas, 

suggesting an association with poor survival (Jiang et al. 2006). Stanulla et al, 

showed that the expression of C-Kit was found in the cytoplasm of glioma cell lines, 

suggesting its involvement in the autocrine growth regulation of glioma cells 

(Stanulla et al. 1995). It may also be that gliomas expressing higher levels of p-C-

Kit and p-C-Abl are more responsive to gefitinib, because higher levels of 

expression of the phosphorylated protein targets of the PI3K/Akt pathway were 

found in the gefitinib responders indicated that the pathway 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-Grade Glioma 

Using hierarchical cluster analysis (HCA) and unsupervised principal components 

analysis (PCA) two distinct clusters of samples were found within the cohort. It is 

possible that the 2 clusters represent 2 different subgroups of high-grade gliomas. 

Brennan et al, took a cohort of 27 glioma samples and carried out proteomic 

analysis, to examine signal transduction pathways (Brennan et al. 2009). They 

compared their results with The Cancer Genome Atlas (Brennan et al. 2009), which 

contains expression data of 243 glioblastoma samples; 3 subclasses of glioblastoma 

emerged, one with high EGFR activation, another with high PDGFR activation, and 

a third had loss of the RAS regulator Neurofibromatosis type I (NF1) (Brennan et al. 

2009). The EGFR signalling class had high notch pathway activation, the PDGF 

class had high levels of PDGFB ligand and phosphorylation of PDGFR-β and NF-

kappa-B (NFκ-B). The class with loss of NF1 had lower MAPK and PI3K activation 

(Brennan et al. 2009). Cluster 2 from the present study may correspond to class 2, 

because it is characterized by high PDGFR-β expression (Brennan et al. 2009). It 

would be interesting to check the samples for NF1 loss and notch signalling by 

proteomic analysis to see if any of the samples correspond to the third class 

mentioned (Brennan et al. 2009). If glioma samples become classified into more 

specific subgroups based on protein expression and pathway signalling, a patient’s 

treatment could become tailored with specific drugs to suit each individual, and 

possibly result in more effective treatment.  

High expression of PTEN and PDGFR-α was characterized for cluster 1 (11 

samples), while PDGFR-β, 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 low survival time in 

cluster 2 in glioblastomas (Figs. 3.5.20 and 3.5.22); these 2 biomarkers have been 

previously associated with poor prognosis in glioma (Shinojima et al. 2003). 

PDGFR-β, PDGFR-α, p-C-Kit and p-C-Abl expression did not correlate with 

survival in either cluster (Figs. 3.5.15, 3.5.16, 3.5.18 and 3.5.19). High expression of 

PTEN was found in all samples in cluster 1 (Fig. 3.5.17) the average doubling time 
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for cluster 1 was 100 hours whereas for cluster 2 it was 70 hours (Tables 3.5.12 and 

3.5.13), this indicated that a loss of PTEN resulted in a higher proliferation rate. 

There were 10 gefitinib responders in cluster 2 (Table 3.5.13). P-C-Abl had no effect 

on survival in cluster 1; in cluster 2, 8 out of 15 patients with C-Abl expression had 

less than 20 months survival (Fig. 3.5.19). Overexpression of C-Abl has been found 

in glioblastomas compared to lower grade gliomas, suggesting an association with 

poor survival (Jiang et al. 2006). Higher levels of p-C-Kit expression have been 

associated with lower survival times in high-grade glioma (Sun et al. 2006). P-

p70S6K expression in cluster 2 was found in 5 patients with survival of 10 months 

or less, and 4 patients with less than 20 months survival; it was not associated with 

survival in cluster 1 (Fig. 3.5.21). Higher expression of p70S6K in glioblastoma is 

associated with poor prognosis (Pelloski et al. 2006). P-Akt expression in cluster 1 

was found in 5 patients with less than 12 months survival, and 4 patients who had no 

expression had greater than 19 months survival; with cluster 2, 4 patients with p-Akt 

expression had survival of 10 months or less, and 4 had less than 20 months survival 

(Fig. 3.5.22). The activation of Akt seems to be a consequence of the loss of PTEN 

function (Wu et al. 1998). 

Amplification of the PDGFR-α gene and/or overexpression of the receptor at 

the protein level, has been found in high-grade gliomas (Fleming et al. 1992; 

Kumabe et al. 1992; Smith et al. 2000). Expression and amplification of the 

PDGFR-α gene have also been found in astrocytomas (Guha et al. 1995; Saxena et 

al. 1999). However, PDFGR-α expression did not have any effect on survival time 

in either cluster (Fig. 3.5.16). In addition PTEN also had no effect on survival (Fig. 

3.5.17). 

Unsupervised PCA of the culture data captures 55% of the variance in the 

dataset showing PTEN, PGDFR-α and PGDFR-β loading vectors in approximately 

the same direction (Fig. 3.5.23). All drug responses were separated using PCA based 

on the expression of various target proteins (Fig. 3.5.23). Non-responders and 

responders to erlotinib and gefitinib showed lower expression of PDGFR-α (Fig. 

3.5.24 and 3.5.25); in contrast, higher expression was found in imatinib responders 

(Fig. 3.5.26). The majority of gefitinib responders were influenced by the proteins of 



 239 

the PI3K/Akt pathway (Fig. 3.5.25); while erlotinib response may be characterised 

by lack of expression of those markers (Fig. 3.5.24), suggesting that erlotinib 

responsiveness may not be reliant on the PI3K/Akt pathway.   

 
PI3K/Akt Pathway in High-Grade Glioma 

In high-grade gliomas was examined; other pathways, and downstream proteins 

seem to be involved in glioma tumourigenesis, e.g. RAS/RAF signalling is found in 

gliomas (Jeuken et al. 2007). Copy number gains in the oncogenes BRAF, NRAS, 

KRAS, and HRAS and in growth factors EGF, PDGF, IGF, FGF, TGF have been 

found in 44% and 53% of gliomas, respectively (Jeuken et al. 2007). These copy 

number gains were most frequently found in WHO grade III and IV gliomas; 

phosphorylated MAPK, the activated downstream compound of the RAS/RAF 

pathway, was detected in most cases (Jeuken et al. 2007). Fan et al, found protein 

kinase C (PKC) to be a mediator of EGFR signalling to MTOR independently of 

Akt in glioma, separating MTOR from the Akt-signalling cascade (Fan et al. 2009). 

They used erlotinib to inhibit EGFR signalling, and found a correlation with 

decreased levels of phosphorylated MTOR (p-MTOR) and p70S6K in cells which 

expressed the wild type for PTEN (Fan et al. 2009). EGFR inhibition did not affect 

cells which expressed p-MTOR, p70S6K and mutant PTEN; the amount of p-Akt 

decreased with EGFR inhibition, however, Akt levels did not correlate with MTOR 

signalling (Fan et al. 2009). Activated MTOR correlated with the presence of 

activated Akt, in glioblastoma, MTOR is thought to have a stimulatory effect on 

PI3K/Akt (Choe et al. 2003). They identified an Akt-independent pathway, linking 

EGFR to MTOR which was dependent on PKC (Fan et al. 2009). They showed that 

by blocking or activating Akt there was no effect on proliferation or response to 

erlotinib in glioma, and the levels of EGFR correlated with p-p70S6K and PKC in 

glioblastoma, and but not with Akt (Fan et al. 2009). Furthermore the inhibition of 

PKC decreased the viability of glioma cells independently of EGFR or PTEN 

expression levels (Fan et al. 2009). Perhaps PKC is a more important signalling 

pathway in glioma; PKC inhibitors need to be examined in glioma and may have 

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

of cross talk between pathways, and biomarkers for responsiveness to TKIs. 

 

3. 5 Summary and Conclusion  

With 26 high-grade gliomas cultures correlation of expression of proteins from the 

PI3K/Akt pathway, resulted in statistically significant separation of responders and 

non-responders to TKIs. High PDGFR-α and PTEN expression correlated with 

imatinib responders. Higher expression of p-Akt, p-p70S6K, p-C-Abl and p-C-Kit 

was found with gefitinib responders. Possibly indicating that gefitinib responders 

have a more active PI3K/Akt pathway. Erlotinib  responders and non-responders had 

much lower expression of the proteins from the PI3K/Akt pathway. They may be 

more dependent on other pathways for survival, such as the RAS/MAPK or PKC 

pathway.  

There was a correlation with low survival and high EGFR and p-Akt 

expression, this was not surprising as over expression of EGFR and high levels of p-

Akt have been reported to be associated with a poor prognosis in glioma. 
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3.6 MicroRNA  

 

3.6.1 Taqman Low Density Array (TLDA) Analysis of Two Subsets of Primary 

Glioma Cultures 

Within the cohort of primary glioblastoma cultures there were large differences in 

proliferation rate and invasive behaviour. The objective of this part of the project 

was to look for miRNAs that regulate proliferation and invasion in glioblastomas. 

Therefore, two pools were formed: pool 1 consisted of two invasive glioblastoma 

cultures with a high proliferation rate, and pool 2 contained two glioblastoma 

cultures with very little invasion activity and a much lower proliferation rate (Tables 

3.6.1 and 3.6.2). TLDA analysis (section 2.14.1) was carried out on both pools, the 

expression of 365 miRNAs was measured. From the TLDA data miRNA expression 

was compared in pool 1 (fast, invasive) with pool 2 (slow, non-invasive). 

Proliferation rate was previously measured based on the doubling time of the 

cultures (see section 2.4.2); invasion was measured with the 3D spheroid invasion 

assay (see section 2.8). Previously with pool 2 biospheres (tissue pieces) (Fig. 

3.3.10) of N070978 were found to be invasive, however, when the culture of 

N070978 was tested for invasion using the 3D collagen invasion assay it was non-

invasive. Not all biospheres of N060913 were invasive, the cell culture of N060913 

was not tested for invasion as it stopped proliferating. For clarity, pool 2 is referred 

to as non-invasive. 

Pool 1 miRNA expression was designated as 100%. Using a cycle threshold 

(Ct) cut off of 34, out of 365 miRNAs, 82 were upregulated in Pool 2, and 34 were 

downregulated; of which 19 have been reported in the literature to be associated 

with glioma proliferation or invasion (Table 3.6.3). A fold change cut off of 2 or 

greater was then applied, this resulted in 62 miRNAs identified as upregulated in 

pool 2, and 13 downregulated in pool 2 in comparison to pool 1. 

The Ct (section 2.14.2) cut off was 34, therefore anything at 34 or above was 

defined as not expressed or to have very low levels of a miRNA expressed. 13 

miRNAs were undetected or present at very low levels in pool 1 (fast, invasive) in 
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comparison to pool 2 (slow, non-invasive) (Table 3.6.5). 13 miRNAs were 

undetected or present at very low levels in pool 2 in comparison to pool 1 (Table 

3.6.6). 

 

 

Table 3.6.1 TLDA plate with the fast, invasive Pool 1, with 2 invasive primary 
glioblastoma cultures with a fast proliferation rate. 

 

 

 
 
 
 

 
 
Table 3.6.2 TLDA plate with the slow non-invasive Pool 2, with 2 primary 
glioblastoma cultures, one non-invasive, and one slightly-invasive, both with a 
slow proliferation rate. 
Cell 
Culture 

Tumour 
Type 

Doubling 
Time (hrs) 

Invasive 
Behaviour 
 

Patient 
Survival 
Time 
(months) 

Age 

N060978 Primary 
Glioblastoma 

98.33 Non-invasive 
 

3 54 

N060913 Primary 
Glioblastoma 

>168 Poorly-
invasive 
 

110 67 

 

Cell 
Culture 

Tumour 
Type 

Doubling 
Time (hrs) 

Invasive 
Behaviour 
 

Patient 
Survival 
Time 
(months) 

Age 

N070152 Primary 
Glioblastoma 

55 Invasive 
 

5 52 

N070859 Primary 
Glioblastoma 

55.98 Invasive 
 

12 55 
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Table 3.6.3 Deregulated miRNAs identified in primary glioblastomas in the 
present study (in comparison to pool 1) and in other studies. 

MiRNA Our TLDA Analysis Deregulation in 
Glioblastomas 

 
MiR-125b ↑P2 ↑ (Ciafre et al. 2005) 

 
MiR-328 ↑P2 ↓ (Silber et al. 2008) 

 
MiR-31 ↑P2 ↓ (Silber et al. 2008) 

 
MiR-155 ↓P2 ↑ (Silber et al. 2008) 

 
MiR-19a ↓P2 ↑ (Malzkorn et al. 2010) 

 
Mir-146b ↓P2 ↓ (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 ↓ (Godlewski et al. 2008) 

 
MiR-25* ↑P2 ↓ (Ciafre et al. 2005) 

 
MiR-330 ↑P2 ↑ (Gal et al. 2008) 

 
MiR-34a ↑P2 ↓ (Li et al. 2009) 

 
MiR-107 Low P2 ↑ (Gal et al. 2008) 

 
MiR-9 Low P2 ↑ (Malzkorn et al. 2010) 

 
MiR-221* ↓P2 ↑ (Zhang et al. 2009) 

 
MiR-222* ↓P2 ↑ (Zhang et al. 2009) 

 
MiR-296* ↓P2 ↑ (Wurdinger et al. 2008) 

 
MiR-132* ↓P2 ↓ (Silber et al. 2008) 

 
↑: upregulated, ↓: downregulated. *: less than 2 fold dysregulated. P2: Pool 2 (slow, non-
invasive glioblastomas). Low: very low levels detected or undetected. 
 

MiRNAs previously reported in the literature to be associated with invasion or 

proliferation in glioblastoma, also found to be deregulated in the present study. 
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3.6.1.1 MiRNAs Upregulated in Pool 2 in Comparison to Pool 1 

MiR-143 was the most highly upregulated miRNA in pool 2, with a 7.6-fold 

increase in expression in pool 2 in comparison to pool 1. Of the 62 miRNAs that 

were upregulated in pool 2 in comparison to pool 1, 20 of these miRNAs were 

greater than 3 fold upregulated (Fig. 3.6.1); 18 were greater than 2 fold upregulated 

in pool 2 (Fig. 3.6.2).  

 

 

0

1

2

3

4

5

6

7

8

m
iR

-1
43

m
iR

-9
9a

m
iR

-1
46

a

m
iR

-1
34

m
iR

-2
3b

m
iR

-2
3a

m
iR

-1
27

m
iR

-4
85

-3
p

m
iR

-1
5a

let
-7

c

m
iR

-4
32

m
iR

-3
82

m
iR

-4
11

m
iR

-1
45

m
iR

-1
52

m
iR

-1
00

m
iR

-1
93

a

m
iR

-2
9c

m
iR

-1
25

b

m
iR

-4
87

b

F
ol

d 
ex

pr
es

si
on

 
Fig. 3.6.1 20 MiRNAs greater than 3 fold upregulated in pool 2 in comparison to 
pool 1. 
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Table 3.6.4 miRNAs upregulated greater than 3 fold in pool 2 (slow, non-invasive) 
compared to pool 1 (fast, invasive), genes/function/cancer they are associated with. 
miRNA Fold 

Upregulated  
Genes/Function/Cancer associated with  
 
 

miR-143 7.59 ERK5: 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-
3p 

4.65 ? 
 

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-29c 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 highlighted in bold. References are in parenthesis.  
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Fig. 3.6.2 18 miRNAs greater than 2 fold upregulated in pool 2 in comparison to 
pool 1. 

 

3.6.1.2 MiRNAs Downregulated in Pool 2 in Comparison to Pool 1 

13 miRNAs were 2 fold or greater downregulated in pool 2 (slow, non-invasive) in 

comparison to pool 1 (fast, invasive) (Fig. 3.6.3).  
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Fig. 3.6.3 13 miRNAs 2 fold or greater downregulated in pool 2 in comparison to 
pool 1. 
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Table 3.6.5 miRNAs downregulated 2 fold or greater in pool 2 (slow, non-
invasive) compared to pool 1 (fast, invasive), genes/function/cancer they are 
associated with. 
miRNA Fold 

Downregulated 
Genes/Function/Cancer associated with  
 
 

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 
FUS1 (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 highlighted in bold. References are in parenthesis.  
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3.6.1.3 MiRNAs Detected in the TLDA as Off or Very Low Levels Detected 

The Ct cut off was 34 and above, therefore the closer the Ct was to 34 the lower the 

level of miRNA detected and the more likely for the miRNA to be off. 13 miRNAs 

were undetected or very low levels (Ct>33) detected in pool 1 (fast, invasive) in 

comparison to pool 2 (slow, non-invasive) (Table 3.6.6). 13 miRNAs were 

undetected or very low levels detected in pool 2 in comparison 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-invasive), genes/function/cancer 
they are associated with. 

miRNA         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-
5p 

    32.94, 34.67 ? 
 

     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-
5p 

    32.49, 33.99 ? 
 

?: no information available on this. Genes are highlighted in bold. References are in  
parenthesis. Undet: undetermined. 
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Table 3.6.7 13 miRNAs off or very low levels detected in Pool 2 (slow, non-
invasive) in comparison to Pool 1 (fast, invasive), genes/function/cancer they are 
associated with. 

miRNA Cycle    
Threshold 
Pool 1, Pool 2 

Genes/Function/Cancer associated with 
 
 

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 highlighted 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 only a small fraction of all miRNA 

targeted genes (miTGs); therefore computational target prediction remains one of the 

key means to analyze the role of miRNAs in biological processes. 20 miRNAs were 

selected which were the most upregulated in pool 2 in comparison to pool 1 (Fig. 

3.6.1) and a search was performed with this group of miRNAs using the DIANA 

LAB database (http://diana.cslab.ece.ntua.gr/?sec=software) (DNA intelligent 

analysis), which uses an algorithm to predict target genes for a group of miRNAs. 

The top ten genes predicted to be targeted by the 20 miRNAs most upregulated in 

pool 2 in comparison to pool 1 are listed; the target prediction is grouped by mRNA, 

ordered by descending number of expected sites for any of the selected miRNAs 

(Tables 3.6.8 (a) and (b)). In addition the 20 most upregulated miRNAs in pool 1 

were selected (Tables 3.6.9 (a) and (b)), the top ten genes 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 LAB database 
(http://diana.cslab.ece.ntua.gr/?sec=software) for 20 miRNAs most upregulated in 
pool 2 (slow, non-invasive) in comparison to pool 1 (fast, invasive). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Name Expected 
Number of 

miRNA binding 
sites 

 
ONECUT2 One cut homeobox 2 18.4 

 
 

TNRC6B Trinucleotide repeat 
containing 6B 

16.0 
 
 

SH3TC2 SH3 domain and 
tetratricopeptide 

repeats 2 

15.7 
 
 
 

FLJ25778  Hypothetical protein 
FLJ25778 

12.9 
 
 

IGF1R Insulin-like growth 
factor 1 receptor 

12.4 
 
 

BNC2 Basonuclin 2  zinc 
finger protein 
basonuclin 

12.0 
 
 
 

CC5 Chloride channel 5 
(nephrolithiasis 2, X-

linked 

11.9 
 
 
 

FLJ20309  Hypothetical protein 11.9 
 

ACVR2B  Activin A receptor, type 
IIB 

11.5 
 
 

YOD1OTU Deubiquinating enzyme 
1 homolog (S. 

cerevisiae) 

11.2 
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Table 3.6.8 (b) Published information for the top 10 predicted target genes with the 
DIANA LAB database (http://diana.cslab.ece.ntua.gr/?sec=software) for 20 
miRNAs most upregulated in pool 2 (slow, non-invasive) in comparison to pool 1 
(fast, invasive). 
 

? no information available on this. References are in parenthesis. 

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 ? 
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Table 3.6.9 (a) Top 10 predicted target genes with the DIANA LAB database 
(http://diana.cslab.ece.ntua.gr/?sec=software) for 20 miRNAs most upregulated in 
pool 2 (slow, non-invasive) in comparison to pool 1 (fast, invasive). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Gene     Name Expected 
Number of  

miRNA binding 
sites 

 
ATXN1 Ataxin 1 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 target genes with the 
DIANA LAB database (http://diana.cslab.ece.ntua.gr/?sec=software) for 20 
miRNAs most upregulated in pool 1 (fast, invasive) in comparison to pool 2 (slow, 
non-invasive). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            ? no information available on this. References are in parenthesis. 
 
 
 
 
 

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 ? 
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3.6.3 Top Ten miRNA Targets 

From the TLDA data comparing pool 1 (fast, invasive) to pool 2 (slow, non-

invasive) the top ten most interesting miRNA targets were selected (Table 3.6.10). 

In relation to pool 1, 3 miRNAs were chosen that were upregulated and 5 

downregulated, 1 off in pool 1, and 1 off in pool 2 for functional analysis. 

 

 

Table 3.6.10 Top ten most interesting miRNA targets differentially expressed in 
pool 1 (fast, invasive) in comparison to pool 2 (slow, non-invasive) from the TLDA 
analysis. 

* Ct: 31.96, ** Ct: 29.96, Ct: cycle threshold, Off:Ct>34. ↓ downregulated in pool 2, ↑ upregulated 
in pool 2. Genes are highlighted in bold. ? no information available on this. References are in 
parenthesis. 
 

miRNA Comparison Gene targets/ Function 
 

miR-93 3.6 fold ↓  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-155 4.6 fold ↓ TP53INP1 (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 ↑ 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 ↑ SAMSN1 and USP25 (Yamada et al. 2008) 
 

miR-
146a 

 

5.4  fold ↑ BRMS1: metastasis, invasion and migration (Hurst et al. 
2009) 
Growth (Wang et al. 2008). MMPs: glioma migration and 
invasion by (Xia et al. 2009) 

 
miR-134 5.4  fold ↑ Developmental in brain (Coolen and Bally-Cuif 2009) 

 
miR-23b 5.3  fold ↑ UPA and C-MET: migration and proliferation (Salvi et al. 

2009) 
 

miR-518f Off P1 V P2 (*) ? 
 

miR-10a Off P2 V P1 (**) HOXB1 and HOXB3: metastasis (Weiss et al. 2009) 
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3.6.3.1 Expression of miR-155 in Glioma Cultutres and Normal Human 

Astrocytes 

The TLDA result identified that MiR-155 was 4.6 fold upregulated in pool 1 (fast, 

invasive) in comparison to pool 2 (slow, non-invasive). The presence of miR-155 

was measured by qRT-PCR in normal human astrocytes, 5 primary glioblastomas, 1 

grade II astrocytoma II culture, and one established glioblastoma cell line SNB-19 

(Fig. 3.6.4 (a)) (Table 3.6.11). As a calibrator N070152A was used and this was set 

to 100% expression of miR-155. N070152 and N070859 were included in pool 1 

and N060978 and N060913 in pool 2 of the TLDA analysis, which gave 4.6 fold 

downregulation of miR-155 in pool 2 in comparison to pool 1 (Fig. 3.6.4). However, 

N070859 showed downregulation of miR-155 in comparison to N070152, when 

miR-155 was expected to also be upregulated in N070859. In addition high 

expression of miR-155 was found in the normal human astrocytes, and very low 

expression of miR-155 in the established glioblastoma cell line SNB-19; the 

opposite effect was expected as miR-155 was found to be upregulated in the 

invasive pool with high proliferation. 
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         Invasive (blue), Non-invasive/poorly-invasive (green). *: doubling time >168 hrs. 
 

Fig. 3.6.4 (a) MiR-155 expression by qRT-PCR in normal human astrocytes, 5 
primary glioblastomas and 1 grade II astrocytoma II culture and one established 
glioblastoma cell line (SNB-19). N070152A was a calibrator sample taken as 100% 
expression of miR-155. Samples (with the exception of N060913, measured in 
technical triplicate (n=3)) were measured in technical and biological triplicate 
(n=3x3). (b) Doubling time of 3 invasive cultures and 3 cultures with less invasion; 
all of which have been measured for miR-155 expression. Standard deviations were 
generated using Microsoft excel software. 
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Table 3.6.11 Characteristics of primary glioma cultures validated with miR-155. 

    * SNB-19 is an established cell line known to have a fast proliferation rate. 

 

 

 

 

Cell Culture Tumour 
Type 

Doubling 
Time (hrs) 

Invasive 
Behaviour 
 

% Expression of 
miR-155 
 

N070152 Primary 
Glioblastoma 

55 Invasive 98.2 
 

N070859 Primary 
Glioblastoma 

56 Invasive 35.8 
 

N070450 Grade II 
Astrocytoma 

65.1 Invasive 37.8 
 

N060893 Secondary 
Glioblastoma 

88.1 Poorly-invasive 29.6 
 

N060978 Primary 
Glioblastoma 

98.3 Non-invasive 16.6 
 

N060913 Primary 
Glioblastoma 

>168 Poorly-invasive 11.1 
 

SNB-19* Glioblastoma - Invasive 1.7 
 

NHA - - Invasive 127.7 
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3.6.3.2 Expression of miR-93 in Glioma Cultures and Normal Human 

Astrocytes 

MiR-93 was 3.6 fold upregulated in Pool 1 (fast, invasive) compared to Pool 2 

(slow, non-invasive) in the TLDA analysis (Fig. 3.6.5). The presence of miR-93 was 

validated by qRT-PCR in one established glioblastoma cell line SNB-19, 12 glioma 

cultures (8 glioblastomas, 2 grade III astrocytomas, 1 grade III oligoastrocytoma, 1 

grade II oligodendroglioma), and in normal human astrocytes (Table 3.6.12). 

N070152A was used as a calibrator and taken as 100% expression of miR-93. 

N070152 was an invasive primary glioblastoma culture with a high proliferation 

rate, which was included in pool 1 of the TLDA analysis. 3 biological repeats of 

each culture were included with the exception of N060913 and N070314; these 

cultures had very slow proliferation rate and only one RNA sample was obtained 

from them. Cell cultures with high proliferation showed high expression levels of 

miR-93, 3 of the cultures with high miR-93 expression were also invasive (Fig. 3.6.5 

(a)). Conversely miR-93 was down-regulated in cultures with lower proliferation 

and invasion rate, and in normal human astrocytes (Fig. 3.6.5 (a)). N070152 and 

N070859 were included in pool 1, and N060978 and N060913 in pool 2.  

These results indicated that expression of miR-93 positively correlates with 

invasive gliomas with a high proliferation rate. Some of the cultures with high 

expression of miR-93 also had a low doubling time, i.e. a low proliferation rate, and 

some of the cultures with low expression of miR-93 had a high doubling time, i.e. a 

low proliferation rate (Fig. 3.6.5 (b)). Most of the cultures with low expression of 

miR-93 showed little or no invasion (Table 3.6.12).  
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     Invasive (blue), Non-invasive/poorly-invasive (green). *: doubling time >168 hrs. 
 

Fig. 3.6.5 (a) Percentage expression of miR-93 in an established glioblastoma cell 
line SNB-19, normal human astrocytes (NHAs), and glioma cultures, N070152A 
was a calibrator sample taken as 100% expression of miR-93. Most cultures were 
measured in technical and biological triplicate (n=3x3) with the exception of 
N060913 and N070314, which were measured in technical triplicate only (n=3). (b) 
doubling time in glioma cultures. Standard deviations were generated using excel 
software. 
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Table 3.6.12 Doubling time and invasive behaviour of glioma cultures validated for 
miR-93 expression. 

* SNB-19 is an established cell line known to have a fast proliferation rate. 

Cell 
Culture 

Tumour Type Doubling 
Time (hrs) 

Invasive 
Behaviour 

Percentage 
Expression of 

miR-93 
 
 

SNB-19* Primary Glioblastoma -      Invasive 200.9 
 

N070152 Primary Glioblastoma 55.0 Invasive   129.6 
 

N070865 Primary Glioblastoma 37.3 Invasive     98.2 
 

N070859 Primary Glioblastoma 56.0 Invasive     64.9 
 

N070126 Primary Glioblastoma 82.5 Non-invasive   55.6 
 

   NHA - -       Invasive 52 
 

N070055 Grade III 
Oligoastrocytoma 

68.5 Invasive      34.4 
 

N070788 Grade III Astrocytoma 65.7 Non-invasive     32.8 
 

N070201 Grade III Astrocytoma 60.2 Non-invasive     31.0 
 

N060978 Primary Glioblastoma 98.3 Non-invasive     30.6 
 

N060913 Primary Glioblastoma >168 Poorly-invasive     26.3 
 

N070314 Grade II 
Oligodendroglioma 

71.5 -     15.6 
 

N060893 Secondary 
Glioblastoma 

88.1 Poorly -invasive       5.9 
 

N061007 Primary Glioblastoma >168 Poorly -invasive               5.9 
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3.6.3.3 Functional Validation of miR-93: Transfection of anti-miR-93 and pre-

miR-93 into an Established Glioblastoma Cell Line 

The established glioblastoma cell line SNB-19, an invasive cell line with a high 

proliferation rate showed upregulation of miR-93 (Fig. 3.6.5 (a)). SNB-19 was 

transiently transfected with anti-miR-93 and pre-miR-93 to examine the effect on 

proliferation when miR-93 expression was both decreased with anti-miR-93 and 

increased with pre-miR-93. The cells were seeded at 1X10E5/ ml, 1 ml per well in a 

6 well plate for 3 days; with 2 µl of Neofx transfection reagent, and 30 nM of 

miRNA, negative pre-miR, negative anti-miR and siRNA (against kinesin). The 

media was changed 8 hours post- transfection. The cell numbers were then measured 

using the acid phosphatase assay (see section 2.4.1 B). Anti-miR-93 decreased 

proliferation by 13.2%; pre-miR-93 had no effect on proliferation (Fig. 3.6.6).  
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Fig. 3.6.6 Transient transfection of anti-miR-93 and pre-miR-93 into an established 
glioblastoma cell line SNB-19. 30 nM of miRNA, negative pre-miR, negative anti-
miR and siRNA (against kinesin) with 2 µl of Neofx over a 3 day assay. Standard 
deviations were from 3 biologically individual assays (n=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 in invasive glioblastomas with high 

proliferation, and low expression of miR-93 in non-invasive glioblastomas with low 

proliferation and in normal human astrocytes (Fig. 3.6.5 (a)).  

Using the database microRNA.org  

(http://www.microrna. org/microrna/home.do) 4 tumour suppressor genes were 

identified which are targets of miR-93, tumour protein 53 inducible nuclear protein 

1 (TP53INP1), B-cell CLL/lymphoma 11B (BCL11B), protein tyrosine phosphatase 

receptor type D (PTPRD), and cyclin-dependent kinase inhibitor 1A (CDKN1A) 

(Table 3.6.13). It was hypothesised that overexpression of miR-93 may decrease the 

expression of these tumour suppressor genes, resulting in increased proliferation and 

invasion in glioma cell cultures. 
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Table 3.6.13 Tumour suppressor genes targets predicted for miR-93 using the 
database microRNA.org (http://www.microrna.org/microrna/home.do). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Name Background Number of 
mRNA target 
sites for 
miR-93 
 

TP53INP1 Tumour protein 53 
inducible nuclear 

protein 1 

Induces G1 arrest and 
increases p53-mediated 
apoptosis in leukaemia 

(Gironella et al. 2007; Yeung 
et al. 2008; Cano et al. 2009). 

4 
 
 
 
 
 

BCL11B B-cell 
CL/lymphoma 11B 

(zinc finger 
protein) 

Bcl11b functions as a tumour 
suppressor in myelogenous 

leukaemia, also found in brain 
tissue (Karlsson et al. 2007). 

4 
 
 
 
 
 

PTPRD Protein tyrosine 
phosphatase, 

receptor type, D 

Tumour suppressor gene 
found in GBM & leukaemia 

(Solomon et al. 2008; Veeriah 
et al. 2009). 

3 
 
 
 
 

CDKN1A Cyclin-dependent 
kinase inhibitor 1A 

(P21 Cip1) 

Impairs TGF beta tumour 
suppressor in gastric cancer 

(Petrocca et al. 2008). 

1 
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Fast (blue), slow (green), normal human astrocytes (violet). Mut: mutated form of BCL11B, WT: 
wild type BCL11B. 
 
Fig. 3.6.7 Expression of BCL11B in glioma cell lines and normal human astrocytes. 
 

The first target gene of miR-93 to be examined in the cultures was BCL11B. 

BCL11B was expressed in 5 out of 8 of the fast glioma cultures tested, the 4 fast 

cultures with the highest expression (lanes 2, 3, 4 and 8) were also invasive, while 

the fast culture with the lowest expression (lane 10) was non-invasive. Whereas 

BCL11B appeared to have lower expression in slower, non-invasive cell cultures 

with 3 out of 5 having expression 1 with high expression (lane 14) and 2 with lower 

expression (lanes 11 and 15) (Fig. 3.6.7). 
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Table 3.6.14 Characteristics of glioma cultures and normal human astrocytes of   
which have been tested for BCL11B expression in figure 3.6.7. 

Lane Sample Origin Doubling 
Time 

(Hours) 

Invasive 
Behaviour 

 
1 Positive control Jurkat nuclear lysate 

(leukaemia cell line) 
- - 

 
 

2 SNB-19* Primary Glioblastoma - Invasive 
 

3 N070152 Primary Glioblastoma 55 Invasive 
 

4 N070865 Primary Glioblastoma 37.3 Invasive 
 

5 N070859 Primary Glioblastoma 56 Invasive 
 

6 N070126 Primary Glioblastoma 82.5 Non-invasive 
 

7 NHA Normal Human Astrocytes - Invasive 
 

8 N070055 Grade III Oligoastrocytoma 
 

68.5 Invasive 

9 N070788 Grade III Astrocytoma 65.7 Non-invasive 
 

10 N070201 Grade III Astrocytoma 60.2 Non-invasive 
 

11 N060978 Primary Glioblastoma 98.3 Non-invasive 
 

12 N060913 Primary Glioblastoma >168 Poorly 
invasive 

 
13 N070314 Grade II Oligodendroglioma 

 
71.5 - 

14 N060893 Primary Glioblastoma 88.1 Non-invasive 
 

15 N061007 Primary Glioblastoma >168 Poorly-
invasive 

 
* SNB-19 is an established cell line known to have a fast proliferation rate. 
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3.6.3.5 Expression of miR-23b in Glioma Cell Cultures and Normal Human 

Astrocytes 

To further examine miR-23b expression in glioma using qRT-PCR we measured the 

expression of miR-23b in 4 glioma cell lines and in normal human astrocytes. 

N070152 and N070859 were the two cultures included in pool 1 of the TLDA 

analysis and N060978 and N060913 were included in pool 2. N070152 and 

N070859 (fast, invasive cultures from pool 1) had much lower expression of miR-

23b in comparison to N060978 and N0600913 (slow, non-invasive cultures from 

pool 2); over twice as much miR-23b was expressed in the slow non-invasive 

cultures. N070152 had lower expression of miR-23b in comparison to the NHAs; 

however N070859 had a similar expression level of miR-23b to that of the NHAs 

(Fig. 3.6.8). 

 

 

       

0

50

100

150

200

250

300

NHA N070152 N070859 N060978 N060913

%
 E

xp
re

ss
io

n

 
NHA: normal human astrocytes (violet), Invasive high proliferation rate (blue), Non-invasive  
low proliferation rate (green). 

 
Fig. 3.6.8 Percentage expression measured by qRT-PCR of miR-23b in glioma 
cultures and normal human astrocytes. N070152A was taken as a calibrator sample 
as 100% expression of miR-23b. Each sample was measured in technical triplicate 
(n=3); in addition N070152 and NHAs were measured biological triplicate (n=3x3), 
N070859 and N060978 in biological duplicate (n=3x2). Standard deviations were 
generated using excel software. 
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3.6.3.6 Functional Validation of miR-23b: Transfection of pre-miR-23b with an 

Established Glioblastoma Cell Line 

MiR-23b was 5.3 fold upregulated in pool 2 (slow, non-invasive) in comparison to 

pool 1 (fast, invasive) of the TLDA analysis. It was thought that by increasing the 

expression of miR-23b in glioma cells this would decrease proliferation. Therefore 

SNB-19 was transiently transfected with pre-miR-23b. Pre-miR-23b decreased 

proliferation by 30% (Fig. 3.6.9). The cells were seeded at 1X10E5/ ml, 1 ml per 

well, in a 6 well plate for 3 days with 2 µl of lipofectamine 2000 transfection 

reagent. 50 nM of miRNA, negative pre-miR, negative and siRNA (against kinesin) 

was used. The media was changed 8 hours post-transfection. The cell number was 

then measured using the acid phosphatase assay (see section 2.4.1 B). It was decided 

to examine if the effect on proliferation with pre-miR-23b could be further 

increased, therefore the assay length was increased to 5 days; the concentration of 

the cells was decreased to 2X10E4/ ml so that the control would not become 

confluent, proliferation was decreased by 40% compared to the negative pre-miR 

control (Fig. 3.6.10). 
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Fig. 3.6.9 Transient transfection of SNB-19 with pre-miR-23b in comparison to the 
negative pre-miR control, with 2 µl of lipofectamine 2000. 50 nM of miRNA, 
negative pre-miR or siRNA (against kinesin) were used. Standard deviations were of 
three biologically individual assays (n=2x3). Standard deviations were generated 
using excel software. 
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Fig. 3.6.10 Transient transfection of SNB-19 with pre-miR-23b in comparison to the 
negative pre-miR control, with 2 µl of lipofectamine. 50 nM of miRNA, negative 
pre-miR and siRNA (against kinesin) were used. Standard deviations were of two 
biologically individual assays (n=2x2). Standard deviations were generated using 
excel software. 
 

3.6.3.7 Expression of miR-23b in SNB-19 Cells Post Transfection 

After transient transfection of the glioma cell line SNB-19 with pre-miR-23b RNA 

was extracted from the cells to measure the amount of miR-23b in the cells post-

transfection (see section 2.14.3). miR-23b expression was analysed by qRT-PCR. 

There was much higher levels (over twice as much) of miR-23b in the cells 

transfected with pre-miR-23b in comparison to the control cells and the cells 

transfected with the negative pre-miR (Fig. 3.6.11).  
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Fig. 3.6.11 Expression of miR-23b by qRT-PCR in SNB-19, post transfection with 

pre-miR-23b. Negative pre-miR was used as a control. Each sample was measured 

in technical triplicate (n=2). Standard deviations were 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 glioma cell line SNB-19 strong 

inhibition of proliferation was found. It was decided to look for target genes of miR-

23b using 3 different databases, TargetScan (http://www.targetscan.org/), 

MicroRNA.org (http://www.microrna.org/) and DIANA LAB 

 (http://diana.cslab.ece.ntua.gr/). In addition the literature was checked for 

information on these genes to find the most likely candidates. The genes chosen 

were associated with a malignant phenotype, i.e. miR-23b inhibition of the gene 

would be advantageous to glioma progression. The selection was also based on the 

best alignment of the miR-23b sequence with the target gene, and the most mRNA 

sites. In total 15 strong potential target genes were found for miR-23b, and 7 were 

chosen for further examination (Tables 3.6.15 - 3.6.17). Using the website 

(http://blast.ncbi.nlm.nih.gov/ ) primers were designed for the following genes 

SEMaphorin 6D (SEMA6D), X-linked Inhibitor of Apoptosis (XIAP), SMAD 

family member 5 (SMAD5), Mitogen-Activated Protein Kinase Kinase Kinase 

Kinase 4 (MAP4K4), B-cell CLL/Lymphoma 2 (BCL2), MNNG (N-Methyl-N'-

nitro-N-nitroso-guanidine) HOS Tranforming gene (MET), and Platelet Derived 

Growth Factor Alpha (PDGFA) (see Table 2.14.12). The expression of these 7 genes 

was examined by qRT-PCR in SNB-19 cells which had been transfected with pre-

miR-23b. A small bit of genomic DNA carried over from the RNA extraction, which 

resulted in PCR product in the negative control (no enzyme included in the RT 

reaction). This made it difficult to determine the difference between significant PCR 

product and product derived from genomic DNA (Fig. 3.6.12-3.6.25). However with 

XIAP there was a large difference between PCR product cycle number and genomic 

DNA cycle number for us to clearly identify product (Fig. 3.6.14). There was a 

65.3% knockdown of XIAP after transfecting SNB-19 with pre-miR-23b (Fig. 

3.6.15). The PCR amplicons were ran out on a 2.5% agarose gel to check for primer-

dimers (PD); none were found (Fig. 3.6.26).  

 



 271 

Table 3.6.15 Potential target genes found for miR-23b using the Target Scan 
database (http://www.targetscan.org/). 
 
 
 

? no information available on this. References are in parenthesis.  

Number of 
conserved 
mRNA 
sites  

Gene 
 

Function Publications 
 
 
 

3 SEMA6D Regulates proliferation and invasion. (Toyofuku et al. 
2004; Kinsella et al. 
2011) 
 

2 RAB39B  RAS oncogene family 
involved in early pathogenetic events 
of neoplastic germ cell formation. 

(Biermann et al. 
2007) 
 
 

2 MAP4K4 Expression associated with worse 
prognosis in pancreatic cancer. 
Associated with lymph node 
metastasis in colorectal cancer. 
Overexpressed in pancreatic cancer. 
Promigratory kinase in ovarian 
cancer. 
Upregulated in glioma. 

(Liang et al. 2008) 
 
(Hao et al. 2010) 
 
(Badea et al. 2008) 
(Collins et al. 2006) 
 
(Ramnarain et al. 
2006) 
 

2 XIAP Inhibits apoptosis. 
 
Expressed in glioma. 

(Dubrez-Daloz et al. 
2008) 
(Wagenknecht et al. 
1999) 
 

1 MAP3K9 May play a role in esophageal cancer. (Chen et al. 2008) 
 
 

1 TGFA Transforming growth factor alpha. 
Upregulated in glioma. 

(Ramnarain et al. 
2006) 
 
 
 

1 PDGFA Overexpressed in glioma increases 
proliferation. 

(Martinho et al. 
2009) 
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Table 3.6.16 Potential target genes found for miR-23b using the MicroRNA.org  
database (http://www.microrna.org/microrna/home.do). 

? no information available on this. References are in parenthesis. 

Number 
of 
conserve
d mRNA 
sites  

Gene 
 

Function Publications 
 
 
 
 

3 SMAD5 TGFbeta-stimulated Smad1/5 
phosphorylation mediates the pro-
migratory TGFbeta switch in 
mammary epithelial cells (breast 
cancer) 
Increased expression in HCC 

(Liu et al. 2009) 
 
 
 
 
(Zimonjic et al. 2003) 
 

3 XIAP/BIR
C4 

Inhibits apoptosis 
 
Expressed in glioma 

(Dubrez-Daloz et al. 
2008) 
(Wagenknecht et al. 
1999) 
 

2 MAP3K7I
P3 

? ? 
 

2 MET Regulates migration and 
proliferation 

(Salvi et al. 2009) 
 
 

2 MAP4K4 Expression associated with worse 
prognosis in pancreatic cancer. 
Associated with lymph node 
metastasis in colorectal cancer. 
Overexpressed in pancreatic 
cancer. 
Promigratory kinase in ovarian 
cancer. 

(Liang et al. 2008) 
(Hao et al. 2010) 
 
 
(Badea et al. 2008) 
 
(Collins et al. 2006) 
 
 

2 BCL2 Causes brain tumours resistance 
to chemotherapy. 
Increases proliferation in glioma. 

(Tyagi et al. 2002) 
 
(Roth et al. 2000) 
 

2 SEMA6D Regulates proliferation and 
invasion. 

(Toyofuku et al. 2004) 
 

1 TGFA Transforming growth factor alpha 
Upregulated in glioma. 

(Ramnarain et al. 2006) 
 

1 PDGFA Overexpressed in glioma increase 
proliferation. 

(Martinho et al. 2009) 
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Table 3.6.17 Potential target genes found for miR-23b using the DIANA LAB 
database (http://diana.cslab.ece.ntua.gr/?sec=software).  
MiTG score Gene 

 
Function Publications 

 
 

19.7 SEMA6D Regulates proliferation and invasion. (Toyofuku et al. 
2004) 
 

19 XIAP/BIRC4 Inhibits apoptosis. 
Expressed in glioma. 

(Dubrez-Daloz et al. 
2008) 
(Wagenknecht et al. 
1999) 
 

16.7 MAP3K1 ? ? 
 

11.9 MYCT1 c-myc overexpressed in cancer. (Dang 2010) 
 

11.4 MAP3K7IP3 ? ? 
 

10.4 BCL2 Makes brain tumours resistant to 
chemotherapy. 
Increases proliferation in glioma. 

(Tyagi et al. 2002) 
 
(Roth et al. 2000) 
 

10.3 TGFBR3 ? ? 
 

9.2 SMAD5 TGFbeta-stimulated Smad1/5 
phosphorylation mediates the pro-
migratory TGFbeta switch in 
mammary epithelial cells (breast 
cancer). 
Increased expression in HCC. 

(Liu et al. 2009) 
 
 
 
 
(Zimonjic et al. 2003) 
 

9 MET Regulates migration and 
proliferation. 

(Salvi et al. 2009) 
 

8.8 MAP4K3 ? ? 
 

? no information available on this. References are in parenthesis. 
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Fig. 3.6.12 Cycle numbers of the expression of SEMA6D measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in triplicate (n=3). 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
Fig. 3.6.13 Expression of SEMA6D measured by qRT-PCR in SNB-19 cells 
transfected with pre-miR-23b. Negative pre-miR was used as a control; each sample 
was measured in technical triplicate (n=3). Standard deviations were generated with 
SDS applied biosystem. 
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Fig. 3.6.14 Cycle numbers of the expression of XIAP measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate (n=3). 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6.15 Expression of XIAP measured by qRT-PCR in SNB-19 cells transfected 
with pre-miR-23b. Negative pre-miR was used as a control; each sample was 
measured in technical triplicate (n=3). Standard deviations were generated with SDS 
applied biosystem software. 
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Fig. 3.6.16 Cycle numbers of the expression of SMAD5 measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6.17 Expression of SMAD5 measured by qRT-PCR in SNB-19 cells 
transfected with pre-miR-23b. Negative pre-miR was used as a control; each sample 
was measured in technical triplicate (n=3). Standard deviations were generated with 
SDS applied biosystem software. 
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Fig. 3.6.18 Cycle numbers of the expression of MAP4K4 measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate (n=3). 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6.19 Expression of MAP4K4 measured by qRT-PCR in SNB-19 cells 
transfected with pre-miR-23b. Negative pre-miR was used as a control; each sample 
was measured in technical triplicate (n=3). Standard deviations were generated with 
SDS applied biosystem software. 
 

Neg-pre-miR Pre-miR-23b

RT +

RT -

Baseline Noise 



 278 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6.20 Cycle numbers of the expression of BCL2 measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate (n=3). 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6.21 Expression of BCL2 measured by qRT-PCR in SNB-19 cells transfected 
with pre-miR-23b. Negative pre-miR was used as a control, each samples was 
measured in technical triplicate (n=3). Standard deviations were generated with SDS 
applied biosystem software. 
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Fig. 3.6.22 Cycle numbers of the expression of MET measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate (n=3). 
 

 

 

 

 

 

 

 

 

 
 
 

 

Fig. 3.6.23 Expression of MET measured by qRT-PCR in SNB-19 cells transfected 
with pre-miR-23b. Negative pre-miR was used as a control; each sample was 
measured in technical triplicate (n=3). Standard deviations were generated with SDS 
applied biosystem software. 
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Fig. 3.6.24 Cycle numbers of the expression of PDGFA measured by qRT-PCR in 
SNB-19 cells (RT+) and in the negative RT control (RT-). Each sample was 
measured in technical triplicate (n=3). 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 3.6.25 Expression of PDGFA measured by qRT-PCR in SNB-19 cells 
transfected with pre-miR-23b. Negative pre-miR was used as a control, each 
samples was measured in technical triplicate (n=3). Standard deviations were 
generated with SDS applied biosystem software. 
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Fig. 3.6.26 PCR amplicons run on a 2.5% agarose gel. First lane contains marker. 
Lane 1-4 of each gene has (1) control (cells only), (2) negative pre-miR, (3) pre-
miR-23b, (4) negative control for RT reaction (no enzyme). Where there is no band 
present in lane 4 there was very little DNA contamination during the RNA 
extraction. 
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3.6.3.9 Effect of miR-93 and miR-23b on Invasion Activity of Glioma 

MiR-93 had higher expression in fast, invasive glioma cultures. The effect of anti-

miR-93 was tested on the invasion activity of the established glioma cell line SNB-

19 after they had been transfected with anti-miR-93 (see section 2.14.3), to see if by 

decreasing the expression of miR-93 we could also decrease invasion. There was no 

decrease in invasion activity in cells transfected with anti-miR-93 in comparison to 

the negative anti-miR control. The transfection reagent, lipofectamine had a strong 

inhibitory effect on invasion (Fig. 3.6.27). We also looked at the effect of pre-miR-

23b on invasion activity (see section 2.9) of SNB-19; to see if by increasing the 

amount of miR-23b in the cells would decrease invasion. It did not appear that miR-

23b had any specific effect on invasion; however the cells were very sensitive to the 

negative pre-miR control which had a strong inhibitory effect on invasion (Fig. 

3.6.28). 
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Fig. 3.6.27 Invasion of SNB-19 post transfection with anti-miR-93. 3 biologically 
individual assays were carried out (n=2x3). Standard deviations were generated 
using excel software. 
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Fig. 3.6.28 Invasion of SNB-19 post transfection with pre-miR-23b. 3 biologically 
individual assays were carried out (n=2x3). Standard deviations were generated 
using excel software. 
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3.6 Discussion  

 
MiRNA Expression in Gliomas  
 
Introduction 

As miRNAs control important processes such as differentiation, cell growth and cell 

death, they hold great promise for targeted cancer therapy. MiRNAs are small non-

coding regulatory RNA fragments of 20-22 nucleotides. 721 human miRNAs have 

been identified and thought to regulate at least 30% of genes (Lewis et al. 2005). 

They bind mRNA through partial homology and can potentially regulate the 

expression of multiple targets, most of which are still largely unknown. MiRNAs are 

thought to act as master regulators, which orchestrate networks of gene signalling. 

Every type of analysed tumour has shown significantly different miRNA profiles in 

comparison to normal cells from the same tissue. 

Several miRNAs have already been reported to regulate glioma proliferation 

and invasion. Knockdown of miR-221/222 has reduced growth and invasion in 

glioma cells due to downregulation of the anti-apoptotic gene BCL2 and the 

upregulation of negative regulators of the cell cycle including connexin43, p27, p57, 

PUMA, caspase-3, PTEN, TIPM3 and Bax (Gillies and Lorimer 2007; Medina et al. 

2008; Zhang et al. 2009; Zhang et al. 2009). Mir-21 also plays a key role in glioma 

and other cancers as an anti-apoptotic factor (Chan et al. 2005; Chen et al. 2008; 

Ohno et al. 2009). MiR-181a and miR-181b act as tumour suppressors in glioma 

leading to growth inhibition, apoptosis and invasion inhibition (Shi et al. 2008). 

Very little is known about miRNA interactions with cellular pathways in 

brain tumours; however, some miRNAs have been shown to be directly involved in 

pathway regulation in glioma. MiRNAs have been associated with the Notch 

pathway, which plays key roles in nervous system development and in brain 

tumours (Kefas et al. 2009). A neuronally expressed miRNA, miR-326 was 

upregulated following Notch-1 knockdown, and was not only suppressed by Notch 

but also inhibited Notch proteins and activity, indicating a feedback loop (Kefas et 

al. 2009). Transfection of miR-326 into both established and stem cell-like glioma 

lines and in vivo in a xenograft model was cytotoxic, and rescue was obtained with 
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Notch restoration (Kefas et al. 2009). MiR-326 partially mediated the toxic effects 

of Notch knockdown (Kefas et al. 2009). MiR-34a is a transcriptional target of p53, 

and is down-regulated in some cancer cell lines (Li et al. 2009). Transfection of 

miR-34a down-regulated c-Met in human glioma and medulloblastoma cells and 

Notch-1, Notch-2, and CDK6 protein expressions in glioma and stem cells, and 

strongly inhibited in vivo glioma xenograft growth (Li et al. 2009). MiR-34a in 

glioma and medulloblastoma cell lines strongly inhibited cell proliferation, cell 

cycle progression, survival, and invasion (Li et al. 2009). MiR-34a suppresses brain 

tumour growth by targeting c-Met and Notch in glioma cells and stem cells (Li et al. 

2009).  

MiR-21 is an important oncogene that targets a network of p53, TGF-beta, 

and tumour suppressor genes in glioblastoma cells (Zhu et al. 2007; 

Papagiannakopoulos et al. 2008). Type I interferons (IFNs) are involved in double-

stranded RNA responses. IFN-beta treatment reduced miR-21 expression in glioma 

cells, and IFN-beta suppressed the growth of glioma-initiating cell-derived 

intracranial tumours; downregulation of miR-21 contributes to the antitumor effects 

of IFN-beta and miR-21 expression is negatively regulated by STAT3 activation 

(Ohno et al. 2009), it also inhibits the EGFR pathway independently of PTEN status 

(Zhou et al.). 

The most common genetic alterations found in glioblastoma include EGFR 

activation and AKT pathways (Wong et al. 1987; Haas-Kogan et al. 1998). In 

glioblastoma cells, transfection of miR-7 decreased the level of EGFR and upstream 

regulators of the AKT pathway, insulin receptor substrate 1 (IRS1) and insulin 

receptor substrate 2 (IRS2); these cells had increased apoptosis and reduced invasion 

(Kefas et al. 2008). This would suggest that miR-7 regulates the EGFR and AKT 

pathways. MiR-7 is a potential tumour suppressor in glioblastoma targeting critical 

cancer pathways. MiR-7 decreased viability and invasiveness of primary 

glioblastoma lines and is a regulator of major cancer pathways suggesting that it has 

therapeutic potential for glioblastoma (Kefas et al. 2008). 

MiR-26a is a direct regulator of PTEN expression and is frequently 

amplified in human glioma, most often in association with monoallelic PTEN loss 
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(Huse et al. 2009). MiR-26a-mediated PTEN repression in a murine glioma model 

both enhances de novo tumour formation and precludes loss of heterozygosity and 

the PTEN locus (Huse et al. 2009). 

 

TLDA Screening of MiRNAs in Glioma 

The expression of 365 miRNAs in 2 sets of primary glioblastomas was screened by 

TLDA, one set contained 2 primary invasive glioblastoma cultures with a high 

proliferation rate (pool 1) (Table 3.6.1), and one contained 2 non-invasive 

glioblastomas with a low proliferation rate (pool 2) (Table 3.6.2). The most extreme 

characteristics were chosen from the newly developed glioma cultures, i.e. the most 

invasive with the highest proliferation rate, and the least invasive with the lowest 

proliferation rate. It is thought that glioma cells favour one phenotype, that is they 

are either highly invasive or highly proliferative, known as the go or grow 

hypothesis, however some of the glioma samples in the present study had both high 

proliferation and were also invasive. There was no significant correlation between 

invasion and proliferation within the cohort of glioma cultures, i.e. a highly invasive 

culture was not necessarily a slow proliferating one, and a low amount of invasion 

did not always correlate with a fast proliferating culture. These characteristics may 

have been determined by the section of the tumour that the biopsy sample was 

removed from, i.e. a highly invasive section which would have resulted in an 

invasive cell population, or a highly proliferative section which would have given a 

highly proliferative population, as brain tumours contain a very heterogeneous 

population, and each section of a tumour has been shown to have specific functions 

(Deisboeck et al. 2001; Huang et al. 2008). It is possible that the glioblastoma 

cultures in pool 1 contained cells from a highly invasive area as well as cells from a 

highly proliferative area of the tumour, and the cultures in pool 2 may have 

contained cells from a low invasive and low proliferative areas. 

From the TLDA data it was found that 62 miRNAs were upregulated in pool 

2 (Fig. 3.6.1 and 3.6.2) (Table 3.6.4), and 13 were downregulated in pool 2 in 

comparison to pool 1 (Fig 3.6.3) (Table 3.6.5). 13 miRNAs were also found to be off 
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or have very low levels of detection in pool 1 in comparison to pool 2 (Table 3.6.6), 

and 13 in pool 2 in comparison to pool 1 (Table 3.6.7). 

Godlewski et al, identified MiRNA-451 as a conditional switch controlling glioma 

cell proliferation and migration (Godlewski et al. 2010). MiR-451 levels were 

regulated by glucose, with abundant energy miR-451 expression is high (Godlewski 

et al. 2010). MiR-451 suppresses AMP-activated protein kinase (AMPK) signalling, 

which leads to high proliferation rates in cells with continual MTOR activation 

(Godlewski et al. 2010). With low amounts of glucose present, miR-451 

downregulation is necessary for AMPK pathway activation, leading to suppressed 

proliferation rates, increased cell survival, and migration (Godlewski et al. 2010). 

This is known as the “go or grow hypothesis” (Hatzikirou et al. 2010), it is possible 

that miR-451 levels are lower in pool 2 cell lines and this could explain their low 

proliferation rate. 

Silber et al, looked at 192 human miRNAs in anaplastic astrocytomas and 

primary glioblastomas, from human tissue samples in comparison to normal brain 

tissue, and found 4 upregulated and 25 miRNAs downregulated in glioma (Silber et 

al. 2008). They found that transfection of miR-124 or miR-137 induced G1 cell 

cycle arrest in glioblastoma cells, which was associated with decreased expression 

of cyclin-dependent kinase 6 and phosphorylated retinoblastoma (pSer 807/811) 

proteins (Silber et al. 2008). Ciafre et al, examined the expression of 245 miRNAs 

in glioblastoma tissue and cell lines in comparison to normal brain by microarray, 

and found 9 upregulated and 4 downregulated miRNAs (Ciafre et al. 2005). They 

found miR-221 to be strongly upregulated in glioblastoma, and miR-128, miR-181a, 

miR-181b, and miR-181c were downregulated (Ciafre et al. 2005). Godlewski et al, 

looked at miRNA expression with a microarray using glioblastoma tissue in 

comparison to normal brain and found 8 upregulated and 11 downregulated 

miRNAs (Godlewski et al. 2008). They found that miR-128 targeted the Bmi-1 

oncogene/stem cell renewal factor and inhibited glioma proliferation and self 

renewal (Godlewski et al. 2008). 19 of the miRNAs dysregulated in our study have 

been reported in the literature to be associated with glioma proliferation or invasion 

(Table 3.6.3). A high number of miRNAs were upregulated in pool 2, i.e. 
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downregulated in pool 1 the fast, invasive phenotype. Most of the miRNA profiling 

studies on glioblastomas have focused on comparing normal brain with 

glioblastomas; however the present study differs in that it related fast, invasive 

glioblastomas to slow, non-invasive glioblastomas and examined the deregulation of 

miRNAs between these phenotypes. To our knowledge this type of study has not 

been carried out before. 

MiR-143 was the highest upregulated miRNA in pool 2 in comparison to 

pool 1 (over 7 fold) (Fig. 3.6.1) (Table 3.6.4). Ng et al, found overexpression of 

miR-143 is significant in suppressing colorectal cancer cell growth through 

inhibition of translation of the oncogene KRAS (Chen et al. 2009), and DNA 

methyltranferase 3A (Ng et al. 2009). Clape et al, have shown that increased 

expression of miR-143 in prostate cancer inhibited cell proliferation this was partly 

due to the inhibition of extracellular signal-regulated kinase-5 (ERK5) activity 

(Clape et al. 2009). The expression of miR-143 has also been shown to suppress 

growth and induce apoptosis in leukaemia (Akao et al. 2009) and B-cell lymphoma 

(Akao et al. 2007). Unfortunately, no effect was seen on proliferation with miR-143 

in a transient transfection, however miR-143 is known to cluster with miR-145 

(Parmacek 2009), therefore it may be necessary for these 2 miRNAs to function at 

the same time (i.e. to transfect both miR-143 and miR-145 at the same time); miR-

145 was also upregulated in pool 2 (3.8 fold) (Table 3.6.4). 

 

Predicted Genes for miRNA Groups from TLDA Analysis 

Based on the hypothesis that groups of differentially expressed miRNAs may 

regulate the same genes the algorithm from the DIANA LAB database was applied 

(http://diana.cslab.ece.ntua.gr/?sec=software), to identify potential genes targeted by 

the 20 most upregulated miRNAs in Pool 1 and in Pool 2. With Pool 1 the top 2 

targeted genes were ataxin 1 (ATXN1) and trinucleotide repeat containing 6B 

(TNRC6B) (Table 3.6.8). Tsuda et al, found that ATXN1 mediates 

neurodegeneration through its interaction with Gfi-1/Senseless proteins (Tsuda et al. 

2005), Crespo-Barreto et al, found that partial loss of ATXN1 function contributes 

to the pathogenesis of Spinocerebellar ataxia type 1 (SCA1), an inherited 
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neurodegenerative disease caused by expansion of a CAG repeat that encodes a 

polyglutamine tract in ATXN1 (Crespo-Barreto et al. 2010). Sun et al, found that 

TNRC6B is associated with aggressive prostate cancer, Balliat et al, discovered that 

a single nucleotide polymorphism at 22q13 located within the TNRC6B gene has 

been associated with prostate cancer risk  (Sun et al. 2009); TNRC6B is required for 

miRNA-mediated mRNA degradation function (Baillat and Shiekhattar 2009). With 

Pool 2 the top 2 targeted genes were one cut homeobox 2 (ONECUT2) and again 

TNRC6B (Table 3.6.9); Pike et al, found ONECUT2 to be methylated in lymphoma 

(Pike et al. 2008) and Rauch et al, found it methylated in lung cancer (Rauch et al. 

2006) and it may also play a role in glioma. TNRC6B appears to be targeted by both 

pools and could possibly be significant in regulating miRNA function in glioma.  

 

miR-155 Expression in Glioma 

From the TLDA analysis miR-155 was found to be downregulated in slow, non-

invasive glioblastomas in comparison to fast, invasive glioblastomas (Fig. 3.6.3) 

(Table 3.6.5). High expression of miR-155 was found in the normal human 

astrocytes, and low expression in the established glioblastoma cell line SNB-19; 1 

primary glioblastoma (N070152) had high expression of miR-155 and all of the 

other cell lines had low expression of miR-155 (Fig. 3.6.4) (Table 3.6.11). It was 

expected that miR-155 would have had high expression in all fast, invasive cultures; 

this was not the case as the highest expression was found in NHAs. As there were 2 

pooled cell cultures in the fast, invasive pool, and miR-155 expression in N070152 

was more than twice that of N070859, this diluted out the low miR-155 expression 

in N070859.  

With high miR-155 expression in NHA’s, and 1 out of 4 fast, invasive 

glioma cultures, it was decided that miR-155 would not be an ideal miRNA target to 

follow up in fast, invasive glioblastomas. Yeung et al, showed miR-155 binds to the 

mRNA of TP53INP1, which regulates P53 activity, a known tumour suppressor 

gene which functions in glioma (Yeung et al. 2008), and may be over-expressed in a 

number of glioblastomas with low P53 activity, but not in all glioblastomas.  
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miR-93 Expression in Glioma 

From the TLDA analysis miR-93 was found to be 3.6 fold downregulated in slow, 

non-invasive glioblastomas in comparison to fast, invasive glioblastomas (Fig. 

3.6.3) (Table 3.6.5). The expression of miR-93 was validated by qRT-PCR in one 

established glioblastoma cell line SNB-19, 12 glioma cultures including 8 primary 

glioblastomas, 1 secondary glioblastoma, 1 grade III oligoastrocytoma and 1 grade 

II oligodendroglioma, and in NHAs (Fig. 3.6.5) (Table 3.6.12). As expected miR-93 

was upregulated in all 3 fast, proliferating and invasive cultures and was 

downregulated in all non-invasive, slow proliferating cultures as well as in NHAs 

(Fig. 3.6.5). This indicated that miR-93 might play an important role in regulating 

invasion and proliferation in gliomas. Yeung et al, have also shown that miR-93 

binds to the mRNA of TP53INP1, which regulates P53 activity (Yeung et al. 2008), 

and may also be over-expressed in a number of glioblastomas with low P53 activity.  

 

Functional Validation of miR-93 in an Established Glioblastoma Cell Line 

As miR-93 was found to be overexpressed in fast invasive glioma cells by qRT-

PCR, the functional effect of miR-93 was then examined in an established 

glioblastoma cell line SNB-19. SNB-19 was transiently transfected with anti-miR-

93, and a 13.2% decrease in proliferation was found (Fig. 3.6.6). The effect of anti-

miR-93 on invasion activity needs to be examined in SNB-19. 

It was hypothesized that the overexpression of miR-93 in fast proliferating 

invasive glioma cells results in a downregulation of TP53INP1, and an increase in 

proliferation. TP53INP1 regulates P53 activity; a tumour suppressor gene which 

functions in glioma. Increased miR-93 expression would lead to downregulation of 

P53 and increased proliferation. Using the microRNA.org database 

(http://www.microrna.org/microrna/home.do) 4 tumour suppressor genes were 

identified which are potential targets of miR-93: tumour protein 53 inducible nuclear 

protein 1 (TP53INP1), B-cell CLL/lymphoma 11B (BCL11B), protein tyrosine 

phosphatase receptor type D (PTPRD), and cyclin-dependent kinase inhibitor 1A 

(CDKN1A) (Table 3.6.13). Yeung et al, found that knockdown the expression of 
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both miR-93 and miR-130b resulted in enhanced TP53INP1 expression causing 

apoptosis in leukaemia (Yeung et al. 2008). Cano et al, have shown that TP53INP1 

induces p53-driven oxidative stress response, that possesses both a p53-independent 

intracellular reactive oxygen species regulatory function, and a p53-dependent 

transcription regulatory function (Cano et al. 2009). Gironella et al, found 

dramatically reduced expression of TP53INP1 in pancreatic cancer (Gironella et al. 

2007). Karlsson et al, found BCL11B to be a tumour suppressor in leukaemia 

(Karlsson et al. 2007); and Veeriah et al, and Solomon et al, also found PTPRD to 

function as a tumour suppressor gene in leukaemia (Solomon et al. 2008; Veeriah et 

al. 2009). Petrocca et al, showed that CDKN1A acts as a tumour suppressor in 

gastric cancer by inhibiting TGF beta (Petrocca et al. 2008).  

The expression of BCL11B, a target of miR-93 was examined by western 

blot. It was found that BCL11B was expressed in all cultures tested. 5 out of 8 of the 

fast glioblastoma cultures had high expression of BCL11B. 1 out of 4 slow cultures 

had high expression of BCL11B (Fig. 3.6.7) (Table 3.6.14). Higher expression of 

miR-93 in fast, invasive glioma cultures correlates with higher expression of 

BCL11B (Fig. 3.6.5). Inhibition of this tumour suppressor gene favours glioma 

progression. Western blot analysis of the other tumour suppressor genes, including 

TP53INP1, CDKN1A, and PTPRD would confirm if these genes are expressed in 

the cultures. It would be interesting to analyse the expression of all 4 tumour 

suppressor genes after SNB-19 cells had been transfected with anti-miR-93, to see if 

the expression of these genes is increased when miR-93 expression is decreased. 

 

Functional Validation of miR-23b in an Established Glioblastoma Cell Line 

From the TLDA analysis miR-23b was found to be 5.3 fold upregulated in pool 2 

(slow, non-invasive), that is it was downregulated in pool 1 (fast, invasive) (Fig. 

3.6.1) (Table 3.6.4). The expression of miR-23b was also examined by qRT-PCR in 

4 glioma cell cultures, 2 of which were included in pool 1 (fast, invasive) of the 

TLDA analysis, and 2 which were in pool 2 (slow, non-invasive); in addition the 

expression of miR-23b was examined in NHAs. Twice as much miR-23b was 

expressed in pool 2 cultures as in pool 1 cultures. The pool 1 cultures had a similar 
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expression level of miR-23b to that of the NHAs (Fig. 3.6.8). It was previously 

shown that NHAs are invasive. 

By increasing the expression of miR-23b in a transient transfection assay 

pre-miR-23b decreased proliferation by 30% in a glioma cell line over 3 days, and 

by up to 40% in a 5 day assay. This is a strong inhibition of proliferation for one 

miRNA with a transient transfection over a short period of time. The expression of 

miR-23b was examined by qRT-PCR in SNB-19 cells post transfection with pre-

miR-23b, this confirmed very high levels of miR-23b in the cells in comparison to 

the non-transfected parental cell line. This confirmed the inhibition of proliferation 

was due to the increase in the amount of miR-23b transfected into the cells.  

As such a strong effect was observed the next step included finding target 

genes of miR-23b using 3 different databases, TargetScan (http://www.targetscan. 

org/), MicroRNA.org (http://www.microrna.org/microrna/home.do) and DIANA 

LAB (http://diana.cslab.ece.ntua.gr/?sec=software). These databases predict 

thousands of potential gene targets for each individual miRNA, and although they 

predict target genes based on target sequence conservation homology and/or with 

miRNAs, there is no guarantee that these genes are in fact targets of these miRNAs.  

In addition the literature was examined for information on these genes, particularly 

information which supported the malignant glioma phenotype i.e. invasion and 

proliferation; by increasing miR-23b expression and downregulating the target gene 

that would be advantageous to glioma progression. The selection was based on the 

best alignment and the most potential mRNA sites of the miR-23b sequence within 

the target gene. The list was comprised of 15 potential target genes for miR-23b, and 

7 genes were chosen for further examination.  

Using the website http://blast.ncbi.nlm.nih.gov/Blast.cgi primers were 

designed for the 7 genes: semaphorin 6D (SEMA6D), X-linked inhibitor of 

apoptosis (XIAP), SMAD family member 5 (SMAD5), mitogen-activated protein 

kinase kinase kinase kinase 4 (MAP4K4), B-cell lymphoma 2 (BCL2), met proto-

oncogene (hepatocyte growth factor receptor) (MET), and platelet-derived growth 

factor subunit A (PDGFA) (Table 3.8.15). Toyofuku et al, have shown SEMAD6 to 

be involved in cardiac morphogenesis, and to have a migration-promoting activity 
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on outgrowing cells of cardiac explants (Toyofuku et al. 2004). XIAP is known to 

inhibit apoptosis in many cancer types (Dubrez-Daloz et al. 2008). Liu et al, have 

found that SMAD5 mediates the pro-migratory TGF-beta switch in breast cancer 

mammary epithelial cells (Liu et al. 2009), Zimonjic et al, found increased 

expression of SMAD5 in human hepatocellular carcinoma (Zimonjic et al. 2003). 

Liang et al, and Badae et al, found MAP4K4 expression to be associated with poor 

prognosis in pancreatic cancer (Badea et al. 2008; Liang et al. 2008). Hao et al, 

found MAP4K4 to be associated with metastasis in colorectal cancer (Hao et al. 

2010). BCL2 is an anti-apoptotic gene, Tygai et al, found that BCL2 was involved 

in brain tumour resistance to chemotherapy (Tyagi et al. 2002), and Roth et al, 

showed that overexpression of BCL2 increased proliferation in glioma (Roth et al. 

2000). Salvi et al, found that overexpression of miR-23b led to decreased migration 

and proliferation abilities of human hepatocellular carcinoma cells (Salvi et al. 

2009). 

QRT-PCR was then carried out for each of the 7 target genes in SNB-19 

cells which had been transfected with pre-miR-23b. Due to a small amount of 

genomic DNA contamination during the RNA extraction, it was only possible to 

measure the PCR product from MAP4K4 and XIAP, as there was sufficient 

separation of the cycle threshold number from amplicons generated from RNA and 

that of the genomic DNA.  

The PCR amplicons were resolved on a 2.5% agarose gel to check for 

additional bands including primer-dimers (PD), there were none present. A PD is a 

potential by-product in PCR, it consists of primer molecules that have attached to 

each other due to strings of complementary bases in the primers. No bands were 

expected in lane 4 for each gene (RT negative control), which was the case with 

XIAP, SMAD5, MAP4K4, and MET; however bands derived from genomic DNA 

were present in the gel for BCL2, PDGFA and B-actin, which were not as strong as 

lanes 1 to 3, but the band in lane 4 for SEMAD6 was strong. The presence of a band 

in lane 4 indicated the presence of genomic DNA in our PCR reaction. However 

with the exception of SEMAD6 the fourth band was either absent or fainter than the 

other bands, confirming that sufficient amplicons were amplified specifically for the 
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target genes. To prevent DNA contamination the extracted RNA could have been 

treated with DNase (an enzyme which digests DNA) to remove any DNA carried 

over in the RNA extraction. 

 QRT-PCR showed that a 65.3% knockdown of XIAP was achieved with 

overexpression of miR-23b in the glioma cell line SNB-19. This was a very strong 

inhibitory effect with a single miRNA. The ability of cancer cells to resist apoptosis 

is crucial for development, progression, and treatment resistance. XIAP is the most 

potent member of the inhibitor of apoptosis (IAP) family (Deveraux and Reed 

1999). XIAP is a direct inhibitor of cell death proteases, it directly inhibits caspase-3 

and 7; these caspases are highly conserved throughout the animal kingdom 

(Deveraux et al. 1997). These have a protective effect against irradiation and anti-

cancer drugs (LaCasse et al. 1998). Shi et al, have shown miR-21 to also target 

caspase-3 in addition to targeting caspase-9 in glioma, leading to cell growth 

suppression and invasion reduction (Shi et al. 2008). XIAP could potentially play a 

very significant role in glioma progression. As the present study has shown miR-23b 

to be decreased in invasive glioblastoma with a high proliferation rate, it is possible 

that a decrease of miR-23b expression in glioblastomas and subsequent unregulated 

expression of XIAP, has led to the ability of glioblastomas to evade apoptosis, 

which has possibly contributed to resistance and malignant progression in 

glioblastoma.  

 Future work will include the confirmation by western blot, of decreased 

protein levels of XIAP in SNB-19 cells overexpressing miR-23b. Further 

confirmation of XIAP as a target gene for miR-23b would include cloning of 3 

stably transfected plasmids (Fig. 4.12.3) each containing an XIAP 3’UTR with one 

of the 3 potential binding sites for miR-23b (Fig. 4.12.2), downstream of a reporter 

gene e.g. luciferase or GFP; this could then be transfected into glioblastoma cells 

with pre-miR negative and pre-miR-23b. MiR-23b would then bind to the 3’ UTR of 

the XIAP gene, and downregulate the gene. Binding of miR-23b would reduce 

luciferase expression levels if XIAP is a specific target of miR-23b in glioma cells. 

This would confirm XIAP as a target of miR-23b, and also determine the exact 

binding site of miR-23b on the XIAP gene. 
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 It would also be interesting to check the presence of miR-23b in the lower 

grade tumours, as it has only been examined in the higher grade tumours. This 

would indicate if miR-23b is associated with malignant progression in glioma.  

 

58 -  aucacauugccagggauuacc - 78 

 

         (http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MI0000439) 

 

Fig 4.12.1 Mature sequence of hsa-miR-23b. 
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Fig. 4.12.2 Three predicted binding sites of miR-23b in the coding sequence for the 
XIAP gene. 

3' ccAUU--AGGGACC---GUUACACUa 5' hsa-miR-23b
| | |    | :  :  :  | | |       | | |  |  |  |  | | 

999:5' guUAACCUUUUUGGUGCCAAUGUGAa 3' XIAP 

3' ccauuagggaccGUUACACUa 5' hsa-miR-23b
:  | |  | |  |  | | 

3102:   5' agugaguguauaUAAUGUGAu 3' XIAP 

3' ccauuagggaccGUUACACUa 5' hsa-miR-23b
|  | |  | |  |  | | 

4634:5' auacaguuaacaCAAUGUGAa 3' XIAP 
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CMV: cytomegalovirus. XIAP: X-linked inhibitor of apoptosis 3’UTR: 3 prime  
untranslated region. 

 
Fig. 4.12.3 Plasmid containing XIAP 3’UTR, and the reporter gene luciferase. 

 

Effect of miR-93 and miR-23b on Invasion Activity of Glioma 

The effect of anti-miR-93 was examined on the invasion activity of SNB-19 to see if 

by decreasing the expression of miR-93 that this could also decrease invasion. No 

effect on invasion was found (Fig. 3.8.27). Increasing the expression of miR-23b 

with pre-miR-23b to try to decrease invasion in SNB-19 had no effect (Fig. 3.8.28). 

Unfortunately the cell line SNB-19 was sensitive to the transfection reagent 

lipofectamine 2000; this alone had a strong inhibitory effect on invasion. In addition 

the negative control for pre-miR had an even stronger inhibitory effect on invasion; 

this made it difficult to accurately measure invasion activity when SNB-19 was 

transfected with miR-93 and miR-23b. However, as miR-93 and miR-23b have 

previously been shown to directly inhibit proliferation it is possible they may also 

inhibit invasion, as it has been discussed that glioma cells can switch from a 

proliferative to an invasive state and vice versa depending on environmental 

influences. Unfortunately it was not possible to measure invasion with SNB-19 post 

transfection with the reagent lipofectamine 2000. It may have damaged the 

membrane of the cells irreversibly and prevented invasion activity. Other methods of 

transfection need to be examined that leave the cell membrane intact, such as 

different transfection reagents or sonication. 

CMV Luciferase XIAP 3’UTR
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3.6 Summary and Conclusion  

 

miRNA Expression in Gliomas 

(1) From the TLDA analysis 62 miRNAs were upregulated in non-invasive 

glioblastomas with slow proliferation and 13 were downregulated in 

comparison to invasive glioblastomas with fast proliferation.  

(2) MiR-155 was 4.6 fold downregulated in slow, non-invasive glioblastomas; 

however, its expression did not correlate with a fast invasive phenotype. 

(3) MiR-93 was 3.59 fold downregulated in slow, non-invasive glioblastomas in 

comparison to fast invasive glioblastomas. MiR-93 overexpression 

correlated with high proliferation and invasiveness in 12 glioma cultures, 1 

established cell line, and in normal human astrocytes. Anti-miR-93 

downregulated proliferation by 13.2 % in an established glioblastoma cell 

line, SNB-19. MiR-93 plays a role in proliferation in gliomas.  

(4) High expression of the tumour suppressor gene BCL11B, in fast invasive 

glioma cultures correlated with high expression of miR-93, suggesting that 

miR-93 targets BCL11B. 

(5) MiR-23b was 5.3 fold upregulated in slow, non-invasive glioblastomas. 

Overexpression of miR-23b resulted in a 30% decrease of proliferation over 

3 days, and 40% over 5 days. Twice as much miR-23b expression was found 

in the slow, non-invasive glioblastoma pool in comparison to the fast, 

invasive glioblastoma pool. Overexpression of miR-23b resulted in a 65% 

knockdown at mRNA level of XIAP, the most potent human inhibitor of 

apoptosis, which is responsible for resistance to treatment in a variety of 

cancer types. Therefore, miR-23b might be a promising candidate for the 

development of new targeted treatment options.  
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4.1 The Effect of Imatinib and Docetaxel on Glioma 

(1) It is possible that this study identified a mutated form of BCR-Abl in the 

established glioma cell line SNB-19, which accounts for the resistance of this 

cell line to imatinib. This mutated protein should be analysed further by mass 

spectrometry. In addition, it would be interesting to screen the newly developed 

glioma cultures for this mutation.  

(2) The strongly synergistic effect of the combination of imatinib and docetaxel 

shown in glioma cells should be validated in the newly developed primary 

cultures.  

 

4.2 Temozolomide Resistant Cell Line SNB-19 

The temozolomide resistant cell line SNB-19-Tmz, developed in this study should 

be further characterized with regard to its proliferation and invasion behaviour and 

its expression profile of the glial marker GFAP, and the stem cell markers nestin and 

CD133. It would also be interesting to examine the MGMT and the P53 status, as 

both are playing a role in drug resistance. By searching for possible mutations or 

deletions in proteins of the PI3K/Akt pathway it would enable us to explore another 

mechanism of resistance in this temozolomide resistant cell line. 

  

4.3 Response of Glioma Cell Lines to Tyrosine Kinases  

(1) As the response to TKIs with the glioma cultures was not correlated with specific 

targets of the TKIs, it would be interesting to look at single nucleotide 

polymorphism (SNP) analysis in each culture to identify mutations indicative of 

responders or non-responders to TKIs.  

(2) The expression of targets involved in the PI3K/Akt pathway was examined in 

relation to responders and non-responders to TKIs. By examining other 

pathways, which might be involved in glioma tumourigenesis, such as the PKC, 

and MAPK pathways, this would give a better idea of glioma dependency on 

such pathways. 
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4.4 MiRNA 

(1) Validation of other miRNAs identified in the TLDA analysis in all newly 

developed glioma cultures and the NHAs, to identify additional miRNAs   

involved in the regulation of proliferation and invasion in glioma.  

 

(2) Western blot analysis of XIAP in SNB-19 cells post transfection with pre- miR- 

23b, to measure the amount of protein knockdown with miR-23b. 

 

(3) Investigation of the phenotypical effect resulting from miRNA-23b   

overexpression by using a stable transfection system. By cloning a plasmid 

containing the XIAP 3’UTR containing binding sites for miR-23b, and a 

luciferase reporter gene into glioma cells, this would allow us to identify if XIAP 

is a specific target of miR-23b. 
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