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Abstract 

Glioblastoma (GBM) is an aggressive and heterogeneous primary brain tumour in adults. The 

current multimodal treatment includes surgical resection, chemotherapy, and radiotherapy. 

However, most patients experience recurrence,  which is in part due to the highly migratory 

nature of GBM and the presence of glioblastoma stem-like cancer cells (GCSs) that exhibit 

stem-cell-like qualities and resistance against radiation and chemotherapy. Migratory 

molecules, such as polysialic acid neural cell adhesion molecule (PSA-NCAM), matrix 

metalloproteinases-9 (MMP-9) and phosphorylated focal adhesion kinase (pFAK), are 

considered to be involved in tumour cell migration. In addition, recent studies have 

highlighted associations between mitogen-activated protein/extracellular-signalling related 

kinase (MEK/ERK) cascade and GBM cell migration. This thesis aimed to investigate the 

effects of MEK inhibitors trametinib and U0126 on patient-derived GBM cells for the 

potential attenuation of tumour cell migration.  

Both Trametinib and U0126 target the MEK-1 and MEK-2 subset and ultimately, inhibit 

downstream ERK phosphorylation and signalling. pERK and EdU assays were used to 

determine concentrations that effectively limited proliferation and had minimal toxicity. The 

concentrations were then administrated to tumour monolayered and spheroid cells in various 

experimentations including live cell, immunocytochemistry, western blot, qRT-PCR.  

Overall, trametinib was more effective at inhibiting GBM tumour cell migration compared to 

U0126, and this finding was consistent across all experimental data. Some migratory markers 

displayed consistent changes when treated with trametinib, while others produced variable 

responses. However, no significant relationship was found between the chosen migratory 

markers and tumour cell migration in the presence of MEK inhibitors. Future prospects 

include repetition of experimentation in various patient-derived GBM cases and consideration 

of the tumour microenvironment and biology.  
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Chapter 1. General Introduction 

Cancer is a devasting disease that nearly 10 million individuals worldwide succumbed to the 

disease in 2020 (Sung et al., 2021). It is identified by a population of uncontrolled and rapidly 

proliferating cells with dysfunctional cellular functions (Hanahan, 2022; Hanahan & 

Weinberg, 2011a). Brain tumours are cancer cells that either originate from brain tissue or 

nearby surrounding structures (de novo/ primary brain tumours) or metastasise to the brain 

from other organs (secondary brain tumours) (Louis et al., 2016, 2021). The cellular origin of 

primary brain tumours can be further defined by two subsets, glial and non-glial tumours with 

glial tumours consisting of glial cells giving rise to anaplastic astrocytomas and glioblastomas 

for instance and non-glial tumours consisting of blood vessels, glands and nerves giving rise 

to meningioma (Lesniak & Brem, 2004). Within New Zealand, more than 300 people are 

diagnosed with brain cancer in 2016 (Yan et al., 2019).  

The World Health Organisation (WHO) assembled a classification system that grades 

tumours based on the following parameters: the tumour severity, cellular behaviours and 

growth patterns exhibited by the tumour, presence of an isocitrate dehydrogenase mutation 

(IDH), histopathological necrosis and microvascular proliferation (Table 1) (Gupta & 

Dwivedi, 2017; Louis et al., 2021). 

Table 1 World Health Organisation Classification of tumours based on the four morphologic features, 

including cytological atypia, mitotic activity, endothelial cell proliferation and necrosis. Tumours 

associated with each grade type are also displayed.  

 Tumour Severity Example 

Grade I ▪ Slow growth 

▪ Non-malignant and non-infiltrative 

▪ Associated with long-term survival 

▪ Possible to cure using surgery 

o Craniopharyngioma 

o Gangliocytoma 

o Ganglioglioma 

Grade II ▪ Tumour exhibits cytological atypia 

▪ Slow growth but recurrent tumour can have a higher 

grade 

▪ Can be malignant or non-malignant 

o "Diffuse" Astrocytoma 

o Pineocytoma 

o Pure oligodendroglioma 

Grade III ▪ Tumour exhibits anaplasia and mitotic activity 

▪ Malignant and infiltrative 

▪ Recurrent tumour can have a higher grade 

o Anaplastic astrocytoma and 

ependymoma 

o Anaplastic oligodendroglioma 

Grade IV ▪ Tumour exhibits anaplasia, mitotic activity with 

endothelial cell proliferation and/or necrosis 

▪ Very aggressive and malignant 

▪ Can infiltrate widely 

▪ Rapid growth 

o Glioblastoma (GBM) 

o Medulloblastoma 

o Ependymoblastoma 
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Roughly 80% of all primary malignant brain tumours fall under the umbrella of diffuse 

gliomas (Mulcahy et al., 2020). This subset of gliomas includes astrocytic tumours (or 

astrocytomas), oligodendrogliomas, oligoastrocytomas, glioblastomas, and ependymomas 

(Gupta & Dwivedi, 2017; Louis et al., 2007, 2016). Astrocytomas originate from star-shaped 

glial cells called astrocytes, which are abundant in the central nervous system in the normal 

brain where they support neuronal cells via synaptic mutation and provide nutrients (Mulcahy 

et al., 2020). An example of this tumour is glioblastoma (GBM). On the other hand, 

oligodendrogliomas originate from neural stem cells or glial progenitor cells, while 

ependymoma tumours arise from ependymal cells that line the ventricular system of the brain 

(Mulcahy et al., 2020). Most diffuse gliomas range between Grade I to III meaning they are 

the least malignant. But GBM, medulloblastoma and ependymoblastoma all belong to the 

grade IV category and have the greatest malignancy (Louis et al., 2007, 2016). The focus of 

my thesis will be on GBM, which will be further introduced in the following sections. 

1.1. Introduction to Glioblastoma 

Glioblastoma (GBM) is a heterogeneous and aggressive malignant primary brain tumour with 

a dismal prognosis (Louis et al., 2016; Smith et al., 2016; Taylor et al., 2019). This tumour is 

characterised by both intra- and inter-heterogeneity, making it a complex and challenging 

tumour to treat (Verhaak et al., 2010). The majority of GBMs are primary tumours that often 

develop rapidly in elderly patients, while secondary GBMs originate from lower grade 

diffuse or anaplastic astrocytomas and commonly diagnosed in young patients (Erasimus et 

al., 2016; Ohgaki & Kleihues, 2013). Primary and secondary GBMs are teased apart via 

genetic and epigenetic profiles such as Epidermal Growth Factor Receptor (EGFR) 

amplification and TERT promoter for primary GBM (Ohgaki & Kleihues, 2013). Previously, 

isocitrate dehydrogenase 1 (IDH) was used as a prognostic factor for GBM as well. However, 

in the 2021 WHO classification, IDH mutations were reclassified as a brand new subset of 

GBM tumours  (Louis et al., 2021).  

There is an extremely high chance of recurrence within patients due to the infiltrative nature 

of GBM, along with the presence of tumour-initiating glioma stem-like cells (GSCs) (Lee et 

al., 2006; Singh et al., 2003). These stem-like cells have been demonstrated to alter the 

effects of radiation and chemotherapy, leading to a reduction in sensitivity towards these 

treatments; hence, often associated with tumour recurrence (Lee et al., 2006) (discussed in 

depth later in the introduction).  
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This lethal tumour accounts for 329 individuals diagnosed with GBM in New Zealand (Patel 

et al., 2019b) and has a median survival of 15 months (Ghosh et al, 2017). Nearly all GBM 

cases are deemed sporadic and the most susceptible population is Caucasian males over 80 

years old (Mulcahy et al., 2020; Ohgaki & Kleihues, 2013). Researchers have explored many 

speculated risk factors such as age, hormone changes, genetic susceptibility, and decreased 

immune response (Thakkar et al., 2014). A risk factor for GBM is the exposure to ionising 

radiation to the head and neck region, which increases the chance of GBM occurrence. This 

could be explained by the DNA damage induced by radiation and radiation-induced tumour 

cell migration (Butowski, 2015). Genetic syndrome such as Cowden, Turcot, Li-Fraumeni, 

Neurofibromatosis type 1 and type 2 are also associated risk factors of GBM, but only 

account for about 5% of GBM cases (Urbanska et al., 2014). Genetic alteration such as 

amplification of chromosome 7 and genomic deletions in chromosome 9p and 10q have been 

shown to have a poor prognosis (Crespo et al., 2011). The cancer genome atlas network have 

described molecular subtypes of GBM to be classical, mesenchymal, and proneural. These 

subtypes are based upon abnormalities in platelet-derived growth factor receptor-alpha 

(PDGFR-α), IDH, EGFR, and neurofibromin 1 genes (Verhaak et al., 2010). The classical 

and mesenchymal subtype is associated with unfavourable survival outcomes after 

chemotherapy and radiation (Chen & Xu, 2016).  On the contrary, proneural subtype is linked 

with improved prognosis and survival rates, thought to be because of the mutations in the 

IDH gene (Q. Wang et al., 2017). As mentioned before, IDH mutation status was utilised as a 

prognostic factor for GBM and those with IDH mutations have a greater prognosis than those 

without the mutation (Brat & The Cancer Genome Atlas Research Network, 2015). But 

Ohgaki & Kleihues (2013) have concluded that IDH mutation is typically found in secondary 

GBM while wild-type IDH is found in primary GBM (Ohgaki & Kleihues, 2013).  

 

1.2. GBM Treatment 

1.2.1 Stupp’s protocol 

The current treatment regimen of GBM follows Stupp’s protocol established in 2005, which 

aimed to increase overall patient survival and progression-free survival by combining surgery 

with radiation and temozolomide (TMZ) (Mulcahy et al., 2020; Stupp et al., 2005; Taylor et 

al., 2019; Yan et al., 2019). The treatment begins with maximal surgical resection to remove 
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greater volumes of tumour mass, which has been correlated greater overall survival (OS) and 

longer progression-free survival (PFS) (Mulcahy et al., 2020; Taylor et al., 2019; L. Wang et 

al., 2019). Though the surgery attempts remove the majority of the tumour, there are residual 

tumour cells that cannot be removed due to the complex nature and structure of the brain 

(Mulcahy et al., 2020). A balance is struck between gross total resection without inducing 

neurological defects and the quality of the patient’s life (Orringer et al., 2012). To target these 

residual cells, adjuvant intervention is required in the form of radiation and chemotherapy to 

minimise the rate of residual tumour cell growth and migration, along with reducing the 

chance of recurrence.  

In 1977, Professor Sheline concluded that radiation following surgery appeared to increase 

the survival rate for a maximum of roughly three years as most patients with grade IV lesions 

did not survive up to the fifth year mark. He hypothesised that adding chemotherapy after 

radiation treatment may improve patient survival (Sheline, 1977). Many years later, Stupp et 

al. (2005) discovered Sheline’s hypothesis of combining radiation- and chemotherapy (TMZ) 

to be true as it led to an increase in patient survival compared to radiation therapy alone. 

Specifically, an increase in the OS from 12.1 months (radiation alone) to 14.6 months 

(combination of radiation and chemotherapy) (Stupp et al., 2005) provided hope to many 

fighting this cruel disease.  

In greater detail, Stupp’s protocol consists of radiation therapy that targets the residual 

tumour cells via beam of ionising radiation (Sheline, 1977; Sulman et al., 2017), along with 

chemotherapy with temozolomide. Briefly, temozolomide is an oral DNA alkylating agents 

and attaches methyl group to the purine bases of DNA (that is adenosine and guanine) (Stupp 

et al., 2005; Zhang et al., 2012). The treatment regime typically comprises a total of 60 gy 

radiation administrated as 2 gy fractionated doses over the course of a few months with 150-

200 mg/m2/ day of temozolomide for 5 days every 28 days duration (Stupp et al., 2005). This 

is followed by another 6 months of temozolomide prescribed 5 days a month.  

1.2.2 Radiation 

Radiation therapy is critical in the management of cancers, whether it be brain tumours, 

prostate, breast or skin cancers (Baskar et al., 2012; Gianfaldoni et al., 2017). Nearly 50% of 

all cancer patients receive this therapy either before or after surgery (Begg et al., 2011). 

Ionizing radiation targets residual tumour cells following surgery (adjuvant) or tumours 

located in “hard to reach” places via deposition of electrically charged particles into cells. 
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This deposition limits the ability of tumour cells to undergo cell division and proliferation as 

their DNA is damaged by the ionizing radiation (S. P. Jackson & Bartek, 2009). Normal cells 

are able to repair themselves more efficiently than tumour cells after radiation therapy, 

leading to preferential elimination (Begg et al., 2011). The fractionation regimen of radiation 

therapy is based on normal cells proliferating slowly, and so these are able to repair any DNA 

damage sustained from radiation while rapidly proliferating tumour cells are targeted (Ellis, 

1969). Therefore, radiation therapy aims to maximise the exposure of radiation to residual 

tumour cells, while reducing exposure to healthy surrounding cells (Baskar et al., 2012; 

Sheline, 1977; Sulman et al., 2017).  

Radiation therapy works via direct and indirect damage, where the former directly interacts 

with DNA to induce damage, while the latter produces free radicals to induce damage. Both 

methods converge at the point of cellular death, where irreparable double-stranded breaks are 

formed in the DNA, leading to the slow downfall of tumour cells (Baskar et al., 2012). In the 

case of GBM, external radiation therapy (Intensity-modulated radiation therapy) is provided 

to patients as precise manipulation of photons and proton beams of radiation is utilised to 

match the shape of the tumour (Baskar et al., 2012). This precision minimises the damage to 

healthy surrounding tissue. Multiple exposures of radiation are required for radiation therapy 

to be deemed effective, hence the fractionation regimen. Many radiologists typically 

prescribe fractionated doses between 1-3 gy over a couple of weeks (Baskar et al., 2012) 

since it was found to be the most optimal, accumulating to a total of 60 gy doses. Overall, 

radiation therapy decreases tumour cell proliferation and increases the overall survival by 6-8 

months (Sulman et al., 2017). 

In recent years, researchers have discovered tumour cells are becoming radiation resistant. 

This adds to another layer of complexity to be considered when developing therapeutic 

treatments. As radiation is given to target residual cells, it is possible that these cells develop 

radiation resistance and migrate into the surrounding healthy tissue  (Carruthers et al., 2015; 

Wild-Bode et al., 2001). This phenomenon occurs in GBM tumours and is considered to be 

due to glioblastoma stem-like cancer cells (GSCs) (M. Jackson et al., 2014) (expanded upon 

later on).   

1.2.3 Chemotherapy via TMZ 

Temozolomide (TMZ) is an oral alkylating agent that targets the levels of DNA-repairing 

enzyme, O6-methylguanine-DNA methyltransferase (MGMT) in tumours by producing 
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highly reactive methyldiazonium cations. These cations methylate the DNA bases, 

specifically the O6 guanine position and cause DNA damage, leading to cell cycle arrest (J. 

Zhang et al., 2012).  

The effects of TMZ are reversed when MGMT promoter is unmethylated as the activated 

enzyme remove the alkylation of guanine and causes DNA replication to resume as normal. 

But, when the promoter is methylated, TMZ produces DNA damage and leads to longer 

patient survival (Stupp et al., 2005) since the tumour is unable to replicate infinitely. This 

causes a cycle of futile DNA repair and sends the tumour down the senescence or apoptotic 

pathway (L. Liu & Gerson2, 1996; Ochs & Kaina, 2000). MGMT methylation status serves 

as a prognostic factor in tumours, with nearly 50% of all patients displaying MGMT 

promoter being methylated and within those patients, TMZ is effective (Hegi et al., 2005). 

This is due to the epigenetic silencing of the MGMT gene via TMZ-induced promoter 

methylation and diminishes DNA-repair activity, as well as loss of MGMT expression (Qian 

& Brent, 1997). 

While exploring the addition of TMZ to a short-course radiation treatment, (Perry et al. 

(2017) observed longer overall survival of the elderly GBM patients during the six-week 

period, compared to radiotherapy alone (Perry et al., 2017). This suggests that a combination 

of radiation and chemotherapy is beneficial in tackling this multifaceted cancer.  

1.2.4 Pharmacological Intervention via MEK Inhibitors 

Mitogen-activated protein kinase kinase (MEK) inhibitors have been widely used in the 

treatment of various cancers as the mitogen-activated protein kinase (MAPK) signalling 

cascade relays many cellular signals and interacts with other cellular pathways (Chappell et 

al., 2011; Sunayama et al., 2010). This thesis will focus on trametinib and U0126 which are 

both inhibitors of MEK (the MEK/extracellular signal-regulated kinase (ERK) signalling 

pathway is expanded in subsection 1.4). 

Trametinib is an FDA-approved oral MEK inhibitor initially produced for the treatment of 

BRAFV600 mutant metastatic melanoma (Thota et al., 2015). In a phase III clinical trial, 

trametinib significantly improved response rates and median progression-free survival (PFS) 

compared with chemotherapy (Flaherty et al., 2012). These responses are most likely due to 

the pharmacokinetics of trametinib as the drug is a highly potent reversible allosteric inhibitor 
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of MEK-1 and MEK-2 (Thota et al., 2015). Since then, the effects of this drug have been 

investigated in various other cancers, including GBM.  

U0126 is a non-competitive MEK-1 and MEK-2 inhibitor but has failed to be considered an 

effective inhibitor (Duncia et al., 1998). The drug also attenuates MEK5 and ERK5 signalling 

(Davies et al., 2000). U0126 is commonly used in many MEK/ERK signalling studies to 

attenuate the pathway, but the drug serves as a comparison molecule rather than being the 

hero. 

1.3. Cellular Migration 

1.3.1 Normal Migration 

Cellular migration serves a crucial function in wound repair, embryonic development, and 

immune response (Friedl & Gilmour, 2009; Fu et al., 2019; Kurosaka & Kashina, 2008; Ve 

Chazal et al., 2000). By birth, neurogenesis, which is the generation of neurons from neural 

stem cells, is nearly complete (Cayre et al., 2009; Murray et al., 2016). While, in the adult 

brain, neural cell migration is minimal and limited to the subventricular zone and the dentate 

gyrus of the hippocampus (Cayre et al., 2009). Often during the development of brain 

tumours, cellular migration methods are hijacked and contribute to the development and 

metastatic of tumour cells (Hanahan & Weinberg, 2011a).  

1.3.2 Migration in Various Cancers/ in Cancer Cells 

Directed migration of tumours into surrounding tissues is considered one of the hallmarks of 

cancer (Gerashchenko et al., 2019; Hanahan & Weinberg, 2011b). This invasion is possible 

via various phenotypic transitions, including epithelial-mesenchymal, and contributes to the 

diversity in migration patterns and mechanisms (Gerashchenko et al., 2019).  

The first step of tumour metastasis begins with the detachment of malignant cells from the 

tumour bulk, which gain active migratory abilities and invades adjacent tissues (Sahai, 2005). 

Typically, cancer cells from the invasive front, which is the interface between the tumour and 

healthy cells, initiate migration as it is believed that these cells have acquired locomotor 

phenotype (Bànkfalvi et al., 2000; Zlobec & Lugli, 2009) and result in either collective or 

individual tumour migration (Sahai, 2005).  
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Briefly, collective cell migration utilises adhesion molecules, the presence of leader cells 

which express basal epithelial genetic program, rich in cytokeratin-14 and transcription factor 

p63 (Cheung & Ewald, 2014) and form lamellipodia resulting in pulling following cells and 

disruption of the extracellular matrix via proteases (Pandya et al., 2017; X. Wang et al., 

2016). 

On the other hand, individual cells migrate via mesenchymal and amoeboid mechanisms 

(Paňková et al., 2010). In the former, tumour cells exhibit a fibroblast-like phenotype, high 

integrin expression, proteolytic enzyme production, lamellipodia and actomyosin contractions 

(Pandya et al., 2017). In the latter, tumour cells exhibiting actomyosin machinery and 

protrusion formation depend on Rho/ROCK signalling and type II myosin activity (Paňková 

et al., 2010). 

Epithelial-mesenchymal transition (EMT) is when tumour cells shed epithelial characteristics 

and adopt mesenchymal features, along with resistance to therapeutics and prevention of 

apoptosis (Lamouille et al., 2014). It is an important process for tumour migration, invasion, 

and metastasis, along with regulating apoptosis and stemness of cells (Savagner, 2015). EMT 

is activated via molecular changes in tumour cells and the presence of cytokines and growth 

factors produced by immune and stromal cells within the tumour microenvironment (D. Gao 

et al., 2012; Lambert et al., 2017). Partial EMT (where cells retain epithelial features but have 

obtained mesenchymal traits) is more commonly observed in tumour budding cells (a group 

of cells) that are found in the invasive front and are associated with elevated metastasis and 

dismal prognosis in many cancers (Grigore et al., 2016). Activation of EMT transcription 

factors (snail, twist, and zeb) is enough to trigger single-cell dissemination without activating 

the whole EMT, and so the tumour cell retains its epithelial identity (Cheung & Ewald, 

2014).  

The basement membrane (comprising of laminins, type IV collagen) and other components 

(Rowe & Weiss, 2009) are impaired during tumour migration (Pandya et al., 2017). The 

interaction among laminin-5 and tumour integrins produces proteases and degrade the 

basement membrane and extracellular matrix (ECM) (Sharma et al., 2013). Following this, 

tumour cells invade the ECM and stimulate the once physically protective fibronectin to 

activate ECM proteolysis via metalloproteinases, MMP-2 and MMP-9 (Rowe & Weiss, 

2009). In various cancers, fibronectin is a regulator of tumour migration and invasion (J. P. 

Wang & Hielscher, 2017).  
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1.4. MAPK/ERK Signalling 

When activated, the MAPK/ERK signalling pathway produces downstream transcriptional 

changes to induce proliferation, differentiation, and migration (Dhillon et al., 2007; Guo et 

al., 2020). Briefly, the tyrosine kinase receptors located at the cell surface are stimulated 

through various growth factors, including PDGF, FGF, and EGF. This results in the 

activation of the phosphorylation cascade via the RAS/Raf/MEK/ERK proteins (Guo et al., 

2020). MEK is a serine/threonine kinase and tyrosine kinase causing the protein to have a 

dual function. It is located upstream of ERK and regulates many transcription factors 

including Ets-1, cMyc and c-Jun (Alessi et al., 1994; Chappell et al., 2011). ERK is involved 

in the activation of other transcription factors such as CREB and NFκB, which stimulate 

genes associated with proliferation and survival (Chang et al., 2003; Steelman et al., 2004). 

MEK/ERK signalling pathway is commonly upregulated in GBM pathogenesis and has been 

theorised to partake in the possibly limitless replication by the tumour. Alterations in this 

pathway lead to tumour cell cycle checkpoint evasion, nullify apoptosis, the overexpression 

of growth factors and cell surface receptors, which ultimately leads to tumour cell migration, 

proliferation and metastasis (McLendon et al., 2008).  

Through the use of berberine, an isoquinoline alkaloid present in many herbal medications, 

an attenuation of the MEK/ERK pathway was seen with the stimulation of senescence in 

GBM (Q. Liu et al., 2015). In addition, treatment of A172 glioblastoma with PI3K and MEK 

inhibitors in results in a reduction of downstream gene effectors Bmi1, SOX2, and nestin, 

Furthermore, a reduction in tumoursphere was elicited by both drugs and caused a 

modulation in the replication potential of GBM as the pro-differentiation effect was also 

observed in these cells (Sunayama et al., 2010).  

This pathway has the ability to activate various downstream effectors involved in tumour cell 

migration, proliferation, and metastasis and other signalling pathways making MAPK/ERK 

signalling pathway an attractive target for therapeutic intervention. Targeting the MAPK 

signalling cascade becomes further complicated due to intra-tumoural heterogeneity, co-

amplification, and alteration in tyrosine kinases (McLendon et al., 2008). 
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1.5. Current Gaps In Our Knowledge 

1.5.1 Problem at hand 

Surgery is not curative (M. Jackson et al., 2014) as there are often residual tumour cells 

present post-surgery due to the invasive nature of high-grade brain tumours. Radiation is 

administered to eliminate or at most reduce these residual cells (Sheline, 1977; Sulman et al., 

2017), and in some cases, this is sufficient. However, in the majority of the cases, recurrence 

emerges as residual cells “slip away” into healthy surrounding brain tissue (Carruthers et al., 

2015; M. Jackson et al., 2014; Shankar et al., 2014; Smith et al., 2016). Many have 

speculated that recurrence is caused by treatment-resistant tumour-initiating stem-like cells 

(GSCs) (Bao et al., 2006; Sanai et al., 2005; Silvestri et al., 2014) that ultimately repopulate 

the tumour and further tumour migration  

 

1.5.2 Stem-like GBM cells 

Tumour recurrence has been attributed to a subpopulation of GBM cells termed Glioblastoma 

stem-like cancer cells (GSCs) that display a stem cell-like profile and are resistant to both 

radiation and chemotherapy (Bao et al., 2006; Sanai et al., 2005; Zepecki et al., 2019). These 

stem-like cells possess the ability to differentiation into various cell types, including neuronal 

and astrocytic cells (Lan et al., 2017).  Zepecki et al., (2019) and others have demonstrated an 

embryonic stem cell-like signature in GBM and inhibition of this signature results in reduced 

GBM growth and GSCs (Zepecki et al., 2019). This embryonic stem cell-like signature 

comprised of core stem cell regulators that mediate pluripotency and stemness, including 

NANOG, OCT4, and SOX2, which control stem cell expansion and self-renewal (Zbinden et 

al., 2010). Along with the core stem cell regulators, GSCs also express Sonic Hedgehog 

(SHH), GL1, Notch-1, Wnt/beta-catenin and they are associated with sustaining long-term 

self-renewal and propagation, making GSCs similar to normal neural stem cells (Silvestri et 

al., 2014).  

The cell cycling rate for GSCs is slower than the bulk of tumour consisting of rapidly 

proliferating tumour cells (Tang et al., 2019). Current therapeutics are designed to target the 

rapidly proliferating tumour cells, yet disregard the slow proliferating GSCs. This enables 

GSCs remaining in the tumour origin to possibly resume proliferation, invasion, and 
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experience changes in tumour biology for the development of resistance against treatments, 

for instance, chemotherapy and radiation (Pollard et al., 2009).  

In summation, it is widely speculated that these GSCs are responsible for recurrence and 

treatment resistance and, it is imperative to understand the possible mechanisms these cells 

are undertaking to contribute to resistance and recurrence. 

1.5.3 Tumour Cell Migration Models 

Tumour cell migration is generally investigated through the use of in vitro migration assay 

techniques, including wound healing, transwell migration, and mechanical scratching. 

Briefly, the wound healing assay is conducted by creating a cell-free region at the bottom of 

the well by mechanical scratching (Riahi et al., 2012) 

Similar to the wound healing assay, the mechanical scratching assay is also conducted by 

scratching a cell-free region at the bottom of the well, but this assay requires multiple 

scratches in the monolayered cells (Btirk, 1973; Yue et al., 2010). On the other hand, the 

transwell migration assay (also known as the Boyden chamber assay) uses a porous 

membrane where cells migrate through the porous membrane due to the differences in serum 

media concentration gradient (Kramer et al., 2013). These techniques used two-dimensional 

monolayer cell cultures where tumour cells adhere to the base of the well and appear in a 

singular layer (Duval et al., 2017; Kramer et al., 2013). 

These current models fail to accurately represent tumour cell migration that occurs within 

patients as the tumour cells form a monolayer on the base of the well, which restricts cellular 

movement to a single plane and the morphology adopted by GBM tumour cells consist of a 

three dimensional sphere. Thus, the use of spheroid assays is becoming popular over the 

years as it fuses two-dimensional and three-dimensional technologies for a better 

representation of cell-cell contacts, tissue-like morphology and the tumour microenvironment 

(Duval et al., 2017; Kramer et al., 2013). The spheroid assay has been utilised in various 

GBM migration studies. For instance, the study conducted by Deryugina and Bourdon 

demonstrated the use of spheroid assay to examine glioma tumoursphere cell migration 

(Deryugina & Bourdon, 1996). But, many in the field still use more conventional assays to 

explore GBM migration (Younis et al., 2019; Yue et al., 2010) as they are simple, cost-

effective, and high-throughput.  
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Though, improvements in the tumour cell migration model are required for future cell 

migration assays to reflect the tumour present within most patients, as many fail to consider 

all aspects of tumour biology and microenvironment.  

1.6. Potential Migratory Molecules Mediating Tumour Cell Migration 

Cellular proliferation and migration are involved at every stage of brain development, from 

embryonic to adult brain development (Cayre et al., 2009). Under normal physiological 

conditions, cellular migration is involved in building new synaptic connections, neuronal 

migration, and refinement of the neuronal circuit (Cayre et al., 2009). On the other hand, 

tumour cells, such as GBM, can utilise these mechanisms to escape radiation treatment 

(Biserova et al., 2021; Sahai, 2005). Furthermore, tumour development processes, including 

tissue invasion and migration heavily dependent on the change in the expression or function 

of cell adhesion molecules to become malignant (Hanahan & Weinberg, 2011a; Seifert et al., 

2012). These altered cell adhesion molecules are referred to as migratory markers throughout 

this thesis. The following migratory markers are believed to be involved in the migration and 

invasion of cells in GBM: neural cell adhesion (NCAM), polysialylated neural cell adhesion 

molecule (PSA-NCAM), ST8Sia II (STX), ST8Sia IV (PST), L1 protein cell adhesion 

molecule (L1CAM) and SRC-family kinases (pFAK).  

1.6.1 Neural cell adhesion molecule (NCAM)  

NCAM belongs to the immunoglobulin (Ig) superfamily and partakes in many neurological 

processes during and following development, such as neuronal plasticity and neurogenesis 

(Mione et al., 2016). The molecule interacts with various ECM components such as heparin, 

collagen, chondroitinsulfate and is a crucial mediator of cell-cell and cell-substrate binding 

(Al-Saraireh et al., 2013; Fujimoto et al., 2001). NCAM is highly concentrated at the cell-cell 

contact sites for cell adhesion (Seidenfaden et al., 2003). Within the rostral migratory stream 

(RMS), NCAM aids in the uniform cellular organisation of neuronal precursor cells 

(Seidenfaden et al., 2003). Deficiency in NCAM produces a thicker RMS as migrating 

neuronal precursor cells accumulate in the stream and ultimately causes a reduction in the 

olfactory bulb (Cremer et al., 1994; Tomasiewicz et al., 1993).  

High structural diversity is present in NCAM due to dynamically mediated post-translational 

modification, and alternative splicing (Crossin & Krushel, 2000), leading to different 

isoforms of NCAM existing as a consequence. The presence of a transmembrane domain 
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defines the NCAM-140 isoform, while a lack of the domain defines NCAM-120 (Suzuki et 

al., 2005). NCAM expresses homophilic, heterophilic, and trans-binding with other cell 

adhesion molecules, including L1CAM, protease-resistant protein and TAG-1 (Hoffman & 

Edelman, 1983; Horstkorte et al., 1993; Seifert et al., 2012).  

The most notable transformation of NCAM is the attachment of polysialic acid (polySia) onto 

one of the six possible N-linked glycosylation sites, which carries the negatively charged 

polysia and results in the polysialylated neural cell adhesion molecule, PSA-NCAM (Seifert 

et al., 2012) (discussed further in the following subsection). Some studies have revealed that 

the degree of NCAM sialylation mediates its ability to stimulate cell adhesion (Cremer et al., 

2000; Mione et al., 2016).  

In some tumours, the expression of NCAM (without polySia) has reduced the aggressive 

nature of the tumour and inversely correlates with metastatic dissemination. For instance, 

NCAM expression reduces progression towards malignant glioma (Sasaki et al., 1998), and 

an increased NCAM expression in multiple myeloma cells is associated with decreased bone 

marrow infiltration (Sahara & Takeshita, 2004). This is due to the cell adhesion function of 

the molecule (Seifert et al., 2012).  

 

1.6.2 Polysialylated neural cell adhesion molecule (PSA-NCAM) 

Polysialic acid is a carbohydrate that can be attached to NCAM via post-translational 

modification (Cremer et al., 2000). This modification diminishes cell-cell adhesion and cell-

other surface interaction of NCAMs (Fujimoto et al., 2001). In addition, polysialic acid 

(PSA) prevents premature neural differentiation (Petridis et al., 2004; Seidenfaden et al., 

2003).  

Polysialic transferase enzymes sialyltransferase-X (STX/ST8SiaII) and polysialyltransferase 

(PST/ST8SiaIV) synthase attach sialic acids onto the Ig-like domain of NCAM within the 

golgi, which is then expressed on the surface of NCAM  (Kojima et al., 1996; Muhlenhoff et 

al., 1996). These two enzymes will be discussed in greater detail later on.  

The post-translational modification reduces the interactions between NCAM and the 

extracellular matrix (ECM), enabling the cell to be “slippery” and migrate (Cayre et al., 2009; 

Fujimoto et al., 2001; Guan et al., 2015; Johnson et al., 2005). This molecule is important in 
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cellular migration (Cremer et al., 2000), neural development (Ditlevsen et al., 2008), 

neurogenesis (Rutishauser, 2008), and synaptic plasticity (Muller et al., 1996) in both 

developing and adult brains.  

During normal brain development and adult neurogenesis, PSA-NCAM regulates chain 

neuroblast migration in the rostral migratory stream (Seifert et al., 2012). In 2007, PSA-

NCAM on neuronal precursor cells migrating from the subventricular zone through the 

rostral migratory stream to the olfactory bulk was discovered in adult human brains (Curtis et 

al., 2007). PSA-NCAM is limited to specific areas that undergo structural and functional 

plasticity in adult brains (Seki & Arai, 1993; Theodosis et al., 1991). Studies have shown that 

PSA-NCAM positive cells regulate cell migration in the dentate gyrus and subventricular 

zones (Hu & Tomasiewicz, 1996; Ve Chazal et al., 2000). The absence of PSA-NCAM 

causes ineffective migration of cells due to improper formation of neuronal progenitor chains, 

causing cells to accumulate in the subventricular zone (Hu & Tomasiewicz, 1996). 

Some studies have explored inhibiting PSA-NCAM via enzymatic methods, such as 

endoneuraminidase-N (endo-N), or genetic methods, including NCAM knock-out mice, to 

establish the function of PSA-NCAM in a normal adult brain. The enzymatic removal of 

PSA-NCAM via endoN increases in the interactions between NCAM and ECM, leading to 

decreased migration and aberrant differentiation of dispersed neuroblasts (Battista & 

Rutishauser, 2010; Ve Chazal et al., 2000). In addition, authors Gundelach and Koch 

discovered that treatment with endo-N caused widening of RMS and disruptions to the 

generally uniform cellular orientation of RMS. This lead to neuroblast cells leaving the RMS 

and migrating toward the lesioned tissue in rats (Gundelach & Koch, 2020). Furthermore, 

removal via endo-N resulted in premature differentiation in the SVZ-progenitor cells. 

Therefore, enzymatic removal of PSA-NCAM significantly decreased the migration abilities 

of neuroblastoma cells (Petridis et al., 2004),  a phenomenon that may be utilised to reduce 

migration of the stem-like GBM cells.  

In recent years, several studies have highlighted a possible contribution by PSA-NCAM in 

the stimulation of tumour migration and prevention of differentiation (M.-C. Amoureux et al., 

2010; Suzuki et al., 2005). A study by Suzuki et al., (2005) discovered levels of PSA-NCAM 

expression directly correlated with tumour invasiveness when they transplanted STX and 

PST in C6 glioma cell lines into mice brains. C6 cells that were positive for PSA-NCAM 

migrated further into the corpus callosum compared to the PSA-NCAM negative cells 
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(Suzuki et al., 2005). In support, a study by Amoureux et al., (2010) displayed reduced 

overall survival and disease-free survival in patients with PSA-NCAM protein levels greater 

than 10pg/ug, which was associated with human glial tumours and its invasiveness. The 

authors of the study suggested that PSA-NCAM is an adverse prognostic factor in GBM (M.-

C. Amoureux et al., 2010). In addition, Seidenfaden et al., (2003) found that when polysialic 

acid is downregulated (that is downregulation of PSA-NCAM), tumour cells cease 

proliferation and begin to differentiate (Seidenfaden et al., 2003). In our experiments, we 

have also seen the level of PSA-NCAM expression in patient tumours negatively correlate 

with patient survival (unpublished data). This finding partly forms the basis of this thesis.  

In summary, researchers have concluded polysialylation of NCAM serves as a switch 

between tumour-suppression and tumour-promotion as the NCAM molecule (without 

polySia) has cell adhesion functions, while the addition of polySia causes sterical hinderance 

of NCAM-NCAM and other NCAM interactions (Johnson et al., 2005). Therefore, there is 

sufficient evidence that PSA-NCAM heavily contributes to tumour migration and invasion in 

GBM and other brain tumours. 

 

1.6.3 ST8Sia II (STX) & ST8Sia IV (PST) 

As mentioned prior, STX (ST8SiaII) and PST (ST8SiaIV) are two golgi-associated enzymes 

that attach the polysialic acid units to NCAM (Kojima et al., 1996; Muhlenhoff et al., 1996; 

Seifert et al., 2012). There is a direct correlation between the polysialylation of NCAM and 

the expression of STX and PST (Hildebrandt et al., 1998). During development, STX 

expression is the most dominant and gradually reduces after birth. On the other hand, PST 

expression is dominant in the adult brain (Mione et al., 2016). These two enzymes were 

explored in this thesis as they are involved in the post-translational modification of NCAM 

and regulators of PSA-NCAM.  

Mione et al., (2006) explored the expression of both enzymes in the olfactory bulbs of adult 

rats and concluded a distinct expression pattern where immature rodent cells expressed STX 

while mature cells expressed PST (Mione et al., 2016). However, some researchers strongly 

speculate that altered expression of STX is involved in polysialylation of NCAM in tumours 

and contributes to tumour migration and invasion. For instance, in non-small lung cell 

carcinoma, the PST gene had equal expression between normal and tumour lung tissue. On 
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the other hand, the STX gene produced a greater expression in tumour lung tissue compared 

to normal tissue (Tanaka & Kawano, 2000). Author Seifert proposes it is possible to reduce 

polysialylation of NCAM and switch back to tumour-suppression functions of NCAM by 

targeting the STX enzyme (Seifert et al., 2012).  

 

1.6.4 Other markers of interest that may supplement migratory markers 

Other migratory markers that are of interest that will be explored in this study include Ki67, 

pFAK, and MMP-9. 

Ki67 is a well-defined cell proliferation marker and is considered to facilitate tumour 

development dissemination, migration, and growth (X. Sun & Kaufman, 2018). In breast 

cancer, nuclear expression of Ki67 is two-fold greater at the invasive front compared to other 

regions of the tumour (Gong et al., 2013).  

Metalloproteinases such as MMP-9 are involved with cytoplasmic rearrangement in the cells 

via proteolytic degradation of the basement membrane and extracellular matrix (ECM). For 

instance, MMP-9 directly degrades the ECM (Lakka et al., 2002), and elevated expression of 

MMP-9 at the invasive front of various cancers has been noted (Planagumà et al., 2011). 

Some studies have shown that MMP-9 is associated with MEK/ERK signalling as altered 

phosphorylation of ERK1/2 results in down-regulation of MMP-9 (Dontula et al., 2013) 

Through the interactions with focal adhesion kinase (FAK), the SRC-family kinases (SFKs) 

are able to mediate intracellular signalling pathways (Ditlevsen et al., 2008). By 

phosphorylating FAK (attachment of phosphorus group to FAK molecule), SFKs regulate 

cytoskeleton organisation and remodelling associated with cell migration, adhesion, and 

division in response to ECM (Ahluwalia et al., 2010). Ultimately SFKs can disrupt cell-cell 

adhesion and promote invasion in tumours (Ditlevsen et al., 2008). Some have suggested that 

inhibiting SRC/FAK may aid in limiting tumour growth and migration (Ahluwalia et al., 

2010), and this may be effective in GBM patients since the tumour is considered highly 

invasive.  
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1.7. Thesis outline/aims 

The current multimodal treatment of GBM includes surgical resection, chemotherapy, and 

radiotherapy, but is considered inadequate. This is because many patients experience GBM 

recurrence, which is speculated to be due to the highly migratory nature of GBM. Recent 

studies have highlighted potential links between GBM migration and the MAPK signalling 

cascade, notably MEK/ERK signalling contributing to GBM tumour migration and invasion. 

Moreover, the presence of glioblastoma stem-like cancer cells (GCSs) is also speculated to 

contribute to GBM recurrence. This thesis aims to investigate the effects of MEK inhibitors 

trametinib and U0126 on the potential limitation of GBM tumour cell migration. 

Furthermore, the thesis aims to explore any differences between monolayered tumour cells 

and spheroid tumour cells concerning migratory markers. 
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Chapter 2. General Methods 

2.1. Tissue Sources 

The primary GBM cell sample used in this thesis was obtained with consent from patient 

donors undergoing therapeutic surgical resection performed at Auckland City Hospital. 

Ethical approval by the University of Auckland Human Participants Ethics and the Northern 

Regional Ethics Committee was obtained before any experimentation began. Table 2  

summarises all the biopsy information for the GBM cases used in this thesis. 

Table 2 Characteristics of all GBM tissue samples used for experimentation 

Case Number Age Sex Pathology 

WHO 

Classification 

(grade)* 

MGMT 

Status 

T115 67 Male GBM IV Unmethylated 

T84 69 Male GBM IV Undefined 

T146 60 Male GBM IV Methylated 

*The WHO classification is explained in greater detail (see table 1 in chapter 1) 

Note: The majority of the experiments carried out in this thesis was performed on T115 GBM 

case. T84 and T146 (along with T115) were used in pERK and Edu assays, expanded later on 

in this section. 

2.2. Culturing Primary Patient-derived GBM Cell Lines 

GBM tumour samples were collected from patients undergoing surgical resection at 

Auckland City Hospital and was processed in accordance with the cancer cell isolation 

method established in our lab (Park et al., 2022). Briefly, the tumour tissue was diced into 

smaller fragments for enzymatic dissociation. From this, the cell mix was filtered using a cell 

strainer and centrifuged before seeding into a T75 culture flask containing GBM cell media 

[that is formulated by DMEM/F12 (Gibco), 2% B27 without vitamin A (Invitrogen), 1% 

penicillin-streptomycin (Gibco) and  1% GlutaMAX (Invitrogen)] for overnight incubation at 

37ºC. The next day, cells that did not adhere to the flask were isolated again for 

centrifugation and resuspended into a new culture flask containing culture medium. The 
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primary GBM case used in this thesis (T115) grew as spheroids. When these spheres reached 

roughly 300 m in diameter, Accutase (Invitrogen) solution was used to separate the cells 

into single cells for passaging or plating for future experimentation. 

2.2.1 Maintenance of primary patient-derived GBM Cell Lines 

Media changes were conducted every 2-3 days, where half of the GBM media in the culture 

flasks was removed for centrifugation to separate the supernatant/media from the cell pellet. 

The supernatant was discarded, and the pellet was resuspended using the same volume of cell 

media removed before re-introducing the mix into the culture flask before incubation at 37ºC 

with 95% air and 5% CO2.  

Aforementioned, when the culture flask reaches roughly 90-95% confluency (when spheres 

reach roughly 300 m in diameter), the cells were harvested for passaging to ensure the 

tumour cells were “healthy”. The procedure begins with the removal of all media from the 

culture flask and into a 50 mL Falcon tube. 3 mL of Accutase was added to the flask and 

placed in the incubator for 5 minutes to enable cell detachment. During this period, the media 

containing free-floating GBM tumour cells was centrifuged at 1000 revolutions per minute 

(RPM) for 5 minutes. After the incubation with Accutase, the flask was firmly tapped along 

the sides to ensure the majority of the cells had detached from the base of the flask and a 

quick inspection to confirm detachment was conducted using a light microscope. Following 

centrifugation, the supernatant was removed and placed within a 15 mL falcon tube, labelled 

Condition Media and was set aside for use later. The Accutase and cell mix from the culture 

flask were transferred into the spun falcon tube containing a pellet of GBM cells. Depending 

on the tumour morphology, additional steps were taken to ensure successful cell detachment. 

For tumour spheres (such as T115), the flask was washed down with an additional 3 mL of 

Accutase to ensure nearly all the cells were harvested. Following this, all the media present in 

the flask was isolated and placed within the spun-down falcon. Then the tube was gently 

titrated to break the pellet of cells at the bottom and carefully swirled in a 37C water bath for 

a duration of 5 minutes. From this point, both tumour sphere and tumour monolayer cells 

(that is T84 and T146) share the same passaging procedure where 6 mL of stem cell media, 

excluding supplementary growth factors and Heparin, was added to the falcon tube, before 

being titrated and centrifuged for 5 minutes at 1000 RPM. Thereafter, the supernatant was 

discarded, and the pellet was resuspended in 5 mL of growth factor and heparin 
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supplemented stem cell media. Cell count was conducted using Trypan Blue Solution 

(ThermoFisher Scientific).  

Before plating, around 2 million cells of each case was reseeded into a new T75 flask 

containing 5 mL of GF media (including supplementary growth factors and heparin) and 5 

mL of condition media to support the formation of a new generation of GBM cells. 

 

2.2.2 Monolayer Cell Plating 

Following reseeding, the required cell volume for plating was diluted into a freshly made 

growth factor supplemented stem-cell media (containing heparin, EGF and FGF, 

(PeproTech)) and plated at roughly 5,000 viable cells per well in Matrigel® (Corning) coated 

96-well plates. These plates were incubated at 37ºC with 96% air and 5% CO2 for 48 hours 

prior to experimentation. Monolayer cell plating was conducted for migratory biomarker 

characterisation experiments.  

2.2.3 Tumour-Spheroid Plating 

For the formation of tumour spheres appropriate for live cell migrations studies, the cells 

were further diluted by the same volume of growth factor media to bring the cell count to 

2,500 viable cells per well. From this cell mixture, 100 L was then plated into special 

sphere-forming 96-well plates (Thermo Fisher Scientific) to stimulate spheroid formation. 

These plates achieved this as they lacked a flat bottom and prevented tumour cells from 

adhering to the base and remain free-floating in the wells. The “U”-shaped well design 

enabled tumour cells to adhere to each other and form a sphere. Similar to monolayer cell 

plating, these plates were also incubated for 48 hours at 37ºC with 95% air and 5% CO2.  

Following the incubation period, the tumour spheres were examined under a light microscope 

to verify successful tumour sphere formation. Tumour spheres were extracted and transferred 

into relevant 24-, 48- and 6- well Matrigel-coated plates for various experiments. A 10-100 

L pipette was used to transfer the spheres as 15 L droplets to the base of the Matrigel-

coated wells. Utmost care was taken when transferring spheres, especially for those used in 

live cell imaging as a broken sphere would not migrate evenly from all sides. The plates 

containing the spheres were incubated for approximately 2-3 hours at 37ºC with 95% air and 

5% CO2 for successful sphere adherences. Afterwards, each plate was carefully topped with 
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relative volumes of migratory media (that consists of growth factor media with 1% FBS 

(Moregate)) ready for drug treatment. Note: these cells are referred as spheroid cells 

throughout the thesis. 

2.3. 5-ethynyl-2’-deoxyuridine (EdU) proliferation Assay 

5-ethynyl-2’-deoxyuridine (EdU; 10 M Invitrogen) was added to the GBM cultures 24 

hours prior to fixation to determine cell proliferation. Cells were fixed in 4% 

paraformaldehyde (PFA; Scharlau) for 15 minutes, and EdU was visualised via 

manufacturer’s instructions. Cell nuclei were counterstained for 20 minutes with Hoechst 

33258 (Sigma-Aldrich) diluted 1:500 in PBS. The percentage of EdU positive cells was 

obtained via the automated fluorescence microscope ImageXpress® Micro XLS (Molecule 

Devices) and the cell scoring journal on MetaXpress® software (Molecule Devices). The 

IC50 values were estimated from the concentration-response curve where the concentration 

of each compound was plotted against the percentage of EdU-positive cells normalised to the 

vehicle (0.01% DMSO) (variable response, three parameters). Data shown are from at least 

four independent GBM cases. The non-linear curve and IC50 estimates were produced in 

Prism GraphPad Software. This assay was conducted by Elizabeth A. Cooper on my behalf.  

2.4. pERK Assay 

To determine an appropriate concentration of Trametinib and U0126, a pERK assay was 

conducted. Briefly, T115, T146 and T84 patient-derived GBM cells were treated with up to 

100 M of Trametinib, U0126 and vehicle (0.01% DMSO) for 30 minutes, 1 hour, 2 hours 

and 48 hours.  

The mean integrated intensity of pERK was measured via the automated fluorescence 

microscope ImageXpress® Micro XLS (Molecule Devices) and quantified using the cell 

scoring journal on MetaXpress® software (Molecule Devices). The mean integrated intensity 

of pERK was plotted against the range of concentration of Trametinib and U0126 along with 

vehicle (0.01% DMSO) and IC50 values were extrapolated following fitting of a non-linear 

curve on Prism GraphPad Software. This assay was conducted by Elizabeth A. Cooper on my 

behalf. 
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Table 3 List of antibodies and their relative dilutions used for pERK Assay 

Antibody Species Company Catalogue Dilution 

pERK Rabbit Cell signalling 9371L 1:500 

Hoechst - Sigma-Aldrich 33258 1:500 

 

2.5. Drug Treatment 

Prior to any drug addition, all plates had undergone a half media change where half of the 

media volume was replaced with fresh GF media, for instance 50 L per well in a 96-well 

plate.  

MEK inhibitors, Trametinib (Selleckchem) and U0126 (Cell Signalling), along with the 

vehicle, Dimethyl Sulfoxide, (DMSO; Sigma-Aldrich), were used in all drug-treated 

experiments. The stock concentrations of both MEK inhibitors (trametinib and U0126) were 

determined based on the IC50 values of pERK and EdU outputs, which were 100nM and 1 

M, respectively. These working stocks were further diluted by 1:1000 in migratory media 

before being added to each plate so that the final concentration of the MEK inhibitors 

matched their respective IC50 values stated above (figure 1).  
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2.6. Immunocytochemistry (ICC) 

48 hours following the addition of MEK inhibitors, characterisation plates (96-well plate with 

cells in a monolayer fashion and 48-well plate with cells in spheroid morphology) were fixed 

with 8% PFA for 15 minutes to allow cell permeabilization. The washing regimen (consisting 

of washing the cells with PBS-T thrice for 10 minutes on a mechanical rocker) was 

performed. Subsequently, primary antibodies combination (table 4) diluted in immunobuffer 

containing 1% goat serum, 0.2% Triton X-100 and 0.04% Thiomersal in PBS was added into 

relevant wells and incubated overnight at 4C.  

After incubation, the washing regimen was carried out. Fluorophore-conjugated antibodies 

(dubbed secondaries, table 5) were diluted in the same immunobuffer mentioned before and 

added to the plate for another overnight incubation at 4C wrapped in foil. The next day after 

a single wash of cells, Hoechst 33258 (Sigma-Aldrich) was introduced to the plate for 30 

minutes to stain the nucleus. The plate was washed twice afterwards and topped with PBS-T 

containing 0.04% Proclin (Sigma-Aldrich) and imaged right away or stored at -20C for 

future analysis. 

Figure 1. Serial dilution of MEK inhibitors trametinib and UO126 to produce a suitable working concentration. 

 



 

24 
 

Table 4 List of antibodies and their relative dilutions used for immunocytochemistry 

Antibody Species Company Catalogue Dilution 

Cleaved caspase 3 Rabbit Cell signalling CS9661 1:500 

pFAK (phosphor 

Y397) 
Rabbit Abcam AB81293 1:500 

Ki67 Mouse Dako M7240 1:500 

MMP-9 Rabbit Abcam AB38906 1:500 

NCAM Mouse Santa Cruz SC7326 1:500 

PSA-NCAM Mouse Absolute Antibodies Ab00240-2.0 1:500 

PST Rabbit Thermofisher PA5-26774 1:500 

STX Rabbit Abcam AB155115 1:1000 

 

Table 5 List of fluorophore-conjugated antibodies plus Hoechst and their relative dilutions used for 

immunocytochemistry 

Fluorophore-

conjugated 

antibodies 

Species Company Catalogue Dilution 

Goat anti-mouse 

Alexa Flour® 488 
Mouse Invitrogen A11034 1:500 

Goat anti-rabbit 

Alexa Flour® 594 
Rabbit Invitrogen A11012 1:500 

Hoechst - Sigma-Aldrich 33258 1:500 

 

2.7. Image Acquisition And Analysis 

Image acquisition for both ICC monolayer and ICC spheres was conducted using 

ImageXpress® Micro XLS system that contained an automated fluorescence microscope 

(Molecular Devices, CA, USA). Specifically, the 10 CFI Super Plan Fluor ELWD ADM 

objective lens and Lumencor Spectra X configurable light engine source was used in the 

acquisition. The excitation and emission filters, DAPI, FITC and TRED were utilised to 
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observed different markers of migration and proliferation (table 6). The exposure was 

optimised for each antibody and maintained across the experimental repeats. 

Table 6 Excitation and emission filter parameters used for ImageXpress Micro XLS 

Cube Filter 
Lumencor 

Light Engine 

Excitation 

range 

Excitation 

peak 
Dichoric 

Emission 

range 

Emission 

peak 

Quad 5 DAPI UV (380-410) 381-399 390/18 436 445-469 457 

Quad 5 FITC Cyan (460-490) 484-504 494/20 514 518-542 530 

Quad 5 TRED Green (535-600) 561-590 575/25 604 612-643 628 

 

2.7.1 Monolayer analysis 

The high-throughput images acquired from the 96-well plate containing cells in a monolayer 

morphology was analysed using multi-wavelength cell scoring module available on the 

MetaXpress® software (Molecular Devices) to quantify the cell number and staining 

intensity of markers in the presence MEK inhibitors and vehicle. For CC3 and Ki67, positive 

cells associated with a nucleus (Hoechst-positive) were used for quantification and the 

percentage of cells stained positively for Ki67 or CC3 out of the total cell present was given 

as an output. For the other markers, the integrated intensity per cell was taken into 

consideration, as more appropriately reflected cellular changes in the presence of MEK 

inhibitors. Generally, the staining observed is either nuclear or cytoplasmic. A threshold is set 

for the signalling intensity of the pixels above background levels and below brightly labelled 

debris. The integrated intensity for the marker of interest is determined via subtracting the 

background noise and excluding the debris. The mean intensity for each marker of interest is 

the summation of the number of pixels above background and the intensity of those pixels 

minus the background divided by the total cell number (denoted by the number of Hoechst-

positive cells). For each analysis, the settings were optimized for each antibody combination 

and randomly tested on four images to ensure quantification was reflective of the actual 

staining. The data obtained is an average of the four images taken from each well, but the 

data presented is normalised so that comparisons between two repeats can be conducted.  
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2.7.2 Spheroid Analysis 

The spheroid images was obtained via ImageXpress® Micro XLS system and resulted in 

small individual images of the sphere as the imaging system was limited in its ability to 

image the whole sphere without losing resolution. Each segmented image of the sphere was 

montaged into a larger image on the MetaXpress® software. After this, each sphere file was 

opened in Fiji (distribution of ImageJ, (Schindelin et al., 2012)) to find the centre of the 

sphere for masking because the purpose of this experimentation was to investigate the 

changes in the intensity of markers of interest in the presence of MEK inhibitors. A special 

script, ROI centre was ran to produce an automated outline of the centre of the sphere and 

followed by another script, ROI centre to remove the centre of the tumoursphere, leaving on 

the region of interest (that is the individuals cells that have migrated out from tumoursphere 

core). This was repeated for all three channels (DAPI, FITC, TRED) across all three 

treatment conditions. Markers of interest formulated in the mouse species were represented 

by the FITC channel and markers of interest formulated in the rabbit species were represented 

by the TRED channel (table 4). 

After masking the tumour core, the output files were transferred to ZEN microscopy software 

(Zeiss) for analysis where the 3 channel ROI analysis setting was utilised. A parameter box 

was created around the tumoursphere and the immediate surroundings so that the analysis 

was limited to this region. An automated threshold was placed and highlighted all of the 

bright spots present in the file (these are our individual migrating cells). Each channel was 

examined individually to visually determine the threshold on the migrating cells with a three 

sigma threshold used for FITC channel and an otsu threshold used for TRED channel. Cells 

that were dark or did not have enough difference between themselves and the background 

were ignored in the automated thresholding. This meant that data is comparable across all the 

images in the dataset. In the end, data output demonstrated area of the individual migrated 

tumour cells (pixel2) and intensity mean of each tumour cell (gray). This analysis was 

conducted by Richard Yulo from BIRU.  

2.8. Live Cell Migration 

2.8.1 Live Cell Imaging 

Following the drug treatments, the 24-well plate was transferred into a temperature and CO2 

controlled Live Cell Microscope Incubator (Ziess XL-3 stage incubation chamber). The 
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chamber was fitted with an Axiovert 200 M motorised inverted microscope and an Axiocam 

MRm digital camera (Zeiss). The temperature and CO2 levels of the chamber were kept 

consistent at 37C and 5%, respectively. The microscope magnification at 10 with 0.25 

bright-field images was obtained every 20 minutes using the AxioVision program and the 

imaging suite (Zeiss). To ensure clear distinctions and focus on migrating cells from the 

tumour core, colour and exposure settings were set to black and white. These setting 

parameters were maintained across all three repeats.  

2.8.2 Tumour sphere migration analysis 

Images obtained from the live cell migration were sent to our collaborators at the Biomedical 

Engineering Facility for tumour sphere migration analysis. The analysis parameters were 

established by Chun Kiet Vong and the manuscript is currently in preparation. The Finite 

element analysis part of the Continuum Mechanics, Image analysis, Signal processing and 

system identification software (CMISS) was used for migration analysis since Chun has 

demonstrated the robust measurement of migration in a spheroid assay. The analysis system 

begins with the division of the sphere shape into a finite number of smaller elements for 

efficient and effective mathematical solving. A mesh of smaller elements is produced as a 

result. Then, the shape change is determined by material properties, loading and fixation 

conditions, degrees of freedom and potential environmental conditions. Appropriate 

equations for the model were applied. Following this, the previously defined equations were 

solved and the result describes the change via determining the displacement of the nodes in 

the mesh as it changes over time. Visualisation and data analysis completed the process.  

To the live cell images, machine-learning algorithm designates boundaries around the sphere 

and the migrating region in ImageJ. Then, the images were threshold and despeckled till only 

the drawn boundary was left, and these threshold images were converted into a text image file 

in ImageJ before transferring to CMISS where mesh fitting was conducted. Following mesh 

fitting and checks, meshes from different time points were selected and the displacement of 

each node was calculated producing a file containing the displacements over time data. 

Lastly, the migration rate was calculated from the node displacement file via maximum 

principal strain analysis in CMISS.  
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2.9. Quantitative real time-polymerase chain reaction (qRT-PCR) 

Tumour spheroids were plated into a 6-well plate topped with growth factor media and 

treated with either MEK inhibitor or DMSO (control), and incubated for a 48-hour period. 

Before RNA extraction was implemented, the viability of the cells was examined under a 

light microscope. The cells were lysed using the RNAqueous kit where all media was 

removed, and 100 L of RNA lysis buffer was added before cells were scraped thoroughly 

and triturated. The cell lysate was collected in a sterile 1.5 mL conical screw cap tube 

(Axygen). Subsequent RNA was isolation was conducted in accordance to the manufacturer’s 

instructions. The quantity and quality of isolated RNA was determined using the Nanodrop 

(Thermofisher Scientific). Samples with 260/280 and 260/230 ratios lower than 1.5 were 

cleaned via rewashing. Subsequently, cDNA was synthesised using Superscript IV First-

strand Synthesis cDNA kit in accordance with the manufacturer’s instructions. The 

concentration of cDNA varied as it was dependent on the RNA isolated from each condition. 

Quantitative real-time PCR was implemented with SYBR Green qPCR SuperMix-UDG and 

ROX (Invitrogen) using QuantStudio 12K Flex Real Time PCR System (Thermofisher 

Scientific). Gene expressed was quantified relative to the expression of housekeeping gene  

Actin and RPL-30, which encoded beta-actin protein and ribosomal L30E protein 

(component of 60S subunit forming ribosomes) respectively via the 2-ΔΔCt method  (Livak & 

Schmittgen, 2001).  

 

Table 7 List of primers used for qRT-PCR 

Gene Protein  Sequence (5’ to 3’) 
Amplicon (base 

pairs) 

ACTB  Actin Fw TGGTGGGCATGGGTCAGAAGGA 94 

  Rv ATGCCGTGCTCGATGGGGTACT  

BAX 

BAX 

(Bcl-2 Associated X-

protein) 

Fw GCCCTTTTCTACTTTGCCAGC 94 

  Rv AGTCCAATGTCCAGCCCATG  
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BCL2 BCL2 Fw ACTGGGGGAGGATTGTGGCCTT 70 

  Rv ATCTCCCGGTTGACGCTCTCCA  

JUN c-Jun Fw ACGGCCAACATGCTCAGGGA 89 

  Rv TGCGTTAGCATGAGTTGGCACCC  

CREB 

CREB  

(cAMP-response 

element binding 

protein) 

Fw AGCCGAGAACCAGCAGAGTGGA 86 

  Rv TGGCAATCTGTGGCTGGGCT  

DCX Doublecortin Fw ATGCCCCTGAGCAAGTCGAGGA 78 

  Rv CGGTGCCTCCATTTACACGAGCA  

PTK2 FAK Fw AGAAGAAAAGAATTGGGCGGA 135 

  Rv GGCTTGACACCCTCGTTGTA  

LGALS1 Galectin 1 Fw ATCATGGCTTGTGGTCTGGT 20 

  Rv GCACAGGTTGTTGCTGTCTT  

MKI67 Ki67 Fw AGCGGAAGCTGGACGCAGAA 79 

  Rv TCCAGGGGTTGGGCCTTTTCCT  

L1CAM 

L1 protein  

(L1 cell adhesion 

molecule protein) 

Fw ATCATCCTCCTGCTCCTCGT 88 

  Rv TGTCACTGTACTCGCCGAAG  

MMP9 

Matrix 

metalloproteinase 

9 (MMP-9) 

Fw ATGTACCGCTTCACTGAGGG  

  Rv 
 

GTTCAGGGCGAGGACCATAG 
82 
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NCAM NCAM Fw TCAGTGGTGTGGAATGATGATTC 89 

  Rv CCGGCGTCGTCGATGT  

NES Nestin Fw AGCTGGCGCACCTCAAGATGTC 89 

  Rv AGGTGTTTGCAGCCGGGAGTT  

ST8Sia IV PST Fw GAGCAGTTTTAAGCCTGGTGATG 84 

  Rv TAGGAGGCTATGTAGATCATGAGAAATG  

RPL-30 
60S ribosomal 

protein L30 
Fw TACGTCCTGGGGTACAAGCA 86 

  Rv AAAGCTGGGCAGTTGTTAGC  

SOX2 SOX2 Fw ACAGCATGTCCTACTCGCAG 70 

  Rv GACTTGACCACCGAACCCAT  

ST8Sia II STX Fw GCTGACCAACAAAGTCCACATC 108 

  Rv GAAACGTGTGGCCAGGGTAT  

TP53 
Tumour protein 

p53 (p53) 
Fw CTGGCCCCTGTCATCTTCTG 131 

  Rv ACATCTTGTTGAGGGCAGGG  
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2.10. Western Blotting 

Similar to qRT-PCR, tumour spheroids were plated into a 6-well plate topped with growth 

factor media and treated with either MEK inhibitor or DMSO (control) and incubated for a 

48-hour period. Before protein extraction was implemented, the viability of the cells was 

examined under a light microscope. Following this, media was removed and 100 L of RIPA 

buffer (150mM NaCL, 0.1% Triton, 0.5% deoxycholate, 0.1% SDS and 50mM Tris-HCL, pH 

8) plus mini proteasomal cocktail inhibitor (Sigma-Aldrich) was added for cell scraping and 

cell lysate trituration. The lysate was collected in a sterile 1.5 mL conical screw cap tube 

(Axygen) and placed on ice before this step was repeated for the other conditions. All the 

lysate tubes were placed within the Next Advance Bullet Blender for 5 minutes at level 4 for 

further cell homogenization. 

Protein concentration within each lysate was quantified using a BSA standard curve produced 

in accordance with the Biorad DC Protein Assay kit instructions. The BSA standard curve 

absorbance was read at 750 nm via the BMG FLUOstar OPTIMA microplate reader.  

Following quantification, protein samples were diluted with Laemmli Sample Buffer (4x) 

(Sigma-Alrich) and RIPA buffer to obtain a final concentration of 30 ug per well within 

NuPage 4-12% Bis-Tris SDS-Page protein Gels (Invitrogen) when loaded. The same protein 

samples were loaded into the two gels and ran with 1x NuPage MES SDS running buffer 

solution (Invitrogen) at 100V for 30 minutes followed by an hour at 150V within a gel tank. 

Subsequently, the protein samples (within the gel) was transferred onto an Immobilon-FL 

PDVF membrane (Millipore, MA, USA) via a Trans-Blot Cell module (BioRad) with 

NuPage transfer buffer (5% MeOH) at 100V for 2 hours. After briefly drying, the membranes 

were snipped at the top right corner before incubation with primary antibody solutions (table 

8) that were diluted in 1:1 Intercept blocking buffer (Licor) and Tris-buffered saline with 

0.1% Tween 20 (TBS-T) under dark conditions overnight at 4C. The next day, primary 

antibodies were removed and the membranes were washed thrice using TBS-T solution for 

10 minutes each on an orbital shaker. Afterwards, the membranes were subjected to 

secondary antibody incubation (table 8), where the fluorophore-conjugated antibodies were 

diluted 1:1 with Intercept blocking buffer and TBS-T under dark conditions for 3 hours at 

room temperature. Both membranes were washed again and left to dry at least an hour before 

imaging. Membranes were imaged using the LiCOR Odyssey® Fc Imaging System and 
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quantified via LiCOR Image Studio Lite along with normalisation with the housekeeping 

protein,  Actin. 

Table 8 List of primary and secondary antibodies used for Western Blot 

Antibody Species Company Catalogue Dilution 

 Actin Mouse Abcam AB276 1:5000 

 Actin Rabbit Abcam AB75186 1:5000 

NCAM Mouse Santa Cruz SC7326 1:500 

PSA-NCAM Rabbit 
Absolute 

Antibodies 
Ab00240-23.0 1:500 

MMP-9 Rabbit Abcam AB38906 1:500 

Goat anti-mouse 

IRDye® 680LT 
- LiCOR 926-68020 1:10,000 

Goat anti-rabbit 

IRDye® 800CW 
- LiCOR 926-32211 1:10,000 

 

2.11. Statistical Analysis  

Statistical analysis was conducted using GraphPad Prism 8 (GraphPad Software Inc.). All 

graphs displayed contain means  standard error of measurements (SEM), excluding the 

pERK and EdU graphs which contain means  standard deviation (SD).  Statistical 

significance was set at p <0.05 and One-way ANOVA with Dunnett’s post-test was utilised 

for ICC monolayer, ICC sphere and western blot assays. In addition, two-way ANOVA 

followed by Tukey’s post-test was completed for live cell migration.  
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Chapter 3. Results 

3.1. Establishing an appropriate concentration of MEK inhibitors 

To explore the potential reduction in proliferation within GBM cells, MEK inhibitors, U0126 

and trametinib, were utilised throughout this thesis. U0126 and trametinib are MEK-1 and 

MEK-2 subset-specific inhibitors leading to the cessation of ERK phosphorylation and 

altering downstream proliferation and migration signalling (Chappell et al., 2011; Guo et al., 

2020).  

Firstly, a concentration- and time-response curve was conducted to determine an appropriate 

concentration of U0126 and trametinib that affected proliferation and had minimal toxicity. A 

range of U0126 and trametinib concentrations were spiked into three patient-derived GBM 

cases; T146, T115 and T84 (n = 3) and the expression of phosphorylated ERK (pERK) was 

used as a validation tool. The mean cytoplasmic integrated intensity of pERK of both MEK 

inhibitor concentrations was compared with the vehicle, 0.01% DMSO.  

A concentration-dependent relation was observed between pERK and the MEK inhibitors, 

where phosphorylation of ERK diminished as the concentration of U0126 and trametinib 

increased (figure 2, A). Specifically, the data obtained post-1 hour treatment demonstrated 

that trametinib was a more effective inhibitor against MEK than U0126. This is because the 

phosphorylation of ERK dramatically decreased in the presence of trametinib and almost 

completely abolished at 1 M of trametinib (figure 2). On the contrary, U0126 required a 

higher concentration to achieve similar effects as trametinib, as shown by the IC50 value. The 

IC50 represents half of the maximal inhibitory concentration of the drug based on the 

normalised mean integrated intensity of pERK. The IC50 for trametinib is roughly 100 nM, 

while the IC50 for U0126 is 10 M. 

Similar to the pERK assay, three patient-derived GBM cases, T146, T115, and T84, were 

treated with various concentrations of trametinib and U0126, and their mitotic activity was 

investigated via EdU cell proliferation assay (n = 3). Proliferation was quantified by the 

percentage of cells positively stained with EdU relative to vehicle 0.01% DMSO.  

A dramatic decrease in the proliferative activity was observed when cells were treated with 

trametinib over 48 hours, as indicated by a substantial decrease in EdU positive cells. The 
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IC50 for trametinib determined from the Edu assay data is roughly 100 M. On the other 

hand, the proliferative activity when cells were treated with U0126 gradually decreased the 

percentage of Edu-positive cells over 48 hours (figure 2, B).  The IC50 value for U0126 is 1 

M. The proliferation levels for U0126 are ten times lower than for trametinib. Based on 

these findings, the rest of the experimentations were consistently carried out using 100 nM of 

trametinib and 1 M of U0126.  

 

 

  

Figure 2. Concentration-dependent response of phosphorylated ERK and of EdU-positive cells in patient-derived GBM 

stem cells.  

(A) A concentration-response curve was to determine the IC50 of each inhibitor on the basis of phosphorylated ERK signalling. 

Three different patient-derived GBM cell lines were treated with a gradient of concentrations of trametinib (red), U0126 (green) 

and a single concentration vehicle DMSO (dark blue) for 30 minutes, 1 hour, 2 hours and 48 hours (n = 3). The mean pERK 

cytoplasmic integrated intensity was normalised to the vehicle (0.01% DMSO). (B) A concentration-response curve to 

determine the effects of trametinib and U0126 on the proliferation activity of GBM cells. Three different patient-derived GBM 

cell lines were treated with a various concentrations of trametinib (red), U0126 (green) and a single concentration of vehicle 

DMSO (dark blue) for 48 hours (n = 3). The percentage of EdU-positive cells was normalised to its vehicle (0.01% DMSO). (C) 

Light microscope images of tumourspheres after 96-hour live cell migration experiment where tumourspheres were  incubation 

with trametinib, U0126 and 0.01% DMSO (control). Concentration-response data were obtained from Elizabeth Cooper. Scale 

bar = 500 m. 
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3.2. Exploring the effects of MEK inhibitors upon cell proliferation and cell 

death in patient-derived GBM cells 

Using the concentration determined above, the effects of trametinib and U0126 upon cell 

death were investigated using cleaved caspase-3 (CC3), a well-characterised apoptosis 

marker (Dull et al., 2018) to potentially observe apoptotic cell death stimulated by either 

MEK inhibitor. After adding of 100 nM of trametinib and 1 M of U0126 to T115 cells 

plated in ICC characterisation plates, the percentage of cells staining positive for CC3 was 

determined before normalisation with the control, 0.01% DMSO treated cells. A one-way 

ANOVA was conducted along with the Dunnet post-hoc test to determine any statistical 

difference across two repeats of T115. 

The data shown in figure 3 demonstrated a significant reduction in CC3 staining when treated 

with both U0126 (~0.8%, p < 0.01) and trametinib (~0.6%, p < 0.0001) when compared to 

the control, 0.01% DMSO. Overall, the respective concentrations of trametinib and U0126 do 

not yield high amounts of apoptotic cell death. This gave us the confidence that any possible 

inhibitory effect observed will most likely be due to the drugs binding and blocking MEK1 

and MEK2 subsets. 

The effect of MEK inhibitors on the proliferation activity was determined again, but this time 

utilised Ki67, a well-established proliferative marker (X. Sun & Kaufman, 2018). Ki67 

demonstrated a significant decrease in staining when treated with both U0126 (~0.7%, p < 

0.01) and trametinib (~0.4%, p < 0.0001) when compared to the control, 0.01% DMSO 

(figure 3, C).  

Overall, both CC3 and Ki67 staining significantly decreased in the presence of trametinib in 

contrast to the control, DMSO. U0126 treated cells also exhibited a reduction in CC3 and 

Ki67 signalling. However, the most noticeable reduction was trametinib, as seen in figure 3, 

A. There was no significant difference between trametinib and U0126 in either CC3 or Ki67 

signalling.  
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Figure 3. The effects of MEK inhibitors on Ki67 and CC3 signalling. T115 GBM cells were incubated with 100 nM 

trametinib or 1 M U0126 or control (0.01% DMSO) for 48 hours.  

(A-B) Representative images of Ki67 and CC3 signalling in the presence of either MEK inhibitor and control (DMSO) in 

T115.19 repeat. (C-D) The percentage of Ki67 positive cells and the percentage of CC3 positive cells was normalised to 

the control (0.01% DMSO). * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001 significance relative to control 

(DMSO) via one-way ANOVA and Dunnet post-hoc test. n = 3 repeats of T115, scale bar = 200 m. 
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3.3. Investigating the effects of MEK inhibitors upon cell migration in 

patient-derived GBM cells 

I next explored the effect of MEK inhibition on tumour cell migration. A comprehensive 

gene expression analysis was conducted using qRT-PCR, which included cell survival, 

proliferation, and migratory markers. Their protein expression was subsequently followed by 

high-throughput ICC experimentations and some markers were validated via western 

blotting.  

After T115 tumourspheres were incubated for 48 hours with 1 M of U0126 and 100 nM of 

trametinib as well as 0.01% DMSO (control), the mRNA was extracted and turned into 

cDNA for qRT-PCR. In total, roughly 50 ng/L of cDNA was created and each gene was 

allocated roughly 13 ng/L of cDNA across all three conditions. Migratory genes including 

NCAM, ST8Sia II, ST8Sia IV, L1CAM, PTK2, LGALS1, MMP-9, and DCX were chosen to be 

screened alongside proliferative, apoptotic and cell cycle-associated genes such as MKI67, 

SOX2, BAX, BCL2, CREB, JUN, TP53, and NES. qRT-PCR data were normalised to  actin 

and RPL-30 signal respectively, and analysed using the 2-ΔΔCt method  (Livak & Schmittgen, 

2001). Data is presented as individual repeats of T115 ( n = 3) relative to control, DMSO (set 

to the value of 1), as well as integration of all three repeats of T115 (figure 4, B).  

Across the three repeats of T115 tumourspheres, a prominent trend in gene expression 

emerged. When tumourspheres were treated with trametinib, a substantial four-fold increase 

in NCAM and a near three-fold increase in STX appeared. On the contrary, a strong eight-fold 

decrease in MMP-9 and a near four-fold decrease in PST were also observed. It is important 

to note that a strong increase or decrease in gene expression does not translate into a higher or 

lower protein expression downstream but, offers grounds for further protein analysis. 
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Figure 4. Treatment of GBM with MEK inhibitors trametinib and U0126 alters migration associated gene expression. 

T115 GBM tumourspheres were treated with 100 nM trametinib or 1 M U0126 or control (0.01% DMSO) for 48 hours to investigate changes in gene 

expression due to MEK inhibitors. (A) Individual repeats of T115 treated with MEK inhibitors demonstrate a potential trend in gene expression. (B) All 

three repeats of T115 complied into a single graph to observe the changes in gene expression when treated with MEK inhibitors. n = 3 repeats of T115. 

. 
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Migratory markers including NCAM, PSA-NCAM, STX, PST, MMP-9, and pFAK were 

investigated in two distinct cell models, monolayer and spheroid, since the monolayer 

configuration lacks three-dimensional morphology but serves as a high-throughput screening 

tool while tumourspheres closely resembles tumour cell morphology within the brain. ICC 

experiments on monolayer patient-derived cells were conducted on one patient-derived GBM 

case, T115, and repeated thrice (n = 3). Similarly, ICC experiments on tumoursphere patient-

derived cells were conducted on the T115 case and repeated twice (n = 2).  

Initially, the characterisation of migratory markers in GBM was conducted via ICC on T115 

cells that exhibited a monolayer morphology. The presence of the MEK inhibitors produced 

variable results on the migratory markers. For instance, treatment of trametinib produced an 

increase in the mean cytoplasmic integrated intensity of NCAM compared to control (0.01% 

DMSO) (p < 0.0001) (integrated intensity detailed in subsection 2.7.1). Similarly, the mean 

integrated intensity of phosphorylated FAK, PSA-NCAM, PST and MMP-9 markers also 

increased when T115 cells were treated with trametinib compared to control (p < 0.001, p < 

0.01, p < 0.05 and p > 0.05, respectively). On the contrary, the mean integrated intensity of 

STX was reduced in trametinib-treated cells compared to control (p > 0.05). 

On the other hand, the mean integrated intensity of NCAM, PSA-NCAM, PST, and MMP-9 

in U0126 treated cells remained roughly on par with the mean integrated intensity of the 

markers when treated with control (0.01% DMSO). However, this finding is not statistically 

significant. Interestingly, the mean integrated intensity of STX increased in U0126 treated 

cells when compared to control (p <0.01). Another migratory marker that exhibited this trend 

is phosphorylated FAK which increased in the presence of U0126 in contrast to control; 

however, as the p-value of this finding was greater than 0.05, it was considered insignificant.   
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Figure 5. The effects of MEK inhibitors on various migratory markers in patient-derived T115 GBM case exhibited two-dimensional cell morphology. 

T115 GBM cells were incubated with 100 nM trametinib or 1 M U0126 or control (0.01% DMSO) for 48 hours. (A) Representative images of NCAM, PSA-NCAM, STX, PST, MMP-9 

and phosphorylated FAK signalling in the presence of either MEK inhibitor and control (DMSO) in T115.19 repeat. (B) The mean cytoplasmic integrated intensity of NCAM, PSA-

NCAM, STX, PST, MMP-9 and phosphorylated FAK was normalised to control (0.01% DMSO). ns = not significant where p > 0.05, * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 

0.0001 significance relative to control (DMSO) via one-way ANOVA and Dunnet post-hoc test. n = 3 repeats of T115, scale bar = 200 m. 
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After the initial high-throughput characterisation of migratory markers in GBM via ICC 

monolayered cells, the same markers were further investigated in three-dimensional tumour 

cell morphology using tumour spheroids because monolayered cells fail to represent tumour 

cell morphology within patients accurately. The purpose of this experimentation was to 

examine any potential differences in two-dimensional and three-dimensional tumour cell 

morphology as tumour cells express various growth factors to retain their spherical shape as 

well as interact with the surrounding environment for attachment, migration, and invasion 

(Friedl & Wolf, 2003; Gensbittel et al., 2021; Hanahan & Weinberg, 2011a; Suresh, 2007; 

Zhou et al., 2015).  

Following the acquisition of tumour spheroid images, the individual images were montaged 

using MetaXpress® software into a larger image due to the imaging limitation of the 

ImageXpress® Micro XLS system. The tumour spheroid analysis begins with masking the 

core of the tumour sphere as the focus of this experimentation was to investigate the overall 

difference in signalling intensity of various markers within tumour cells migrating from the 

tumour core when treated with MEK inhibitors. An automated boundary was set around the 

core and omitted, leaving behind the outer region that consisted of individual tumour cells 

that had migrated from the tumour core. Following this, an automated threshold was set to 

analyse the signalling intensity of each marker via ZEN microscopy software. The automated 

threshold excluded dark cells (no signal) and cells with insufficient signalling difference 

between the marker of interest and the background. The analysis resulted in the area of 

individual tumour cells that had migrated from the core expressing the marker of interest and 

the intensity of each individual cell expressing the marker of interest.  

The data obtained from ICC tumour spheroid analysis was converted from pixel2 to square 

micrometers (m2) by the division of 9.614806802 in Excel before statistical analysis was 

conducted in Prism. Within each repeat, two tumour spheres were allocated to each condition 

(control, 0.01% DMSO, U0126, and trametinib). Data presented in figure 6  has been 

normalised to the average relative control, 0.01% DMSO before a one-way ANOVA and 

Dunnet post-hoc test was performed on the two repeats of T115 GBM tumour spheres (n = 

2).  
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Following the exploration of migratory markers in two-dimensional cell morphology, the 

same markers were investigated in three-dimensional cell morphology. The data shown in 

figure 6 only show a significant difference between the three treatment conditions in the 

proliferative and apoptotic cell death markers. Interestingly in the presence of trametinib and 

U0126, cells migrating from the core had greater expression of Ki67 compared to the control 

(p < 0.0001). On the other hand, CC3 expression significantly decreased in cells migrating 

from the core when treated with either MEK inhibitor in contrast to the control (p < 0.0001 

for trametinib and p < 0.001 for U0126).  

Both NCAM and PSA-NCAM appear to be greatly increased in migrating cells treated with 

trametinib compared to control. In those migrating cells treated with U0126, a slight increase 

in NCAM and PSA-NCAM was seen (figure 6). However, these findings are not statistically 

significant. Additionally, the two enzymes of PSA-NCAM, STX and PST, also demonstrated 

a slight increase in those cells treated with trametinib and U0126 compared to the control. In 

contrast to the control, migrating cells elicited a slightly reduced expression of MMP-9 in 

both trametinib and U0126 conditions. Nevertheless, these findings were also statistically 

insignificant. 

Unfortunately, there is no significant difference in any of the migratory markers when treated 

with MEK inhibitors. The comparison between two-dimensional and three-dimensional 

migratory marker signalling in the presence of MEK inhibitors is reviewed in the discussion.  

Figure 6. The effects of MEK inhibitors on various migratory markers in patient-derived T115 GBM case exhibited three-dimensional 

cell morphology. 

T115 GBM cells were incubated with 100 nM trametinib or 1 M U0126 or control (0.01% DMSO) for 48 hours. The mean area of migrating 

cells expressing either the proliferative (Ki67), apoptotic cell death (CC3) or majority markers (NCAM, PSA-NCAM, STX, PST and MMP-9) 

was normalised to the average value of control (0.01% DMSO) and presented as m2. ns = not significant where p > 0.05, * p < 0.05, ** p < 0.01, 

*** p <0.001, **** p < 0.0001 significance relative to control (DMSO) via one-way ANOVA and Dunnet post-hoc test. n = 2 repeats of T115, 

scale bar = 200 m. 
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Figure 7. Trametinib inhibits PSA-NCAM protein expression in T115 patient-derived GBM tumourspheres. 

T115 GBM tumourspheres were treated with 100 nM trametinib or 1 M U0126 or control (0.01% DMSO) for 48 hours to investigate 

changes in protein expression due to MEK inhibitors. (A-B) Western blot images of three repeats of T115 stained for MMP-9 (red) and -

actin (green/red). (A) Blot was stripped and restained with -actin (red) after initial staining with MMP-9 (red) and L1CAM (not present). 

(D-E) Western blot images of three repeats of T115 stained for PSA-NCAM (red) and -actin (green/red). (D) Similar to (A), blot was 

stripped and restained with -actin (red) after initial staining with PSA-NCAM (red) and NCAM (not present). (C,F) ns = not significant, * 

p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001 significance relative to control (DMSO) via one-way ANOVA and Dunnet post-hoc 

test. n = 3 repeats of T115. 
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Following the mass screening of migratory, proliferative, apoptotic, and cell cycle-associated 

genes, and the characterisation of migratory markers via ICC, specific migratory markers 

were chosen for western blot validation. One of the markers was MMP-9, as a strong down-

regulated of the MMP-9 gene was found in my results. In addition, researchers have shown 

MMP-9 to have associations with MEK pathways specifically (J. Gao et al., 2019; Guo et al., 

2020; Simon et al., 1999). Another marker that was further validated was PSA-NCAM, as the 

initial PCR screening demonstrated a strong upregulation in the NCAM gene. Furthermore, 

PSA is a post-translational modification of NCAM (Cremer et al., 2000). 

U0126, trametinib, and control conditions had 30 g of protein per L loaded in each lane 

across three repeats of T115 GBM tumourspheres. Each blot was stained with one primary 

marker and β – actin which served as the housekeeping gene. Blots were stripped in methanol 

for restaining with a new marker. Unfortunately, the NCAM stain did not appear on the blot 

but, PSA-NCAM and MMP-9 did. Blots were plotted as mean +/- SEM and normalised to the 

intensity of its respective β-actin housing acting gene before being normalised to its 

respective control (0.01% DMSO) and statistically analysed via a one-way ANOVA and 

Dunnet’s post hoc test.   

Based on the PCR screening (figure 4), MMP-9 was strongly downregulated when treated 

with trametinib. However, no significant difference was observed when MMP-9 protein 

expression across the three conditions was explored (figure 7, A-C). This was consistently 

seen across the three repeats of T115 tumourspheres. On the other hand, a significant 

difference was observed when PSA-NCAM protein expression was investigated in terms of 

trametinib-treated cells compared to the control (0.01% DMSO) (figure 7, F). This significant 

difference was seen across the three conditions in all three repeats of T115 tumourspheres 

and correlates with the strong upregulation in the NCAM gene seen in the qRT-PCR screen. 

Unfortunately, there is no significant difference in PSA-NCAM protein expression in the 

U0126 treated cell compared to the control (0.01% DMSO) (figure 7, F).  
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3.4. Exploring cell migration patterns in MEK inhibitor-treated 

tumourspheres over 96 hours 

Tumour cells exist in a three-dimensional morphology and attach as well as interact with 

brain tissue for migration and invasion (Curtin et al., 2021). To account for this, live-cell 

migration experiments were conducted with T115 spheroids grown in a free-floating plate 

that stimulated spheroid formation (as mentioned in subsection 1.2.3). The spheres were 

transferred into 24-well plates for roughly 2-3 hours before the addition of their respective 

MEK inhibitors. The live cell migration experiment was conducted for 96 hours. However, 

the analysis is limited to roughly 18 hours because the imaging field is limiting and tumour 

cells migrate out of the imaging frame after 24 hours. It became impossible to track or 

quantify tumour cells. The live cell experiments were conducted on one patient-derived GBM 

cases, T115, and repeated thrice (n = 3).  

Live cell migration experiments demonstrate the real-time effects of the MEK inhibitors on 

T115 tumourspheres over a 96-hour duration. The live cell analysis enabled visualisation and 

quantification of tumoursphere migration across the three conditions. The migration rate was 

determined by measuring the deformation of migrating areas of the tumourspheres at various 

time points. The velocity and distance travelled by individual cells can also be determined. 

The migration rate for each tumoursphere was calculated via the outermost migrating cells as 

they were the most representative (detailed in (Vong et al., 2022). The quantification is 

limited by the outermost migratory cells (discussed further in chapter 4). The top of figure 11 

illustrates each repeat of the live cell experiment on T115 tumourspheres. The bottom graph 

is the combined results of all three repeats. Statistically significant relative to its control 

(0.01% DMSO) was conducted via a two-way ANOVA and Tukey’ post hoc test.  

Figures 8-10 demonstrate overall tumour spheroid cell migration in the first 24 hours of 

treatment with either MEK inhibitor or 0.01% DMSO (control). Trametinib treatment 

resulted in an overall reduction in sphere size and consistently seen in all three repeats. 

Moreover, the treatment of U0126 resulted in similar migration pattern as our control, 

DMSO. At the 24th hour across all three repeats, it is extremely apparent that trametinib is the 

more effective inhibitor of tumour cell migration in contrast to U0126 and control (0.01% 

DMSO) (figure 8-10). From the live cell analysis, there is a significant reduction in the 

percentage of the overall rate of migration of tumour spheres treated with trametinib 

(normalised to its respective control, 0.01% DMSO) (figure 11). From the eighth hour of the 
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live cell experiment to the eighteenth hour, tumourspheres treated with trametinib 

demonstrated a  statistical significance ranging between p < 0.05 and p < 0.01 (figure 11). On 

the other hand, U0126 exhibited statistical significance only at the sixteenth hour of live cell 

experiments.



 

47 
 

 Figure 8. T115.18 patient-derived GBM tumourspheres at 0 hour, 8 hour, 16 hour and 24 hour points during the 96-hour live cell migration experiment. Scale bar: 400 m  
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Figure 9. T115.19 patient-derived GBM tumourspheres at 0 hour, 8 hour, 16 hour and 24 hour points during the 96-hour live cell migration experiment. Scale bar: 400 m  
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 Figure 10. T115.20 patient-derived GBM tumourspheres at 0 hour, 8 hour, 16 hour and 24 hour points during the 96-hour live cell migration experiment. Scale bar: 400 m  
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Figure 11. Live Cell Migration Analysis across all three repeats of T115.  

Two tumourspheres were treated with each condition (trametinib, U0126 and the control 0.01% DMSO), forming one repeat. The live cell migration 

experiment was conducted for 96 hours, however due to the limitation of the imaging frame the analysis is limited to roughly the first 24 hours. * p < 0.05, ** 

p < 0.01, *** p <0.001, **** p < 0.0001 significance relative to control (DMSO) via two-way ANOVA and Tukey’s post-hoc test. Live cell migration 

analysis was conducted by Chun Kiet Vong. n = 3 repeats of T115. 
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Chapter 4. Discussion 

4.1. Overall findings 

There is an urgent need for the development of effective therapeutics against GBM, with the 

last global advancement (Stupp’s protocol) occurring nearly 20 years ago (Stupp et al., 2005). 

This thesis investigated the potential benefits of utilising MEK inhibitors in the treatment of 

GBM, focusing on the limitation of GBM tumour cell migration.  

In the past, researchers have attempted to target various points along the MAPK signalling 

cascade but faced many difficulties as the pathway is critical in relaying signals and has 

numerous crosstalk and interaction points (Braicu et al., 2019; Chappell et al., 2011; Y. Sun 

et al., 2015). The implications of the MEK/ERK portion of the MAPK cascade have also 

been explored with respect to GBM migration and tumorigenicity (Sunayama et al., 2010). 

The migratory markers chosen in this thesis have also been connected with the MEK/ERK 

pathway. For instance, PSA-NCAM is considered as an adverse prognostic marker of GBM 

(M. C. Amoureux et al., 2010; Seidenfaden et al., 2003) as the attachment of polySia disrupts 

the interactions between NCAM and other cells. It is also speculated to contribute to GBM 

migration and invasion (Suzuki et al., 2005). Furthermore, MMP-9 is implicated in the 

migration and invasive capabilities of GBM, and the MEK/ERK pathways are involved in 

regulating MMP-9 signalling (Lakka et al., 2002). However, a direct relation between the 

chosen migratory markers and the MEK/ERK pathway remains to be established. 

Trametinib and U0126 suppress the phosphorylation abilities of MEK-1 and MEK-2 and 

cause a reduction in downstream ERK1/2 signalling (McLendon et al., 2008). Overall, our 

findings have showcased that trametinib is a more effective inhibitor of MEK-1 and MEK-2 

when compared to U0126 and the control DMSO. In 2007, trametinib was discovered to be 

highly specific towards MEK1/2 (determined via a protein kinase array experiment) 

(Yamaguchi & Condeelis, 2007) and explains potentially why trametinib is more effective 

than U0126.  

For the most part, U0126 was demonstrated as a less effective inhibitor of MEK-1 and MEK-

2 subsets compared to the control, DMSO, and trametinib. A possible reason for this could be 

due to the drug design and binding affinity of U0126 (Duncia et al., 1998; English & Cobb, 
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2002). Dunica et al., (1998) discovered that U0126 exhibited non-competitive inhibition of 

MEK-1 and MEK-2 with an IC50 of 0.07 M for MEK-1 and 0.06 M for MEK-2. The drug 

can also undergo isomerisation in vivo and exhibits less affinity for MEK (Duncia et al., 

1998). Some studies have found that U0126 also inhibits the kinase activity of MEK5 at 

concentrations above 3 M, therefore, attenuating ERK5 phosphorylation downstream, in 

addition to preventing MEK-1 and MEK-2 kinase activity (Davies et al., 2000; Mody et al., 

2001). MEK-5 signalling cascade is distinct from MEK-1 and MEK-2 signalling (English & 

Cobb, 2002; X. Wang & Tournier, 2006). However, as we used 1 M of U0126 consistently 

throughout all the experiments, it is more likely that U0126 was a less effective inhibitor as 

the drug noncompetitively inhibits MEK-1 and MEK-2 and possibly undergone isomerisation 

within the tumour cells (Duncia et al., 1998; English & Cobb, 2002).  

The comparison between two-dimensional and three-dimensional migratory marker 

signalling in patient-derived tumour cells in the presence of MEK inhibitors did not yield 

statistically significant results. However, some estimated trends did emerge from comparing 

the two cell models. The treatment of trametinib increases NCAM and PSA-NCAM 

expression in both monolayered and spheroid cells when compared to control.  

Another marker displaying a similar trend is PST as in the monolayered cells and in the cells 

migrating from the tumour sphere core expressed an increase in signalling when treated with 

trametinib in contrast to control. However, in both monolayered and spheroid cells that were 

treated with U0126, the expression of PST was similar to control. 

Interestingly, the STX signal when treated with trametinib in monolayered cells decreased 

while it increased in spheroid cells (compared to control). U0126 treated monolayer cells 

exhibited a significant increase in STX (compared to control), whereas spheroid cells 

exhibited a similar trend as the control but were considered not significant.  

An opposing trend was also seen in MMP-9 signalling when treated with trametinib. In the 

monolayered cells, MMP-9 signalling increased slightly compared to control, while in the 

spheroid cells, a slight decrease was seen (in contrast to control). Similarly, when treated with 

U0126, monolayered cells expressed a signalling response similar to control. But, in spheroid 

cells, a slight decrease in MMP-9 was exhibited.  

The use of tumour spheroids provided a better representation of tumour cell biology because 

it better reflected the three-dimensional tissues and cellular aspects of GBM in contrast to 
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conventional migration analysis, which uses monolayered tumour cells that are adherent to 

the base of the well (Gudbergsson et al., 2019; Kang et al., 2015). 

As mentioned above, there were variable migratory marker signalling responses in the 

presence of either MEK inhibitor. For instance, MMP-9 is shown to be down-regulated when 

ERK1/2 phosphorylation is altered (Dontula et al., 2013). In addition, Arai et al., (2003) 

found that inhibition of the ERK pathway via U0126 significantly reduced MMP-9 

upregulation (Arai et al., 2003). However, this was not seen in our findings as MMP-9 did not 

appear to follow a consistent trend when treated with either trametinib and U0126. It is highly 

possible that the lack of a representative tumour microenvironment resulted in our 

inconsistent findings as MMP-9 directly degrades the ECM (Lakka et al., 2002).  

Two migratory markers that displayed consistent trends in the presence of MEK inhibitors 

were NCAM and PSA-NCAM. However, the increase in NCAM and PSA-NCAM signalling 

produces confusion as NCAM functions as a cell adhesion molecule while PSA-NCAM 

disrupts the cell adhesion function of NCAM, enabling the cell to migrate (Cremer et al., 

2000; Ditlevsen et al., 2008; Muller et al., 1996). It is possible that the increase in PSA-

NCAM signalling observed is due to the subpopulation of GSCs, as these cells possess stem-

like qualities and are considered resistant to radiation and chemotherapy (Cheng et al., 2010; 

Sanai et al., 2005; Zepecki et al., 2019). On the other hand, an increase in NCAM signalling 

resulted in the reduction of tumour cell migration as the tumour suppressive quality of 

NCAM was initiated in the presence of the MEK inhibitors (Sasaki et al., 1998; Seifert et al., 

2012). Furthermore, in neurons, NCAM signalling occurs via FAK and MEK to induce 

CREB (a cellular transcription factor). Therefore, inhibiting MEK could result in 

compensatory upregulation of NCAM (Hinkle et al., 2006; Kolkova et al., 1994) and may 

explain the increase in NCAM signalling in our results.  

Aforementioned, the changes in the genetic expression of markers explored via qRT-PCR did 

not necessarily lead to changes in protein expression as seen by the western validation data. 

This could be explained by the delay between transcription (mRNA) and translation (protein). 

The delayed synthesis occurs as maturation, exportation, and translation of mRNA require 

time. It is possible that the time point chosen for protein validation in this thesis failed to 

capture the delayed synthesis (Y. Liu et al., 2016). Future studies should consider exploring 

various timepoints for protein validation and qRT-PCR to reflect better tumour biological 

changes occurring in the presence of MEK inhibitors.  
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Most of this study was conducted on one patient-derived T115 GBM case and lacked 

consideration of the heterogeneity present within GBM cases. However, as there are three 

repeats for nearly all experiments, the methodologies used in this thesis can be considered 

robust, and the findings from this thesis can be utilised to form the basis of future studies 

exploring the use of MEK inhibitors to modulate migration.  

The lack of proliferation control may be a minor limitation of this thesis. Previously, a 

mitotic inhibitor cocktail, AraC/2dCTD, was used to control for proliferation within 

experiments that explored the effects of MEK inhibitors on migration in our lab since 

AraC/2dCTD did not influence the MEK/ERK pathway (Christman, 2002). But, it is difficult 

to control for proliferation as without this process, cells cannot grow and migrate (Kim, 

2013). In addition, the two are often explored together in the field, and therefore, the need to 

control for proliferation in any of the experiments was not deemed necessary. In addition, the 

proliferation activity (determined by the EdU assay) between U0126 and trametinib were 

roughly similar, but trametinib resulted in greater attenuation of the migration. Furthermore, 

U0126 exhibited lower proliferation compared to the control (0.01% DMSO). In addition, in 

our live cell migration findings, U0126 exhibited similar overall tumour cell migration as 

control (0.01% DMSO) (figure 8-10). We can conclude that proliferation does not heavily 

contribute to the migration of tumour cells. An additional improvement to the migration assay 

could include tracking individual cells in addition to the overall migration area. This will 

allow finer quantification of the drug’s effect on cell migration, such as cellular velocity. 

In summation, this study aimed to investigate the effects of MEK inhibitors on GBM tumour 

cell migration and achieved this in at least one patient-derived GBM case. Based on my 

results, there is potential for trametinib to be an effective inhibitor of tumour cell migration 

via modulation of the MEK/ERK pathway. But, more repeats in different GBM cases are 

required to confidently state that trametinib is an effective inhibitor of GBM tumour 

migration. The comparison of migratory marker expression in two-dimensional cell 

morphology and three-dimensional cell morphology (tumourspheres) was also investigated in 

this thesis. Compared to conventional monolayer migration assays, the use of tumourspheres 

to investigate the effect of MEK inhibitors on tumour cell migration did not yield significant 

results as we expected. This may be due to the lack of consideration for a representative 

surrounding environment in which the tumour spheres can be investigated in, despite having 

representative tumour biology. Specifically, three-dimensional spheres were plated onto a flat 

two-dimensional surface. The complex nature of GBM requires a multifaceted approach that 
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considers not only tumour cell biology but also the surrounding tumour environment. Future 

studies exploring the three-dimensional tumour microenvironment may result in findings that 

have never been explored in GBM literature. This could be conducted by producing a 

Matrigel-coated well that mimics the surface of the brain as well as grooves and ridges so that 

the tumoursphere cells can migrate through the gel, and we can observe the modulation of the 

tumour microenvironment as well as tumour biology that enables tumour cells to migrate and 

invade the surrounding healthy brain tissue. All-in-all, this thesis has highlighted the potential 

for MEK inhibitors to modulate GBM cell migration through a model that is closely 

representative of the tumour morphology and biology within patients.  
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