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Abstract 
Background: The lack of treatments for paediatric high-grade glioma represents one of the 

most significant unmet clinical needs in paediatric cancers. pHGGs form a subset of lethal 

brain tumours with a median overall survival of only 14 months; forming the leading cause 

of CNS cancer-related death in children. OptuneTM, a non-invasive electrotherapy device 

that delivers alternating electric fields – coined tumour treating fields (TTFields) – into the 

tumour. Despite success in adult trials, TTFields treatment is currently not approved in the 

paediatric population. Increasing evidence show that ion channels not only regulate 

electrical signalling of excitable cells, but also play a pivotal role in the development and 

progression of brain tumours. Membrane potential is a crucial biophysical signal that 

modulates the malignant processes via a plethora of tightly controlled ionic exchange 

processes. We aim to identify potential targets for TTFields and provide a proof-of-

principle to elucidate the role of ion channels for multimodal therapies for paediatric high-

grade gliomas.  

Methods: Widescale literature and genomic analysis of adult and paediatric HGG tissue 

was used to characterised CLIC channel expression via multivariate analysis. To understand 

the functional role of CLIC1 and CLIC4, siRNA depletion, or pharmacological targeting via 

IAA94/metformin was assessed using cell cycle, clonogenic, invasion and proliferation 

assays. The potential for multimodal therapies was interrogated by combining in vitro 

TTFields with CLIC inhibition. Whole cell and cell attached patch clamp protocols, along 

with Cl- ion tracking was used to assess ion channel activity in pHGG and normal 

astrocytes. To build a global understanding of TTFields and HGG recurrence, 3’ mRNA 

sequencing was carried out across three recurrent tumours following TTFields treatment. 

Results: We have demonstrated an elevated expression of CLIC1 and CLIC4 in HGG, which 
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is significantly associated with poor overall survival in patient cohorts. 

siRNA/pharmacological depletion of CLIC1 or CLIC4 propagates a reduction in the 

proliferation and invasion of pHGG associated with cell cycle arrest. Furthermore, 

combination of CLIC inhibition and TTFields revealed that CLIC1 and CLIC4 deficiency 

exacerbated the killing capacity of TTFields, and sufficiently re-sensitised TTFields tolerant 

cells. Furthermore, electrophysiology experiments reveal increasingly depolarised 

membrane potential in pHGG compared to astrocytes. RNA sequencing of recurrent GBM 

tissues revealed that in situ TTFields treatment is indeed associated with decreased CLIC1 

and CLIC4 expression. Moreover, in vivo TTFields exposure is associated with a 

downregulation in DNA repair and increase neurodegenerative pathways. 

Conclusions: This study characterised CLIC1 and CLIC4 expression in pHGG, finding they 

have clear implications in HGG and are prognostic indicators for OS of patients. We provide 

evidence that CLIC channels provide mechanistic insight into TTFields success. These data 

provide rationale that genetic, electrical, and pharmacological manipulation of ion 

channels can reduce the capacity of pHGGs to proliferate and invade and that CLIC 

channels may be a suitable target for combination therapy to enhance the treatment 

efficacy of TTFields.  
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1 Introduction 

1.1 Childhood cancer 

Childhood cancers are rare; around 1600 cases of paediatric (0-14 years) cancers are 

diagnosed every year in the UK (1,2). This accounts for 0.5% of all annual cancer diagnoses, 

representing the lowest childhood cancer rate in Europe and amongst the lowest of 

industrialised Western countries (3). Comparatively, the US and Australia have some of the 

highest rates. In the UK, around 250 children lose their lives to cancer each year, and an 

estimated 50 young adults (15-19 years) die from cancers that are diagnosed in childhood 

(4).  

1.1.1 Paediatric Brain Tumours 
 

Tumours forming in the central nervous system (CNS) are the second most common 

neoplasm found in paediatric patients - second only to leukaemia (3)- and represent the 

most common solid tumour type (4). Unlike the diagnosis, management and treatment of 

adult brain tumours, there are radical implications for treatment and diagnosis methods in 

children. Brain tumours such as high-grade gliomas (HGG) claim more paediatric lives than 

any other type of cancer, yet there has been little to no advancements in treatment of this 

disease (5), often due to the lack of progressive treatments. These treatment boundaries 

arise due to the sensitive nature of the developing brain, potential toxicities, and long-term 

effects of mainstay therapies (6,7). Every effort is made to preserve neurocognitive 

function whilst ensuring that maximum treatment consequence is reached; despite this, 

60% of survivors are left with pronounced disability (8). These secondary effects are often 

as a direct result of treatments such as radiotherapy, and as such, it is standard for 
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radiotherapy omission in patients less than 3 years old (9). Nonetheless, radiotherapy 

remains a critical element of the therapeutic strategy for brain tumours and is undergoing 

constant re-evaluation alongside targeted therapies (9). There are more than 120 

recognised subtypes of brain and CNS malignancies, all of which have unique 

characteristics (CRUK, 2022), varying outcomes and distinct pathologies. 

Research has claimed that paediatric brain tumours arise as a product of embryological 

mutations, with clear corelation to both age and neuroanatomical location (10). Despite 

this, there is no known cause for the majority of paediatric brain tumours with most 

occurring sporadically. Even so, a small percentage of paediatric brain tumours have been 

associated with genetic and developmental syndromes that arise from germline mutations 

(11). For example, several familial mutations cancer predispositions syndromes have been 

associated with brain tumours, such as Turcot’s syndrome, Li-Fraumeni syndrome and 

neurofibromatosis (12,13). In these syndromes, a germline mutation in a tumour 

suppressor gene is inherited, and upon silencing or mutation of the remaining copy tumour 

are established. Table 1.1 details the known brain tumour susceptibility diseases and 

syndromes (13).  
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Table 1.1 Brain tumour susceptibility syndromes and their associated mutations. Description of brain tumour disorders 
with gene location, and associated resulting tumour (Adapted from Ostrom et al., 2019 (13)) 

Gene (chromosome 
location) 

Disorder/Syndrome Mode of 
Inheritance 

Associated Brain 
Tumours 

APC, MMR (5q21) Familial 
adenomatous 
polyposis, Turcot’s 
syndrome type 2 

Dominant Medulloblastoma, 
glioma 

ATM (11q22.3) Ataxia-
telangiectasia 

Autosomal 
recessive 
trait 

Astrocytoma and 
medulloblastoma 

CDKN2A (9p21.3) Melanoma-neural 
system tumour 
syndrome 

Dominant Glioma 

IDH1/IDH2 
(2q33.3/15q26.1) 

Ollier disease Dominant 
with 
reduced 
penetrance 

Glioma 

MLH1, PMS2 Turcot’s syndrome 
type 1 

Autosomal 
recessive 
trait 

Medulloblastoma, 
glioma, 

MSH2,MLH1,MSH6,PMS2 Lynch syndrome, 
biallelic mismatch 
repair deficiency, 
constitutional 
MMR deficiency 

Dominant Glioblastoma, 
other gliomas 

MSH2,MLH1,MSH6,PMS2 Mismatch repair 
deficiency 
syndrome 

Recessive Glioma 

NF1 (17q11.2) Neurofibromatosis 
1 (NF1) 

Dominant Astrocytoma, 
schwannomas, 
optic nerve glioma 

NF2 (22q12.2) Neurofibromatosis 
2 (NF2) 

Dominant Acoustic 
neuromas, 
meningiomas, 
Ependymoma 

RB1 (13q14) Retinoblastoma Dominant Retinoblastoma, 
Pineoblastoma, 
Malignant glioma 

TP53 (17p13.1) Li–Fraumeni 
syndrome 

Dominant Glioblastoma, 
other gliomas 

TSC1,TSC2 
(9q34.14,16p13.3) 

Tuberous sclerosis 
(TSC) 

Dominant Giant cell 
astrocytoma 
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As such, through these brain tumour predisposition syndromes, many pathways are 

implicated. Mutations in checkpoint genes such as CHECK2 and TP53 are the drivers in Li-

Fraumeni syndrome, whereas aberrant DNA repair mechanisms due to mutations in DNA 

repair genes are responsible for Turcot’s syndrome (13,14). Furthermore, pathways 

associated with the promotion of growth signalling are associated with tuberous sclerosis 

and neurofibromatosis, leading to aberrant transduction pathways and likely priming cells 

for excessive growth. This risk is elevated in paediatric brain cells due to increase growth 

kinetics.  

Paediatric tumours can be classified by location into two subsets: infra and supratentorial 

tumours (5), with tumours forming in the supratentorial region informing poorer cognitive 

function. Brain tumour subtypes are often limited to specific neuroanatomical regions as 

demonstrated in figure 1.1. The prognosis of CNS tumours can depend on a multitude of 

factors including histological type, age at presentation and extent of surgical resection – 

with this being a main predictor of outcome and survival (15,16). Advancements in 

molecular biology, imaging, neurosurgical techniques, and genetic analysis correlate with 

an increasing number of paediatric brain tumours being diagnosed at an earlier stage, as 

well as improved classification for subgrouping, with targeted therapies becoming an 

option (17). As a result, the 5-year survival of children with brain tumours in the UK is now 

75%, amongst the highest globally, but varied greatly, with tumours such as DIPG and HGG 

having dismal survival rates (NCRAS, 2020). Owing to the variability of symptoms, and 

relative rarity of paediatric brain tumours, the diagnoses of CNS tumours is often delayed, 

affecting treatment options and ultimately, the prognosis of these tumours (8,18).  
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Figure 1.1 Common paediatric brain tumours and their neuroanatomical regions. The hemispheres of the brain 

commonly harbour high- and low-grade gliomas, ependymoma, AT/RT tumours. The Pineal gland is associated with 

pineal tumours, whereas medulloblastoma occurs in the cerebellum along with low grade gliomas, ependymomas and 

AT/RT.  

1.1.1.1 Paediatric High-Grade Gliomas 
Gliomas arise from their glial precursor cells of both the brain and the spinal cord (19). Glial 

cells include oligodendrocytes, astrocytes, ependymal cells, Schwann cells, microglia, and 

satellite cells – all of which have known related malignancies (20–22). These glial 

neoplasms encompass a sizable group of tumours that range in histological and 

clinicopathologic subtype (5) and make up over 50% of all paediatric CNS tumours. Gliomas 

are classified as low grade (WHO grade I/II) and high grade (WHO grade III/IV); 

glioblastoma (multiforme) is an aggressive malignant tumour, classified as WHO grade IV 

astrocytoma. During this project, the WHO 2021 CNS5 classification of CNS tumours was 

released, featuring substantial changes to enhance the role of molecular diagnostics in CNS 

tumours. As such, the previously known entity, paediatric glioblastoma multiforme (Grade 

IV) has now been re-classified, and unlike their adult counterparts (GBM IDH wildtype), 
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other molecular factors influence diagnosis as well as IDH status (10,21). For the purpose 

of clarity and aligning to literature cited that was published prior to the WHO 2021 update, 

the entity formerly known as paediatric glioblastoma will be referred to henceforth as 

paediatric high-grade glioma (pHGG), with specific subcategorising based on molecular 

diagnostics being stated where relevant.  

1.1.1.2 Epidemiology  
The incidence of paediatric brain tumours is around 5 cases per 100,000 population, over 

50% of which are classified as gliomas (23). Gliomas comprise the most common CNS 

tumour in both children and adults; 30% of these paediatric gliomas are defined as high 

grade (WHO grade III/IV) malignant tumours (23). Characterised by an aggressive 

phenotype; both adult and paediatric HGGs are synonymous with low survival rates, poor 

prognosis, and limited therapies (24). Paediatric HGGs are usually aggressive astrocytomas, 

comprising 60% of all high-grade gliomas, and are diffuse and infiltrative in nature. As per 

the Central Brain Tumour Registry of the United States (CBTRUS) 2019 data, the incidence 

of pHGG is approximately 0.85 per 100,000 (25). 

Currently, the overall median survival of pHGG patients is 14 months, with an average 1-

year survival of 58%, and 5-year survival of 17%. Children aged 0-5years were found to 

have 1- and 5-year survival rates of 52.2% and 29.8% respectively. The 6-10-year group 1- 

and 5-year survival of 51.2% and 14.1% respectively, and 11-19-year group had 1- and 5-

year survival rates of 64.3% and 13.2% (26). The recently defined HGG entity, diffuse 

midline glioma H3K27M- mutant (grade IV) has a notedly worse prognosis, with less than 

10% of patients surviving more than 2 years (27). Further to age, factors that were 

significantly associated with poor survival were tumour location and ethnicity. Black 
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patients demonstrate significantly lower 5-year survival rates, despite non-Hispanic White 

patients having a higher incidence of the disease (28–30). 

 It is well understood that the molecular biological features of pHGG are distinct from 

those in adults, and therefore, adult clinical trial data cannot necessarily be extrapolated to 

children (29). Compared to adult HGG, pHGG is characterised by more frequent mutations 

in PDGFRA, TP53 and recurrent K27M and G34R/V mutations on histone H3 (31,32). In 

younger children, pHGG is associated with H3F3A mutations at K27 that correlate to poor 

prognosis (32). These tumours typically originate in the midline i.e., upper spinal cord, 

pons, and thalamus (32) whereas other genetic mutations are archetypally observed in 

other distinct brain regions, for example, the G34 histone mutations occur most often in 

the cerebral hemisphere of teenagers (33). In adolescent HGG with mutations in the IDH 1 

or IDH2 genes prevail, customarily affecting the hemispheric regions of the brain. Whilst a 

mutual mutation is observed in both adolescent and adult GBMs, IDH mutants present as 

unique subtypes diverging in prognostic, biological and growth patterns dependant on age 

(26). Mutations occur during cell division in all somatic lineages, including glial cells. As a 

consequence of a degree of neurogenesis persisting throughout human life, somatic 

mutations in the brain can arise throughout development and therefore accumulate with 

the aging process, thus creating these distinct special and neuroanatomical differences in 

adult and paediatric glioma biology (34). 

1.1.1.3 Classification 
1.1.1.3.1 Molecular Biology  

Molecularly defined diagnostic criteria of paediatric brain tumours was introduced in the 

WHO 2016 CNS4 (35) and has been largely expanded on in the recent release of the WHO 

2021 CNS5 (10). For some tumours, classification by defining molecular characteristics is 

consistent, yet for other tumours we cannot readily diagnose with molecular features 
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alone, with certain subsets of tumours never using a molecular diagnostic approach. 

Because of this, a combined approach of histology and molecular biology is required (21). 

Over the last 30 years there have been many advances in diagnostics and tumour grading, 

with the last few years showing an expansion in the capacity to use molecular techniques 

for grading. RNA and DNA sequencing have been key in the delineation of molecular 

subgroups of high-grade glioma, allowing mutational status to act as a primary prognostic 

and diagnostic indicator, and enhancing the capacity for personalised medicine in gliomas. 

Table 1.2 details the key molecular features of gliomas, summarising both adult and 

paediatric tumours (21,36). 

Methylome profiling is a powerful approach in determining tumour status, with most CNS 

tumours being accurately classified using their methylome profile. Furthermore, copy 

number such as 1p/19q, homozygous deletions and amplifications can be identified using 

this approach. Methylome array data may be useful as a surrogate marker for genetic 

events where molecular testing is not possible, however this approach is not appropriate 

for targeted therapies and patient specific approaches (32,36). 
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Table 1.2 The defining molecular features of gliomas according to WHO 2021 CNS5. Description of the classification of 
brain tumours, including molecular features and identifiers. Adapted from Louis et al, 2021 (10) 

Tumour Type Molecular Features 
Astrocytoma, IDH-mutant IDH1, IDH2, ATRX, TP53, CDKN2A/B 
Oligodendroglioma, IDH-mutant, and 
1p/19q-codeleted 

IDH1, IDH2, 
1p/19q, TERT promoter, CIC, FUBP1, NOTCH1 

Glioblastoma, IDH-wildtype IDH-wildtype, TERT promoter, chromosomes 
7/10, EGFR 

Diffuse astrocytoma, MYB- or MYBL1-
altered 

MYB, MYBL1 

Polymorphous low-grade 
neuroepithelial tumour of the young 

BRAF, FGFR family 

Diffuse low-grade glioma, MAPK 
pathway-altered 

FGFR1, BRAF 

Diffuse midline glioma, H3 K27-altered H3 K27, TP53, ACVR1, PDGFRA, EGFR, EZHIP 
Diffuse hemispheric glioma, H3 G34-
mutant 

H3 G34, TP53, ATRX 

Diffuse paediatric-type high-grade 
glioma, H3-wildtype, and IDH-wildtype 

IDH-wildtype, H3-
wildtype, PDGFRA, MYCN, EGFR (methylome) 

Infant-type hemispheric glioma NTRK family, ALK, ROS, MET 
Pilocytic astrocytoma KIAA1549-BRAF, BRAF, NF1 
High-grade astrocytoma with piloid 
features 

BRAF, NF1, ATRX, CDKN2A/B (methylome) 

Pleomorphic xanthoastrocytoma BRAF, CDKN2A/B 
Subependymal giant cell astrocytoma TSC1, TSC2 
Chordoid glioma PRKCA 
Astroblastoma, MN1-altered MN1 
Ganglion cell tumours BRAF 
Dysembryoplastic neuroepithelial 
tumour 

FGFR1 

Papillary glioneuronal tumour PRKCA 
Rosette-forming glioneuronal tumour FGFR1, PIK3CA, NF1 
Myxoid glioneuronal tumour PDFGRA 
Diffuse leptomeningeal glioneuronal 
tumour 

KIAA1549-BRAF fusion, 1p (methylome) 

Multinodular and vacuolating 
neuronal tumour 

MAPK pathway 

Supratentorial ependymomas ZFTA, RELA, YAP1, MAML2 
Posterior fossa ependymomas H3 K27me3, EZHIP (methylome) 
Spinal ependymomas NF2, MYCN 
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Atypical teratoid/rhabdoid tumour SMARCB1, SMARCA4 

 

Paediatric HGG may be classified on the basis of gene expression as four distinct 

subgroups: proneural, neural, classical, and mesenchymal (37). Further delineation can be 

provided by genome wide approaches such as utilising DNA methylome arrays (31,32). 

Paediatric gliomas are a heterogenous group of tumours, which through molecular grouping, 

can be divided into 3 main molecular categories: H3.3 mutant, IDH mutant, 

and H3.3/IDH wild type (38). Paediatric brain tumours have been proven to be a 

fundamentally different disease to that of their adult counterparts, and as such, demand 

their own unique classification system. It is apparent that different genetic pathways hold 

varying degrees of importance in different age groups of pHGG patients. IDH-1 mutations 

are often associated with secondary GBM in adults, but typically absent in paediatrics 

(32,39). Smith et al found that 1q gain is found in 30% of paediatric patients and 9% of 

adults respectively, whereas 80% of adult GBM patients harbour 10q loss, compared to 35% 

of paediatrics (39).  

To summarise, diffuse gliomas have now been classified according to ‘adult type’ or 

‘paediatric type,’ where some ‘paediatric type’ tumours arise in adulthood particularly 

adolescents and young adults, whereas ‘adult type’ rarely occur in paediatrics (10,13).  

Paediatric-type diffuse gliomas are notably uncommon, with circumscribed gliomas and 

glioneuronal tumours being more prevalent. The recent advances in molecular subtyping 

have allowed for lineage determination, finding that diffuse gliomas have astrocytic and 

oligodendroglial differentiation (table 1.3). These high-grade diffuse gliomas are IHD-

wildtype, and as such, harbour no mutations in the IDH-1 or IDH-2 gene unlike their low-

grade counter parts, and are therefore delineated according to their MYB/MYB1 and MAPK 
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pathway status (11). pHGG is characterised by mutations in PDGFRA, TP53 and recurrent 

K27M and G34R/V mutations on histone H3, with around 40% of pHGGs possessing 

mutations the histone H3 gene (38). Of these H3 variants, a majority are observed on 

position 27, whereby a lysine is substituted with methionine (Lys27Met) at the h3.3 (H3F3A) 

gene or h3.1 gene (38,40). Additionally, a substitution of glycine to arginine or valine can 

occur at the Gly34 position, these H3G34 mutations are associated with an increased 

occurrence of O6-methylguanin DNA methyltransferase (MGMT) methylation, which may 

guide prognosis and drug response (41). Diffuse midline glioma by definition required a 

diffuse infiltrative growth across the midline structures, and harbours H3K27 mutations. In 

high grade hemispheric tumours of the young adult and adolescent, a H3G34 mutation is 

often observed (10).  

BRAF and CDKN2A/B mutations are associated with pleomorphic-xantoastrocytoma (PXA) 

like HGGs, resulting in RAS and MAPK pathway alterations (42). Finally, MYCN-amplified 

gliomas show the poorest prognosis, whereas amplification in PDGFRA show a better 

prognosis, and the EGFR-amplified gliomas demonstrate an intermediate prognosis (38).		

Table 1.3 Common genetic mutations found in pHGG and the function of the translated protein. 

Mutation Function 

IDH 1/2 Catalytic isozymes that reduce NADPH and NADP+. Directly linked to prognosis 
in adults, less prevalent in paediatrics. WHO 2016 changes denote IDH as a 
classification factor and can determine tumour grade.  

HIST1H3B Histone. Very common in the paediatric population. WHO 2016 classification 
denotes that p.K27M mutation status can change glioma grade classification 

TP53 Tumour suppressor acts in cell cycle regulation. Mutations in P53 indicate high 
grade malignant tumour behaviour 

Histone H3 Histone involved in the structure of chromatin in eukaryotic cells. G34 
mutation in the histone 3 gene are extremely malignant tumours. 

BRAF Viral oncogene homolog functioning in the RAS/MAPK pathway. Mutations in 
BRAF are associated with poor prognosis is LGG 

FGFR Code for signal transduction surface receptors, commonly mutated in diffuse 
LGG 



12 
 

MYB/MYBL1 Transcription fact functions in cell cycle and apoptosis. Viral oncogene 
analogue, present in 25% of grade II gliomas 

 

1.1.1.3.2 Histopathology 
Diffuse paediatric-type high-grade gliomas, H3-wildtype and IDH-wildtype demonstrate 

glioblastoma-like features microscopically. Their histopathology can vary but they are often 

characterised by necrosis, brisk mitotic activity, microvascular proliferation, and high 

cellularity (43). Infant-type hemispheric gliomas demonstrate fascicles or sheets of astrocytic 

cells that possess mild to moderate pleomorphism and palisading necrosis with mitotic 

activity (43). Histologically, diffuse midline gliomas (H3 K27 altered) appear as astrocytic 

tumours, despite being WHO grade IV, a minority of cases may lack characteristic 

microvascular proliferation, necrosis, and mitotic figures, however these attributes are 

ordinarily present. The H3 G34 mutant diffuse midline gliomas are astrocytic with 

glioblastoma like features, including high cellularity, infiltrative growth, and mitotic activity, 

with microvascular proliferation and necrosis sometimes present. These tumours can be 

characterised by the presence of hyperchromatic nuclei and embryonal-like appearance of 

the cells (44,45). High grade (grade III) oligodendrogliomas contain high levels of cellular 

density, necrosis, microvascular proliferation and increased mitotic activity, with nuclear 

anaplasia being a common feature (46).  

 

1.1.1.4 Aetiology and Risk factors 
Despite advancements in research, there is very little known about the cause of paediatric 

brain tumours, especially pHGGs. As previously mentioned, in some cases glioma may be 

familial and has been associated with several predisposition syndromes. Alterations found in 

the p53 gene are responsible for Li-Fraumeni syndrome (LFS) a known predisposition for 
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brain tumours, research has shown that CNS tumours related to LFS have a prevalence 

ranging from 9 to 14% (47,48). Similarly, neurofibromatosis 1 and 2 arises as a result of 

mutations in NF1 and NF2 respectively and are linked to the development of optic pathway 

gliomas (15–20%) and brainstem -gliomas (1–2%) (49). Turcot’s syndrome (type 1) is caused 

by alterations in mismatch repair (MMR) genes, malignant gliomas are the most frequent 

MMR associated tumours (25–40%) (50,51), whereas APC is implicated in Turcot’s syndrome 

(type 2). Finally, BRCA syndrome, cause by mutations on BRCA1 and BRCA 2 is seen in glioma 

patients (52).  

In addition to the familial predisposition syndromes previously described, data has revealed 

that gliomas may cluster within families. An in-depth review of familial glioma by Malmer et 

al (53) found that both genetic and environmental factors resulted in familial clustering of 

gliomas. The GLIOGENE consortium, consisting of a genome-wide single-nucleotide 

polymorphism approach aimed to identify route of gliomagenesis by way of distinguishing 

new genomic regions of interest. Around 5% of all glioma cases are suggested to be familial, 

with most of these families not being ascribed to predisposition syndromes (53). Genome 

wide homozygosity marking of Swedish families identified geographical clustering of glioma, 

associated with allele sharing LOD score of 1.05 for D1S196 on chromosome 1q23 (54). 

Furthermore, exposure to ionising radiation therapy during the treatment of other 

childhood cancer types is a significant risk factor for the development of a CNS tumour (55). 

1.1.1.5 Pathology 
In terms of physical occupancy, gliomas are unique. They are the only cancers that grow in a 

defined space: the cranium - rarely progressing to the spinal cord. Thus, to grow and 

expand, gliomas need to overcome these spatial constraints (56). Cancerous glial cells 

actively release high concentrations of glutamate into their immediate vicinity, killing 
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neurones in the surrounding space. Glutamate activates NMDA receptors on neurones and 

the prolonged activation of these receptors results in peritumoral seizures trigging 

excitotoxic cellular death. Similarly, this cell death pathway is found in various 

neurological/neurodegenerative disorders such ALS and stroke. However, despite the 

resemblance in the final death pathway, gliomas synthesise glutamate differently to the cells 

implicated in neurodegeneration (57).  

Unlike other cancers that disseminate themselves via the vasculature, gliomas do not 

metastasise haematogenously, giving explanation as to why they are rarely found to 

metastasise to other sites. They do, however spread through the brain successfully, 

migrating along the path of neurones or blood vessels (57). When compared to their normal 

counterparts, glioma cells are characteristically resistant to cell death. This resistance is vital 

to the core region of the tumour that is subject to a lack of renewable nutrients and hypoxia 

and therefore typically display a necrotic phenotype. This resistance is attributed to P13 

kinase activation and the subsequent downstream phosphorylation of AKT (58,59).  

1.1.1.6 Clinical Symptoms  
Patients diagnosed with pHGG can present with a variety of symptoms, ordinarily 

influenced by the location of the tumour and age. Initial symptoms such as nausea, 

behavioural issues, headaches, and lack of co-ordination are often mistaken for those of 

more common, less serious disease (18). These symptoms can worsen to give rise to 

features that are more notable such as seizure, macrocephaly, papilloedema, spinal 

deformity and impaired consciousness (8). Focal neurological signs and seizures generally 

accompany hemispheric tumours, whereas symptoms related to intracranial pressure are 

associated with posterior fossa tumours (60). A higher risk of seizures is associated with 

cerebral hemisphere tumours and are generally more prevalent in low-grade gliomas (LGG) 
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(60). Increased skull elasticity in infants allows delay in pressure related symptoms but may 

present as increased head circumference and nonspecific clinical symptoms such as 

general irritability and lack of feeding (61). Low-grade tumours present with chronic 

symptoms, whereas acute symptom duration is associated with higher-grade lesions (62). 

The development of the HeadSmart campaign based on the Diagnosis of Brain Tumours in 

Children guideline (produced by the Children's Brain Tumour Research Centre (CBTRC) in 

Nottingham) has led to improved guidance for healthcare professionals has had an impact 

on timeframe, enabling earlier diagnosis, bettering prognostic outcome (18). Additionally, 

the diagnosis time for children with brain tumours has markedly reduced since the 

accreditation of HeadSmart, decreasing from 12-13 weeks to 6.5 weeks to diagnosis 

(18,63).  

 

1.1.1.7 Treatment Strategies 
Despite its aggressive nature, an optimal therapy for the treatment of paediatric GBM 

(pHGG) is yet to be well defined. As standard, pHGG treatment regimen consists of 

maximal surgical resection (where practicable) followed by adjuvant chemo-radiation at 

50-60Gy fractionated over 6 weeks (64). In the youngest patients, chemotherapy is the 

preferred treatment after surgery and is employed to delay the need for radiation. In 

infants, radiotherapy is often deferred in an effort to prevent additional brain injury and 

preserve neurocognitive function in the developing brain. Conversely, older paediatric 

patients are given radiotherapy treatment, followed by a Temozolomide regimen (26). 

CCNU (chloroethyl-cyclohexyl nitrosourea) and vincristine are alternative 

chemotherapeutic agents that have been utilised in clinical trials. Similarly, PCV 

(procarbazine, lomustine, and vincristine) has also been reported to improve survival in 

https://www.headsmart.org.uk/clinical/clinical-guideline/
https://www.headsmart.org.uk/clinical/clinical-guideline/
http://www.cbtrc.org/
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paediatric gliomas (65). There is a desperate call for new and improved treatment 

strategies for pHGG, particularly with the failure of the HERBY trials where the addition of 

bevacizumab to conventional TMZ + RT treatment did not reduce death, and was instead, 

found to increase serious adverse events (66). Although immunotherapy seems to be a 

promising approach in other cancers, both the ACT IV (67) and CHECKMATE (68) trials 

failed to show any significant improvement in overall survival.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

1.2 Electrotherapy  
It is clear that there is a desperate need for the improvement of treatment for both adult 

and pHHGs. The scarcity of current effective therapies had led to new treatment options 

being the focal point of many research groups. Electrotherapy is one such treatment 

option that is being widely explored, with treatments currently approved across Europe 

and the U.S.  

1.2.1 Optune™  

The Optune™ system developed by Novocure Ltd (Israel) is a novel FDA approved 

electrotherapeutic treatment for primary and recurrent adult GBM. The Optune™ device is 

indicated for patients 22 years and older that have a histologically confirmed case of 

supratentorial GBM (WHO Grade IV astrocytoma) (69). The use of Optune™ as a therapy is 

approved in combination for patients who have received maximal surgical resection and 

with those who have received concomitant TMZ and radiotherapy (69,70). The Optune™ 

device works by generating alternating electric fields delivered directly to the patient – 

coined tumour treating fields (TTFields). The device consists of four transducer arrays (to 

be attached to the patient’s scalp), a field generator and power pack that can be carried in 

a portable backpack.  

The first-generation Optune™ system weighed approximately 2.7 kg. The second-

generation redesigned Optune™ system weighs 1.2 kg conferring significant improvement 

to patient wearability (69,71). The field generator delivers alternating electric fields at a 

recommended 200kHz (72) through the insulated transducer arrays (attached to the 

patient’s shaved scalp) with a minimum field intensity of 1.0V/cm (73,74). These tumour 

fields are delivered throughout the tumour in a non-invasive manner. The optimal array 
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placement is calculated by a purpose made tool, NovoTAL™ (Novocure, Ltd, Israel) which 

uses simulation software to optimise the field intensity within the tumour, accounting for 

variables such a head size and shape, resection cavity and swelling (71,73,74).  

Each transducer array is composed of 9 insulated ceramic discs and a conductive hydrogel 

is applied to the patient’s shaven scalp to prevent direct contact between the discs and 

patient’s skin. Head shaving is imperative to allow optimal contact between the arrays and 

the patient’s head, therefore delivering complete TTFields (71). Two transducer arrays are 

attached to pre-mapped locations on the scalp and are held in place by medical bandage. 

Each array is connected to a single wire, which connects to the field generator (figure 1.2) 

(75). Research has found that the efficacy of TTFields is influenced by compliance to 

treatment, including treatment hours per day (>18h/day), electrical field intensity and 

electrical field frequency.  

 

Figure 1.2. Representative image of a patient wearing the Optune Tumour treating fields device. Transducer arrays attach 
to the patient’s shaved scalp, and the generator is carried in the portable backpack as shown.  
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1.2.1.1 Mechanism of Action  

Tumour treating fields act via alternating electrical field therapy, and exert biophysical 

forces on charged, polarisable molecules known as dipoles. The biological effects of the 

alternating electric fields are dependent on their frequency (73). Electrical fields at low 

frequencies (<1kHz) have the ability to affect the polarisation of the cell membrane, 

altering excitable cell behaviour. Conversely, high frequency electrical fields (>500kHz) 

cause vibrational movements in charged and polar molecules in cells, transferring kinetic 

energy between molecules and therefore causing tissues heating. The electrical field used 

in TTFields treatment are of the intermediate frequency range (100-500kHz) (76) and avoid 

the issue seen in low and high frequency fields. They do not cause heating of tissues or 

action potential firing in excitable cells but can interfere with microtubule polymerisation 

in rapidly diving cells (72). 

1.2.1.1.1 Antimitotic effects 

One of the proposed mechanisms of Optune is via the antimitotic effects of TTFields. Polar 

molecules are susceptible to electrical manipulation, and it is thought that TTFields interact 

and exert their effect on these polar molecules during mitosis (77,78). At the start of 

metaphase pairs of centromeres are captured by microtubules, orienting them towards 

their specific poles. Sister chromatid separation (via cytokinesis) (79) is a direct result of 

Securin and Cyclin B mediated degradation by Cdc20 and APC (80). The formation of this 

destruction complex is wholly dependent on correct localisation and function of 

microtubules at both anaphase and metaphase (77,79). Errors in this intricate process, 

particularly errors following anaphase are irrevocable. Cancer cells depend on mitotic 

competency and when this is compromised i.e., by errors committed in anaphase due 
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TTFields exertion, a multitude of cell fates i.e. aberrant mitotic exit (81), apoptosis and 

mitotic catastrophe can occur (77,82).  

A key process that TTFields target is tubulin polymerisation, a process by which 

microtubules undergo constant cycles of polymerisation and depolymerisation. Tubulins 

are amongst some of the most polar molecules, possessing a large dipole moment, and are 

highly susceptible to disruption by TTFields, promoting consistent depolymerisation (83). 

When applied to a cancer cell, TTFields force polar molecules to align with the electric 

field, causing misalignment of the individual tubulin subunits resulting in microtubule 

disruption (Figure 1.3) (77,84). In turn, this results in abnormal spindle formation, which 

may lead to arrest in mitosis, leading to mitotic cell death. Additionally, failure at the 

spindle assembly checkpoint may lead to aberrant exit at metaphase, and abnormal 

chromosome segregation (85).  

In normal cells, the electrical field is uniform, unlike their malignant counterparts. TTFields 

capitalise on this non-uniform characteristic of dividing cells that arises due to the 

‘hourglass’ structure observed post anaphase. This generates dielectrophoresis, whereby 

during cytokinesis, the field intensity is elevated at the furrow, resulting in the 

accumulation of polar molecules (81). TTFields have been shown to prevent the 

recruitment and localisation of the septin complex – a complex involved in limiting 

contraction and cross-linking actin, helping to provide contractive forces for cytokinesis. 

Incorrect localisation of the septin complex results in abnormal chromosome segregation, 

morphological changes in cell membrane including blebbing and rupturing and extended 

mitotic duration (77).  
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1.2.1.1.2 Alternative mechanism for TTFields 

Although the antimitotic effects observed post TTFields treatment are noted to be the key 

mechanistic driver behind cell death, this is yet to be conclusively proved and does not 

accurately account for some of the other changes i.e., gene expression that are observed. 

Branter et al. found that following TTFields treatment genes associated with mitochondrial 

and ER functioning, including, electron transport, metabolism, ion signalling, and protein 

folding were significantly differentially expressed (86). 

TTFields has been found to sensitise glioma cells to radiotherapy, with studies finding that 

exposure to TTFields before radiotherapy treatment causing a delay in the DNA damage 

repair mechanisms (85,87), a reduction in survival and an increase in mitotic catastrophe. 

Furthermore, when combining TTFields with radiotherapy there has been found to be an 

increased number of γH2AX foci – a marker of DNA damage – than with either TTFields or 

radiotherapy alone (85,88). Other studies have identified a significant down regulation of 

DNA damage repair genes such as BRCA1, FANCM, FAND2 and MLH1, and that this down 

regulation was more prominent in cell lines that demonstrated higher sensitivity to 

TTFields (89). 

Figure 1.3. Alternating electric fields interfere with mitosis leading to apoptosis and cell death. The alternating 
electric fields effects are interference and prolongation of cell division, and disruption of cytokinesis in rapidly 
dividing cells, (Novocure) 

 



22 
 

Other studies have noted that TTFields have the capacity to enhance the permeability of 

cell membranes and therefore affect intracellular drug concentration. Analysis via scanning 

electron microscopy found that exposure to TTFields resulted in an increase in both the 

size and number of the holes present in the membrane of glioma cells, with these effects 

being absent in healthy human fibroblasts. This increase in number and size was associated 

with a marked increase in cellular uptake in a reversible manner (90). These data suggest 

that TTFields delivered prior to other therapies may be beneficial in enhancing the 

concentration of drugs within glioma cells. 

HGGs are unique in that they are extremely locally invasive, with extensive infiltration into 

the surrounding healthy brain, as such, cancer cell migration is a key mechanism in glioma 

progression and poor outcome. Glioma cells treated with TTFields have been shown to 

possess reduced capacity to invade (via transwell assays) (91) and that this inhibited 

infiltrative capacity is associated with a downregulation of the PI3K/AKT and NFκB and 

MAPK signalling pathways.  

1.2.1.2 Clinical trials 

The EF-14 trial was a landmark study, being the first phase 3 trial since the addition of TMZ 

to standard care to show an increase in overall survival in patients with newly diagnosed 

GBM. In this phase III clinical trial, significant improvements in both overall and 

progression free survival when TTFields was used in combination with maintenance 

Temozolomide (TMZ) when compared with TMZ alone (70). The median overall survival 

increased by 4.9 months (20.9 vs 16.0 months with TMZ alone). Better clinical outcome 

was associated with compliance of patients (the average monthly use of the device) (69) 

and importantly, the addition of TTFields to standard of care TMZ maintenance was not 
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associated with a significant increase in systemic adverse effects (70). The data from this 

trial was imperative in the approval of TTFields as a treatment for newly diagnosed GBM.  

Similarly, the NovoTTF vs ‘physician’s choice chemotherapy’ trial revealed that although 

there was no significant improvement in overall survival with the use of TTFields in the 

absence of chemotherapy, TTFields did produce comparable efficacy and activity to 

standard chemotherapy regimens, with toxicity and quality of life clearly favouring TTFields 

(92).  

Further to this, the EF-11 phase III trial explored TTFields as a monotherapy. There was no 

significant difference found in overall survival (6.6 months vs 6.0 months) or progression 

free survival (2.2 vs 2.1 months) when comparing TTFields alone to chemotherapy alone.  

A review by Branter et al 2018 reveals that there are clear indications for TTFields as a 

combinatorial therapy with both mainstay and novel therapeutics, however there is limited 

efficacy when used as a monotherapy. Despite there being some descriptive mechanistic 

preclinical evidence there is a significant lack of study into the mechanism of TTFields in 

complex models (86). 

 

1.2.1.2.1 Paediatric trials 

The efficacy and safety profiles of TTFields as a treatment in paediatric brain tumours have 

not been extensively investigated, and as such, data is very limited.  

A multicentre clinical trial [NCT03033992] sought to investigate the device related 

toxicities and feasibility use of TTFields in a cohort of 20 children (5-21 years) diagnosed 

with recurrent HGG and ependymoma. The device was used for >18 hours a day, and 

patients completed at least 23/28 days of cycle one. The treatment continued for up to a 

maximum of 26 cycles. Of these patients 11 were diagnosed with HGG (4 male/7 female) 
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and one patient had an ependymoma. Ten patients were evaluable during the feasibility 

period, and of these patients and 4 remained on study for 4 cycles of treatment, with one 

patient on Cycle 14. Noted adverse events include one grade 5 intracranial haemorrhage 

that was found to not be associated with the device. No grade IV toxicities were observed, 

3 patients had seizures, fatigue, scalp pain, localized rash, and headache (none greater 

than grade 3). Of the 10 evaluable patients, 7 satisfied the feasibility criteria for the 

Optune therapy, therefore preliminary results indicate feasibility with minimal toxicity 

(93,94). 

There a limited case reports of TTFields treatment in the paediatric population, this small 

retrospective review of the feasibility of TTFields in paediatric patients was carried out 

(Table 1.4). In this limited cohort of patients, it was found that adjuvant therapy with 

TTFields (over treatment periods of a maximum of 4 months), TTFields was well tolerated 

and there were no device related toxicities. Despite these data being consistent with 

findings in previous case reports, limited conclusions can be drawn due to the nature of 

heavy pre-treatment in these children (95). 

 

 

 

 



Table 1.4 Patient data for small scale study of TTFields in paediatric patients (Crawford et al., 2020) (90) 

  

Age Gender Initial 
presentation 

Treatment 
prior to 
TTFields 

TTFields 
Treatment 

Compliance Device 
related 
toxicity 

Outcome 

15 Female High-risk 
acute pre-B 
Cell 
lymphoblastic 
leukaemia, 
24 months 
later GBM 
diagnosis 

Whole brain 
photon 
irradiation 
(1800cGy), 
TMZ 

TMZ 
TTFields 

47.4%-
67.8% 

No Progression 
after 2 
months of 
TTFields, 
death 2 
months 
after 
progression 

9 Male Large 
posterior 
parietal 
neoplasm 
spanning the 
corpus 
callosum - 
GBM 

TMZ TTFields 
TMZ 
Everolimus, 
Bevacizumab 

52.2%-
68.9% 

No Progression 
after 2 
months of 
TTFields, 
death 2 
months 
after 
progression 

4 Male Left frontal 
temporal 
lobe - GBM 

Failed: 
carboplatin, 
vincristine, 
TMZ, RT, 
bevacizumab, 
irinotecan, 
and 
vorinostat 

TTFields 91.2% to 
92.1% 

No Patient died 
of disease 
three 
months 
after 
initiation of 
TTFields. 

16 Male Known 
germline p53 
mutation - 
anaplastic 
astrocytoma 

Radiation 
therapy,  
TMZ, 
bevacizumab, 
PDL-1 
inhibitor 

TTFields 
TMZ 

Not 
available  

No TTFields 
therapy was 
discontinued 
3 months 
after 
initiation 
and the 
patient died 
of disease 
six months 
later 



 

A study looking at post-marketing surveillance safety data from paediatric patients 

were obtained and analysed from Novocure’s safety data base. Eighty-one paediatric 

patients were included in this analysis. A large majority of patients had HGGs and 

consisted of newly diagnoses (51%) and recurrent (47%) tumours. In total, 170 adverse 

events were recorded, with frequency and type of event being consistent across age 

groups, however these events were recorded at a slightly higher rate in newly 

diagnoses tumours (68%) compared to recurrent (58%). In 11 patients (14%) serious 

adverse effects were seen including seizure (5%), brain oedema (2%) and infection 

(4%). These serious adverse effects were not associated with TTFields use. In the total 

cohort 52% of patients experienced effects potentially related to TTFields, with skin 

reaction being the most common. All effects were non serious and included headache 

(36%), heat sensation (10%) and fatigue (6%). The data presented in this analysis 

suggest a favourable safety profile for TTFields treatment, with predominantly mild, 

localise skin effects in paediatric patients (93). 

1.2.2 Deep Brain Stimulation (DBS) 

Deep brain stimulation (DBS) is a powerful clinical therapy that aims to control the 

electrical activity of the brain. It is effective in the treatment of severe neurological 

movement disorders that are unresponsive to pharmacological intervention. There are 

clear indications in the use of DBS to treat tremor associated with Parkinson’s disease 

and dystonia (96). DBS is also indicated in the treatment of pain syndromes such as 

cluster headaches and neuropathic pain, dystonia (97) and essential tremor (94). 
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1.2.2.1 Clinical use 

Typically, a DBS device consists of an implantable pulse generator (IPG) that is 

implanted into the area of therapeutic interest. The electrical setting of the DBS device 

is either current or voltage, which can be manipulated through an electrical source 

(98). A DBS device can deliver either uni-lateral or bi-lateral stimulation depending on 

the number of implanted electrodes connected to the IPG, which can target multiple 

brain regions (99). It is essential that the DBS electrical field is precisely configured to 

enable a localised neuronal response, with configuration being the main indicator for 

efficacy of treatment (100). Neuronal function and signalling pathways are known to 

be influenced by electrical stimulation; with each structure being differentially 

sensitive to varying influences including geometry of electrical field and target 

structure and the electrophysiological properties of the target (101,102). 

1.2.2.2 DBS and brain tumours 

The co-occurrence of gliomas and having an implantable neuromodulation device is 

markedly low with publications noting only 3 confirmed cases (101) which leads to the 

hypothesis of a neuro-protective property of DBS devices against treatment. Although 

the occurrence of brain tumour and neurological disorders are relatively low, and such 

co-morbidities might seem unlikely, there are already described effects of 

intratumoral modulation therapy; diffuse intrinsic pontine glioma cells exhibited 

robust and consistent susceptibility to IMT fields, resulting in a significant reduction in 

viability.  

 In this study, the impact of using IMT as a monotherapy yielded results comparable to 

dual TMZ and radiotherapy treatment. Further to this, when IMT was used in 

combination with TMZ-RT, cell viability reduced drastically to 20% (103). DBS devices 
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exist to modulate the electrical activity of excitable cells, however non-excitable cells 

also exhibit significant electrical activity, and in cancer cells, this bioelectrical activity is 

dysregulated (104). Therefore, there is rationale in exploring the use of DBS treatment 

for brain tumours by modulating electrical activity. DBS treatment suggest that 

tumours are sensitive to electrical signals at a cellular level.  

 

 

1.3 Membrane potential 

Mammalian cells are encompassed in a plasma membrane, consisting primarily of 

phospholipids and proteins. The primary purpose of the cell membrane is to modulate 

the entrance and exit of ions into and out of the cell, thus being essential to the life of 

the cell. Across the plasma membrane of every cell in the body, there is an electrical 

energy gradient, which is the driving factor for the movement of water, nutrients, and 

salt (105). This electrical gradient is the consequence of two key physiological factors: 

the presence of a large Na+ and K+ gradient and the permeability of the membrane to 

these ions, conferring a large outward K+ and an inwards Na+ cellular current. A 

primary active ion pump – Na+K+ATPase is ubiquitously expressed across the 

membrane of mammalian cells and is the main modulator of gradient maintenance 

(106). In order to sustain a persistent gradient, electrogenic Na+K+ATPase pumps 3 Na+ 

ions out of the cell for every 2 K+ ion pumped in: hydrolysing 1 molecule of ATP per 

transport cycle, therefore the pump is not electroneutral (107). There is an ionic 

imbalance between the intra and extracellular spaces, with K+ concentration high 

inside the cell and low outside with the converse being true for Na+ concentration. The 
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K+ ion is the predominant permeant ion, with the membrane classically exhibiting an 

open channel at the resting state (108). 

The plasma membrane potential (Vm) exists due to the presence of cellular ion 

channels and transporters each with varying permeability to distinct ions i.e., K+, Na+, 

Cl- and Ca2+. Due to the non-uniform distribution of these mono and divalent ions an 

electrical gradient is established between the cytoplasm of the cell and the 

extracellular environment (106). Thus, Vm is expressed in terms of relativity to the 

charge of the extracellular space. A cell is considered depolarised when its Vm 

measures less negative than that of the extracellular environment, conversely a 

hyperpolarised cell displays a more negative Vm (104). Alterations in the conductivity 

of each ion leads to fluxes in Vm, as such seminal work performed by Goldman, 

Hodgkin and Katz demonstrated that Vm depends on the permeability (P) of said ions 

with the following equation (109,110). 

 

 

 

Here R is the ideal gas constant, T the temperature, and F the Faraday constant. 

Changes in Vm underpin the control of action potentials in excitable cells, closely 

regulated by key ion transporters such as voltage gated K+ and Na+ channels.  
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1.3.1 Membrane potential in cell cycle control 

Increasing data from bioelectric studies have revealed the imperative nature of 

membrane potential in the control and progression of the cell cycle (111). This unique 

and powerful signalling system holds the key to coordinated cellular interactions and is 

well conserved, however poorly understood. Nevertheless, it is well known that the 

control of the cell cycle is responsible for the proliferative capacity of a cell, thus 

stringent regulatory measures are employed (112).  

A series of seminal experiments observed that sarcoma cells underwent 

hyperpolarisation before entering M phase, indicating that membrane potential may 

harness a key role in cell cycle progression (113). To consolidate this evidence, a later 

study (114) revealed that hyperpolarisation blocked mitosis and subsequent DNA 

synthesis in a reversible manner. Further to this it was then postulated that the Vm of 

a cell was correlated to its state of differentiation, for example, terminally 

differentiated cells such as epithelial cells possessed a hyperpolarised Vm (115). These 

experiments provided a platform for further investigation into a now well understood 

phenotype: highly plastic cells such as tumour cells and embryonic cells retain a 

depolarised state, whereas quiescent cells tend to be hyperpolarized (116). 

Studies quickly established that there is significant depolarisation of the Vm during 

malignant transformation of normal cells. Akin to Cone’s theory of cellular Vm (114) 

many in vivo and in vitro studies including those of normal breast and breast cancer 

cells (117) normal hepatocytes versus hepatocellular carcinoma (118) demonstrated 

that cancer cells tend to be more depolarized than their normal counterparts.  

Demonstrated in figure 1.4, a multistep and rhythmic pattern of hyper and 

depolarisation of cellular Vm is crucial for cell cycle progression. A cell undergoes 
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hyperpolarisation at the G1/S transition point as a result of K+ efflux via K+ channels, 

suggesting that hyperpolarisation of Vm acts as an instructive cue in initiating the cycle 

(figure 1.5 4,5). Conversely the cell is subject to Cl- efflux at the transition to M phase 

and is accompanied by membrane depolarisation (104). The exact threshold value that 

needs to be met to drive progression can vary and is heavily dependent on the type of 

cell, its level of differentiation and if cultured, the density of the monolayer (112).  

A recent study on endometrial stem cells found that the presence of membranous BK 

(voltage gated K+) was (despite their minor role in Vm) cell-cycle dependent and that 

their number was significantly decreased in G2/M phase transitions, depolarising the 

cell (119). However, when subjected to BK channel inhibitors (Iberiotoxin and 

charybdotoxin) there was no effect on cell cycle transitions, suggesting whilst the 

presence of BK channels might be an indicator of proliferation, cell cycle transition is 

not BK channel dependant (119). 

 

 

Figure 1.4. Schematic representing the ionic fluxes across the membrane during the cell cycle. Membrane potential (Vm) 
hyperpolarises and depolarises throughout the cell cycle. (Cone and Cone, 1976). 
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Figure 1.5 Ion channels associated with the cell cycle. Schematic representing the ion channels active during different 
phases of the cell cycle. Taken from the authors previous publication in line with MDPI guidelines (120). During G0 Na+ 
(red) and Ca2+ (pink) flow into the cell (downwards arrow) across the cell membrane causing depolarisation.  Voltage 
gates K+ channels (blue) open in G1 to allow K+ ions to flow out of the cell (upwards arrow) with inwardly rectifying 
channels closing. Following membrane hyperpolarisation, during S phase Na+ flows into the cell, whilst Cl- and K+ 
(activated by inward Ca2+) flow out of the cell. Finally, membrane depolarisation occurs in G2/M with Cl- and Na+ 
channels closing to prevent movement of ions.  

 

1.4 Ion channels and cancer 

Cancer genotypes translate into several common features; defined in 2000 by 

Hanahan and Weinberg and coined the ‘Hall marks of cancer’ (121). Later revisited by 

in 2011 (122), these ever-expanding clinicopathologic hallmarks have become the 

backbone of much cancer research. Although not recognised as a hall mark, amongst 

the genes linked to cancer, those encoding ion channels stand out. The dysregulation 

of the homeostatic maintenance of intracellular ionic function underpins many of the 

pathophysiological events defining these hallmarks (123). As previously noted, ionic 

exchange processes are responsible for proliferative activity, apoptosis, and migration 
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of cells. The role that ion channels play in carcinogenesis was first understood 

when small cell lung cancer cell lines were observed to exhibit unusual patterns of 

sodium ion channel functions  (124)  and that, when subjected to pharmacological 

intervention by tetrodotoxin a sodium channel inhibitor, cancer cell growth was 

inhibited (125). This provided evidence that disordered function or expression of ion 

channel genes contributed widely to neoplastic progression of cells, triggering a new 

milieu of research.    

Physiological Vm can range from −90 to −10 mV, depending on the cell type and 

physiological state (104). It is worth noting that the previously discussed rhythmic 

fluctuations of membrane potential do not stand as contradictory evidence to the fact 

that depolarised Vm is a hallmark of cancer cells. Whilst cancer cells still undergo the 

pattern of hyperpolarisation and depolarisation as the cell cycle progresses, the mean 

Vm value of cancers cells are consistently depolarised when compared to their somatic 

counterparts (126). Figure 1.6 demonstrates that the rapidly proliferating cancer cells 

harness on average a more depolarised Vm, whilst quiescent cells such as the glia, 

smooth muscle and neurones reflect a more negative Vm. Somatic cells with 

proliferative capacity also permit a depolarised Vm, suggesting a functionally 

instructive nature of Vm supporting a proliferative phenotype (104).  
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Figure 1.6 Malignant cells are on average, more depolarised than their malignant counterparts. Membrane potential in 
tumour and non-tumour cells. On average cancer cells and proliferating cells have a less negative membrane potential 
when compared to somatic and non-proliferating cells. (Yang and Brackenbury, 2013) 

 

It is well known that the intracellular concentration of Ca2+ is integral in regulating cell 

volume, cytoskeletal function, and cellular pH, therefore being intrinsic in the 

metastasis of a cell. Cancer cells exhibit dysregulated Ca2+ channels and thus aberrant 

Ca2+-binding, resulting in Ca2+ flux modifications. Furthermore, activation of 

oncogenes results in remarkable changes in Ca2+ signals, causing amplification of 

mobilisation (127). One of the major Ca2+ channels classes involved in metastasis is 

the voltage gated channels. Studies have shown that in melanoma cells that these 
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channels have a fundamental role in regulating motility through instructive cues in the 

tumour microenvironment to generate a calcium signal (127,128). 

Transient receptor potential channels (TRP) are a family of widely versatile Ca2+ 

permeable ion channels that are sensitive to a multitude of micro-environmental 

factors and demonstrate complex supervisory roles. TRPC1 has been found to play an 

important role in a variety of cancer processes, and these roles differ depending on 

the stage of the cancer. TRPC1 has pro-proliferative effects in normal tissues, however 

in tumours TRPC1 shows pro-apoptotic activity (129). 

 

1.4.1 Ion channels In Glioma 
1.4.1.1 Sodium channels  

Epithelial sodium channels (ENaC) are a class of amiloride-sensitive sodium channels 

that have been linked to sustained proliferation and invasion in many cancers 

(130,131). Psalmotoxin-1 (PcTX-1) and benzamil are amiloride analogs and that act to 

block ENaC. When targeted by these inhibitors, D-54-MG glioma cells underwent cell 

cycle arrest at G0/G1 and reduced the S and G2/M accumulation, suggesting that 

sodium influx is essential for cell cycle progression in glioma cells (132). This inward 

Na+ current found in GBM is absent in low grade glioma and normal astrocytes 

(133,134).  

A gene expression study of the tumours of 21 GBM patients revealed that nearly 90% 

of the tumours showed at least one ion channel gene mutation (135). Sodium channel 

genes were most often subject to missense mutations and were significantly 

associated with shorter survival (168 days) compared to those who had no Na+ 

channel mutations (689 days)(135). However, when K+ and Ca2+ channels with a 

similar mutational status were assessed, there was no significant survival differences 
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observed. Similarly, preferential cytotoxicity was demonstrated in U-87 GMB cell lines 

when targeted with digoxin when compared to somatic astrocytes. Interestingly, the 

patients harbouring IDH mutations did not have any mutations in the sodium channel 

genes (135). These data should be considered with caution due to the small sample 

size, however they tend to support the trend of sodium channels being crucial in 

glioma progression. 

Further sequencing studies by Pollak and colleagues using RNAseq identified 18 ion 

channel genes with clear associations in glioma stem cell (GSC) malignancy when 

compared to the genome of normal astrocytes. Of these genes SCNA8 was highly 

enriched in bulk tumour samples and demonstrated obvious implications in malignant 

progression of these cells. siRNA knock down of SCN8A sodium channel gene 

conferred reduced viability (55-62% less growth) in GSC (136). 

 

1.4.1.2 Potassium channels 
Voltage-gated potassium channels (Kv) are the largest group of ion channels; it is 

widely recognised that Kv channels control proliferation by allowing cell cycle 

progression. The expression of Kv channels is altered in many cancers, and their 

participation in neoplastic progression is well marked (137). Three potassium channel 

genes KCNN4, KCNB1 and KCNJ10 have been identified to be significantly correlated 

with malignant progression and associated with overall survival in pGBM (138). KCNN4 

is upregulated and KCNB1 and KCNJ10 are downregulated. Based on this genetic 

signature, patients were classified into high risk (three gene signature) and low risk (no 

signature), and findings demonstrated that pGBM patients who had a high risk of 

unfavourable outcome were sensitive to chemotherapy. Finally, molecular analysis of 
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the tumours revealed that this ion channel signature was associated with a 

mesenchymal subtype and wild-type IDH1 expression (138).  

Various studies have focused on the part that ion channels can play in neoplastic 

development, progression, and invasion in brain cancers.  Such studies include those 

by Weaver, Sontheimer and colleagues, evaluating the role of BK channels in 

gliomas. Voltage-dependant large conductance Ca2+ activated K+ channels, also known 

as BK channels, are unique ion channels that are involved in both electrical and 

chemical signalling. An upregulation in the expression of these channels has been 

observed in human glioma biopsies, with expression level positively correlating with 

malignant grade of the tumour (57). BK channels in glioma cells form their own 

specific subclass – glioma BK channels (gBK) and are characterised by heightened 

sensitivity to Ca2+ ions.  Iberiotoxin (ibTX) is a selective pharmacological inhibitor of BK 

channels which has been shown to cause a dose/time dependant decrease in glioma 

cell number in survival assays. Further to this, inhibition of BK channels via ibTX results 

in S phase arrest and cellular death (58,59). 

 

1.4.1.3 Chloride channels 
Chloride channels are a functionally and structurally diverse group of selective 

channels, associated with cell volume regulation and excitability in cardiac, neuronal, 

and smooth muscle cells. Due to their relationship with cell volume regulation, they 

have been proven to be interesting targets in the mobility of cancer cells (139).  ClC-2 

and ClC-3 are Cl- channels that are identified to be specifically upregulated in the 

membranes of gliomas cells. Increased expression of these channels endows glioma 



38 
 

cells with an enhanced route of Cl- transport; in turn facilitating changes in cell shape 

and size during division and invasion (140). 

A study utilising a gene expression array data set (accession number: GSE3289) 

identified 18 ion channel genes that are differentially expressed. Of the 18 channel 

genes identified, 16 were down regulated in hGG including epithelial sodium channel 

SCN1A, anion channel VDAC, potassium channel KCNJ10 and purinoreceptor P2RX7 

(141). However, the chloride channels CLIC1 and CLI4 were both upregulated in the 

high-grade cohort. A second microarray data set was employed to validate these 

findings (accession number: GSE4290) and the results were mirrored. Kaplan Meier 

analysis confirmed that tumours that had the ion channel genetic signature described 

were associated with decreased overall survival in the cohorts compared to tumours 

with ion channel signature (141). Moreover, CLIC1 is found to be over expressed in 

GBM samples and is implicated widely in the tumorigenic capacity of GBM cells, with 

CLIC1 silencing by shRNA reducing the proliferative and clonogenic capacities of GBM 

derived stem cells. Further to this, clinical correlation reveals that high expression of 

CLIC1 is significantly associated with worse overall survival (142).  

In an invasive context, glioma cells appear to adapt to spatial constraints and take on 

an elongated spindle like morphology. This mechanism of cellular shrinkage requires 

a Cl- and K+ mediated efflux of water (143). During apoptosis, a cell undergoes cell 

shrinkage, this hallmark is known as apoptotic volume decrease (AVD). Altered 

regulation of cell volume and morphology is associated with apoptosis in both normal 

and malignant cells. The mechanism of AVD is reliant on concomitant cellular loss of 

Cl- ions, K+ ions and water. Studies have shown that a down-regulation of these 

channels is associated with the ability of cancer cells to evade apoptosis (144).  
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1.4.1.4 Calcium channels  
In human HGG, inhibition of TRPC1 via pharmacological inhibitors such as SKF96365 

and MRS1845 or siRNA diminished the proliferative capacity of the cells and arrested 

the cell cycle. Interestingly, when stimulated with epidermal growth factor (EGF), 

TRPC1 relocated to the leading edge of migratory glioma cells (D54MG), suggesting a 

growth factor mediated role for TRPC1 in the migration of cancer cells (145,146). 

Moreover, suppression of TRPC1 via siRNA in a lung carcinoma cell line conferred a 

significant decrease in cell growth associated with cell cycle arrest at G0/G1 (147). 

 

1.4.2 Targeting ion channels 
Ion channels present as attractive druggable targets in the treatment of a multitude 

of disorders. They are particularly appealing as anti-cancer agents, as molecules 

inhibiting the mechanism of these channels act from the extracellular space, and do 

not necessarily require entry into the cell. Thus, rendering one protective capacity of 

tumour cells–expressing drug pumping carriers–ineffective (148). A multitude of 

studies have confirmed the inhibitory effect of ion channel blockers on cancer cell 

progression and invasion. Despite the focus of the review being specifically on high 

grade gliomas, evidence from studies thus far demonstrates that ion channels 

present as a tumour agnostic approach to most cancer therapies. However, when it 

comes to the utilisation of ion channel inhibitors there are grave concerns regarding 

the potential toxicities associated with these drugs, especially on the cardiac and 

nervous systems (149). One predominant issue that arises when searching for 

treatments for brain cancer is over-coming the blood brain barrier (150). The 

repurposing of currently available drugs is particularly appealing, table 
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1.5 summarises some commercially available ion channel inhibitors and biological 

toxins and their therapeutic/experimental effect on patients and cell lines. 

Table 1.5 Ion channels and their respective drug inhibitors. Repurposed from the author’s previous work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Repurposing ion Channel Inhibiting Drugs in Glioma Treatment 
Channel Tumour Drug 
Cav3.2 GSC Mibefradil 
Cav1.1, 
Cav1.2, Cav1.3, Cav1.4 

Rat Derived GBM 
GBM mouse models 
GBM cell lines 

Pimozide 
Pimozide 
Fluspirilene 

Nav1.1 and Nav1.2. Human GBM  Valporate 
levetiracetam 

Nav1.4 and Nav1.5 GBM cell line Riluzole 
Kv1.4 GBM cell line Tamoxifen 
Kv1.3 Human and mouse GBM 

biopsies 
Clofazimine 

EAG1 Glioma Imipramine 
KCa3.1 GBM cell lines 

Mouse GBM xenografts 
Clotrimazole 

CLIC1 GSC 
GBM cell lines 

Metformin 

Biological Toxins as Novel ion Channel Inhibitors in Cancer Treatment 

Channel Tumour Toxin 
ClC-3 GBM, AA, Xenografts Chlorotoxin 
VGSC GBM, HGG cell lines Tetrodotoxin 
ENaC/ASIC GBM cell lines Psalmotoxin 

https://en.wikipedia.org/wiki/Cav1.2
https://en.wikipedia.org/wiki/Cav1.3
https://en.wikipedia.org/wiki/Cav1.4
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1.5 Hypothesis and aims. 
The purpose of the project/hypotheses are as follows: 

1) That the cellular membrane potential (Vm) exhibits differences between normal 

human astrocytes and pHGG cell lines. 

2) That specific and unique ion channel expression patterns exist in paediatric brain 

tumours. 

3) That genetic, electrical, and pharmacological manipulation of ion channels will 

reduce the capacity of childhood brain tumours to proliferate and invade. 

The aims of this study are: 

1) We aim to develop and validate a comprehensive understanding of ion channels and 

their role in the invasion, proliferation, and migration of childhood brain tumour 

cells.  

2) We aim to investigate the expression and prognostic significant of candidate ion 

channel genes coupled with a functional analysis of electrical behaviour of pHGG cell 

lines, patient tissue, and publicly available data sets. 

3) We aim to develop electrical and pharmacological methods of manipulating ion 

channels and consequently membrane potential, with the aim of providing new 

candidate therapies for clinical trials.  

4) To develop an understanding of ion channels as bioelectric targets for combination 

with TTFields as a dual therapy  

5) To assess the global effect of TTFields in the patient, including differential gene 

expression and functional capacity.  
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2 Materials and Methods 
2.1 Identification of candidate ion channel genes in high grade glioma 
2.1.1 Systematic literature review 

 
A systematic review of available literature was performed using the NCBI PubMed data 

base to find appropriate candidate ion channel genes. Full details of papers included in this 

review can be found in the appendices.  

 

 

The 63 candidate ion channel genes found in this literature search were then used to 

progress to database analysis. 

 

 

 

 

Framing the 
Question

•Clear framing of the question asked was decided - what ion channels have biological or therapeutic 
implications in brain cancers

Identifying relevant 
work

•Multiple sources and phrasing of searches were used to ensure extensive searching, no publishing 
date limit was set for these studies. 

•search terms: "ion channels, brain tumour", "ion channels, glioma", "ion channels and cancer", 
"brain tumours, sodium channels", "brain tumours, potassium channels", "brain tumours, calcium 
channels", "brain tumours, chloride channels"

Asessing quality of 
studies

•A variety of studies were considered to be eligibe for this research including: case studies, 
population studies, primary research data on cell lines and patient samples, review articles and 
clinical trials.

• The quality of each study was assesed i.e. for publication bias and relevance to research question

Summarising and 
interpreting findings

•The imapact of each study was assesed  and interpreted and compared to previous findings. 
• A list of 63 candidate genes and studies was adapted from this. 
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2.2 Analysis of in-house adult RNA sequencing data 
RNAseq data (previously performed by the CBTRC) was kindly provided by Mr Stuart Smith. 

RNAseq data was acquired from the core, rim, and invasive regions of 10 adult human high 

grade glioma samples extracted during tumour removal by Mr Stuart Smith at Queen’s 

Medical Centre, Nottingham with full ethical approval (REC: 11/EM/0076). 

This data was used for crude analysis (by averaging the RPKM of each sample) to identify 

expression patterns of the 63 candidate genes taken from literature searches. The panel of 

ion channels were selected based on a Reads per kilo base of transcript per Million reads 

mapped (RPKM) of over 1 as ‘expressing’ the gene, with further segregation based on 

percentage of ‘FACS positive cells’ and overall, highly expressing RPHM. This group of cells 

were fluorescently sorted using FACS (Work performed by Jonathan Rowlinson and Dr 

Maria Cerebro-Estevez) (151) and were selected as positive for 5-aminolevulinic acid 

(5ALA), indicating a population of pure tumour cells. Therefore, high average RPKM values 

in the FACS positive population, suggest an increased expression in a pure tumour 

population, vs normal brain tissue. 

This analysis was used to narrow the initial 63 candidate genes down. Criteria for 

candidacy included genes found to be significantly up or down regulated, clinical data 

indicating survival association and mechanistic links to glioma progression. Additionally, 

ion channels across families and types were included. VDAC, CLIC1, CLIC4, P2RX4, P2RX7, 

SCNN1A, TRPM2 and KCNJ10 were selected as the candidate panel. 

 

2.3 Genomic analysis of wide-scale publicly available data sets 
Genomic analysis was carried out using the R2 genomics analysis and visualisation platform 

of publicly available data sets (http://r2.amc.nl) of both paediatric HGG and adult HGG as 

well as various other glial tumours such as ependymoma and oligodendroglioma. Table 2.1  

http://r2.amc.nl/
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details information for each data set used, including sample size and sequencing platform. 

Genes of interest were searched against each data set to determine overall expression, 

and this expression was compared between normal brain regions and HGG. These searches 

were then further refined by specific tracks such as age of patient, gender, WHO grade or 

overall survival, significant differences in gene expression between groups were calculated 

using the Kruskal-Wallis test. 

 

Table 2.1 Patient data sets analysed on the R2 genomics analysis and visualisation platform 

Author Tumour Sample 
Size 

Normalisation Platform Reference 

Paugh Paediatric 
glioma 

53 MAS5.0   
 

u133p2 (Paugh et al., 
2010) 

Roth Normal 
cerebellum 
(adult) 

9 MAS5.0 u133p2 (Roth et al., 
2006) 

Harris Normal 
brain (adult 
-prefrontal 
cortex) 

44 MAS5.0 u133p2 n/a 

French Adult 
glioma 

284 MAS5.9 U133p2 (Gravendeel et 
al., 2009) 

  

 

2.3.1 Survival analysis of public data sets 
The R2 genomic analysis platform was then used to assess candidate ion channel genes (as 

previously selected via in-house RNA sequencing data) in wide scale publicly available 

glioblastoma data sets. Data sets without clinical information available were disregarded. 

Both adult and paediatric data sets were assessed for expression levels of candidate genes 

and compared to normal brain data. Kaplan-Meier analysis was employed as a non-

parametric statistic to estimate the survival function from patient glioblastoma data in 
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comparison to the expression level of selected candidate genes. The Mantel-Haenszel long-

rank test was employed to determine the statistically significance of high vs low expression 

and overall survival. A P-value of <0.05 was considered statistically significant. 

 

2.4 Cell culture 
2.4.1 Cell lines used and associated clinical data 
Three paediatric cell lines KNS42, SF188 and GCE62 were selected for the initial screening 

process and their use was continued for subsequent experiments. KNS42 and SF188 are 

established commercial cell lines with recognised STR profiles and GCE62 is an in-house 

tumour derived sample originating from the core tumour region of a teenage patient. KNS42 

cells were derived from a primary GBM presenting in the fronto-parietal lobe of a 16-year-

old male (gifted to the CBTRC by Dr Stewart Martin, University of Nottingham) and SF188 

cells were derived from a right frontal lobe GBM of an 8-year-old male (Merck, Germany). 

Normal human astrocytes (ScienCell, CA) derived from the cerebral cortex were used as an 

anatomically matched healthy control for human high-grade glioma cells. The adult patient 

lines GIN98 and GCE98 were derived from different tumour regions of a 47 year old male 

patient G(INvasive margin)98 and G(Core Enhanced)98 who had received TTFields as part of 

their treatment regimen. All in-house patient derived cell lines were acquired by routine 

surgical resection by Mr Stuart Smith, Neurosurgical Department, Queens Medical Centre, 

Nottingham. All commercial cell lines were subject to STR testing (table 2.2).  
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Table 2.2 Cell lines and associated patient information. Note: * indicates matched cell line derived from different 
regions of the same patient's tumour 

Cell Line Origin Age Sex Brain 
Region 

Histology 

SF188 Merck, Germany 8 Male Right 
frontal 
lobe 
tumour 

Glioblastoma 
multiforme 
(WHO 2021, 
paediatric high grade 
glioma) 

KNS42 Gifted by Stewart 
Martin, University of 
Nottingham 

16 Male Right 
fronto-
parietal 
lobe 

Glioblastoma 
multiforme 
(WHO 2021, 
paediatric high-grade 
glioma) 

GCE62 Patient derived by 
Mr Stuart Smith, 
Neurosurgical unit, 
Queens Medical 
Centre, Nottingham 

19 Male Right 
temporal 
lobe 

Glioblastoma 
multiforme 
(WHO 2021, 
paediatric high-grade 
glioma) 

GIN98* Patient derived by 
Mr Stuart Smith, 
Neurosurgical unit, 
Queens Medical 
Centre, Nottingham 

47 Male Temporal 
lobe 

Glioblastoma 
multiforme 

GCE98* Patient derived by 
Mr Stuart Smith, 
Neurosurgical unit, 
Queens Medical 
Centre, Nottingham 

47 Male Temporal 
lobe 

Glioblastoma 
multiforme 

Human 
Astrocytes 

ScienCellTM, 
California (1800) 

- - -  Cerebral cortex 
astrocytes 
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Table 2.3 Cell culture specific media. Note: * indicates matched cell line derived from different regions of the same 
patient's tumour 

Cell Line Culture Media Split Ratio Doubling time 
SF188 DMEM F12 

(GibcoTM), 10% 
FBS (HycloneTM), 
1% PenStrep 
(Sigma-Aldrich), 
1% L-Glutamine 
(Sigma-Aldrich), 

1:15 26 hours 

KNS42 DMEM F12 
(GibcoTM), 10% 
FBS (HycloneTM), 
1% PenStrep 
(Sigma-Aldrich), 
1% L-Glutamine 
(Sigma-Aldrich), 

1:10 48 hours 

GCE62 DMEM (GibcoTM), 
10% FBS 
(HycloneTM), 1% 
PenStrep (Sigma-
Aldrich) 

1:10 36 hours 

GIN98* DMEM (GibcoTM), 
10% FBS 
(HycloneTM), 1% 
PenStrep (Sigma-
Aldrich) 

1:8 48 hours 

GCE98* DMEM (GibcoTM), 
10% FBS 
(HycloneTM), 1% 
PenStrep (Sigma-
Aldrich) 

1:5 ~50 hours 

Human 
Astrocytes 

Astrocyte media 
(ScienCellTM), 1% 
Astrocyte Growth 
Serum 1% 
(ScienCellTM), 10% 
FBS (HycloneTM), 

1:4 50 hours, 
increasing with 
passage number. 
Astrocytes 
senesce after 14 
population 
doublings. 
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2.4.2 Culturing adherent cells 
The cell lines KNS42 and SF188 were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM)/F12 (Gibco, USA), while GCE62 was maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) (Gibco, USA). All media was supplemented with 10% (v/v) foetal bovine 

serum (FBS, HyClone), 100 IU/ml penicillin (Sigma-Aldrich) and 100 µg/ml streptomycin 

(Sigma-Aldrich), with the addition of 1% (v/v) L-Glutamine in the KNS42 and SF188 cells.  

Cell lines were cultured in humidified incubators at a constant temperature of 37°c at 5% 

CO2 atmosphere. Culture environment was maintained to be completely sterile, and each 

cell line handled individually within a biohazard hood (class 2) with laminar airflow to 

prevent contamination. Each cell line was grown in specifically selected media (as stated 

above) in a culture flask (without the presence of special matrixes) to encourage optimal 

growth conditions. Cells were checked microscopically daily. 

To split or collect the cells, media was aspirated and discarded in order to remove any non-

adherent (dead cells) leaving the remaining (live) cells attached to the substrate present in 

the flask. The cell monolayer was then washed with phosphate buffered solution 

(Thermofisher Scientific) without Mg2+ or Ca2+. To detach cells, 0.5mg/ml trypsin-EDTA 

(Sigma-PAA, UK) was added to disrupt the monolayer (with volume used dependent on 

culture vessel), and incubated at 37°c for ~3minutes. The detachment was then visually 

analysed microscopically to observe free cells. Following this, selected serum containing 

media was added in excess of the volume of trypsin, to the flask to inhibit the activity of 

the trypsin. The cell suspension was collected and then centrifuged at 1000 rpm (800xg) to 

collect a cell pellet. The supernatant was discarded, and the pellet re-suspended in 

specified volumes of media depending on the appropriate split ratio. According to the 

desired cell number, the cell suspension was transferred to a new flask along with media. 
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This was then incubated in the above conditions and cells left to grow until around 60-80% 

confluency where they are at a suitable level for experimentation. Alternatively, cell pellets 

were collected after centrifugation and re-suspended in experiment specific buffers for 

downstream application, or frozen as described in 2.4.  

 

2.4.2.1 Astrocyte cell culture 
Human derived Astrocytes (ScienCellTM, Cat. No. 1800) were seeded at 5000 

cells/cm2 onto flasks coated in 2μg/cm2 Poly-L Lysine (ScienCellTM). Cells were incubated at 

37 °C, 5% CO2 in astrocyte medium containing 2% FBS, 1% astrocyte growth supplement 

and 1% Pen./Strep. (v/v, ScienCellTM). 

 

2.4.3 Neurosphere culture  
For 3D culture of HGG cells, a neurosphere culture method was employed. Neurosphere 

cell culture consists of plating cells on a non-adherent surface in stem-like culture medium 

(table 2.4) to allow free forming 3D neurospheres to develop.  

Cells were counted and plated at the densities described in table 2.5 to ensure that growth 

kinetics remained steady, and the spheres reached no more than 85% confluency by 

experiment end point. The 3D neurospheres were observed microscopically (via a phase-

contrast light microscope) daily to assess their shape, consistency, and size. The 

development of a dark necrotic core indicated the need to passage the neurospheres. To 

passage cells, the cell suspension spheres were collected centrifuged at 300xg for 2 

minutes. The pellet was then washed 2x with PBS. To disaggregate the neurospheres, 

500μL Trypsin-EDTA was used to re-suspend the cell pellet, pipetting up and down every 

30 seconds to break apart clumps of cells. The cell suspension was then centrifuged at 
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300xg for 5 minutes, washed 2x with PBS and re-suspended in appropriate serum free 

media and plated in ultra-low attachment 6 well plates (Corning).  

 

Table 2.4 Neurosphere culture media recipe 

 

 

 

 

 

 

 

 

 

 

 

Table 2.5 Cell seeding densities for neurosphere culture. 

Cell Line Seeding density (6 well plate) 

SF188 10,000 

KNS42 15,000 

GCE62 15,000 

GIN98 15,000 

GCE98 10,000 

 

Reagent 
Final 
concentration 

Stock 
Concentration 

Source 

DMEM/F12 or 
DMEM 

1X 1X 
Gibco 
17504044 

B-27 
supplement 

1X 50X 
Gibco 
17502048 

N-2 
supplement 

1X 100X 

Stem Cell 
Technologies 
07980 

Heparin  2µg/mL 2mg/mL 
Gibco 
PHG0315 

EGF 20ng/mL 0.1mg/mL 
Gibco 
PHG0266 

FGF 10ng/mL 0.1mg/mL Corning 7007 
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2.4.4 Hypoxic cell culture  
Each cell line was cultured in duplicate to give two flasks. Upon reaching 55% confluency, 

experimental flasks were transferred to a hypoxic chamber maintained at 37°C and 1% 

oxygen. As a control, a paired flask was maintained at 37°C atmospheric oxygen % (~21%). 

The flasks were put into their respective conditions at the same time and left to incubate 

for 24 hours. Pellets could then be collected for downstream experiments.  

 

2.4.5 Acidotic cell culture 
Cell lines were grown as previously stated in adherent vessels and incubated at 37 °C, 5% 

CO2. In order to expose cell lines to acidosis, a media with a pH of 6.7 was made (table 2.7). 

As a control, a non-acidotic media was also made at a pH of 7.4 for control conditions 

(table 2.6). This was to confirm that potential differences were indeed a result of exposure 

to acidosis, and not to deviation from commercial cell culture media. Cells were incubated 

in acidotic (pH 6.4) or neutral media (pH 7.4) for 72 hours and were then subsequently 

used for downstream assays. The respective media recipes were optimised by the McIntrye 

Lab, University of Nottingham, 

 

Table 2.6 Recipe for pH 7.4 media. Media was used as a control in acidosis experiments. 

Medium pH 7.4  Final concentration  for 100 ml 
DMEM 10X  1x 84.7ml 
Hepes 1M 30mM 3ml 
FBS 10% 10ml 
Glutamine 1% 1ml  
Pen/Strep 1% 1ml  
Hypoxanthine (100mM) 0.1mM 100µl 
UTP (1OOmM) 0.1mM 100µl 
Folic acid (4g/L) 0.004g/L  100µl 
H2O - - 
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Table 2.7 Recipe for pH 6.7 media. 

Medium pH 6.7 Final concentration  for 100 ml 
DMEM 10X  1x 84.7ml 
Mes 1M 30mM 3ml 
FBS 10% 10ml 
Glutamine 1% 1ml 
Pen/Strep 1% 1ml 
Hypoxanthine (100mM) 0.1mM 100µl 

UTP (1OOmM) 0.1mM 100µl 

Folic acid (4g/L) 0.004g/L  100µl 
H2O - - 

 

 

2.4.6 Cell dissociation from solid CNS tumours for the generation of primary cell lines 
CNS tissue samples were collected from NUH Histopathology department or directly from 

operating theatre and transported on ice to human tissue culture facilities. The tumour 

specimen was cleaned by removing visible blood clots, vessels, gross necrosis, or any other 

contaminating material with a sterile scalpel, briefly washing with HBSS to remove blood. 

The tissue was then weighed and minced using a single edged blade or scalpel. 10x stock 

enzyme solution (table 2.8) was diluted 1:10 in HBSS and the minced tissue suspended in 

1x enzyme solution at a volume 10ml/g. The specimen was then transferred to a sterile 

rotation culture flask and placed in an orbital shaker/incubator at 37°C, 70rpm for 30-60 

minutes or until the majority of the visible solid material had disappeared. The 

disaggregated cells were then collected, passed through a 40µm cell strainer into a 50ml 

falcon tube, and rinsed with 5ml media.  The specimen was then centrifuged at 800rpm 

(180xg) for 5 minutes at room temperature. The disaggregated cells were then re-

suspended in 1ml of tumour media and transferred to a t25 cell culture flask containing 

5ml of culture media. The cells were then incubated for 24 hours at 37 °C, 5% CO2 in a 
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human cell culture incubator. The cells were microscopically assessed daily to ensure 

attachment. 

 

Table 2.8 Enzymes used for the tissue disassociation. 

Product Supplier Cat # Amount Final conc. 
DNase Type 1 
(3190U/mg) 

Worthington LS002139 12.6mg (0.0126g) 1.26mg/ml 
(4000U/ml) 

Neutral Protease 
(Dispase) (9.5U/mg) 

Worthington LS002100 5.3mg (0.0053g) 0.3mg/ml 
(5U/ml) 

Collagenase Type  
1a (345U/mg) 

Worthington LS004194 14.5mg (0.0145g) 1.28mg/ml 
(500U/ml) 

Hyaluronidase 
(630U/mg) 

Worthington LS002592 100mg/ml (Worthington 
sell 300,000U = 300kU) 
(0.1g) 

10mg/ml 
(6300U/ml) 

HBSS (calcium 
magnesium free) 

Fisher VX14170-
088 

10ml - 

 

2.4.7 Cell counting  
Cells under both control and treatment conditions were counted manually using a 

haemocytometer. Growth medium was removed from cell flasks, cells were washed and 

then trypsinised as described previously. After trypsin neutralisation with an equal volume 

of growth media, cells were centrifuged at 120xg for 5 minutes. The supernatant was then 

removed, and cell pellet resuspended in 3ml of fresh growth medium. Following this 100 

µL of cells were transferred into a new Eppendorf tube and 400 µL 0.4% Trypan Blue was 

added. 100 µL of the Trypan Blue-treated cell suspension was then applied to 

the haemocytometer and under a 10x object lens, the live, unstained cells were counted in 

one set of 16 squares and repeated until all 4 corners counted.  
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𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑐𝑜𝑢𝑛𝑡	𝑣𝑖𝑎𝑏𝑙𝑒	𝑐𝑒𝑙𝑙𝑠	=	!"##	!%&'(	)*!"##	!%&'(	+*!"##	!%&'(	,*!"##	!%&'(	-*!"##	!%&'(	.
.

	

	

𝑐𝑒𝑙𝑙𝑠	/	𝑚𝑙=𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑐𝑜𝑢𝑛𝑡	𝑣𝑖𝑎𝑏𝑙𝑒	𝑐𝑒𝑙𝑙𝑠	×𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	×	104	

	

 

Where the dilution factor has a value of 2 and 104 represents the counting chamber value.  

 

	

𝑡𝑜𝑡𝑎𝑙	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟=𝑐𝑒𝑙𝑙	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	×	𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑐𝑒𝑙𝑙	𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛	

	

 

To calculate the viability of cells in suspension, the following equation was used: 

	

𝑐𝑒𝑙𝑙	𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%)	=	 average	count	viable	cells	

average	count	of	all	cells	(dead+viable
×100	

 

2.4.8 Cell storage 
Upon reaching 70-80% confluency, cells were frozen in 10%DMSO + specific media for long 

term storage in a Brooks BioStoreTM III (Select Science). For this, growth medium was 

removed from cells, and they were washed in PBS and trypsinised at 37°c for 5-10minutes 

according to the method above. Cell suspension was centrifuged at 1000rpm, and the 

supernatant removed, leaving a cell pellet, which was then resuspended in 1ml of 

10%DMSO and specific media. Cells were frozen at a density of 1million cells in 500µl of 

10% DMSO:Media suspension. 
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2.4.9 Revival of cells 
To revive cells from frozen, cryovials were retrieved from storage and kept on ice. They were 

then rapidly thawed by partially submerging the body of the vial into a 37°c water-bath for 

~1 minute or until visibly defrosted. Cells were then plated at high confluency (1 million 

cells) into a new T25 flask and left to incubate at 37°c for 24 hours. Following this, 

microscopic analysis to check for cellular adherence and a subsequent media change was 

performed to remove any traces of DMSO.  

2.4.10 Mycoplasma testing 
 

Routine mycoplasma testing was performed on a monthly basis using a PlasmoTest™ 

Mycoplasma Detection kit (InvivoGen; rep-pt1). Cells were cultured for a minimum of 7 days 

in antibiotic free media and collected media had been in contact with cells for 48 hours prior 

to testing.  

2.5 Drug Assays 
2.5.1 Presto blue viability assay  
Cells under treatment conditions had their viability assessed using PrestoBlue™. Following 

various experimental time points, cell flasks had their growth medium removed and were 

washed in PBS. 1mL of PrestoBlue™ diluted 1:10 with growth medium was added to the 

flasks, and the flasks were transferred to a 37°c incubator (in the case of cells plated 

directed into clear bottom, black walled plates, the PrestoBlue™ reagent was added directly 

to the wells) for 30 minutes – 2 hours (cell dependant). Following incubation, 100ul of the 

presto blue solution was transferred to a black-bottomed 96 well plate for analysis via 

UV/Vis Spectroscopy at 560/590nm on the FLUOstar Omega plate reader (BMG Labtech). If a 

viability reading was taken at a mid-point of an experiment, excess presto blue was removed 

from the culture flask, cells were washed with PBS and fresh growth media was added.  
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2.5.2 IC50 calculation of drug response in adherent and neurosphere culture 
 

An IC50 calculation was used to determine cellular response to various chemotherapeutics, 

via a viability measurement using PrestoBlue (Thermo Fisher; A13262) reagent. Cells were 

plated in clear-bottomed, black-walled 96-well plates (Greiner; 655096) at appropriate 

densities to allow no more than 80% confluency after 72 hours. Cells were then treated 

with the chemotherapeutic of interest, at range concentrations determined via assessment 

of the literature, and incubated at 37oC and 5% CO2 for 72 hours. Unless otherwise stated, 

cekk growth media was not changed during the 72-hour incubation period. Post-

treatment, the surviving cells were assayed using PrestoBlue as described in section 2.5.1. 

The half maximal inhibitory concentration (IC50) was then calculated by normalising 

fluorescent measurements for each sample against a media only control and viability of 

the cells was then calculated as a percentage relative to the vehicle control samples. The 

relative values were then transported for analysis in GraphPad Prism 9.3, whereby drug 

concentrations were transformed into log form, and a dose response curve generated by 

non-linear regression.  

Table 2.9 Seeding density of cell lines for IC50 experiments at 72 hours in 96 well plates. 

Cell Line Seeding Density/Ml 
SF188 7,500 
KNS42 15,000 
GCE62 15,000 
GIN98 15,000 
GCE98 15,000 
Astrocytes 20,000 
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Table 2.10 Drugs used in this study. 

Drug Stock 
Concentration 

Vehicle Product Details 

Metformin (1,1-
Dimethylbiguanide 
hydrochloride) 

1M Cell culture 
grade water 

Sigma, 
D150595 

Indanyloxyacetic 
acid 94 (IAA94) 

1M DMSO Sigma, I117 

Puromycin 10mg/ml Cell culture 
grade water 

Sigma, P8833 

Doxycycline 10mg/ml Cell culture 
grade water 

Sigma, D5207 

 

2.6 Electrotherapy treatment of pHGG 
 

2.6.1 Inovitro - Tumour treating fields.  
To deliver tumour-treating fields in vitro, the Inovitro TTFields (Novocure, Israel) device was 

used. The parameters for treatment were selected based on previous work by Dr Joshua 

Branter (152) . 

2.6.1.1 Base plate and Dish Maintenance  
Before use, the dishes and covers were rinsed under tap water, following this, they were 

rinsed with deionised water and placed face down to air dry. If chemotherapeutics or 

inhibitors had previously been used, a light detergent was used for the initial cleaning step, 

followed by tap water and deionised water before air drying.  

To ensure aseptic working, dishes and covers were then sealed in autoclave bags with 

dishes being place face down. An autoclave program of <120°c for 60 minutes was then 

ran. Plates were removed from autoclave and dried for a minimum of 30 minutes before 

use.  

2.6.1.2 Experimental Procedure 
Previously sterilised base plates, dishes and covers were used in all experimental set ups. 

Sterile 22mm coverslips were inserted into the circular dishes, where a 200μl cell 
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suspension was transferred onto the cover slips and covered with the dish lid. The cells 

were then incubated overnight at 37°c to allow for cell adherence to the cover slips. Cells 

were seeded at appropriate numbers to allow for no more than 90% confluency to be 

reached after a 72-hour period. Following incubation, the dishes were then inserted into 

provided base plates and rotated until locked into place. Any media remaining on the cover 

slips was aspirated and replaced with 2ml of fresh culture media (specific to each cell line). 

 

Table 2.11 Seeding densities for TTFields experiments. 

Cell Line Seeding Density 
SF188 25,000/ml 
KNS42 50,000/ml 
GCE62 50,000/ml 
GIN98 50,000/ml 
GCE98 50,000/ml 
Human Astrocytes 50,000/ml 

 

2.6.1.3 Application of TTFields 
The application of TTFields via Inovitro generates heat, therefore, to compensate for the 

warming of the media beyond optimal cell culture conditions, all applications of TTF were 

completed in a specialist cooling incubator which was maintained between 18-22°c. The 

temperature of the culture media was tracked by the Inovitro software was maintained at 

37°c.  

The baseplate and attached dished were connected via flat cables to the TTFields generator 

(cables were fed through the incubator door and caused no issue with incubator closing). 

The experimental parameters were then defined on the Inovitro system software, whereby 

experiments could be named and the frequency of the TTFields defined. The treatment was 

delivered at low intensity 1-3 v/cm and intermediate frequency was 200kHz for 

experiments. Verification of the connection of the dishes to the base plates is done 
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automatically via the Inovitro software, with successfully connected plates appearing as light 

blue. If connection is unsuccessful, dishes can be slowly and carefully disconnected and 

reconnected to the base plate. The application was then run for 24 hours, if 24hours 

signalled the end point of the experiment ‘END EXPERIMENT’ was selected on the software 

and the experiment can be continued i.e., by assessing viability. If this was not the endpoint, 

baseplates were disconnected from the generator and transferred to a laminar flow hood, 

where media was aspirated and replaced. Baseplates were then reconnected, and 

experiment application was continued. This was to be repeated every 24hours until 

experiment end point was reached to avoid evaporation of media.  

Control samples were generated by using the same cell line in parallel to the TTFields 

experiments. As with the TTFields condition, 200μl of cells were plated onto cover slips in 

Inovitro dishes and left overnight to adhere, media was then aspirated and replaced with 

2ml of growth media. The dishes were then transferred to a standard CO2 incubator at 37°c, 

with media being replaced every 24 hours to replicate conditions of experimental group. 

 

2.6.2 Application on Deep Brain Stimulation for pHGG 
2.6.2.1 DBS Lead Maintenance  
Before experiments leads were soaked in light detergent for 30 minutes, before then being 

soaked in 70% ethanol for a further 30 minutes, and thereafter exposed to UV light in a cell 

culture hood for 20 minutes. Leads were dried and wiped clean before beginning the 

experiment. DBS field treatment was achieved by delivering electric fields from 

Neurostimulators via low impedance leads, programmed with N’Vision programmer, with a 

bipolar configuration and one anode contact (+ve).  
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2.6.2.2 Deep brain stimulation protocol 
Cells were cultured as per the standard protocol defined in section 5.1. Cells were 

designated to one of four groups: IAA94 100μM with DBS treatment, IAA94 100μM without 

DBS treatment, no drug and no DBS treatment or no drug and DBS treatment. Cells were 

seeded at the appropriate seeding density (SF188 5,000 cells/ml, KNS42 8,000cells/ml, 

GCE62 8,000 cells/ml) in 5ml into a T25 flask. The cell densities were selected to ensure that 

the control (no DBS treatment) flasks did not reach any higher than 90% confluency by the 

end of the experiment. Cells were left to adhere overnight, and then topped up to a volume 

of 20ml of media per flask. This volume of media was selected to ensure enough to cover 

DBS wired throughout the experiment. Following thorough sterilisation, the DBS electrode 

leads were pierced through the filter paper in the cap of the culture flask and submerged in 

the media. The electrode was directed towards the back corner of the flask to ensure 

contact with the cells. The wires were then fed through the back of the incubated and 

programmed using a neurostimulator. Control samples receiving no DBS treatment also had 

leads inserted into the media, but were not connected to the neurostimulator. 

2.6.2.3 Programming the Neurostimulator 
Before programming the pulse generator, contact between the stimulator and the 

programmer must be established. The programmer was connected to the back of the 

generator. The program was set by selecting ‘Program MyStim’ where the parameter of 

each lead can be programmed independently for example, a program of (voltage, frequency, 

and pulse width) 10v, 130hz, 450μs can be used. The parameters used in these experiments 

were previously optimised by Dr Branter (152). The lead configuration must contain at least 

one cathode (negative) and one anode (positive) contact to complete the circuit. Resistance 

of the experiment can be measured to ensure the experiment is running properly and the 
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leads are fully submerged. Electrode impedance should also be checked, a reading of <500 is 

considered acceptable.   

2.6.2.4 Analysis of DBS treatment and Experiment Endpoints 
Following experimental time i.e., 5 days, the program was stopped and leads were removed 

from the flasks.  Growth media was removed and presto blue (1:10 media) was added and 

incubated for 30 minutes to perform a viability assay. 100μl of prestoblue:media was then 

transferred to a black well plate and read on a FLOUstar omega. At this point experiment 

can resume by removing excess presto blue, washing, and adding fresh growth 

media. Alternatively, cells can be trypsinised and a cell pellet collected.   

Cell counts were also performed as described in section 2.4.7. 

 

2.6.3 Partek analysis of electrotherapy associated genes. 
The Human ClariomTM S array was used for whole transcriptome gene expression analysis 

of paediatric GBM cell lines treated with electrotherapy via DBS or TTFields (Data sets were 

kindly provided by Dr Josh Branter).  Bioinformatic analysis was carried out using Partek by 

Dr Marcos Costellanos. 

 

2.7 Generation of CLIC1 and CLIC4 deficient cell lines 
2.7.1 siRNA of CLIC1 and CLIC4  
Silencing RNA (siRNA) is a class of 20-25 base pairs of double stranded RNA that operate 

within the RNA interface pathway (RNAi). The siRNA interferes with specific sequences of 

complementary nucleotides, therefore degrading mRNA post transcriptionally, preventing 

translation of the target gene, and reversibly knocking it down.  

A SMARTpool methodology was employed to ensure maximum knock down efficiency. 

SF188, KNS42, GCE62 and normal human astrocytes were seeded overnight to allow for 
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adherence to the flask. Seeding density was calculated individually for each cell line to allow 

for no more than 70% confluency at the point of transfection. Following this, cells were 

transfected with 20 nM of either CLIC1 siRNA oligonucleotide (ON-TARGET plus siRNA, 

Dharmacon) or CLIC4 siRNA oligonucleotide (ON-TARGET plus siRNA, Dharmacon) or a 

negative control siRNA (AM4611, Invitrogen™) that has no known complimentary target 

sequence. Target sequences can be found in table 2.12.  

Table 2.12 Target sequences of pooled siRNAs in CLIC1 SMARTpool (Dharmacon, UK) 

ON-TARGETplus 

SMARTpool siRNA 

Target sequence Molecular weight 

J-009530-05, CLIC1 GGAGAUCGAGCUCGCCUAU 13,460.1 (g/mol) 

J-009530-06, CLIC1 CAUCGGUACUUGAGCAAUG 13,430.1 (g/mol) 

J-009530-07, CLIC1 GGCAAAGGCCCUCAAAUAA 13,430.1 (g/mol) 

J-009530-08, CLIC1 GGACCGAGACAGUGCAGAA 13,460.1 (g/mol) 

 

Table 2.13 Target sequences of pooled siRNAs in CLIC4 SMARTpool (Dharmacon, UK) 

ON-TARGETplus 

SMARTpool siRNA 

Target sequence Molecular weight 

J-013553-05, CLIC4 CCAAAAGACUCACCAAGUA 13,415.1 (g/mol) 

J-013553-06, CLIC4 CCUCAUAGCUUAAAGUAUA 13,385.1 (g/mol) 

J-013553-07, CLIC4 UGACUUAGCUAUAGCAGUA 13,400.1 (g/mol) 

J-013553-08, CLIC4 GACAAAAGCUAGCUAGUAA 13,400.1 (g/mol) 

 

The selected transfection reagent was Lipofectamine 3000™ (L3000008, Invitrogen™) due 

to supporting literature (146) suggesting that this had the highest success rate in 

https://www.thermofisher.com/order/catalog/product/AM4611
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transfection of the commercial cell lines KNS42 and SF188. Prior to transfection 

Lipofectamine 3000™ was diluted in optiMEM (Gibco™) growth medium and left to 

incubate for 5 minutes at room temperature, the specific volumes of each reagent are 

dependent on the size of the transfection vessel, suggested volumes can be found via 

ThermoFisherTM . Each siRNA oligo (20nM) was then incubated with an equal volume of 

OptiMEM that was used to dilute the Lipofectamine3000™, and the two dilutions were 

combined 1:1 and left to incubate at room temperature for 15 minutes to allow complexes 

to form. The media was then removed from the cells and replaced with the Lipofectamine, 

OptiMEM and siRNA mix, and left to incubate for 24 hours, at which stage the transfection 

mix was replaced with whole media. A non-targeting (NT) siRNA scramble sequence was 

employed as a control. 

2.7.1.1 Confirmation of CLIC1 and CLIC4 knock down.  
To optimise and guarantee transfection efficiency cell pellets were collected from each cell 

line with each knock down after 24, 72, and 120 hours and the knockdown was verified by 

both qrt-PCR and western blot analysis to observe the effect on protein cycling. A suitable 

experimental window was then selected for each gene and cell line. 

 

2.7.2 CRISPR-Cas9 
CRISPR-cas9 induced SF188 (iCas9) and GCE28 (iCas9) cell lines were kindly gifted by Dr 

Alan McIntyre, University of Nottingham. Generation of a stable knock out of CLIC1 and 

CLIC4 was carried out via CAS-9 mediated lentiviral silencing. CLIC1 and CLIC4 lentiviral 

particles were purchased from SigmaAldrich, and their sequences are below. The following 

protocol was optimised by the Hypoxia and Acidosis Group, ran by Dr Alan McIntyre, 

University of Nottingham.  



64 
 

Cells were initially transduced with Dharmacon Edit-R Inducible Lentiviral hEF1a-Blast-Cas9 

Nuclease Particles to introduce an inducible Cas9. Prior to transfection with gRNA, cells 

were retrieved from liquid nitrogen and grown until 70% confluent. A cell suspension was 

prepared by trypsining and centrifugation. Cells were then counted to give a final seeding 

density of 20,000 cells per well in 200µl of media.  

Each cell line was plated into 5 wells of a 24 well plate: 1 well for each gRNA plus 2 control 

wells per cell line, these will be for un-transduced cells + and – puromycin, and a 

nontargeted gRNA control). Transfection is carried out under the presence of polybrene 

(final concentration 8ug/mL polybrene). 

Following this this the volume of virus needed for transfection is calculated. The MOI 

provided on the data sheet is the number of viral particles per cell. Prior optimisation by 

McIntyre group has determined that an MOI of 5 is sufficient to ensure an efficient 

transduction. For non-targeting gRNA virus and MOI of 0.5 was used. The equation below 

is used to calculate the volume of virus to use for each transfection, where the VP/ml is the 

specific titre of each virus and is batch specific. 

 

 

𝒖𝒍	𝒗𝒊𝒓𝒖𝒔 = >
𝑴𝑶𝑰 ∗ 𝒏𝒐. 𝒐𝒇	𝒄𝒆𝒍𝒍𝒔	

𝑽𝑷/𝒎𝒍 L ∗ 	𝟏𝟎𝟎𝟎 
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Table 2.14 CRISPR-CAS9 target sequences. Lentiviral backbone, LV04. 

Gene Clone ID Target sequence Titre 
(VP/Ml) 

CLIC1 G1 HSPD0000007695 AATGGGCAGTTCCCAATCT 8.0x106 

CLIC1 G2 HSPD0000007696 TTCATGGTACTGTGGCTCA 7.4x107 

CLIC4 G1 HSPD0000076598 CCCGGGAGCCAAGTTCTGC 7.2x106 

CLIC4 G2 HSPD0000076599 GAGGCTCTTCATGATTCTT 9.0x106 

-ve 
control 

NEGATIVECONTROL1 CGCGATAGCGCGAATATATT 8.0x107  

+ve 
control 

HSCONTROL_AAVS1 GGGGCCACTAGGGACAGGAT 7.9x106  

 

 

The viral gRNA was then added to the bottom of a well (24 well plate) and the 

polybrene/cell suspension added and swirled gently to mix. The plate was then incubated 

for 24 hours. Following this, cells were gently washed with PBS to removed live virus and 

300ul of fresh medium added, and incubated until they reached 70% confluency.  

 

2.7.2.1 Puromycin selection 
Once 70% confluent puromycin selection can begin. Prior to investigation, a puromycin kill 

curve was carried out on each cell line to determine the optimum concentration of 

puromycin for selection. Selection of transfected cell lines was carried out by dosing cells 

with 1ug/ml puromycin every 48 hours. This was completed over several passaged to 

ensure selection. The media was removed and replaced with media containing 1ug/ml 

puromycin. Puromycin was added to all wells except from the ‘minus puromycin’ control 

wells. Cell growth in wells dosed with puromycin was compared to the untransduced + 
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puromycin control, and – puromycin conditions. Selection was continued for 7-10 days or 

until all of the untransduced cells treated with puromycin are dead. 

2.7.2.2 Doxycycline induction of CAS9 
Following puromycin selection, doxycycline (4µg/ml) was used to induce CRISPR-Cas9 

activity. Cells were dosed with 4µg /ml doxycycline for 48hours, washed, and re-dosed for a 

following 48hours prior to experimentation.  

2.7.2.3 Validation of CRISPR-CAS9 knock out of  
Validation of CRISPR-cas9 knock out of CLIC1 and CLIC4 was carried out by western blotting 

technique as described in section 2.11.5 and analysis carried out as described in section 

2.11.6. 

 

2.8 Assessment of invasive and proliferative capacity of HGG 
2.8.1 Modified Boyden chamber assay as a measurement of invasion of HGG cells 
A modified Boyden chamber assay was utilised to assess the invasive capacity of HGG cell 

lines. In this transwell based assay, cells are seeded onto the upper surface of a 

polycarbonate membrane consisting of randomly distributed pores coated in ECM 

component in this case, Collagen IV was used to mimic the basement membrane.  

Prior to experimentation, the upper surface of the ThinCertTM (Corning, 8𝜇m pore size) 

transwell was coated with 0.5mg/ml mouse Collagen IV (Cultrex), and left to dry overnight in 

a shaker incubator at 37°C in a 24 well plate. Cells were harvested and counted following 

either drug treatment, siRNA transfection or non-treatment conditions, and re-suspended in 

cell culture media containing no FBS. 200𝜇L of cell suspension (1x104 cells) was seeded onto 

the upper surface of the transwell. Following this, 600𝜇L of complete cell culture media 

(containing 10% FBS) was placed in to the well to create a chemo-attractant gradient for the 

cells to invade towards. The cells were then left to invade overnight at 37°C, 5% CO2.  
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Following incubation for 24 hours, the non-invading cells and residual collagen IV was 

removed from the upper surface of the transwell by scrubbing with cotton bud. The 

invading cells (on the lower surface of the transwell) were fixed for 50 minutes using 100% 

ice cold methanol (VWR chemicals) and subsequently stained for 20 minutes using a 0.5% 

crystal violet stain.  

2.8.1.1 Quantification of cell invasion 
Quantification was performed using a light microscope by counting invading cells from 4 

pre-selected microscopic fields (40x magnification). The number of invading cells in 

treatment conditions was then normalised to their control conditions, and data presented 

at percentage of invading cells. Statistical analysis was carried out by using a student’s T-

Test on GraphPad Prism 9, a p value of <0.05 was considered significant. 

 

2.8.2 Clonogenicity of HGG 
A clonogenic (colony forming assay) was used in analysis of the clonogenic survival capacity 

of HGG cells subject to drug treatment, TTFields or siRNA transfection. This assay provides 

real-time insight into the proliferative capacity of a cell line and reproductive death, thus 

the cytotoxicity of treatment of interest.  

To assess cell sensitivity to drugs, cell lines were plated in a 6 well plate or t25 flask at a pre 

optimised cell density in standard cell culture media and left to adhere overnight at 37°C 

in5% CO2. Following adherence cells were treated with the chemotherapeutic of interest, 

with maintenance doses given every 72 hours via media change. The cells were then left to 

form colonies for 10 days or until the cells present in the control plates (Vehicle control) 

had formed visible colonies of a substantial size (50 cells per colony). Subsequently, the 

cells were washed with PBS and fixed in 1:1 methanol (100%):saline for 15 minutes. The 
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cells were then fixed in 100% methanol for 20 minutes. Post fixation, the cells were then 

stained with a 0.5% crystal violet stain. 

For cultures subject to TTFields or siRNA transfection, cells were either pre-treated with 

TTFields for 72 hours and harvested before plating for colony analysis, or subject to reverse 

transfection with siRNA (as described in section 2.7). Transfected cells were left to adhere 

for 24 hours, with a subsequent media change to remove any toxic Lipofectamine3000™. 

The protocol was then followed as previously described in this section. 

 

2.8.2.1 Quantification of clonogenic capacity 
To quantify colony forming units (clonogenic capacity) stained cells were manually 

counted, taking the average number of colonies formed per replicate of each condition. 

The data was then normalised to a percentage of colony forming units by normalising each 

treatment condition to the relevant control.  

2.9 Assessment of ion channel activity in pHGG 
2.9.1 Chloride efflux assay 

Assessment of the chloride flux into and out of the cells was performed using the Abcam 

Chloride Channel Assay Kit (Colorimetric) (ab176767). This protocol was optimised with 

some deviation from the original protocol. Cells were seeded overnight into a black walled 

clear bottom 96-well plate, according to the adherent cell protocol. Seeding densities were 

as followed: SF188 40,000 cells/well, KNS42 60,000 cells/well and GCE62 60,000 cells/well, 

GIN98 60,000/well, GCE98 60,000/well and astrocytes 60,000/well. Prior to experiment, all 

reagents were warmed to room temperature.  

2.9.2 Iodide efflux assay 
Following overnight incubation, the growth media was removed from the cells and 100 

µL/well of I-loading buffer was applied to each well and incubated for 4 hours at 37°C. 
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Following this, the loading buffer was aspirated, and the cells were then treated with 

either IAA-94 in media (100µM) or metformin (10mM) and controlled via media + vehicle 

(0.1% DMSO or and water respectively) for 48 hours. For TTFields and siRNA transfection, 

treatment protocols were carried out as previously descried, and cells harvested prior to 

experimentation. The cells were then washed 3 times with HBSS and lysed by adding 

50µL/well of 1x cell lysis buffer.  

2.9.3 Iodide assay 
Following cell lysis, 50µL of Iodide Sensor Blue Dye was added to each well, followed by 

50µL for the 1x Iodide Sensor Enhancer. The absorbance was then measured at 405nm on 

the FLUORstar Omega plate reader, and results visualised in GraphPad Prism 9.0. 

 

2.9.4 Membrane potential assay 
The FLIPR® membrane potential assay (Molecular devices, RED (R8126) kit was used as a 

high throughput fluorescent based assay to assess changes in membrane potential. This 

assay detects bidirectional gradient changes in fluorescence, allowing monitoring of both 

variable and control conditions within a single experiment. This assay is able to detect 

voltage-based changes across cellular membranes.  

Prior to experimentation 5x104 Cells were seeded into clear bottom, black walled 96-well 

plates and left to adhere overnight in 100µl of media. Following this, the FLIPR Membrane 

Potential Assay reagent (Red) was dissolved completely in 10ml of the 1x Assay buffer from 

the kit and mixed well to ensure residual dye was dissolved. An equal volume of Loading 

Buffer was added directly to the cells without removing the media or washing (100µl) and 

the cells were incubated at 37 °C for 30 minutes.  
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Where membrane potential was being assessed in siRNA knock down of CLIC1 or CLCI4, 

TTFields or in response to IAA94 or metformin, the cells were pre exposed to the 

experimental conditions (as described previously) before starting experimentation.  

2.9.4.1 Analysis of membrane potential activity via Flexstation 
Following incubation with Loading Buffer/Membrane Potential Assay reagent, the relative 

fluorescence was measured using a Flexstation plate reader (Molecular Devices) with the 

parameters stated in tables 2.16 and 2.17 and analysis was performed using the SoftMax Pro 

5.4 software. 

To measure a cellular response to voltage changes, an injection of KCl (0.5M) was performed 

at 20 seconds into the read to elicit a membrane potential response, with each well of the 

plate being read independently.  

 

Table 2.15 Wavelength parameters for Flexstation 

 

 

 

 

Table 2.16  Experimental parameters for Flexstation 

Parameters Addition 

Pipette Height (μL)  230 

Transfer Volume (µL) 50 

Compound Concentration 5x 

Addition Speed (Rate) 2-3 

Compound addition 20s 

Parameters Wavelength (nm) 

Excitation wavelength (nm) 530 

Emission wavelength (nm) 565 

Emission cut-off (nm) 550 
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2.9.4.2 Flexstation data analysis via SoftMax Pro 5.4 
To analyse membrane potential assay data, fluorescent values were exported to the 

SoftMax Pro 5.4 software (Molecular devices). The values for each well were reduces using 

the reduction function, and a numerical value assigned to each well. Data was then 

normalised via the ‘area under curve’ function and exported to GraphPad prism 9.0. 

Fluorescent values were taken from the point following depolarisation via KCl injection at 

20s and the individual readings were normalised as a percentage change when compared to 

the un-treated samples.  

 

2.9.5 Patch clamping  
Patch clamp experiments were kindly carried out by Dr Paul Smith, University of 

Nottingham.  

Pipettes were pulled from Harvard GC150TF-15 thin-walled borosilicate glass capillaries 

(Harvard Apparatus, Cambridge, UK) using a PC-10 dual-stage glass micropipette puller 

(Narishige International, London, UK) and the tips coated in sticky wax (Kerr Dental, 

Peterborough, UK). Prior to experiments pipettes were fire polished using a MF-900 

microforge (Narishige) to a resistance between 3-5 MΩ. 

For cell-attached recordings pipettes were filled with a high KCl solution which contained (in 

mM): 146 KCl, 2.6 CaCl2, 1.1 MgCl2 and 10 HEPES (pH 7.4, free [Ca2+]> 1.5 mM) and cells 

were bathed in Hanks which contained (in mM): 143 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.6 

CaCl2, 4.2 NaHCO3,10 HEPES, (pH 7.4 with NaOH) and 10 glucose. Following formation of a 

gigaohm seal, currents were recorded with a pipette potential of +70 mV, digitised at 10 

KHz and filtered at 2 kHz with an 8 pole Bessel. For single-channel current amplitude voltage 
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relationships, the pipette was held at potentials in 10 mV incremental steps, each of 1 

minute duration. 

Whole cell recordings were made using Hanks solution in the bath either with 

the high KCl ([Cl-] = 153.4 mM) high free free [Ca2+] solution in the pipette or a low Cl ([Cl-] 

= 16 mM) low free [Ca2+] (45 nM) low  Cl  solution which contained (in mM): 130 

KGluconate, 10 NaCl, 2 MgCl2, 1 CaCl2, 3 EGTA, 10 HEPES, (pH 7.4 with NaOH) and 10 

glucose. Voltage-gated currents were elicited by a voltage step protocol, with the membrane 

potential increased by 10 mV increments, from a holding potential of -70 mV at a frequency 

of 0.1 Hz and step duration of 240ms. Currents were filtered at 5 kHz. No leak subtraction 

was used.  

Recordings were made using an Axopatch-1D (Axon Instruments, Scottsdale, AZ, USA) patch 

clamp amplifier and a Digidata 1440A low-noise digitizer controlled by PClamp 11 software 

(Molecular Devices, Sunnyvale, CA, USA). All electrophysiology experiments were performed 

at room temperature (20-25°C). 

Data was then exported and analysed in GraphPad prism 9.0. 

2.10 Cell Cycle Analysis 
Cell cycle analysis of pHGG cell lines was performed using flow cytometry with propidium 

iodide staining and analysed using Kaluza.  

Following 72 hours of treatment with IAA94 or transfection of CLC1 or CLIC4 siRNA, cells 

were trypsinised and counted (seeding density 1x105 cells). Cells were then centrifuged at 

1500rpm for 5 minutes to collect a pellet, and the media supernatant was removed. The cell 

pellet was then re-suspended in ice cold PBS via pipetting, and the fixed with ice cold 70% 

ethanol and fixed overnight at 4°C. Following incubation, the cells were then centrifuged at 

1500rpm (800xg), re-suspended in PBS and re-centrifuged to remove traces of ethanol. The 
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supernatant was then aspirated, and the pellet re-suspended in DNase-free RNase A 

(100ug/ml in cold PBS) and propidium iodide (PI) (0.1% triton-x, 10ug/ml PI), and incubated 

in the dark, at room temperate for 30 minutes. The cells were then analysed using SONY 

ID7000. The cell cycle fit curve was then analysed using Kaluza, and the percentage of cells 

present under the curve was used to determine the percentage of cells present in each 

stage of the cell cycle.  

2.11 Molecular biology  
2.11.1 Immunohistochemistry 
IHC analysis was used to assess clinical correlations and significance of experimental results.  

Immunohistochemical labelling of formalin-fixed paraffin embedded tissue micro array 

sections and surgically retrieved glioblastoma tissue, temporal lobe tissue and control tissue 

was carried out. Initially the concentration of antibodies and incubation time was optimised, 

and appropriate conditions selected. Slides were placed on a hotplate at 60°C for 10minutes 

in order to fully melt the wax on the sections before proceeding with removal of paraffin 

wax.  

Slides were dewaxed by fully submerging the sections in the following series of reagents: 

xylene for 10 minutes, xylene 5 minutes, 100% ethanol 5 minutes, 100% ethanol 5minutes, 

95% ethanol 5 minutes, 80% ethanol 5 minutes and 70% ethanol 5 minutes. Following the 

final ethanol bath slides were rinsed thoroughly in deionised water, ensuring the water ran 

clear.  

The antigen retrieval method utilised was heat exposure via pressure cooker. Sodium citrate 

buffer (pH 6.0) was poured into a pressure cooker and brought to a boil on a hot plate. 

Slides were then placed into the pressure cooker and the lid secured safely; slides were 

treated for 7 minutes once full pressure reached. The pressure cooker was then left to 

depressurise and then slides were cooled.  
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Following antigen retrieval, slides were washed in PBS with agitation or 2 minutes and 

which time a humidified staining box was set up. Sections were then outlined with a 

hydrophobic barrier pen to prevent any loss of reagent during the staining process. 

Sections were then covered with 20% NGS in PBS and left to incubate at room temperature 

for 20 minutes. The sections were then washed in PBS for 5 minutes with agitation. Slides 

were then covered with 200𝜇L-400𝜇L of blocking solution from the Dako Chemate Envision 

Kit and left to incubate for 5 minutes. A subsequent 5-minute wash with PBS then 

followed. Primary antibodies diluted in antibody dilutant (Chemate Envision Kit, Dako) 

were then applied to the sections and left to incubate for 2 hours at room temperature 

(incubation times were decided after experiment optimisation. For antibody dilutions see 

below table. Following incubation of primary antibody, the slides were then washed 2x for 

5 minutes in PBS with gentle agitation. The sections were then covered with secondary 

antibody (Chemate Envision Kit, Dako) and incubated at room temperature for 30 minutes. 

This was then followed by a final wash in PBS. A 200𝜇L of DAB (1ml PBS to 20𝜇L of DAB) 

was applied to each section and incubated for 15 minutes. The slides were then rinsed 

gently with distilled water and then placed in a rack and agitated gently in Harris 

Haematoxylin (10-60 second) to counterstain. The slides were washed in running water 

until no colour was visible and then returned briefly to each of the xylene and ethanol 

series as follows: 70% ethanol, 80% ethanol, 95% ethanol, 100% ethanol, 100% ethanol, 

xylene, xylene. The slides were then left in the final xylene ready for mounting.  
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Table 2.17  Antibodies used for immunohistochemistry – species, dilution and incubation time. Positive control as per 

manufacturers recommendation. Incubation and dilution time selected following optimisation protocols. 

Name Species Clone Company Positive 
Control 
Tissue 

Incubation 
Time 

Dilution  

CLIC1 Mouse 356.1 Santa Cruz 
(sc-81873) 

Kidney 
Tissue 

120 
minutes 

1:200 

CLIC4 Mouse 45.42 Santa Cruz 
(sc-
135739) 

Duodenum 120 
minutes 

1:200 

ZEB1 Rabbit - Invitrogen Glioma 60 minutes 1:500 

 

Tissue sections were then viewed under a light microscope and observed for staining 

intensity, to optimise the protocol the staining quality was assessed, and incubation times 

and antibody dilutions were reassessed. To image tissues an Olympus DP25 light microscope 

was used. 

2.11.1.1 Scoring of tissue staining  
Stained TMAs were scanned and visualised using NDP.View2 (Hamamatsu). Each TMA was 

aligned to a specific sample using a TMA map of historical glioblastoma specimens collected 

at Queens Medical Centre. The TMA was created in-house by the CBTRC whereby PFFA fixed 

tissue blocks were carefully assessed by a trained pathologist, and appropriate cores 

selected for the TMA generation.  

Each core was carefully examined, and the extent of staining assessed. A score based on 

relative staining intensity was assigned to both the cytoplasmic and nuclear elements of the 

tissue core. A score of 0 = no staining, 1+ = weak staining, 2+ = moderate staining and 3+ = 

strong staining. All staining was double scored by an independent individual. 
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2.11.1.2 Patient clinical data analysis  
For the purpose of analysis, cores staining 2+ and 3+ were considered CLIC1 and CLIC4 

positive. The upper and lower quartiles of the staining scores were taken from all the cores 

to split the data into CLC1/CLIC4 + and CLIC1/CLIC4 – i.e., cores expressing high or low levels 

of the chosen ion channel proteins. This exclusion was carried out relative to positive control 

tissue, or normal temporal lobe tissue. 

Graph pad prism was then used to generate Kaplan-Meier curves for survival analysis of 

protein expression vs survival in months for each of the patients. Statistical analysis on these 

data included log rank and chi2 tests.  

2.11.2 Immunofluorescence 
For fluorescent staining, cells were seeded overnight and left to adhere to an 8 well staining 

chamber slide (Merck). 400μl of cell suspension was applied to each well at a seeding 

density of 15,000 (GIN98, GCE98, Astrocytes KNS42 and GCE62) or 10,000 (SF188) cells per 

well. Following overnight incubation, the media was aspirated, and the cells were washed in 

PBS. Following washing and removal of PBS the cells were fixed at room temperature with 

200μl of 4% paraformaldehyde (PFA) for 10-15 minutes. The PFA was aspirated, and the cells 

were washed with PBS, and at this stage the chambers were either filled with PBS, covered 

in parafilm, and stored at 4°C or the experiment was continued. The cells were then 

permeabilised in (0.1%) Triton-x PBS and incubated for 30 minutes at room temperature. 

Dependant on cell adherence, the slides were then rinsed in PBS, if cells were semi-adherent 

this stage was skipped to retain cell number. The cells were then blocked in 10% normal 

goat serum in PBS for one hour in a humidity chamber. Following this, blocking solution was 

tipped off and the slides were incubated with primary antibody (CLIC1 1:50, CLIC4 1:50, 

Santa Cruz) diluted in 10% NGS for 1 hour at room temperature in the humidity chamber. 

Next, 5, 10 and 15-minute washes were carried out with PBS-T (0.1% tween). The secondary 
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antibody was then applied to the cells (anti-Mouse Alexa Flour-488, Thermofisher) at a 

dilution of 1:100, diluted in 10% NGS for 1 hour at room temperature. Washes of 5, 10 and 

15 minutes were repeated with PBS-T. The cells were then counterstained with DAPI 

(300nm) (Thermofisher, USA) and incubated at room temperature for 10 minutes. The 

chamber slide plastic was then carefully removed, and slides were mounted with 

Fluoromount-G™ (Thermofisher, USA) and left to dry in the dark. Slides were imaged with a 

Leica DMR microscope within a week of initial staining, and stored in the dark at 4°C.  

Immunofluorescent staining of neurospheres was completed in an Eppendorf after 

collecting neurospheres grown for four days as previously explained in 2.4.3. Neurospheres 

were briefly centrifuged between each of the above steps to ensure spheres were not lost. 

 

2.11.2.1 Analysis of immunofluorescence 
Slides were imaged using a Leica SPEII Confocal Microscope with a 20x air lens and 488 nm, 

633 nm, and 405 nm lasers. All images were taken at 1024 x 1024-pixel resolution. The 

resulting images were then viewed and analysed using Fiji (ImageJ) software.  

In order to quantify the cytoplasmic and overall staining intensity of multi-channel 

immunofluorescence images, Fiji (ImageJ) software was employed. A binary-mask 

generation method was employed to assess fluorescent intensity. The multi-channel images 

were opened and converted to single channel images by splitting the 405 and 488 channels. 

Next, either the 488 channel (conjugated secondary antibody; protein of interest) or the 405 

channel (DAPI nuclear stain) was selected and the “mean” threshold function was used to 

isolate the overall staining of the region of interest. This was repeated for each channel 

used. Alternatively, regions of interest ROIs were generated using the “analyse particles” 

function, and the “measure” command was executed, displaying a relative fluorescent signal 
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for the ROI. These data were normalised to background signal reads, and significant 

differences were analysed in GraphPad Prism 9 via a t-test. The antibodies used for this 

experiment are the same as described above in section 2.18. 

 

2.11.3 qRT-PCR 
2.11.3.1 RNA Extraction 
RNA was extracted from each cell lines and neurospheres using the mirVana miRNA isolation 

Kit (Ambion, TX), whereby cell pellets were re-suspended in 300µl lysis/binding buffer, 

breaking up the pellet by pipetting. Following this, 30µl of miRNA homogenate additive was 

added to the lysate, vortexed and incubated on ice for 10 minutes. After incubating on ice, 

300µl of Acid-Phenol:Chloroform (Ambion, TX) was added to the lysate and vortexed for 1 

minute. After vortexing the samples was centrifuged at 10,000xg for 5 minutes allowing for 

the upper aqueous phase (nucleic acids) to form. The aqueous phase was removed and 

pipetted into a clean Eppendorf tube along with 375µl of 70% EtOH. The ethanol/lysate 

mixture was then vortexed and pipetted into a filter cartridge inside a collection tube 

(MirVana miRNA extraction kit) and centrifuged for 1 minute. Flow through was discarded. 

700µl of miRNA wash solution 1 was added onto the cartridge and again centrifuged at 

10,000xg for 1 minute, discarding flow through. This was repeated two times with wash 

buffer 2/3. Finally, the cartridge was centrifuged a final time to remove any remaining wash 

buffer. The filter cartridge was then transferred into a new Eppendorf tube. Nuclease-free 

water was pre-heated to 95°C and used as an elution agent. 50µl was pipetted onto the 

filter cartridge and left for 1 minute before centrifuging at 10,000xg for 1 minute to collect 

RNA. Nanodrop readings were then taken to determine RNA concentration and The RNA 

was stored at -80°C.  
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2.11.3.2 Spectrophotometric Analysis  
Spectrophotometric analysis is essential for determining biomolecules concentration. The 

concentration of RNA and DNA was quantified using the NanoDrop 2000 (ThermoFisher 

Scientific, USA). Prior to its use, the instrument was calibrated with sterile NFW to clear any 

previous sample spectrum and provide a blank reading. Absorption ratios of 260/280 and 

260/230nm were quantified to assess the extent of protein and organic contaminants 

(chaotropic salts) respectively. Absorbance ratios between 1.8-2.2 and 2.0-2.2 for 260/280 

and 260/230nm ratios respectively were considered acceptable for subsequent cDNA 

synthesis.  

 

2.11.3.3 cDNA synthesis 
cDNA was synthesised from RNA in volumes of 20𝜇l reactions using a High-Capacity cDNA 

reverse transcription kit and a BioRad T100 Thermo cycler (BioRad laboratories, UK). All 

samples were transcribed at a concentration of 1200ng RNA. All cDNA samples were stored 

at -80°C until qPCR analysis. Samples and all reagents were kept on ice at all times unless 

otherwise stated and prior cleaning of lab space with RNA-Zap and IMS was carried out to 

prevent contamination.  

Initial RNA denaturation was prepared with the following master mix (MIX1) for (n x 2)+1=y 

where n = number of samples. Nuclease free water (y x 3.2 µl) and Random Primers (y x 2.0 

µl) were aliquoted into an Eppendorf to make up MIX1. Following this, 10.4 µl of MIX1 was 

aliquoted into tubes labelled with RNA samples, and 20 µl of total RNA was pipetted into 

each tube containing MIX1. Following resuspension, the RNA+MIX1 solution was incubated 

on a heat block at 70°C for 10 minutes. Denatured RNA samples were transferred to ice 

immediately after.  
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Using the denatured RNA, the following cDNA synthesis reaction was set up. Each reaction 

was carried out in 20 µl final volume, containing 10 µl of RNA at 120ng/µl concentration 

i.e. each RT is done using 1200ng total RNA (totRNA). The following table denotes the total 

volume of reagents per reaction. 

Table 2.18. rtPCR master mix recipe 

 

 

 

 

 

 

 

 

Table 2.19 Thermocycler parameters for cDNA generation 

 

 

 

 

 

 

Each RT reaction was completed in duplicate: one containing the RT enzyme (+RT) and one 

where RT is substituted with water (-RT). This is to control for any genomic contamination 

in RNA samples as well as other reaction components. 

Reagent Volume (µl) 

10XRT Buffer 2.0 µl 

dNTP mix 0.8 µl 

Random Primers 2.0 µl 

RNAse inhibitor 1.0 µl 

Nuclease free water 3.2 µl 

Reverse Transcriptase 1.0 µl 

RNA (120ng/µ) 10 µl 

Temperature (°C) Time (minutes) 

25 10 

37 120 

85 5 
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2.11.3.4 qRT-PCR 
qPCR experiments were assessed using Taqman probes (Thermofisher). Assay efficiencies 

were generated for all reference and target genes using the respective cell lines. Standard 

curves were assessed on each group. Five 1:10 serial dilutions from the initial cDNA 

sample.  

Table 2.20 Gene probes used for qrt-PCR (TaqMan) 

Gene Purpose TaqMan assay 

CLIC1 Target gene Hs00559461_m1 
CLIC4 Target gene Hs00749895_s1 
P2RX4 Target gene Hs00902156_g1 
P2RX7 Target gene Hs00902156_g1 
SCNN1A Target gene Hs00168906_m1  
SCNN1D Target gene Hs00936289_m1 
GAPDH Reference gene Hs00939621_m1  
HPRT1 Reference gene Hs02800695_m1  
Actin Reference gene Hs00939627_m1  

 

qPCR of each sample was performed in triplicate containing 2𝜇L cDNA solution, 10𝜇L 2x 

TaqMan Universal MasterMix, 0.7𝜇L TaqMan Gene Expression Assay and 7.3𝜇L H2O. 

Reactions were performed by initial denaturation at 95°C for 10 min followed by 50 cycles of 

denaturation at 95C for 15s and annealing/ extension at 60C for 1min.  

   

2.11.4 RNA extraction from FFPE patient tissue 
To extract RNA from patient FFPE tissue, a column extraction method was employed. Prior 

to extraction, 10µm sections were taken from patient tissue of interest. No more than 4 x 

10µm sections were used per extraction, and each replicate was carried out using 

consecutive sections on from the same block. 
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Initially dewaxing was carried out as per the AllPrep DNA/RNA FFPE (Quiagen, Germany) kit 

instructions, however the dewaxing proved to be insufficient, and RNA yield was <2ng/µl. 

Subsequently, dewaxing of the FFPE sections was carried out as follow: 4x10µm sections 

were dewaxed with 1ml of 100% xylene (VWR chemicals) and agitated at high speed for 15 

minutes. The samples were then centrifuged at full speed (>20,000 rpm) for 5 minutes. The 

excess xylene was removed from the tissue pellet, and 1ml of 100% Ethanol (VWR 

chemicals, UK) was added to extract residual xylene from the tissue, with agitation for 10 

minutes. The tissue was again centrifuged at >20,000 rpm for 5 minutes, and excess ethanol 

removed. The tissue was then left to air dry at 37°C for 15 minutes to allow any residual 

ethanol to evaporate.  

RNA extraction was then performed according to the manufacturer’s handbook, whereby 

the lysate was lysed via proteinase K. The RNA was then separated from the DNA pellet, and 

heated to 80°C. The total RNA was then bound using a column, treated with DNAse, washed 

and eluted. RNA concentration was then determined via NanoDrop. 

2.11.5 Immunoblotting 
2.11.5.1 Protein extraction 
Cells were washed, trypsinised and collected according to the method described in section 

2.4. Cell pellets were resuspended in up to 500𝜇L of RIPA buffer with protease inhibitors 

(volume of lysis buffer added was dependant on cell pellet size and cell number). Samples 

were then incubated on ice for 20 minutes and high molecular weight DNA was sheared 

using a needle and syringe. Samples were then transferred into a sonicator where high 

frequency waves were applied for 15 minutes. Following sonication, the samples were again 

sheared 20 times with a needle and syringe and then centrifuged at 13,000xg for 60 minutes 

at 4°C. 
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2.11.5.2 Protein concentration quantification 
The concentration of the protein present in the sample was calculated via standard BCA 

assay (Walker, 1994), whereby known concentrations of BSA standards were compared to 

sample values using an y=mx+c line equation. 

A protein standard curve was created by dissolving bovine serum albumin (Sigma, UK) in 

homogenisation buffer to obtain the following standards (mg/ml): 0.1, 0.2, 0.4, 0.6, 0.8, 

1mg/ml. 10𝜇l of each standard or protein lysate was applied in triplicate to the well of a 98 

well plate (Greiner, UK) placed on a cool block to prevent protein degradation. Immediately 

after, 90 𝜇l of BCA assay reagent (Bicinchoninic acid: 4% copper II sulphate pentahydrate 

(50:1)) was added to the respective wells and incubated at 37°C for 30 minutes. Following 

incubation, absorbance was read at 562nm in an plate reader (Thermo, UK). 

 

2.11.5.3 Immunoblotting 
Electrophoretic blotting of protein samples was carried out on a 10-12% gel using 20𝜇g 

overall protein concentration. 10𝜇L of sample was loaded into a pre-cast gel (Mini-Protean, 

Biorad) and ran against a protein ladder of known molecular weights (Precision Plus Protein 

Dual Colour, Biorad). Samples were run at 40mA for 60minutes or until complete separate of 

bands observed on reference ladder in western blot running buffer (100ml 10x Running 

buffer (Pierce, ThermoFisher) and 900ml dH2O).  

Subsequently, transfer of the proteins onto a 4.5𝜇m nitrocellulose membrane 

(ThermoFisher) was performed at 100v for 50 minutes in transfer buffer (100ml 10x Transfer 

buffer (Pierce, ThermoFisher), 200ml Methanol (VWR chemicals) and 700ml dH2O).  

The membrane was then blocked in 5% milk in TTBS (0.05%Tween20) for 60minutes at room 

temperature on a shaker. Blocking solution was removed and the membrane was incubated 

with the primary antibody diluted in TBS-T for 60minutes at room temperature or overnight 
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at 4°C with gentle agitation. Following incubation, the primary antibody was removed, and 

the membrane was washed in TBS-T for 5x10 minute under strong agitation at room 

temperature. After washing, the membrane was incubated with secondary antibody 

(1:50,000-1:250,000) in TBS-T for 60mins at room temperature. Following incubation, the 

secondary antibody was removed, and the membrane was washed in TBS-T for 5x10 minute 

under agitation at room temperature. Blot development was followed according to the 

Immun-Star™ AP Chemiluminescence Kits, luminol/enhancer and peroxide buffer were 

mixed 1:1 with 125ul of substrate solution. (12ml total for one membrane) and the 

membrane was incubated in the solution for 3-5 minutes. Following incubation excess 

substrate was drained off, and it was the processed for camera detection and semi-

quantitative analysis.  

 

2.11.5.4 Analysis of Immunoblots 
Semi quantitative analysis of immunoblots was performed via the “Gels” analysis tool from 

Fiji, ImageJ software. The band of interest was selected using the rectangular selection tool, 

generating a histogram and raw number indicating the intensity of the band. To calculate 

the relative densities of each band, the area of the peak of the histogram was measured, 

and normalised by the area of the relative control band peak. This was repeated across 

blots, and values normalised to housekeeping control. Significance was calculated using a 

paired and unpaired T-Test (GraphPad Prism 9). 
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2.12 RNA sequencing  
RNA was extracted from FFPE patient tissue as described in section 2.11.4. Prior to 

sequencing, RNA integrity and concentration was assessed via a Qubit (ThermoFisher, UK) 

and Tapestation (Agilent, UK) and exclusion of genomic DNA contamination of the samples 

was carried out via PCR. 

2.12.1 Lexogen sequencing pipeline 
Nine RNA samples submitted for 3’ RNA Seq using the Lexogen QuantSeq 3’ mRNA-Seq 

library prep kit. RNA concentrations and integrity assessed using the Agilent TapeStation 

4200 and the Agilent RNA ScreenTape Assay Kit (Agilent; 5067-5576 and 5067-5577).  

2.12.2 Library Prep 
For all samples, cDNA was generated from 50-100ng of total RNA using the QuantSeq 3’ 

mRNA-Seq library prep kit for Illumina (FWD) (Lexogen; 015.96) - Low Input/Low 

Quality/FFPE RNA Protocol.  

Indexed sequencing libraries were prepared using the Lexogen i7 6nt Index Set (Lexogen; 

P04496). For samples ds1166_1 to ds1166_6 - 17 cycles of PCR. For samples ds1166_7 to 

ds1166_9 – 20 cycles of PCR.  

2.12.3 Library QC 
Libraries were quantified using the Qubit Fluorometer and the Qubit dsDNA HS Kit 

(ThermoFisher Scientific; Q32854). Library fragment-length distributions were analyzed 

using the Agilent TapeStation 4200 and the Agilent High Sensitivity D1000 ScreenTape Assay 

(Agilent; 5067-5584 and 5067-5585). Libraries pooled in equimolar amounts and final library 

quantification performed using the KAPA Library Quantification Kit for Illumina (Roche; 

KK4824) 
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2.12.4 Sequencing 
Library pool sequenced on the Illumina NextSeq 500 Platform, on a NextSeq 500/550 Mid 

Output v2.5 150 cycle kit (Illumina; 20024904), to generate approximately 5 million 75bp 

single end reads per sample. 

Sample QC, library preparation and QC, and sequencing RNA concentrations and integrity 

was assessed by the DeepSequencing facility (University of Nottingham) using the Agilent 

TapeStation 4200 and the Agilent RNA ScreenTape Assay Kit (Agilent; 5067-5576 and 5067-

5577). For all samples, cDNA was generated from 50-100ng of total RNA using the QuantSeq 

3’ mRNA-Seq library prep kit for Illumina (FWD) (Lexogen; 015.96) - Low Input/Degraded 

RNA Protocol. Indexed sequencing libraries were prepared using the Lexogen i7 6nt Index 

Set (Lexogen; P04496). For samples ds1166_1 to ds1166_6 - 17 cycles of PCR. For samples 

ds1166_7 to ds1166_9 – 20 cycles of PCR. Libraries were quantified using the Qubit 

Fluorometer and the Qubit dsDNA HS Kit (ThermoFisher Scientific; Q32854).  

Library fragment-length distributions were analyzed using the Agilent TapeStation 4200 and 

the Agilent High Sensitivity D1000 ScreenTape Assay (Agilent; 5067-5584 and 5067-5585). 

Libraries pooled in equimolar amounts and final library quantification performed using the 

KAPA Library Quantification Kit for Illumina (Roche; KK4824). Library pool sequenced on the 

Illumina NextSeq 500 Platform, on a NextSeq 500/550 Mid Output v2.5 150 cycle kit 

(Illumina; 20024904), to generate approximately 5 million 75bp single-end reads per sample. 

Bcl2fastq basecaller version 2.20 used.  
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2.12.5 Analysis of RNA sequencing 
2.12.5.1 Bioinformatic pipeline 
 Data analysis for RNASeq Raw reads were processed using Lexogen QuantSeq pipeline. In 

brief, reads were trimmed to remove sequencing adapters, reads shorter than 20 bp and of 

quality less than Q20 using cutadapt. Trimmed reads were aligned to the Homo sapiens 

GRCh38 ensembl release 107 reference genome using STAR aligner [2]. Uniquely aligning 

reads were retained for gene quantification, which was carried out using featureCounts.  

Differential gene expression analysis was carried out using DESeq2 [4]. Details of each step 

are explained in the pipeline’s github repository (https://github.com/Lexogen-

Tools/quantseqpool_analysis). Heatmaps were generated using R packages gplots and 

heatmaply. Package versions are given in the accompanying .html document containing the 

heatmaps. 

Pathway enrichment analysis was carried out using the R package gprofiler2. An unordered 

list of up-regulated and down-regulated genes is analysed, separately. All other parameters 

are set to DeepSeq default. Only statistically significant results are reported where p-value is 

set at 0.1.  

 

2.13 Statistical analysis  
All statistical analysis was undertaken using GraphPad Prism 9. Unless otherwise specified, 

population data are presented as mean ± SD (standard deviation) of n observations of x 

independent experiments, where n refers to the number of individual cells/experiments. 

Significant differences between sample/treatment groups were assessed using the students 

t-test (paired or unpaired specified in the relevant results sections) or one-/two-way ANOVA 

for two or more groups, respectively. When comparing 3 or more groups to a control 

condition with ANOVA, Dunnett’s post-hoc test was used. When expressing differences 
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between samples, data was expressed as the mean value with 95 % confidence intervals; 

mean [95% LCI , 95% UCI] (LCI, lower confidence interval; UCI, upper confidence interval). 

Normality tests were performed on data when using parametric tests. Values of p <0.05 

were assumed to describe significance in all tests. 
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3 Characterisation of ion channel expression in adult and 
paediatric high-grade glioma 

 

3.1 Introduction 
Brain tumour research, with high grade glioma research in particular, is met with many 

limitations and issues arising from the anatomical location of the tumour, aggressiveness 

of the disease and ‘immune cold’ status of HGG (153). As such, areas of research that are 

well explored or up-and-coming in other cancers, remain poorly assessed in both adult and 

paediatric HGGs. The role of ion channels in cancers has been explored but not thoroughly 

defined, however many studies have linked the aberrant expression of various ion 

channels to malignant processes in other cancers. As previously described, dysregulation of 

ion transport mediated through ion channels and the maintenance of ionic function across 

the cell membrane underpins a large number of the pathological events that encompass 

the hallmarks of cancer (147). Specifically, ion channel expression and function is linked to 

cell cycle progression, invasion, migration, morphology, apoptosis, and proliferation of 

cancer cells, with certain studies identifying a role for ion channels in angiogenesis and 

immune response of tumour cells (154). 

Here we aim to exploit an under-reviewed area of research and apply it to the brain 

tumour realm. There is currently no curative treatment for HGG, and one of the main 

treatment boundaries facing researchers is developing drugs that can cross the blood brain 

barrier. The brain itself is intrinsically electrically active and as such, harbours cells that are 

heavily regulated via ion channel function. Ion channel inhibiting drugs are a large class of 

drugs, that make up 15% of all small molecule drugs on the market to date (155). These 

clinically available drugs have known safety profiles and are in use for a myriad of diseases 

and disorders. It is well understood that drugs targeting ion channels such as anti-
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depressants and antiepileptics have the capacity to cross the blood brain barrier and act on 

brain cells. Therefore, ion channels present as viable and logical targets for brain tumour 

therapeutics, as drug repurposing is a sound possibility, and unlike transcription factors 

etc. they are easily druggable. The dire overall survival rates of HGG arise as a direct result 

of the lack of progressive treatment; hence, identifying new drug targets such as ion 

channels is imperative in developing research and extending survival times in these 

patients.  

During the process of this project, three review publications (including one published by 

the author) have explored the role of ion channels in gliomagenesis and progression1 

(120,156,157), all of which conclude that gliomas possess aberrant ion channel expression 

and that ion channels are viable targets for treatment.  

 

Chapter Aims: 

1) To identify aberrantly expressed ion channel genes in HGG via systematic review and 

to use this data combined with publicly available data sets to determine a panel of 

candidate ion channel genes. 

2) To assess the expression of candidate ion channel genes in pHGG cell lines and in 

house patient derived HGG tissue. 

3) To determine the clinical significance of candidate ion channel genes via in-house 

patient tissue and publicly available data sets 

4) To assess the spatial expression of ion channel genes in response to tumour 

microenvironment. 

 
1 During the process of this project the author published a review exploring the role of ion channels in high grade gliomas. Some of the work in the chapter 
draws heavily on this published work, this work d is presented in line with the article reuse permissions policies of MDPI journals.  
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3.2 Identification of aberrantly expressed ion channels in HGGs via systematic 
literature review.  

 

As described in section 2.1.1 a systematic literature review was carried out to determine 

ion channels of noted significance in adult and paediatric gliomas. Unlike many other tissue 

types, neural tissue is intrinsically electrically active and reliant on ion channels. Ion 

channels are essential in cell cycle control, invasion and migration of cancer cells and 

therefore present as valuable therapeutic targets. Through this literature review, a wide 

range of ion channel targets were identified. 

The epithelial sodium channel (ENaC) family of channels was identified as potential targets 

in this review. Studies have found that these channels are upregulated in GBMs and are 

significantly associated with shorter overall survival times (158). Furthermore, when 

targeting glioma cells with ENaC specific inhibitors, cell undergo cell cycle arrest at GO/G1. 

Voltage-gated sodium channels, highly expressed in gliomas have also been implicated in 

the malignant progression of brain tumours (159).  

Potassium channels are responsible for the selective facilitation of K+ movement, and have 

been implicated in the neoplastic development of several solid tumours (111,160). Like 

their Na+ counterparts, the voltage gated K+ channels are also seen to exhibit aberrant 

expression in gliomas, with KCNB1 and KCNJ10 being down regulated in glioma samples 

(137). Calcium activated potassium channels also known as BK channels have been widely 

assessed in the glioma landscape, with studies finding upregulation in glioma biopsies. 

Selective inhibition of BK channels such as KCa1.1 sensitises glioma cells to standard of 

care chemotherapeutics, and results in cell death as a monotherapy (161).  

Chloride channels are associated with the regulation of cell volume and as such, are 

interesting targets for inhibiting cell invasion. Chloride intracellular channels (CLICs) have 
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been found to be upregulated in glioma biopsies, with one study showing an association 

between these channels and patient prognosis, with CLIC4 specifically linked to glioma cell 

invasion (138). Similarly, transient receptor potential cation channels (TRPC) and aqua-

porins such as AQP1 have been implicated in glioma motility and invasion, with silencing of 

these channels resulting in G1 arrest (162).  

Following the generation of a panel of candidate channel targets, we sought to assess 

available data confirming expression levels of channels in cell lines and tissues. 

Interrogation of Human Genome Atlas (https://www.humancellatlas.org/)   found that 

CLIC1, CLC4 and VDAC were the most highly expressed ion channels in cell lines (U-251, U-

87), whereas the aqua-porins AQP4 and AQP1 were the most highly expressed in tissue 

samples. Expression data can be found in table 3.1 and 3.2.  

Table 3.1 Ion channel genes and their role in glioma pathogenesis. A systematic review was carried out using PubMed to 
assess the current literature exploring ion channels and ion channel genes associated with the malignant status of glioma, 
including their association with ion channel inhibiting drugs or standard of care chemotherapy. Key: bold typeface and * 
indicate candidates used for further investigation. 

Gene Role Tumour 
Type 

 Clinical/ 
experimental 
association 

Referen
ce 

Eag1  Cell-cycle 
regulated 
channel, 
relevant in 
the process 
of myoblast 
fusion 

HGG Suppression 
sensitises GBM to 
TMZ. Gliomas, 
despite of their 
grade, tend to 
overexpress. 

(131,15
4,157) 

SCN8A Voltage-
gated Na+ 
channel 

HGG / GSC High expression 
compared to NGC. 
KD decreases 
viability. Enriched in 
GSC but low in bulk 
GBM 

(131,15
1) 

KCNB1 
(Kv21) 

Potassium 
voltage-
gated 
channel 

HGG / GSC High expression 
compared to NGC. 
KD decreases 
viability 

(131) 

GRIA3 AMPA-
sensitive 

HGG / 
GSC/pancre
atic cancer 

High expression 
compared to NGC. 

(131,15
8) 
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glutamate 
receptor 

KD decreases 
viability 

KCNH1 
(Kv10.1) 

Ether a go-
go K+ 
channel 
(hEAG1) 

Gliomas, 
breast 
carcinoma 

Aberrant expression 
linked to increase in 
proliferation. Over-
expression in 85.3 % 
of the brain 
metastases and in 
77.5 % of GBMs 

(159–
161) 

GRIK4 Glutamate 
receptor 

HGG / GSC Enriched in GSC but 
low in NGC. Enriched 
in GSC but low in 
bulk GBM 

(162) 

GABRG3 GABAA 
receptor-γ3 

HGG High expression 
compared to NGC. 
High expression = 
increased survival 

(131,16
3) 

CNGA3 Cyclic 
nucleotide 
gated (CNG) 
channel 

HGG High expression 
compared to NGC. 
High expression = 
Decreased median 
survival 

(131,15
1) 

TRPM3 Calcium 
channel 
mediating 
constitutive 
calcium ion 
entry 

HGG / GSC High expression 
compared to NGC. 
High expression = 
Decreased median 
survival 

(131,15
1) 

P2RX4* Purinergic 
Receptor 

HGG / GSC/ 
micro glia/ 
Prostate 
cancer 

High expression 
compared to NGC 
and decreased 
median survival. 
Involved in 
chemotaxis and 
morphine-induced 
migration. 

(164–
166) 

KCNC3 Potassium 
Voltage-
Gated 
Channel 

GSC Enriched in GSC but 
low in bulk GBM and 
NGC 

(131) 

SCN11A* Voltage-
gated 
sodium 
channel 

GSC Enriched in GSC but 
low in NGC 

(131,16
7) 

ASIC3 
(ACCN3) 

 neuronal 
voltage-
insensitive 
sodium 
channels 

GSC Enriched in GSC but 
low in bulk GBM 

(131) 
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CLCN3 Voltage 
gated Cl- 
channel 

Glioma Reduced expression 
inhibits migration. 
Associated with drug 
resistance 

(168) 

CACNA1D Ca2+ 
channel, 
voltage 
dependent, 
L type alpha 
1D subunit 

HGG Down regulated, 
significant increased 
risk of death. 

(169) 

CLCN6 
 

Cl- channel, 
voltage 
sensitive 6 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

CLIC1* Cl- 
intracellular 
channel 

HGG Up regulated in 
glioma, increases risk 
of death 

(135,13
6,170) 

CLIC4* Cl- 
intracellular 
channel 

HGG Up regulated in 
glioma, increases risk 
of death. Associated 
with glioma cell 
invasion. 

(135,17
1) 

GRIA2 Glutamate 
receptor, 
inotropic, 
AMPA2 

HGG Down regulated, 
significant increased 
risk of death. 

(135,15
8) 

GRID1 Glutamate 
receptor, 
inotropic 
delta 1 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

KCNAB1 K+ voltage 
gated 
channel 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

KCND2 K+ voltage 
gated 
channel 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

KCNJ10 
(KIR4.1) 

K+ inwardly 
rectifying 
channel 

HGG/ 
Glioma/NG
C 

Down regulated, 
significant increased 
risk of death. 
Overexpression 
stops glioma cells 
proliferating 

(135) 

KCNMA1 K+ large 
conductance 
Ca2+ 
activated 
channel 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

KCNN3 Potassium 
intermediat
e/small 
conductance 
calcium-

HGG Down regulated, 
significant increased 
risk of death. 

(135) 
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activated 
channel 

KCNQ5 Potassium 
voltage-
gated 
channel 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

NALCN Sodium leak 
channel, 
non-
selective 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

P2RX7* Purinergic 
receptor 
P2X, ligand-
gated ion 
channel, 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

SCN1A Sodium 
channel, 
voltage-
gated 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

VDAC2 Voltage-
dependent 
anion 
channel 2 

HGG Down regulated, 
significant increased 
risk of death. 

(135) 

NKCC1 
(SLC12A1) 

(SLC12A) 
Na-K-Cl 
cotransport
er  

Glioma Highly expressed in 
glioma tissues 

(56) 

Kv1.3 
(kcna3)* 

K+ channel Melanoma/ 
rodent glia 

interacts with β1-
integrins of adhering 
melanoma cells. 
Increases as cells 
progress from g0-g1 
in rodent glial cells – 
increase in g1 K+ 

(167,17
2) 

Kv3.1 
(KCNC1) 

K+ Channel Oligodendr
ocyte 
progenitor, 
chicken 
neuroblasts 

Blockade inhibits 
glioma cell migration 

(167,17
3) 

Kv11.1 
(KCNH2) 

K+ channel Melanoma, 
AML, 
neuroblasto
ma, colon 
cancer 
 

Melanoma: 
inhibition inhibits 
migration, AML- 
confers promigratory 
phenotype, NB- 
inhibition regulates 
integrin signalling, 
CC- modulates 
invasiveness 

(167,17
4) 
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Kca1.1 
(KCNMA1
)* 

K+ channel Glioma Over expressed in 
glioma, alters 
radiosensitivity of 
glioma cells 

(155,16
7,173,1
75) 

Kca2.3 
(KCNN3) 

K+ channel Melanoma, 
BC, 
neuronal 
progenitor 
cells 

M- enhances motility 
by hyperpolarising 
membrane potential, 
BC – KD inhibits 
migration, NPC – 
channel activation 
induces filopodia 
formation. 

(155,16
7,175) 

Kca3.1n 
(KCNN4) 

K+ channel Microglia, 
melanoma, 
GBM 

Microglia and 
melanoma – 
blockade slows down 
growth, GBM - 
contributes to 
chemotactic 
response to CXCL12; 
inhibition blunts 
migratory response 
of U87-MG cells to 
FCS 

(167,17
6) 

Kir4.2 
(KCNJ15) 

K+ channel Glioma colocalization with 
α9β1 integrins and 
spermidine/spermin
e acetyltransferase 
(SSAT) increases 
persistence of 
migration 

(121,17
7) 

NaV1.2 
(SCN2A) 

Voltage 
gated 
sodium 
channel 

Microglia NaV1.6 required for 
ATP-induced 
migration 

(167,17
8) 

NaV1.6 
(SCN8A) 

Voltage 
gated 
sodium 
channel 
 

Microglia NaV1.6 required for 
ATP-induced 
migration 

(167,17
8) 

ENaC 
(SCNN1A
*, 
SCNN1B, 
SCNN1G, 
and 
SCNN1D*
) 

Epithelial 
sodium 
channel 

HGG Knockdown impairs 
migration 

(167,17
9) 

ASIC1 
(ACCN2) 

 Acid 
sensing, 
neuronal 
voltage-

HGG, 
Astrocytes 

Enhances motility. 
Toxin inhibits whole 
cell current in GBM 
cells 

(167,18
0,181) 
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insensitive 
sodium 
channels 

VRAC  Cl- channel Glioma cells Cell shrinkage 
enhances invasive 
capacity 

 

CIC3  Cl- channel Glioma 
cells, HeLa, 
nasopharyn
geal 
carcinoma 

Internalisation 
inhibits migration, 
regulated by CaMKII, 
HeLa- KD impairs 
migration.  
Cltx), a scorpion 
toxin that binds a 
membrane-bound 
metallopro-teinase. 
The former can 
diffuse within the 
plasma membrane 
and thus inhibit ClC-
3. 

(134,17
0,182) 

TRPC6 Transient 
receptor 
channel 

GBM cells KD inhibits invasion (183) 

AQP1* Aqua porin 
1 

Glioma cells Expression enhances 
migration 

(184,18
5) 

AQP4 Aqua porin 
4 

Astroglial 
cells, adult 
neural stem 
cells 

AGC – promotes glial 
scar formation and 
enhances protrusive 
activity, ANSC – 
knock out impairs 
migration by altering 
intracellular Ca2+ 
signalling 

(186,18
7) 

ASIC2 Acid sensing 
channel 2 

Glioma Down regulated in 
glioma  

(167,17
9,181,1
88) 

Cav1.2 
(CACNA1
C) 

Ca2+ 
channel 

HGG Negative biomarker 
for patient survival. 
TTFields activate 
Cav1.2 channels in 
GMB 

(189,19
0) 
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Table 3.2 Table describing the expression of ion channel genes in publicly available cell line data and tissue. Data from 
the human genome atlas and the expression of RNA found in the TCGA data set. 

Gene Cell Line RNA NX Tissue Expression TGCA - Glioma 

U-251 U-87 

CLIC4 27.1 40.7 136.4 pTPM - 

cerebellum 

N/A 

VDAC2 58.1 43.1 219.4 pTPM 24.9 FPKM 

CLIC1 37.6 14.7 5.2 pTPM 124.9 FPKM 

AQP4 0.0 1.7 774.2 pTPM 180.1 FPKM 

AQP1 0.3 0.1 120.8 pTPM 240.2 FPKM 

TRMP2 0.3 0.0 7.4 pTPM 2.5 FPKM 

SCN1A 0.00 0.00 11.2 pTPM 1.6 FPKM 

KCNJ10 0.00 0.2 117.1 pTPM 22.8 FPKM 

GRIA2 0.00 0.7 247.9 pTPM 5.6 FPKM 
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3.3 Identification of candidate ion channel gene expression in glioma  
3.3.1 Analysis of candidate ion channel genes using publicly available data sets  
Ion channels have not been widely explored as candidates for therapeutics or biomarkers 

across glioma data sets, and consequently we sought to assess the expression of candidate 

ion channel genes (identified via systematic literature review) across publicly available 

glioma datasets. These data were used to further elucidate promising ion channel targets, 

and the association between their expression and survival in patient cohorts and narrow 

down our panel. 

The statistical analysis platform R2: Genomics Analysis and Visualisation Platform 

(http://r2.amc.nl) was utilised as a tool to assess the expression of candidate ion channel 

targets: P2RX4, SCNN1A, Kv1.3, SCNN1D, AQP1, KCa1.1, CLIC1, CLIC4 and P2RX7. These 

targets were selected as they are relatively underexplored in gliomas, and indeed brain 

tumours as a whole. The paediatric glioma data set (Paugh et al., 2010(163)), adult glioma 

dataset (French et al., 2011(164) and Kawaguchi et al., 2013 (165)) and normal brain data 

sets (Harris et al., 2008, and Berchtoldt et al., 2008 (166)) were utilised in this analysis. 

Candidate ion channel genes were found to be expressed across all data sets (Figure 3.2). 

When compared to normal brain the highest overall expression was found in CLIC1, CLIC4 

and P2RX7, aligning with literature citing that these channels are often over expressed in 

glioma. Conversely, SCNN1D, SCNN1A and KCa1.1. appear to be down regulated when 

compared to normal brain.  

http://r2.amc.nl/
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Figure 3.1 Ion channel expression across publicly available data sets. R2 Genomic Analysis was utilised to analyse 
differences in ion channel expression in glioma data sets. Normal brain (Harris dataset) n = 44; Normal Brain (Berchtold 
dataset) n = 172; paediatric glioma (Paugh dataset) n = 53; adult glioma (French dataset) n=284. Significance was assessed by 
Brown-Forsythe and Welch ANOVA analyses with Dunnett’s T3 multiple comparison test. 
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Furthermore, we sought to assess the clinical association between expression of candidate 

ion channel genes and overall survival in these data sets. Figure 3.2a describes Kaplan-

Meier survival curves for the Paugh paediatric HGG data set and the correlation between 

overall survival and gene expression. Here none of the candidate ion channel genes had a 

significant correlation with overall survival (p=>0.05). However, some (non-significant) 

trends were observed. For CLIC1, CLIC4, SCNN1A and SCNN1D high expression levels 

appeared to be unfavourable and shorter overall survival times were observed. Conversely, 

there is a trend of low expression of P2RX7 and KCa1.1 and informing lower overall survival 

rates. Interestingly, data found by way of systematic literature review confirms the role of 

low P2RX7 expression as a prognostic factor for poor overall survival. Furthermore, these 

trends were mirrored in the adult HGG dataset (Kawaguchi) whereby the survival curves 

were not statistically significant, but nodded at trends towards low expression of P2RX7 

and KCa1.1 being unfavourable. As this data set is smaller in scale, all results need to be 

interpreted with caution. Despite this, the expression of CLIC1 was found to be statistically 

significantly associated with overall survival in this cohort, with high CLIC1 expression 

conferring poor overall survival (p= 2.2e-07). Likewise, a chloride intracellular channel from 

the same family, CLIC4 was also found to be unfavourable for survival when highly 

expressed (p=0.02). These data confirm findings from the literature, stating that CLIC1 and 

CLIC4 overexpression is associated with poor overall survival. CLIC1 and CLIC4 are also 

statistically associated with higher WHO grade, with increasing CLIC1 and CLIC4 levels 

being associated with WHO IV tumours. Interestingly, despite implications in the literature 

focusing on both clinical and cell line data, there was no significant association between 

the majority of ion channels in this panel and survival outcome.  
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Due to no significance being found in the expression of any of the candidate ion channel 

genes when compared to normal brain, and all genes but CLIC1 and CLIC4 holding no 

significant correlation with overall survival, it was decided that further analyses using in-

house data sets would be carried out to select a suitable target to take forward for the 

studies. 



 
Key: 

High = Blue 

Low = Red 
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3.3.2 Analysis of candidate ion channel gene expression in pHGG cells and in-house patient 
derived tissue   

 

Analysis of publicly available datasets found that candidate ion channels are expressed 

across normal brain, adult, and paediatric glioma. To further this exploration, qrt-PCR of in-

house paediatric glioma cell lines, and screening of adult glioma RNA sequencing was carried 

out. As expected, the 9 candidate channels were expressed across all of the cell lines, with 

the highest overall expression being found in P2RX7. Interestingly statistical testing via 1-

way ANOVA found that there were no significant differences in the expression of P2RX7 

across the cell lines, or compared to normal human astrocyte mRNA. The same was found to 

be true for KCa1.1, however these data align more closely with that found in the Paugh and 

Figure 3.2. High CLIC1 and CLIC4 expression correlates with poor overall survival in adult HGG data set. R2 genomics analysis platform was 
employed to assess the correlation between the expression of a panel of candidate ion channel genes and overall survival in paediatric and adult 
high grade glioma data sets. A) No significant association was found between the expression of candidate ion channel genes and overall survival 
in the Paugh paediatric HGG dataset. B) CLIC1 (p= 2.2e-07) and CLIC4 (p=0.02) overexpression is linked to decreased overall survival in the 
Kawaguchi adult HGG dataset.  Key: High expression is represented by the blue line, low expression is represented by the red line. Survival 
curves compared using the Log-rank (Mantel-cox) test. C) Express ion values (2Log) of CLIC1 and CLIC4 vs WHO grade. Statistical analysis with 
unpaired t-test with Welch’s correction. 
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French datasets, where no downregulation was found. The most significantly expressed ion 

channel candidates were CLIC1 and CLIC4, with statistically significant elevation in all cell 

lines when compared to astrocyte controls. Intriguingly, the highest expression level for 

both CLIC1 and CLIC4 was observed in the primary line, GCE62, and is comparable to tissue 

expression data, suggesting that this line is remaining closer to its primary tissue origin. 

Furthermore, figure 3.3 shows a panel of all of the ion channels that were positive for 

expression across our in-house adult glioma patient samples (RPKM >1). Here we find the 

highest expression in AQP1, AQP4, CLIC1 and CLIC4, however the range of expression values 

for both AQP1 and AQP4 are vast, potentially highlighting the cause for differing results 

across data sets and qrt-PCR experiments. The potassium channels reflect the lowest 

expression values across the cohort, with KCNB1, KCNAB1, KCNJ16 and KCNJ10 of note.  
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Figure 3.3. Ion channels are expressed across paediatric glioma cells. rtPCR of candidate ion channel genes across two 
commercial and one primary paediatric high grade glioma cell lines. 2-way ANOVA with multiple comparisons.  



 
Figure 3.4. Candidate ion channels express in aHGG. Expression of ion channels across in house adult high-grade glioma samples via RNA sequencing. – Patient glioma samples have a high 
expression of ion channel genes. A) In-house RNA sequencing data on core, rim and invasive regions of patient glioma tissues was analysed to determine average RPKM of ion channels 
associated with malignant glioma status. Expression of ion channel gene and therefore inclusion in the panel was defined as a RPKM >1.  N=10 patients, n=3 technical and experimental 
repeats 



 

3.4 CLIC1 and CLIC4 ion channels in HGG 
3.4.1 CLIC1 and CLIC4 are overexpressed at the mRNA and protein level in HGG 

Following the exploration of candidate ion channel genes across the available literature, 

publicly available datasets, and our inhouse RNA sequencing data, CLIC1 and CLIC4 were 

chosen as the primary targets for this study. This is due to the fact that they hold promise 

as prognostic biomarkers (as seen in aforementioned database studies), have proven track 

record as targets in other cancers (167–172) and are comparatively understudied in brain 

cancers, and indeed, gliomas. Large potassium channels were excluded due to their well-

researched role in gliomas, and as such the characteristics of channels such as BK channels 

are well understood (161). The role of sodium channels and aquaporins in cell cycle and 

invasion of glioma cells have also been widely studied (173–175) and therefore 

contributions to the wider understanding of ion channels in glioma would be limited. A key 

focus of this study was to identify novel ion channel targets in HGGs that hold therapeutic 

promise and are candidates for repurposing of FDA approved drugs. Chloride channels are 

proven widely druggable targets (176), and accordingly present themselves as viable 

candidates for this study. 

To further elucidate candidate gene expression across in house cell lines and patient tissue, 

CLIC1 and CLIC4 expression was analysed via qrt-PCR, and RNA sequencing (figure 3.5). At 

mRNA level, CLIC1 and CLIC4 was seen to be expressed across all samples in a blindly 

selected panel of adult HGG tissues. Furthermore, compared to normal temporal lobe 

tissue, CLIC1 was significantly over-expressed in all samples, whereas CLIC4 was 

significantly over expressed in the majority (67%) of the patient samples. Interestingly, the 

overall expression levels of both CLIC1 and CLIC4 appears to be similar across the samples. 

To further this analysis, RNA sequencing data on the full adult patient tissue cohort (40 
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samples) previously performed by the group was utilised. Panel B represents the average 

RPKM of patient tissue samples performed in triplicate (an RPKM of >1 was considered 

positive). CLIC1 and CLIC4 were seen to be expressed across all samples, with average 

expression of CLIC4 (108.86 RPKM) being higher than CLIC1 (61.76 RPKM).  

As the primary focus of this project is paediatric HGG, three pHGG cell lines were utilised to 

validate this data. Likewise, KNS42, SF188 and GCE62 all expressed CLIC1 and CLIC4 at 

mRNA level, with significant overexpression found when compared to human astrocyte 

mRNA. Interestingly, the primary in-house paediatric line, GCE62 had the highest 

expression of both targets. In this context, expression data may be indicative of GCE62 

being closer to the parent tumour, and maintaining native mRNA transcription more so 

than commercial lines. GCE62 is a cell line derived from the core region of a pHGG sample, 

the overexpression in this cell line aligns with RNA sequencing data demonstrating an 

accumulation of target expression in the core region of adult tumours. The mRNA 

expression of these targets is consistent with cell line and expression data found in the 

literature and large-scale datasets. 
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In the same degree, the protein expression of CLIC1 and CLIC4 was measured in both cell 

lines and tissue. Analysis at the protein level via western blotting of whole cell protein 

extracts yielded similar results, with expression of CLIC1 and CLIC4 observed across all 

pHGG cell lines (figure 3.6). At the time of these experiments, protein extracts from normal 

human brain were not available as a control. As such, placental tissue was used as a 

positive control, as it is known to express nearly all ion channels (194). Significant 

upregulation of CLIC1 and CLIC4 was seen across all cell lines compared to placental 

Figure 3.5. CLIC1 and CLIC4 are overexpressed in adult and paediatric HGG at an RNA level.  A) Analysis of CLIC1 and 
CLIC4 expression in aHGG tissue via rtPCR reveals an over expression of CLIC1 and CLIC4 compared to normal brain 
tissue B) In-house RNA sequencing data of adult glioblastoma samples reveals an over expression of CLIC1 and CLIC4 
particularly in the core region of the tumour when compared to the invasive margin. C) rtPCR of paediatric HGG cell 
lines demonstrates overexpression of CLIC1 and CLIC4 across all cell lines compared to normal human astrocytes. 
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control, with overall expression of CLIC4 being more highly expressed in all cell lines 

compared to CLIC1. Intriguingly, SF188 exhibited the highest expression of CLIC1 protein, 

compared to GCE62 harbouring the highest expression at mRNA level. This may be 

indicative of differences in translational control across the cell lines.  

 

 

 

 

 

 

 

 

Figure 3.6 CLIC1 and CLIC4 are over-expressed in whole cell protein extracts. A) Representative image of western blot analysis 
reveals an overexpression of CLIC1 and CLIC4 cell lines compared to placental tissue. Densitometry of bands assessed and 
normalised to house-keeping control, statistical analysis performed via t-test. N=3. 
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3.4.2 CLIC1 and CLIC4 exhibit cytoplasmic localisation in pHGG cell lines and HGG tissues 
 

We have demonstrated that CLIC1 and CLIC4 are overexpressed at both protein and mRNA 

level via analysis of systematic literature review, publicly available data and inhouse 

patient samples and cell lines, therefore presenting as viable targets in this study. To 

elucidate the role of CLIC1 and CLIC4 in HGG localisation studies were performed. Previous 

studies have identified multifunctional roles for CLIC proteins, as they are a structurally and 

functionally diverse group of proteins and can either present as monomeric soluble 

proteins, or integral membrane proteins, key in the regulation of membrane potential 

(177). Membrane insertion of CLIC1 and CLIC4 is rarely seen under physiological pH, and 

can be triggered by redox and acidic pH changes (178), whereas cytoplasmic localisation 

appears to be the native state of CLIC proteins, rarely appearing in the nuclei. 

Immunofluorescent staining against CLIC1 and CLIC4 was employed to visualise protein 

localisation. Cells were plated into staining chambers, at a seeding density designed to 

reach no more than 70% confluency. Figure 3.7 details representative images of cells 

stained against CLIC1 and CLIC4 (green - anti-mouse-488 Alexa Fluor) and DAPI (blue 

504nm). As informed by previous data, all pHGG cells that were imaged were positive for 

CLIC1, however several GCE62 cells were negative for CLIC4 (panel B). This result may be 

due to technical artefact. GCE62 cells grow in close proximity and often overlap; whilst 

these areas of cells were avoided for analysis, it may have resulted in reduced antibody 

penetration. Interestingly, as shown in representative panel A and B, several astrocytes are 

negative for both CLIC1 and CLIC4. Despite this, image analysis reveals overexpression of 

CLIC1 and CLIC4 across all cell lines compared to astrocytes. The only exception to this was 

in GCE62 cells, where CLIC4 expression was not significantly higher than in the astrocytes. 
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Cytoplasmic localisation of CLIC1 and CLIC4 is confirmed by staining in this compartment, 

observed in all cell lines. GCE62 cells appear to have an accumulation of CLIC1 in the 

membranous region of the cells, suggesting functional integral membrane proteins being 

present in this cell line. Nuclear staining across all cell lines is almost completely absent as 

confirmed in the literature. 

Not only was the compartmentalisation of the cells identified, confocal microscopy also 

revealed stark morphological differences between the three cell lines. KNS42 are the 

largest cells of the cohort, possessing a diffuse and spindle-like morphology, whereas 

representative images of GCE62 portray clusters of cells, with a dense nuclear population. 

SF188 cells possessed minimal cytoplasm compared to KNS42 cells. Negative controls were 

completed by staining in the absence of a primary antibody, instead incubating the cells 

with NGS.  
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To further support our data confirming the cytoplasmic localisation of CLIC proteins and 

inform future work, staining was carried out in patient samples to assess cytoplasmic and 

nuclear expression in a biologically relevant setting of tumour sections. Figure 3.8a 

represents immunohistochemical staining against CLIC1 and CLIC4 in adult HGG tumour 

sections. CLIC1 and CLIC4 are heavily expressed in adult HGG samples when compared to 

temporal lobe, with HGG showing high positive (2+) staining of CLIC1 and CLIC4 and 

temporal lobe possessing low positive (<1.5) staining. CLIC1 has both cytoplasmic and 

nuclear localisation in representative images, whereas nuclei are negative for CLIC4 

expression. This was then assessed in paediatric HGG tissues, all samples were positive for 

CLIC1 and CLIC4, with overall CLIC1 scoring higher (score of 2.5+) on average than CLIC4 

Figure 3.7. CLCI1 and CLIC4 are overexpressed compared to astrocytes. Immunofluorescent staining against mouse CLIC1 and CLIC4 
antibodies and anti-mouse-488 Alexa Fluor measured at 488 and 504nm (DAPI) via confocal microscopy. A) Representative images of 
CLIC1 staining in pHGG. CLIC1 is over expressed in pHGG when compared to normal human astrocytes and harnesses cytoplasmic and 
membranous staining. B) Representative images of CLIC4 staining in pHGG. CLIC4 is over expressed in SF188 and KNS42 cells when 
compared to human astrocytes, demonstrating cytoplasmic staining. C) Quantification of Immunoflourescent staining.  Image analysis 
also did not reveal significant differences in CLIC1 and CLIC4 expression compared to normal human astrocytes.  n=3. Mean ± SEM; ns 
= not significant. Significance assessed by unpaired t-test analysis. Scale bar = 100uM, 40x magnification 
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(score of 2). The cytoplasm was positive for CLIC1 and CLIC4 with a low proportion of nuclei 

being positive for these proteins.  

 

 

 

C 

 

 

Figure 3.8.  CLIC1 and CLIC4 are over-expressed in adult GBM and associated with cytoplasmic localisation. A) IHC analysis of adult glioblastoma tissue. 
Representative sections from the core, rim an invasive region of 40 glioma patients were compared. Staining against CLIC1 and CLIC4 reveals a high 
expression of CLIC1 and CLIC4 in the cytoplasmic region vs the nuclear region, and an over expression of CLIC1 and CLIC4 in glioma tissue compared to 
temporal lobe tissue. 
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Figure 3.9. CLIC1 and CLIC4 are over-expressed in paediatric HGG and associated with cytoplasmic localisation. A) 
Quantification of IHC analysis of 16 paediatric glioma patients were compared. Staining against CLIC1 and CLIC4 reveals a 
high expression of CLIC1 and CLIC4 in the cytoplasmic region vs the nuclear region, and an over expression of CLIC1 and 
CLIC4 in glioma tissue compared to temporal lobe tissue. B) representative images of CLIC1 and CLIC4 staining of pHGG 
tissue sections 

 

3.4.3 Clinical correlations of CLIC1 and CLIC4 across in house adult and paediatric HGG 
tissue micro arrays  

Unlike other cancers, there are no clear biomarkers for HGG, and therefore finding 

biomarkers of prognosis is of high significance. In order to assess the localisation and 

significance of CLIC1 and CLIC4 expression in the patient, inhouse tissue microarrays (TMA) 
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of both adult and paediatric with histopathological diagnoses of high-grade gliomas were 

utilised. The adult microarray is comprised of regional sections of 40 patients who were 

resected and diagnosed in Nottingham between 2012 and 2019. The paediatric TMA is 

comprised of a multicentre cohort of 17 paediatric HGG gliomas (total n = 40 however due 

to depletion, a majority of the cores were unsuitable for inclusion in the analysis). As such, 

a total of 17 patient samples were deemed suitable for adequate scoring. In both cohorts 

clinical and survival data is provided, however the molecular detailing of the paediatric 

cohort is limited. Prior to the use of TMA, the antibodies were optimised on control tissue 

(intestine and kidney, appendix A2) and normal brain tissue to avoid wastage of precious 

samples.  

To avoid bias, samples on each TMA are anonymised from their clinical data, and each core 

was scored in triplicate, with double scoring to ensure results were replicable. Manual 

scoring from 0-3 as described in section 2.11.1 was carried out following training from a 

pathologist, and samples were double scored to avoid bias. Each core was then averaged 

to give an overall score. The numerical scores were then used to assign the samples to high 

positive expression (upper 50th percentile) or low positive expression (lower 50th 

percentile) groups. Image analysis revealed that all of the adult and paediatric samples 

were positive for both CLIC1 and CLIC4 expression. 

 

3.4.3.1 CLIC1 and CLIC4 overexpression is associated with poor overall survival in in-house adult HGG 
cohorts 

As anticipated, and previously noted on individual aHGG sections, there was significantly 

higher staining of CLIC1 and CLIC4 in the cytoplasm of the cores when compared to the 

nucleus. This finding also aligned with the immunofluorescence data shown in section 3.4 

where CLIC1 and CLIC4 expression was principally localised to the cytoplasm. Due to the 
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primary localisation of functional CLIC proteins being within the cytoplasm and 

membranous compartments (179,180), all further clinical analyses were performed using 

the CLIC1 or CLIC4 cytoplasmic scoring data.  

It was found that CLIC1 was significantly overexpressed in all distinct spatial regions of the 

tumours when compared to normal temporal lobe, with the patient cores derived from the 

core and rim of the tumour harnessing the highest expression of CLIC1. Comparatively, 

CLIC4 expression was only significantly upregulated in the core and rim regions when 

evaluated against normal temporal lobe scoring (Figure 3.10 panel A).  

Kaplan-Meier analyses were performed as previously described. Unfortunately, up to date 

clinical data was only available for 37 of the 40 patients on the TMA, and adequate staining 

in triplicate was only completed in 27 of the 40 patients due to loss of cores. Thus, clinical 

analyses were performed on the 27 patient samples listed in table 3.3. When split into 

upper and lower percentiles there was a significant correlation found between the CLIC1 

high group and overall survival of the patient, with high CLIC1 expression conferring poor 

overall survival (p=0.037), with a hazard ratio indicating that time to death is half than in 

the CLIC1 low group (HR= 2.85). Similarly, the CLIC4 high group was also associated with 

poor overall survival in this cohort, but this was not statistically significant (p=0.053) (HR= 

1.83), despite this, there is a trend observed, with individuals in the CLIC4 high group 

having an overall survival of <20 months, compared to the CLIC4 low group overall survival 

of >30 months. The data presented here align with the data found using publicly available 

data sets (R2 genomics analysis), whereby high CLIC1 and CLIC4 expression were 

significantly associated with poor overall survival. The lack of statistically significant 

association between CLIC4 in this cohort may be an artefact of small sample size. 
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Figure 3.10 CLIC1 and CLIC4 are harness cytoplasmic expression in adult TMAs and overexpression confers poor overall survival. A) 
Quantification of the staining intensity in the cytoplasmic compartments of CLIC1 and CLIC4 as assessed via IHC analysis of in house 
adult HGG TMAs compared to temporal lobe. There is an accumulation of staining of CLIC1 and CLIC4 in the cytoplasmic area of cells of 
aHGG tissues. B) Clinical correlations of CLIC1 and CLIC4 expression of adult HGG TMAs. Kaplan Meier analysis shows that high 
expression of both CLIC1 and CLIC4 is associated with poor overall survival in patient cohorts CLIC1 p=0.037, CLIC4 p=0.053. Survival 
curves compared using the Log-rank Mantel Cox test. 
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Figure 3.11. Distribution of CLIC1 and CLIC4 expression across patient cohort. A) in aHGG high CLIC1 expression is equally distributed 
amongst males (50%) and females (50%), whereas males are more likely to have low CLIC4 expression. B) CLIC1 expression is more 
likely to be high across the whole cohort (69.231% high vs 30.796 low), whereas CLIC4 is equal across the whole cohort (50% high vs 
50% low). C) Overall survival in months of males and females in the cohort. D) Overall percentage of males vs females in the cohort. 
Data analysed in GraphPad prism 9.5 using the ‘fraction of whole’ analysis function. 
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In order to further extrapolate the data, the overall expression of CLIC1 and CLIC4 was 

assessed in the cohort. Overall expression in adult HGG cohorts revealed that both CLIC1 

and CLIC4 are expressed in 100% of the patients with 69.3% of patients falling into the 

CLIC1 high category (upper percentile) and 30.7% falling into the CLIC1 low category (lower 

percentile), and 50% falling into the CLIC4 high category, and 50% into the CLIC4 low 

category (Panel B). We then sought to assess whether biological sex of the patient had a 

bearing on the relative expression of CLIC1 and CLIC4 (figure 3.11A). High CLIC1 (50%) and 

Low CLIC1 (50%) expression is equally distributed amongst both males and females within 

the cohort, whereas high CLIC4 expression is significantly associated with female patients 

(69.231%) as opposed to their male counterparts (30.769%). Interestingly, females are not 

significantly more likely to have a worse overall survival when compared to males as 

previous findings would suggest (figure 3.11C). Epidemiology studies have found that there 

is a higher incidence and worse survival in males with HGG than in females (181), however 

this difference in incidence is slight, aligning with the data on sex related incidence shown 

in this study.  

It is well known that adult and paediatric gliomas have unique molecular biology; in order 

to assess whether the CLICs could be molecular markers, a non-parametric linear 

regression analysis was performed on CLIC1 and CLIC4 expression vs the age of the patient 

(Figure 3.12). Although not statistically significant, there appears to be a downward trend 

in expression vs age. The highest expression levels of CLIC1 cluster amongst the youngest 

patients in the cohort, whereas the lowest expression value is seen in the eldest patient, 

with the majority of patients showing intermediate levels of expression. Furthermore, the 

data was stratified according to the molecular diagnoses of the patient. Of the total cohort, 

only one patient was identified as having an IDH mutation (R132H), whereas the rest of the 
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cohort was IDH wild type. According to the 2021 WHO classification, these high-grade 

tumours that would previously have been classified as glioblastomas, are now classified as 

IDH mutant grade IV astrocytomas, and as such will still be included in the analysis. As 

there was only one patient with IDH mutation, statistical analysis could not be performed 

to assess the expression levels of CLIC1 and CLIC4 against the mutation status of the IDH 

genes. However, analysis was carried out on MGMT methylated (MGMT+) vs MGMT 

unmethylated patients (MGMT-). Methylation of the O6-methylguanine DNA 

methyltransferase (MGMT) promoter is recognised as a strong prognostic factor in the 

therapy of glioblastoma multiforme, and as such guides treatment response and overall 

survival (182). There was no statistically significant difference found between CLIC1 or 

CLIC4 expression and MGMT methylation status, however the MGMT methylated 

(MGMT+) patients clustered more tightly compared to MGMT unmethylated (MGMT-) 

with the average CLIC1 score of the MGMT+ and MGMT- groups being 1.94 and 2.250, 

respectively. The average CLIC4 score of the MGMT+ and MGMT- groups were 2.1 and 

2.276, respectively. 

As all of the tumours were originally classified at GBM grade IV no analyses were carried 

out on expression vs WHO grade.  
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Figure 3.12. Analysis of CLIC1 and CLIC4 expression vs Age and molecular status of patients in aHGG TMAs. There appears to be a 
downwards trend in age vs CLIC1 and CLIC4 expression. Analysis carried out on GraphPad prism, non-parametric linear line regression 
analysis using Spearman’s correlation test. B) Analysis of CLIC1 and CLIC4 expression vs molecular subtypes of aHGG. 

 



 

Table 3.3 Clinical details of patient and CLIC1 staining. Clinical details of in-house adult HGG patient samples present on 
TMA. Tissue sections on TMA were stained via immunohistochemistry with CLIC1 antibody at 1:200 for 2 hours at room 
temperature. All patients are anonymised. 

Sam
ple 

CLIC1 
Cytoplas
mic 
score 

CLIC1 
Nucl
ear 
score  

Histol
ogy 

IDH-
1 

MGMT 
status 

AT
RX 

Tumo
ur Site 

Treatm
ent 
RT/CT 

Surviv
al 
(mont
hs) 

Ag
e 

Se
x 

GBM
12 3.3 1.8 

GBM WT Hypo   
Left 
pariet
al 

60/TMZ 6.9 46 F 

GBM
13 2.3 1 

GBM WT     
Right 
Pariet
al 

60/TMZ 9.7 26 M 

GBM
15 1.9 0.4 

GBM R13
2H 

Interme
d   

Right 
tempo
ral 

60/TMZ 25.7 33 F 

GBM
17 2.4 1 

GBM WT 
<10% 
methylat
ion 

  Left 
frontal 30 4.4 73 F 

GBM
19 1.9 2.9 

GBM WT 
0% 
methylat
ion 

  
Left 
pariet
al 

60/TMZ 14.7 68 M 

GBM
20 2.4 1.8 

GBM WT 
0% 
methylat
ion 

  
Left 
pariet
al 

60/TMZ 14.7 68 M 

GBM
21 2 1.3 

GBM WT 75%   
Right 
tempo
ral 

60/TMZ 12.5 67 F 

GBM
25 3 2.3 

GBM WT 0 WT 
Left 
pariet
al 

60/TMZ 12.9 60 F 

GBM
26 2.1 1.3 

GBM WT 0 WT 
Left 
tempo
ral 

60/TMZ 6.8 56 F 

GBM
27 2.3 1.1 

GBM WT 75 Mu
t 

Right 
tempo
ral 

60/TMZ 18.7 30 F 

GBM
28 2.4 2 GBM WT 0 WT Right 

frontal BSC 3 71 M 

GBM
29 2.3 2.6 GBM WT 0 WT Left 

frontal   19 67 F 

GBM
30 2.4 1.7 GBM WT 0 WT Left 

frontal BSC 9.3 53 M 
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GBM
31 2.3 2 

GBM WT 0 WT 
Right 
tempo
ral 

60/TMZ 16.1 57 F 

GBM
32 1.9 2.8 

GBM WT 25%+ WT 
Right 
pariet
al 

60/TMZ 17.7 54 F 

GBM
33 2.1 2 

GBM WT 0 WT 
Right 
pariet
al 

  11.6 70 M 

GBM
37 1.4 2.4 

GBM WT 0% WT 
Right 
pariet
al 

60/TMZ 12 63 F 

GBM
38 2 2.8 GBM WT 0% WT Right 

frontal 60/TMZ 5.9 69 M 

GBM
39 2.9 3 GBM WT 0% WT Right 

frontal 60/TMZ 14.6 58 F 

GBM
40 1.7 3 GBM WT 0% WT Right 

frontal 30 7.2 44 M 

GBM
41 1.4 2.7 

GBM WT 0% WT 
Left 
tempo
ral 

BSC 2.8 55 F 

GBM
42 1.7 1.9 

GBM WT 10% WT 
Right 
tempo
ral 

  6.8 81 M 

GBM
44 2.6 2.7 GBM WT   WT 

Right 
tempo
ral   1   

 
M 

GBM
45 2.1 2.5 

GBM WT 25% WT 
Right 
pariet
al 

60/TMZ 12.1 66 M 

GBM
46 3 2.9 GBM WT 0% WT Right 

frontal 60 11.5 60 M 

GBM
47 1.8 2.9 

GBM WT 0% WT 
Left 
tempo
ral 

  11.7 66 M 

GBM
52 2.6 2.9 GBM WT 0 WT Right 

frontal 40/TMZ 14.1 59 M 
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Table 3.4 Clinical details of patients vs CLIC4 staining. Clinical details of in-house adult HGG patient samples present on 
TMA. Tissue sections on TMA were stained with CLIC4antibody at 1:200 for 2 hours at room temperature. All patients are 
anonymised. 

Sam
ple 

CLIC4 
Cytoplas
mic 
score 

CLIC4 
Nucl
ear 
score 

Histol
ogy 

MGMT 
status 

IDH-
1 

AT
RX 

Tumo
ur Site 

Treatm
ent 
RT/CT 

Surviv
al 
(mont
hs) 

Ag
e 

Se
x 

GBM
12 3.3 1.8 

GBM Hypo WT   
Left 
pariet
al 

60/TMZ 6.9 46 F 

GBM
13 2.3 1 

GBM   WT   
Right 
Pariet
al 

60/TMZ 9.7 26 M 

GBM
15 1.9 0.4 

GBM Interme
d 

R13
2H   

Right 
tempo
ral 

60/TMZ 25.7 33 F 

GBM
17 2.4 1 

GBM 
<10% 
methylat
ion 

WT   Left 
frontal 30 4.4 73 F 

GBM
19 1.9 2.9 

GBM 
0% 
methylat
ion 

WT   
Left 
pariet
al 

60/TMZ 14.7 68 M 

GBM
20 2.4 1.8 

GBM 
0% 
methylat
ion 

WT   
Left 
pariet
al 

60/TMZ 14.7 68 M 

GBM
21 2 1.3 

GBM 75% WT   
Right 
tempo
ral 

60/TMZ 32.5 67 F 

GBM
25 3 2.3 

GBM 0 WT WT 
Left 
pariet
al 

60/TMZ 12.9 60 F 

GBM
26 2.1 1.3 

GBM 0 WT WT 
Left 
tempo
ral 

60/TMZ 6.8 56 F 

GBM
27 2.3 1.1 

GBM 75 WT Mu
t 

Right 
tempo
ral 

60/TMZ 18.7 30 F 

GBM
28 2.4 2 GBM 0 WT WT Right 

frontal BSC 3 71 M 

GBM
29 2.3 2.6 GBM 0 WT WT Left 

frontal   19 67 F 

GBM
30 2.4 1.7 GBM 0 WT WT Left 

frontal BSC 9.3 53 M 

GBM
31 2.3 2 

GBM 0 WT WT 
Right 
tempo
ral 

60/TMZ 16.1 57 F 
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GBM
32 1.9 2.8 

GBM 25%+ WT WT 
Right 
pariet
al 

60/TMZ 17.7 54 F 

GBM
33 2.1 2 

GBM 0 WT WT 
Right 
pariet
al 

  11.6 70 M 

GBM
37 1.4 2.4 

GBM 0% WT WT 
Right 
pariet
al 

60/TMZ 12 63 F 

GBM
38 2 2.8 GBM 0% WT WT Right 

frontal 60/TMZ 5.9 69 M 

GBM
39 2.9 3.5 GBM 0% WT WT Right 

frontal 60/TMZ 14.6 58 F 

GBM
40 1.7 3.2 GBM 0% WT WT Right 

frontal 30 7.2 44 M 

GBM
41 1.4 2.7 

GBM 0% WT WT 
Left 
tempo
ral 

BSC 2.8 55 F 

GBM
42 1.7 1.9 

GBM 10% WT WT 
Right 
tempo
ral 

  6.8 81 M 

GBM
44 2.6 2.7 GBM   WT WT 

Right 
tempo
ral   1     

GBM
45 2.1 2.5 

GBM 25% WT WT 
Right 
pariet
al 

60/TMZ 12.1 66 M 

GBM
46 3.2 2.9 GBM 0% WT WT Right 

frontal 60 11.5 60 M 

GBM
47 1.8 2.9 

GBM 0% WT WT 
Left 
tempo
ral 

  11.7 66 M 

GBM
52 2.6 2.9 GBM 0 WT WT Right 

frontal 40/TMZ 14.1 59 M 

 

 

 

 

 



3.4.3.2 CLIC1 and CLIC4 overexpression is associated with poor overall survival in in-house paediatric 
HGG cohorts 
 

As with the adult data, we sought to explore the clinical associations and intracellular 

regional expression of CLIC1 and CLIC4 in our in-house paediatric cohort. As previously 

confirmed in the adult cohort, and Immunofluorescent staining of paediatric HGG cell lines, 

we found a significant increase of CLIC1 and CLIC4 protein expression in the cytoplasmic 

region compared to nuclear in our pHGG TMAs (Figure 3.13). When this data was 

compared to overall staining in the temporal lobe (healthy brain) the overall staining of 

both proteins was significantly upregulated in the tumour cores. To then assess the clinical 

association Kaplan-Meier analyses were performed as previously described. In the 

paediatric cohort high CLIC1 expression was significantly correlated with a decrease in 

survival time (p= 0.049) whereas high CLIC4 (p=0.7) was not significantly associated with 

overall survival. These results support the data found in our adult cohort and the data 

found in publicly available datasets, and again may be skewed due to small sample size. Of 

particular note, there is one long term survivor present in the high CLIC4 group, with a 

survival time of 89 months, this compares dramatically to the median overall survival of 18 

months. Hazard ratios for the CLIC1 and CLIC4 high groups were 1.72 and 0.95, 

respectively.  
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Figure 3.13 CLIC1 and CLIC4 show strong cytoplasmic expression in paediatric TMAs and overexpression confers poor overall survival. 
A) Quantification of the staining intensity of CLIC1 and CLIC4 in the cytoplasmic and nuclear compartments of pHGG tissue vs temporal 
lobe, as assessed via IHC analysis. Data represents patient tissue samples falling into the upper quartile of the data. There is an 
accumulation of staining of CLIC1 and CLIC4 in the cytoplasmic area of cells of pHGG tissues. B) Clinical correlations of CLIC1 and CLIC4 
expression of pHGG TMAs. Kaplan Meier analysis shows that high expression of both CLIC1 and CLIC4 is associated with poor overall 
survival in patient cohorts CLIC1 p=0.049 * HR = 1.72, CLIC4 p=0.072 HR = 0.95 ns. Survival curves compared using the Log-rank Mantel 
Cox test. 
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As seen in the adult dataset, 100% of the samples were CLIC4 positive, with only one 

sample being CLIC1 negative score in 2 out of 3 cores (overall score 0.5). Interestingly, this 

patient was the long-term survivor, with an overall survival of 89months. Figure 3.14 

represents the relative expression of CLIC1 and CLIC4 across the whole cohort and split by 

sex. There was high CLIC4 expression found in 68.7% of the cohort, with males making up 

68% of the CLIC4 high group. Similarly, high CLIC1 expression was found in 56% of the 

cohort, with male patients making up 75% of this total. These data mirror findings in the 

adult cohort.  

Linear regression analysis of the relative staining of CLIC1 and CLIC4 against age revealed 

no statistical association, and no trend in age was observed. Due to the lack of molecular 

diagnostic data, the paediatric cohort was unable to be further stratified according to 

mutational status, however histopathological diagnosis was performed and determined a 

range of grade III and grade IV tumours. An un-paired t-test revealed that patients in the 

WHO grade IV cohort was significantly more likely to have increased CLIC1 cytoplasmic 

expression, whereas CLIC4 expression was not statistically associated with WHO grade. 

Clinical association between CLIC1 and CLIC4 expression was explored in the adult cohort 

on R2, whereby high CLIC1 and CLIC4 were both significantly associated with WHO grade IV 

tumours. This data is indicative of CLIC1 holding potential as a biomarker of poor overall 

survival and WHO grade in adult and pHGG, and CLIC4 as a potential marker in aHGG. 

As previously found in the adult cohort, biological sex was not an indicator of overall 

survival in the paediatric population. This was despite the incidence being slightly higher in 

males (53.3%) compared to females (46.6%).  

 

 



 

 

 

 

 

 

 

Figure 3.14 Analysis of CLIC1 and CLIC4 expression vs gender and age of patient in pHGG TMAs A) in pHGG high CLIC1 expression is 
more common in males (75%) and females (25%), whereas males are more likely to have low CLIC4 expression. Data analysed in 
GraphPad prism 9.5 using the ‘fraction of whole’ analysis function B) There is no associate between age and CLIC1 and CLIC4 
expression. Analysis carried out on GraphPad prism, non-parametric linear line regression analysis using Spearman’s correlation test. 
C) assessment of the correlation between CLIC1 and CLIC4 cytoplasmic scoring and the WHO grade of the tumour, unpaired t-test.  
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Figure 3.15. Males have a higher incidence of pHGG but is not associated with worse overall survival. A) Overall 
survival in months of males and females in the cohort. B) overall percentage of males vs females in the cohort. Data 
analysed in GraphPad prism 9.5 using the ‘fraction of whole’ analysis function and t-test. 

 



 

Table 3.5 Clinical data of pHGG patients used in this study. All patients are anonymised. Samples collected at Queens 

medical centre, Nottingham. Patients underwent molecular diagnostics as part of routine diagnoses. 

Patient 
CLIC1 
expression 

CLIC4  
expression Diagnosis Sex 

Age at 
diagnosis Treatment 

Survival 
months 

89/12837 GBM 0.5 

2 

GBM M 

1 

B 7 courses of 
8 in 1 CT; 
hypersensitive: 
started 
modified baby 
brain protocol  89 

87/15184 AA 2 
1.5 GBM M 5.83333 

cisplatinum x2 
+ local RT 5 

90/6570 2nd 
look surgery 
GBM 2 

1 
GBM M 

5.83333 

cisplatinum x2 
+ local RT 5 

00/20847 
Recurrent GBM  2 

1 GBM     PCV x6 cycles   

90/13949 GBM 2 
1 

GBM F 
8.08333 

  
 2 

94/3421 GBM 2 
1 

GBM M 
4 

Thiotepa  
10 

94/15011 GBM 3 
1.5 

GBM M 
0.5 

  
 3 

95/9504 GBM 2 

1.5 

GBM M 

6.5 

previous RT + 
CT; SIOP 
protocol then 
RT 12 

99/+S3:T1014974 
AA     1.5 

2 GBM after 
non-

Hodgkin 
lymphoma 

M 

14.08333 

RT (55Gy in 30 
fractions) 

 9 

01/10325 AA 1 
2 AA F 2 CT (8 in 1).  5 

90/6551 GBM 1 

2 

GBM post 
ALL M 

7.25 

previous 
UKALL 
schedule C 
(1988); RT 
with relapse 6 

87/708 GBM 0.5 
1 GBM F 14.08333 

8 in 1 chemo + 
RT A 8 

91/9809 PF GBM 1.5 
1.5 AA F 0.666667 RT + 8 in 1 CT 29 
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91/16645 BS AA 1 

1 
GBM F 

1.166667 

baby brain; 
oral VP16  14 

93/15148 AA 1 

1.5 
AA F 

10.58333 

cisplatinum x2 
+ RT; thiotepa  18 

87/14535 AA 1 
1.5 small cell 

GBM F 4.583333     
 

 

 



3.5 Spatial expression of CLICs in neuroanatomical regions 
As previously shown, there appears to be spatial differences in the expression of both 

CLIC1 and CLIC4 in paediatric glioma cell lines, versus patient tissue. There appears to be 

an accumulation of CLIC proteins in the core region of the tumours, with heavy cytoplasmic 

staining, whereas cell lines reveal an additional accumulation in the membrane. Gliomas 

are highly heterogenous tumours, with spatial temporal analyses revealing significant 

molecular differences, histopathological subtypes, and dynamic spatial transcriptomic 

signatures across tumours. This heterogeneity may be a major limiting factor in glioma 

treatment efficacy, with populations of treatment resistant and treatment sensitive cells 

residing throughout the tumour and therefore drive glioma recurrence (183,184).  

Here we sought to assess the spatial expression of CLIC1 and CLIC4 proteins across our in-

house adult glioma tissue (section 3.4.3.1). Due to lack of regional sampling for the 

paediatric tissue samples, this study was not able to be completed in the paediatric setting. 

To assess expression levels of CLICs RNA sequencing data (panel A) was utilised by using 

the average RPKM expression of each sample (10 patients, ran in triplicate). Tumour 

samples from the core, rim and invasive regions of patient tumours was assessed. Here, 

CLIC1 expression is seen to be significantly higher in the core region of the tumour when 

compared to the invasive region (t-test p=0.01). Similarly, CLIC4 expression is accumulated 

in the core region vs the invasive region of the tumour (t-test p= 0.00175). The overall 

tumour expression levels of CLIC4 are higher than CLIC1, with average CLIC4 RPKM of 126.0 

and 83.28 in the core and invasive regions respectively, compared to 80.89 and 39.30 in 

the core and invasive regions, respectively. To recapitulate this using rtPCR (panel B), RNA 

was extracted from 6 matched core and invasive regions of adult HGG samples. CLIC1 

accumulation in the core region of the tumour was observed in 5 patients (* = P ≤ 0.05, ** 
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P ≤ 0.01), showing significantly increased CLIC1 core expression in 83% of patients in this 

select panel. Interestingly, although significant upregulation of CLIC4 was observed in 3 

patient samples (* = P ≤ 0.05, ** P ≤ 0.01), the overall percentage of CLIC4 accumulation in 

the core region was 50% of patients in the panel. Additionally, staining against CLIC1 and 

CLIC4 via IHC (panel C) was carried out on adult HGG TMAs to assess regional differences 

between core, invasive and rim regions of the tumour (n=40, each region in triplicate). 

CLIC1 accumulation was again observed in the core region of the tumour when compared 

to the invasive region (unpaired t-test, P=0.0462), however there was no significant 

difference observed in CLIC4 expression. Intriguingly, the regional expression of CLIC1 

appears to be consistent across techniques, whereas the only the most sensitive technique 

(RNA sequencing) found consistent significant differences in CLIC4 expression. This may be 

due to the protein cycling of CLIC4 or increasing role of CLIC4 in sustained invasion in 

actively invasive glioma cells (185). It is noteworthy that there were no significant 

differences observed between the expression of CLIC proteins when comparing the core 

region to the rim, or invasive region to the rim. When assessing ion channels, it is 

important to note that there are significant differences in role of the functional membrane 

embedded protein, and the nuclear/membrane bound organelle proteins. As such, RNA 

expression may not be indicative of a functional protein. 

 



138 
 

 

Figure 3.16. Spatial analysis of CLIC1 and CLIC4 expression. A) in-house RNA sequencing of adult high grade glioma tissue 
reveals a significantly higher expression of CLIC1 and CLIC4 in the core region of the tumour compared to the invasive 
margin. B) rtPCR of adult glioma tissue reveals significant increase in CLIC1 and CLIC4 expression in 50% of the cohort. C) 
Staining of adult tissue via IHC reveals no difference in CLIC4 expression between region, but a significant difference 
between the core and invasive regions for CLIC1. Paired t test * = p <0.05 

 

3.5.1 Hypoxia and acidosis may be associated with re-localisation of CLIC proteins. 
It is well known that gliomas are hypoxic tumours, with the core region encompassing the 

most highly necrotic areas with high levels of hypoxia (186). To investigate the cause of 

staining differences observed in patient tissue versus cell lines, and a molecular role for 

spatial differences in expression we sought to assess the potential for microenvironmental 

re-localisation of CLIC proteins. This high CLIC expression may be associated with an 

inherent drive for these cells to migrate and invade further into the cranial space, and as 

such an increased expression of CLIC proteins used to promote morphological changes that 

are associated with glioma cell invasion. Although it may be expected that the cells residing 

in the invasive margin would have the higher expression of CLIC proteins as they are 

actively invading, it may be the case that the functional protein is not being cycled as the 
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initial drive towards resources has been complete, thus resulting in higher overall 

expression in the core region. Previous studies on our in-house patient derived adult lines 

have defined intra-tumour heterogeneity, with a distinct proliferating rim, necrotic core, 

and oxygen tension gradient (187).  

Immunofluorescent staining and imaging via confocal microscopy were used to assess the 

relationship between exposure to hypoxia (1% oxygen) or acidosis (media pH 6.7). Cells 

were exposed to microenvironmental changes for 24 hours (hypoxia) or 72 hours (acidosis) 

prior to experimentations. SF188 cells were exposed to hypoxia and acidosis and stained 

against CLIC1 (Panel A), had a significant overall reduction in the relative CLIC1 expression 

was observed following exposure to both hypoxia (p=0.0364) and acidosis (p= 0.009). 

Despite the overall reduction in staining intensity, image analysis using ImageJ region of 

interest tool revealed that SF188 cells exposed to hypoxia had a significantly higher 

accumulation of CLIC1 in the membranous region of the cell (p= 0.0087) as shown by 

increased staining intensity. Similarly, acidosis appears to be associated with re-localisation 

of CLIC1, with an accumulation in the nuclear region post exposure to acidotic media 

(p=0.001), suggesting that different microenvironmental change can trigger re-localisation 

of CLIC1 proteins. SF188 cells were also stained against CLIC4 (panel B). In comparison to 

CLIC1, the protein localisation of CLIC4 did not significantly change upon exposure to 

hypoxia (p =<0.05) or acidosis (p=<0.05) with relative staining intensity remaining 

consistent across different experimental conditions. However, the overall expression of 

CLIC4 did decrease when SF188 cells were exposed to acidotic media for 72 hours (p= 

0.0096), whereas there were no significant changes upon exposure to hypoxia.  

Panel C explores the expression of CLIC1 expression associated with the exposure of KNS42 

to the same conditions as above. Unlike SF188 cells, acidosis did not significantly alter 



140 
 

overall expression (p<0.05) or protein localisation of CLIC4. Interestingly, the induction of 

hypoxia in these cells resulted in a significant increase in CLIC1 expression (p= 0.037), with 

and elevated accumulation in the cytoplasmic region of the cells (0.0082). Additionally, the 

cytoplasmic staining appeared to be granular in the hypoxic condition, suggesting either 

metabolism, or transport of CLIC1. Finally, KNS42 cells were stained against CLIC4 following 

induction of hypoxia and acidosis (Panel D) significant upregulation of CLIC4 is seen in 

normoxic conditions (p= 0.00091), with accumulation in the membranes of cells (p=0.01). 

Furthermore, acidosis triggers a down regulation of CLIC4 protein expression (p=0.0071) 

associated with cytoplasmic accumulation (p=0.0471). No significant morphological 

changes were observed SF188 cells, however KNS42 cells appear to alter morphology post 

hypoxia and acidosis, with cells appearing smaller and less diffuse.  

Although these data do not draw any conclusive conclusions about the role of hypoxia and 

acidosis in CLIC1 and CLIC4 localisation, they do provide evidence that these proteins may 

be regulated by microenvironmental factors, such as oxygen and pH. CLIC4 has been highly 

implicated in the regulation of pH in a variety of models (205–207), and CLIC1 and CLIC4 

are implicated in the redox pathway in ovarian (191) and colon cancers (208). Insertion of 

CLIC1 into the membrane is redox dependant, and likely mediated by Cys24 and C24A 

mutations, altering its electrophysiological characteristics. Furthermore, CLIC channel 

activity at physiological pH has been suggested to be minimal, with changes in pH resulting 

in increasing membrane expression of CLIC proteins (177). 



141 
 

 

 



142 
 

 



143 
 

 

A clear limitation of the above work is the lack of a cytoplasmic or membrane marker as a 

co-stain to confirm the presence of CLIC1 and CLIC4 in those specific regions. This research 

was carried out as part of an undergraduate research project, and King Yeung performed 

some of the lab experiments used to create these figures. As such, there were time and 

technical constraints in this piece of work. Imaging software such as ImageJ was exploited 

in this case to use tools to assess specific regions of interest, the protocol for this is 

described in section 2.11.2 Statistical analyses were carried out, but despite this, 

conclusive associations cannot be drawn at this time. The GCE62 cell line was established 

in house from a 16-year-old patient, whereas KNS42 and SF188 are both commercial lines. 

Further work would include the exploration of this work in our primary lines, as well as 

Figure 3.17 Hypoxia and acidosis is associated with re-localisation of CLIC proteins. Representative images of cells 
exposed to hypoxia, normoxia or acidotic media conditions. Representative astrocyte control data was collected in 
previous experiments, and as such are not shown as part of this figure. Data collected with the help of undergraduate 
research student King Yeung. Project design, optimisation, protocol writing, analysis and creation of figures was carried 
out by myself. Statistical analysis performed via t test. Representative images at X40 magnification. n=3. Scale bars 
represent 25 μm.  
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exposing the cells to chronic hypoxia for 48-72 hours, as well as more specific region 

analysis via fractional protein extraction and western blotting. 

 

3.6 Chapter summary 
In this chapter, we have assessed and characterised the expression and clinical associations 

of ion channels across adult and paediatric glioma datasets. We have utilised inhouse 

patient samples, cell lines and tissues along with publicly available datasets to investigate 

and determine a panel of ion channel candidates. Via interrogation of these data sets, the 

intracellular chloride channels CLIC1 and CLIC4 have been selected as candidates for this 

study and were taken forward for further analysis. Expression patterns of CLIC1 and CLIC4 

including protein localisation was assessed across patient tissue samples, and pHGG cells 

lines, combined with RNAseq and qrtPCR interrogation of the mRNA expression. We have 

manipulated the microenvironment of pHGG cells by inducing either hypoxia or acidosis 

and observing expression patterns of CLIC1 and CLIC4 in pHGG cells. Finally, we have 

assessed CLIC1 and CLIC4 as potential glioma biomarkers, via determining the clinical 

significance of CLCI1 and CLIC4 expression and overall survival of in-house adult and 

paediatric patients. 

Chapter outcomes: 

1) A widescale literature review has identified that Ion channels are implicated in the 

malignant progression of a variety of cancers and demonstrate clinical and 

experimental associations with glioma. 

2) CLIC1 and CLIC4 ion channels are overexpressed in adult and paediatric HGG. 

- RNA sequencing reveals that CLIC1 and CLIC4 is overexpressed at the RNA in 

adult patient tissue samples. 
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- Paediatric HGG cell lines SF188, KNS42, GCE62 overexpress CLIC1 and CLIC4 

mRNA compared to astrocyte controls. 

3) Analysis of protein localisation reveals over expression of CLIC1 and CLIC4 

- CLIC1 and CLIC4 are preferentially expressed in the cytoplasm of glioma tissue 

and pHGG cells. 

4) Overexpression of CLIC1 and CLIC4 is associated with poor overall survival in adult 

and paediatric cohorts. 

- Overexpression of both CLIC1 and CLIC4 results in significantly reduces overall 

survival in adult and paediatric in-house patient samples.  

- Overexpression of CLIC1 confers poor overall survival in paediatric publicly 

available data sets.  

- There is no significant associate between CLIC expression and age, gender, or 

methylation status, but is significantly associated with higher WHO grade in adult 

patients. 

5) There are expression differences of CLIC1 and CLIC4 in neuroanatomical regions, with 

preferential expression observed in the core region of tumours. 

6) Hypoxia and acidosis may influence localisation of CLIC1 and CLIC4 
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4 Chapter 4: The role of CLIC1 and CLIC4 in glioma pathogenesis 
4.1 Introduction 

In the previous chapter we demonstrated that CLIC1 and CLIC4 are overexpressed in adult 

and paediatric high-grade gliomas at both a protein and mRNA level. We found that this 

overexpression is clinically associated with poor overall survival in adult and paediatric 

cohorts, and that high levels of CLIC1 and CLIC4 are linked to higher WHO grade tumours.  

As discussed, there are limited treatment options for HGGs, with proven treatment options 

in the paediatric population being even more scarce. Clinical trials for HGG fail regularly, 

and new treatment modalities are met by significant limitations. 

One such limitation is the availability of drugs that can successfully cross the blood brain 

barrier. Ion channel inhibiting drugs are used in a myriad of neurological and psychological 

disorders, and many are well proven to be able to cross the blood brain barrier (188). 

Consequently, targeting ion channels such as CLIC1 and CLIC4 is attractive as a new 

treatment modality for pHGG. Recent advances in brain tumour research suggests that 

gliomas are able to integrate into neural networks (189), evoking non-synaptic activity-

dependant ion channel currents. Similarly, gliomas can integrate electrically into the 

surrounding brain, creating complex networks (190) and as such, harnessing the brain’s 

intrinsic electrical activity and repositioning it as a defence against HGG progression may 

provide novel and efficacious. 

A plethora of anti-cancer agents target the cell cycle in its various stages. CLIC1 and CLIC4 

have both been implicated in the cell cycle, and therefore the replicative, proliferative, and 

apoptotic properties of cancer cells. CLIC1 expression is associated with multiple cell cycle 

stages and inhibiting CLIC1 and CLIC4 has been demonstrated to disrupt cell cycle 
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progression, preventing membrane depolarisation associated with G2/M in gastric cancers 

(170). 

 

Furthermore, invasion is a significant hallmark of cancer, and indeed, chloride channels are 

strongly implicated in successful invasion of HGG cells. Chloride channels are associated 

with apoptotic volume change, via the dual efflux of water and chloride ions, a mechanism 

essential for morphological changes required for glioma cell invasion and migration 

(126,179).  

Here we seek to underpin the significance of CLIC1 and CLIC4 ion channels in HGG 

hallmarks, via genetic and pharmacological targeting. 

 

Chapter aims: 

1) Assess the role of CLIC1 and CLIC4 as druggable targets via clinically and non-clinically 

available drugs. 

2) To generate CLIC1 and CLIC4 knock out cell lines. 

3) To assess the role of genetic and pharmacological inhibition of CLIC1 and CLIC4 in 

pHGG cell proliferation and viability. 

4) To assess the invasive capacity of CLIC1 and CLIC4 deficient cell lines in combination 

with siRNA and drug targeting. 

5) To investigate the effect of CLIC1 and CLIC4 targeting on the cell cycle of pHGG. 
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4.2 3D culture of pHGG 
It is well understood that there are several limitations to the use of 2D culture to assess 

cellular mechanisms and cancer pathology. To recapitulate the cell state and tumour 

environment, a 3D culture technique was employed. First, we sought to assess the ability of 

pHGG cell lines to form neurospheres, using a free forming neurosphere assay. This 

additionally has the benefit of measuring the stemness of the cells. Studies have suggested 

that invitro neurosphere formation correlates with poor overall survival and glioma 

progression, independent of the tumour grade (191).  

4.2.1 Paediatric HGG cells readily form neurospheres.  
SF188, KNS42 and GCE62 were grown in a stem enriched media (described in chapter 2.4.3) 

and plated in non-adherent 6 well plates. The growth of the cells was observed 

microscopically daily, the neurospheres imaged, and then measured using ImageJ. To 

determine the average size of neurospheres, cells were plated in triplicate, and all 

neurospheres present on 3 selected regions of each well were measured. Figure 4.1 exhibits 

representative images of neurospheres grown over a period of 3 days compared to standard 

monolayer culture. At day 1, SF188 and GCE62 cells form neurospheres of varying sizes, 

appearing to favour multiple smaller neurospheres as opposed to larger spheres. In 

comparison, KNS42 forms large neurospheres, even at early time points. Interestingly at day 

1 and day 2, there was a high volume of free-floating GCE62 cells that had not yet formed 

neurospheres. By day 3, GCE62 had formed tight spheres with solid margins, which was 

often followed by degeneration of the sphere at day 4. Panel B demonstrates representative 

images of single neurospheres across the time points and is indicative of the average 

neurosphere size and type of sphere that would be measured. KNS42 and SF188 

neurospheres often exhibited necrotic cores at late time points, indicative of a hypoxia 
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gradient throughout the sphere. This may be a result of the high metabolic activity of the 

cells and resource restriction in the centre of the neurosphere. As previously discussed in 

chapter 3, this necrotic centre accurately recapitulates what is typically observed in the core 

of gliomas, as the core area is usually exposed to hypoxic stress. All three cell lines were able 

to form consistent spheres with tight margins and would re-form these spheres post 

passage. Cells maintained the capacity to re-attach and form a monolayer when plated in 

serum containing media on high attachment plates. KNS42 cells formed the largest 

neurospheres of all of the lines, which was anticipated due to the large cell size. The size of 

the SF188 and GCE62 neurospheres were more variable, with less consistency seen between 

wells.  

The ability of these cells to form neurospheres is indicative of their ability to return to a 

‘stem-like’ state i.e., glioma stem cells (GSCs). Some studies claim that GSCs are the 

population of cells that harness the ability to proliferate indefinitely (142) and are 

responsible for tumour aggressiveness and subsequently resistance of gliomas. These data 

suggest that selection pressures, such as low attachment plates and stem inducing media 

can trigger SF188, KNS42 and GCE62 to transform to this ‘stem-like’ state, suggesting 

aggressive and high-risk tumours. All three cell lines were derived from grade IV gliomas, in 

which the patient had poor overall survival. 

To further assess the sphere forming capacity of these cells additional measuring methods 

could be employed such as isolating individual spheres and performing a cell count 

accompanied by assessment of live to dead ratio.  



150 
 

 

Figure 4.1. pHGG cell lines readily form neurospheres. A) A visual representation of the morphological differences 
between adherent cell culture of SF188, KNS4 and GCE62 compared to neurospheres across 3 days. Magnification 10x. B) 
Representative images of neurospheres at each time point. C) Graph showing the average size of neurospheres. Cells 
were cultured in non-adherent flasks in stem cell media for 4 days. Average neurosphere size was imaged daily and 
measured using ImageJ. N= 3. Scale bar = 250µM 
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Glioma stem cells refer to a population of tumour originating cells that harness the 

capacity to self-renew and differentiate. Evidence suggests that these GSCs are linked to 

resistance to treatment but are widely debated and controversial across the literature. It is 

cited that neurosphere cell culture is an indirect measurement of the stemness of tumour 

cells, with this enriched population possessing an increased expression of stem markers 

such as SOX2, Olig2, Nestin and Oct4 (192). 

To assess the relative stemness of pHGG, qrt-PCR was employed to investigate mRNA 

expression levels of stem markers in 2D monolayer culture vs 3D neurosphere culture. 

Figure 4.2A details mRNA expression levels of CLIC1, CLIC4, SOX2 and NESTIN across 2D 

and 3D culture. Stem markers SOX2 and Nestin are expressed across all cell lines tested 

when cultured in 2D or 3D, with significant increases observed when comparing 2D culture 

to neurosphere culture. The expression of Sox2 and Nestin are consistent across all cell 

lines, with the highest expression values observed in SF188 cells.  

As studies have suggested that stemness and the capacity to form neurospheres is linked 

to tumour aggression, we investigated the association between 3D neurosphere culture 

and expression of CLIC1 and CLIC4. We have previously demonstrated that high expression 

of both CLIC1 and CLIC4 is clinically linked to poor overall survival and higher tumour 

grade, and as such hypothesise that CLIC1/4 expression may be associated with stemness. 

We found that culturing our paediatric lines as neurosphere lead to an increase in CLIC1 

and CLIC4 expression, which may be associated with the stem-like state of the cells. An 

exception to this was the expression of CLIC4 in GCE62 neurospheres, as results obtained 

were variable across replicates, resulting in no significant changes in expression. This may 

be a result of the necroses found in the centre of GCE62 neurospheres, meaning that cells 
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in the centre had varying levels of viability, and therefore differing expression levels. 

KNS42 had the largest fold change in the expression of both the stem markers and CLIC1/4 

mRNA when comparing neurospheres to monolayer culture. The same amount of RNA was 

used for all experiments, so this excludes results being an artefact of the increasing cell 

number associated with neurospheres. These findings align with literature confirming that 

CLCI1 and CLIC4 are both upregulated in GSCs and associated with increased expression of 

stem markers (179). 
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Figure 4.2. 3D culture increases expression of stem markers and CLIC1 and CLIC4. A) rtPCR analysis of overall expression levels 
of stem markers SOX2 and Nestin in 2D and 3D culture compared to expression of CLIC1 and CLIC4. B) Elevated levels of stem 
markers are observed in 3D culture when compared to 2D culture. C) Expression of CLIC1 and CLIC4 in 2D culture vs 3D 
neurospheres. Equal amounts of cDNA were loaded to allow for loading control. mRNA expression normalised to GAPDH. 
Statistical analysis via paired t-test. 
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Chapter 3 describes the localisation of CLIC1 and CLIC4 protein using various methods. 

Here we found a significant cytoplasmic localisation of the proteins in 2D culture and 

patient tissue. As previously discussed, mRNA expression does not always correlate with 

protein expression due to translational and transcriptional differences. As a result, we 

assessed the expression levels and localisation of CLIC1 and CLIC4 in the pHGG 

neurospheres in order to compare expression between 2D and 3D. Neurospheres were 

fixed, permeabilised and stained as per the protocol described in section 2.4.3 and were 

then imaged using confocal microscopy. Due to the size and 3D nature of the neurospheres 

and to ensure that the full landscape was captured, a z-stack method of imaging was 

selected. The images were then processed, and the internal 30 Z images were used for 

analysis. This was decided as the external images only demonstrated a small circumference 

of the spheres and was not representative of the staining as a whole. Additionally, the 

images from the middle of the z plane (and therefore the centre of the sphere) were 

assessed to ensure sufficient antibody penetration and confirm that data were not an 

artefact of poor antibody penetrance. Neurospheres were observed using brightfield 

microscopy beforehand, and any spheres that had a significant necrotic core were 

disregarded as to not skew the data.  

Representative images of CLIC1 staining are shown in figure 4.3. We find that there is 

strong staining of CLIC1 across all three cell lines in 3D culture and is comparable to the 

staining found in 2D culture. The staining across all cell lines demonstrates that CLIC1 is 

preferentially expressed in 3D cultures, with accumulation in the outer region of the 

sphere.  
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One sphere in the field of view has consistent CLIC1 expression throughout the sphere, 

with no accumulation in a particular region. Conversely, one sphere appears to have 

minimal CLIC1 expression on the border of the sphere, and two of the neurospheres 

demonstrated a ring-like expression of CLIC1 in the outermost border. These findings were 

somewhat mimicked in the expression of CLIC4 in the GCE62 neurospheres, albeit less 

significant.  

This image was selected to give an accurate overview as this was what was consistently 

found across the GCE62 neurospheres. As described above, the GCE62 neurospheres often 

formed necrotic cores by day 4 and were by far the most inconsistent in growth kinetics. 

This being the case in the low passage primary line is interesting, as it would be presumed 

that the cell state would be closest to the tumour of origin when compared to the 

commercial lines. 

Additionally, this data conflicts with previous findings on expression patterns across 

patient tissue, whereby both CLIC1 and CLIC4 appear to accumulate in the core region of 

the tumour. It could be considered that this is due to the sustained hypoxia found in vitro, 

stimulating CLIC1 and CLIC4 expression, and thus the eventual migration of these cells from 

the core of the tumour outwards. Whereas the neurospheres were cultured in normoxic 

conditions, were only grown for 72 hours prior to staining, and are significantly smaller 

than tumours, thus not experiencing selection pressures such as pH changes, hypoxia, and 

depleted nutrients. These data provide interesting considerations for future experiments. 

Interestingly, the expression of CLIC4 in SF188 cells is in fact strongly accumulated in the 

core region, with intermediate accumulation of CLIC4 found in the KNS42 neurosphere 

cores, thus recapitulating the data found in patient tissue. 
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In terms of their morphology, SF188 make the most consistent neurospheres, often 

demonstrating solid margins. KNS42 neurospheres are more diffuse, likely due to their 

large size and rapid recruitment of cells into the sphere. 

To confirm the data found at PCR level, we stained KNS42 and SF188 neurospheres with 

Nestin (figure 4.4). Expression of Nestin was found across both cell lines, with 

representative images showing a higher expression across the SF188 cell line compared to 

KNS42. This differs from data found in qrt-PCR experiments where KNS42 was found to 

have the highest expression level of Nestin.  

These data need to be interpreted with caution as this experiment is n=1 and there was 

poor DAPI staining found across the SF188 neurospheres and are included to provide a 

basis of evidence to support rtPCR data.  
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Figure 4.3. CLIC expression is upregulated in neurosphere culture A) Immunofluorescent staining of CLIC1 in SF188, 
GCE62 and KNS42 neurospheres. B) Immunofluorescent staining of CLIC4 in SF188, GCE62 and KNS42 neurospheres. 
Imaged by confocal microscopy, via z-stacking. Internal 30 images are show, magnification x40, scale bar = 100uM (2D 
merge) and 250uM (3D images). N=3 
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4.3 Pharmacological targeting of CLIC1 and CLIC4 
4.3.1 Overall metabolic activity of cell lines used in this study.  

There are several modalities to measure cell viability, all of which have slightly different 

mechanisms, and thus benefits and draw backs. The presto blue assay is a fluorometric 

resazurin based assay that can sensitively measure the ability of metabolically-active cells 

to enzymatically reduce resazurin to resorufin. The relative amount of resorufin produced 

following incubation with the presto blue reagent is proportional to the viable cells in the 

sample (193). 

To first gain an idea of the metabolic activity of the cell lines under control conditions, a 

presto blue assay was performed on cells following 72 hours in culture. This was repeated 

Figure 4.4 Immunoflourescent staining of Nestin in KNS42 and SF188 neurospheres reveals high expression. Imaged by confocal 
microscopy, magnification x40, scale bar = 250uM. N=1 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resazurin
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(n=3) to ensure that baseline readings for the cell lines remained consistent. SF188 

harnesses the highest metabolic activity of all cell lines, with GCE62 and KNS42 

demonstrating similar activity. 

 

4.3.2 IC50 analysis of chloride channel inhibitors  
4.3.2.1 IC50 of IAA94  

To assess the effect of CLIC specific inhibition on paediatric HGG cell lines, an IC50 analysis 

was carried out. First an appropriate range of drug concentrations was found by assessing 

the literature, and cells were exposed to increasing concentrations of IAA94 for 72 hours. 

Here we see that the there is little cytotoxic effect via the treatment of IAA94, with the 

most sensitive cell line being SF188 (IC50 90.45µM). 
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Figure 4.5 IC50 of IAA94. Cell lines were treated with increasing concentrations of IAA94 for 72 hours. PrestoBlue cell 
viability assays were performed to compare response and viability was calculated as a percentage of the vehicle-treated 
control. Mean ± SEM plotted; n = 3. Dose response curves were generated using non-linear regression analyses and IC50 
values calculated accordingly. 

100 200 300 400 500
0

20

40

60

80

KNS42 IC50 = 94.03μM ±3

IAA94 (μM)

%
 In

hi
bi

tio
n

100 200 300 400 500
0

20

40

60

80

GCE62 IC50 = 102.2μM ±3

IAA94 (μM)

%
 In

hi
bi

tio
n



161 
 

  

 

 

 

4.3.2.2 IC50 of Metformin 
As described above, an IC50 analysis was carried out on KNS42, SF188 and GCE62. cell 

lines. GCE62 was the most sensitive to Metformin with an IC50 value of 8.9mM with KNS42 

being the least sensitive to Metformin treatment (IC50 10.44mM). These values are in line 

with some of the literature published, and to avoid any unwarranted off target effects an 

experimental concentration of 10mM was selected. 
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4.3.3 CLIC specific targeting by IAA94 reduces cell viability and cell count. 
Indanyloxyacetic acid 94 (IAA94) is an inhibitor that binds directly to chloride channels and 

specifically blocks the ion channel activity of CLIC1 and more widely the CLIC family. 

Previous studies have reported the efficacy in pharmacologically targeting CLIC1 in various 

solid cancers (194) including glioblastoma stem cells but is yet to be explored in the 

paediatric population, and as such presents as an interesting inhibitor of the targets of 

choice. 

Detailed above in section 4.3.2, there is a lack of overall cytotoxicity of IAA94 exhibited by 

IC50 analysis. Because of this, a review of the relevant literature was completed to identify 

an appropriate treatment concentration. It has been well reported that treatment of cells 

with 100µM of IAA94 can completely block CLIC1 ion channel activity in patch clamp 

experiments and was consequently selected as the treatment dose for further 

experimentation. Initial experiments sought to assess the effect of IAA94 on overall cell 

viability. Cells were exposed to 50µM and 100µM IAA94 for 72 hours, and viability 
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Figure 4.6 IC50 of Metformin. Cell lines were treated with increasing concentrations of Metformin for 72 hours. PrestoBlue cell 
viability assays were performed to compare response and viability was calculated as a percentage of the vehicle-treated control. 
Mean ± SEM plotted; n = 3. Dose response curves were generated using non-linear regression analyses and IC50 values calculated 
accordingly. 
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measured via presto blue assay, 0µM represents the DMSO vehicle control condition to 

control for DMSO related toxicity. Data is presented as both raw values for presto blue 

fluorometric reading (520nm) figure 4.7A and data normalised as a percentage of the 

vehicle contro (figure 4.7B). There was no significant decrease in cell viability when treating 

the cell lines with 50µM IAA94. The viability of SF188 and GCE62 cells were statistically 

significantly decrease following treatment with 100µM IAA94 (figure 4.7), with a mean 

decrease of 40% and 30% respectively. KNS42, by contrast was not statistically less viable, 

with an average of 15% decrease in viability compared to control. Astrocytes were used as 

an anatomical control for these experiments, and it was found that there was not 

significant reduction in cell viability at either 50µM or 100µM treatment. This observation 

is important as it indicative that toxicities to the healthy brain are unlikely, with maximum 

decrease in viability being 10%. It is notable however, that the result for the astrocyte cell 

line were the most variable. This may be a product, despite them not being myc-

transformed, these astrocytes have a population that are actively proliferative. Data on 

post mitotic astrocytes confirms limited toxicity via IAA94 (195).  

Following presto blue assay, cells were washed, and overall cell count performed. 

Interestingly, despite no significant reduction in viability, the cell count of KNS42 cells was 

significantly decreased following 100µM treatment. A possible explanation for this is the 

lack of cytotoxicity of the drug, but instead alteration in the cell cycle, whereby IAA94 is 

preventing G1 progression, and thus preventing cellular replication. Similarly, GCE62 and 

SF188 cell count was significantly decreased, with no decrease in astrocyte cell number 

observed. This data indicates that IAA94 may be a suitable candidate for pHGG treatment 

via CLIC1/4 specific targeting, with a potential therapeutic dosage window with normal 

non-neoplastic brain cells. 



164 
 

To avoid bias in the data reflecting a decrease in viability that is associated not with 

treatment efficacy, but instead a decrease in cell count, all experiments are normalised as 

a percentage decrease to a control. The vehicle for IAA94 is DMSO, to avoid any vehicle 

related cytotoxicity, the final concentration of DMSO did not exceed 0.5%, with the 

majority of experiments having a final DMSO concentration of 0.1%.  

Future work would include combining CLIC1 and CLIC4 knock down with pharmacological 

inhibition. This would be valuable to recapitulate the effect of drug targeting of CLIC1 and 

CLIC4 in patients with lower expression of these genes. Low expression of CLIC1 and CLIC4 

is favourable for overall survival.  
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Figure 4.7. IAA94 reduces cell viability and cell count A) measurement of cell viability via presto blue metabolic assay. 
Significant reduction in the viability of SF188 and GCE62 cells following 72 hours treatment with 100uM IAA94. T-test. B) 
cell viability normalised as a percentage of untreated cells. C) cell count of cells treated with 100uM IAA94 2-way ANOVA. 
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4.3.4 Colony formation of KNS42 and GCE62 cells is significantly reduced following IAA94 
treatment. 
 

Clonogenic assays are used as in vitro cell survival assays, measuring response to various 

treatment and the ability for cells to proliferate and form colonies. Cells are seeded at very 

low densities and left to grow over an optimised time period, colonies are then fixed, 

stained, and counted. Clonogenic growth has also been suggested to be an alternate 

measure of stemness, as stem cell populations are long living cells that harness the 

potential for ongoing proliferation. As such, we utilised a colony forming assay to assess 

the ability of pHGG to retain their proliferative capacity and reproductive integrity over a 

prolonged period of time. Additionally, this sustained exposure to pharmacological 

inhibitors more accurately captures the drug exposure in the patient. Due to the highly 

proliferative nature of our cells, each cell line was left for 10 days for colonies to form 

following initial seeding densities described in section 2.8.2.  

Here we find that treatment with 100µM of IAA94 can significantly reduce the clonogenic 

capacity of KNS42 cells (figure 4.8). SF188 fail to create tight defined colonies but do 

however group across the surface of a flask, with cell numbers >50, and as such were 

considered colonies. There was no significant decrease in the colony forming units of 

SF188 cells. Interestingly, GCE62 cells formed significantly less colonies post IAA94 

treatment, but did show some variability in results. Future work would include increasing 

replicates to ensure reproducibility of the experiment. 
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Figure 4.8. IAA94 reduces proliferative capacity of KNS42 and GCE62. A) Representative crystal violet staining of fixed 
cells following clonogenic assay (10 days) of cell lines treated with 100uM IAA94. Colonies defined as >50 cells and were 
counted from 4 different fields of view, in triplicate n=3. 10x magnification. B) Quantification of clonogenic assay via 
colony forming units of vehicle control v 100uM IAA94. Statistical analysis by 1-way ANOVA 

 

 

4.3.5 CLIC1 and CLIC4 pharmacological inhibition reduces invasive capacity of pHGG.  
Previous research has identified a fundamental role of CLIC1 in the invasive capacity of 

HGG cells and other tumours, finding that upregulation of CLIC1 is linked to an increased 
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invasive capacity (196). As such, targeting these cells endowed with an increased intrinsic 

mechanism favouring invasion is vital in future treatment strategies. Accordingly, we 

sought to investigate if CLIC1 and CLIC4 pharmacological targeting via IAA94 would affect 

the invasive capacity of pHGG cells.  

Boyden chambers were coated in Collagen IV to simulate a simplified brain extracellular 

matrix. Cells were pre-treated with 100µM of IAA94 for 24 hours and seeded in serum free, 

drug containing media into the upper compartment of the chamber and incubated for 24 

hours. Cells were left to invade towards complete media (containing 10% FBS) along a 

chemotactic gradient. Cell seeding density was optimised prior to final experimentation 

and normalised to a control (no chemotactic gradient). 

All cell lines were found to invade through the Collagen IV coating and the transwell, 

signifying inherent invasive capacity in the cells (figure 4.9). Treatment with IAA94 

significantly reduced the invasive capacity across both KNS42 and SF188 cell lines. SF188 

cells exhibited a 31% reduction in invasion (p=0.027) compared to untreated controls. 

Similarly, invasion was inhibited by 20% in KNS42 cells (p=0.041). Given that IAA94 has 

been seen to reduce the viability of cells at 72 hours treatment, a shorter overall treatment 

period (48 hours) was selected as we have identified that at this time point there is no 

significant reduction in cell viability. As such, it can be assumed that the significant 

reduction in invasion observed, is in fact due to inhibition of the invasive process, and not 

an artefact of reduced cell viability or cell number. 

Comparatively, there was no significant reduction in the invasive capacity of GCE62 cells 

(12% reduction). This is interesting as previous experiments revealed that there is a 

significant reduction in viability when treating GCE62 with IAA94, suggesting alternate 

mechanisms being at play. This is likely due to compensation of other CLIC ion channel 
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proteins, aiding in the dual efflux of Cl- and water to promote morphological changes 

needed for invasion across the Collagen IV membrane. Similarly, whilst KNS42 cell invasion 

was significantly reduced, we did not observe significant reduction in viability. 
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4.3.6 IAA94 causes aberrant cell cycling in pHGG. 
As ion channels are implicated in cell cycle control, we sought to investigate the effect of 

pharmacological targeting of CLIC channels on the cell cycle. Studies indicate that CLIC1 is 

preferentially active during the transition from G1-S phase of the cell cycle due to its 

transient insertion into the membrane. However, the current literature is conflicting and a 

clear role of CLIC1 and CLIC4 in the cell cycle has not been identified. 

In order to elucidate this, we exposed cells to 100µM of IAA94 for 72 hours and then 

carried out cell cycle analysis via propidium iodide staining and flow cytometry. All cell 

lines demonstrated a significant increase in percentage of cells in the G0/G1 phase of the 

cell cycle in the treatment condition compared to control (figure 4.10). This increase was 

observed with a simultaneous significant decrease in the percentage of cells present in the 

Figure 4.9. Treatment with 100uM IAA94 significantly reduces the invasive capacity of SF188 and KNS42 cells. A) Representative 
images of invading cells as measured via a modified Boyden chamber assay through Collagen IV coated inserts along a FBS gradient. 
Staining with crystal violet. 10x magnification. 4 representative areas were selected per field of view and all invading cells counted. 
N=3 B) Quantification of invading cells in control (0uM) vs treated (100uM) cell lines. statistical analysis via paired t-test. P= <0.05 * 
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S-phase in the treatment group across all cell lines. Accumulation in this phase, 

accompanied by a significant decrease in S phase in the treatment group is suggestive of 

failure to pass restriction point in G1, and thus cell cycle arrest.  

Following treatment with IAA94 GCE62 was subject to significant changes in all phases of 

the cell cycle when compared to untreated cells, whereas KNS42 and SF188 had no 

significant changes in the number of cells found in sub G1 or G2/M phase. GCE62 is a low 

passage primary cell line, and this ability to continue to pass through to various stages of 

the cell cycle, but maintain some viability as described in section 4.3.2 may be a result of 

the intrinsic capability of the tumour to bypass cell cycle check points.  
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4.3.7 IAA94 does not inhibit neurosphere formation.  
This chapter describes the ability of pHGG to freely form neurospheres, and the effect of 

treatment with IAA94 on monolayer viability. To assess the efficacy of IAA94 treatment in a 

more biologically relevant setting, neurospheres were cultured for 72 hours in the 

presence of 100µM of IAA94. Despite seeing promising results in 2D cell culture there was 

no significant reduction in ability of SF188 or KNS42 cells to form neurospheres following 

treatment with IAA94. However, there was a significant difference in the size of KNS42 

neurospheres at day 2 only (p=0.031). As shown in the representative image (figure 4.11) 

there was a marked number of cellular debris and detached cells present in the flask at day 

3 of treatment with IAA94 in KNS42 cell, suggesting that spheres were beginning to break 

Figure 4.10. Treatment with IAA94 results in aberrant cell cycling. A) Two-way ANOVA, multiple comparisons between 
percentage of cells in each stage of the cell cycle and each experimental condition. Cells treated with 100uM IAA94 for 72 hours 
prior to experimentation. B) summary data of percentage cell cycle stage in treated vs untreated cell lines. C) representative 
histogram images of cell cycle. 



173 
 

down, and more apparent effects may have been observed following longer exposure to 

IAA94 (data not shown). The sizes of SF188 neurospheres in the experiment were 

extremely variable across all triplicates and therefore results should be taken with caution. 

It is understood that the ability to form neurospheres is not a direct measure of the 

viability of the culture, and as such cannot be compared to viability of the 2D culture. 

However, despite attempts of optimisation, sufficient penetrance of the presto blue 

reagent into the spheres was not possible, thus rendering any fluorometric readings 

unreliable.  

 

 

Figure 4.11. Treatment with 100uM IAA94 does not inhibit neurosphere formation. Representative images are of 
neurospheres treated with 100µM metformin over a 72-hour period. Treatment with IAA94 for 72 hours prior to 
neurosphere assay does not inhibit neurosphere formation in pHGG, sf188 p = 0.489, kns42 p=0.085 
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4.3.8 Pharmacological inhibition of CLIC1 and CLIC4 via clinically relevant Cl- channel 
blocker metformin  

Metformin has been used clinically for over a century and is implicated in many disease 

treatments. Functionally, it is a biguanide hyperglycaemic drug that is the first in line 

therapy for type 2 diabetes. This is due to the profound inhibition of hepatic glucogenesis, 

thus promoting a glucose lowering effect (197). Recently, studies have been exploring the 

anti-tumoural capacity of the biguanide class of drugs, with specific focus on metformin. 

We have previously described that IAA94 shows a marked decrease in the proliferative and 

invasive capacity of three paediatric HGG cell lines, and we seek to elucidate if a clinically 

relevant drug with a similar proposed mechanism of action will exhibit the same efficacy 

for HGG. 

Metformin hydrochloride is not a cytotoxic drug and is therefore subject to high IC50s, as 

such, a concentration of 10mM was selected for future experimentation.  

To assess the consequence of CLIC targeting via metformin cells were incubated in media 

containing 10mM metformin or a vehicle control (sterile cell culture grade water) for 72 

hours. Following incubation viability was measured using presto blue reagent, and then the 

cells were subsequently washed, trypsinised and counted. At a concentration of 10mM 

metformin exhibited significant effects on cell viability across all cell lines (p = <0.01 **) 

figure 4.12a. 

As the vehicle for this drug is water, any potential DMSO related toxicities can be 

discounted. The highest decrease in viability was seen in the primary cell line GCE62, with 

an average of 40% viability post treatment. Notably, there was no significant decrease in 

viability or cell count of normal human astrocytes, suggesting that this treatment is only 
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cytotoxic to actively proliferating malignant cells. Likewise, cell count was decreased post 

treatment in a statistically significant manner across all cell lines.  

Furthermore, cell proliferation was measured via clonogenic assay, whereby SF188 and 

KNS42 colony formation was significantly inhibited (p=>0.05) (figure 4.12c), but there was 

no significant effect on GCE62 colony count.  

These data are comparable to treatment with 100µM of IAA94, with an overall reduction in 

viability higher across all cell lines when treating with 10mM of metformin. However, the 

range in dose concentrations between the two drugs is markedly different. 
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Despite promising results, treatment with metformin at concentrations as high as 10mM is 

not clinically feasible due to the action of the drug. The molecular weight of metformin is 

129.164 g/mol, and the clinical concentration of metformin to treat diabetes is 2.5 g (35 

mg/kg body weight) (197), thus a concentration of 10mM far exceeds this recommended 

dose and would put patients at risk of significant off target effects including hypoglycaemia 

and cardiac abnormalities. To assess the effect of metformin treatment in a more clinically 

feasible range, the drug concentration was decreased to 100µM. Cells were treated for 72 

hours, and their viability measured via a presto blue assay as previously described. 

Significant decrease in both viability and cell count was observed in the SF188 cell line, 

(p=0.037), with an average decrease in viability and cell count of 15 and 20% respectively 

(figure 4.13). There were no significant decreases in viability for KNS42 and GCE62, 

however there was a significant decrease in cell count in the GCE62 line (20% mean 

decrease). These results indicate that metformin may not be suitable for a monotherapy in 

HGG as it fails to be effective in reducing viability in a clinically achievable range. 

Metformin has a less significant effect on the viability of cells at the same concentration of 

the CLIC1 specific inhibitor, IAA94, with mean reduction in viability of SF188 being 

Figure 4.12. Treatment with 10mM of metformin for 72 reduces pHGG proliferation. A) cell viability of pHGG cells 
(as measured by presto blue assay). B) Cell count of cells treated with 10mM of metformin (percentage of control). 
Paired t-test. C) Colony forming assay of control vs treated cells 
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significantly less when treated with metformin. This is not to say that metformin is not still 

an attractive candidate in the treatment of gliomas, and it may hold promise as a dual 

therapy. Often brain tumours require prolonged exposure to chemotherapeutics for 

efficacy of treatment to be seen. Further analysis would look to explore the effect of long-

term exposure to metformin on the viability of pHGG cells.  

 

 

 

 

 

 

 

Figure 4.13. Treatment with 100µM metformin decreases viability in SF188 cells. A) Cells treated with 100µM of metformin 
for 72 hours and their viability (as normalised to vehicle control) was calculated using a presto blue assay. B) Cell count (% of 
vehicle control) in pHGG cells. P = >0.05 ns, P = <0.05 *, p= <0.01 **. Statistical test via paired t-test. Vehicle control = water. 
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4.4 Genetic targeting of CLIC1 and CLIC4 
In order to further investigate the role of CLIC1 and CLIC4 in glioma pathogenesis, we 

sought to create a knock down model of CLIC1 and CLIC4 independently across the pHGG 

cell lines. All cell lines were selected for these experiments as they all expressed CLIC1 and 

CLIC4 at both the protein and mRNA level. Here, we utilised small interfering RNA (siRNA) 

to generate transient knock down models. SiRNA is a short double stranded (20-25 

nucleotides long) which induces mRNA cleavage, and consequent degradation in the region 

of interest, resulting in no translation of the respective protein. We selected a pooled 

siRNA approach, utilising an siRNA pool of 3 siRNAs targeting alternate regions to ensure 

knock down and reduce off target effects.  

 

4.4.1 siRNA efficiency  
Prior to experimentation the transfection efficiency of the siRNA was measured to ensure 

sufficient knock down levels. Transfection reagent, Lipofectamine3000™ (Sigma Aldrich) 

was employed to increase transfection efficiency, following review of the literature stating 

this reagent holding high levels of success in glial cells including HGG.  

CLIC1 and CLIC4 expression was quantified at mRNA across SF188, GCE62, KNS42 and 

normal human astrocytes following incubation with respective siRNAs at 24-, 72- and 120-

hours post transfection (n=3). These time periods were selected to ensure that knock down 

remained sufficient for downstream experimental procedures. Cells were also transfected 

with a non-targeting control to ensure no off-target effects from the addition of 

transfection reagent to the cells. 

Sufficient knock down of both CLIC1 and CLIC4 was observed across all cell lines, with 

highest percentage of KD at 24 and 72 hours, confirming an appropriate experimentation 
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window (figure 4.14). As anticipated, there was also ample knock down observed at 

protein level across all of the cell lines. 

Transfection of normal human astrocytes was included to ensure that there was no 

reduction in viability or lethality in normal cells as a consequence of CLIC1 or CLIC4 

deficiency.  
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Figure 4.14. Conformation of siRNA knock down of CLIC1 and CLIC4. A) Representative western blot bands confirming 
successful reduction in CLIC1 and CLIC4 protein via siRNA. B) Quantification of western blot bands using optical density 
image analysis. C) Conformation of siRNA KD via qrtPCR (2-ΔΔCq) at 24, 72 and 120-hour time points relative to non-
targeting control. Significance assessed by ordinary one-way ANOVA. N=3 D) Transfection efficiency as measured as 
percentage of non-targeting control taken from qrtPCR analysis. 
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4.4.2 CLIC1 and CLIC4 knock down reduces the capacity of pHGG to proliferate and invade. 
4.4.2.1  CLIC1 and CLIC4 knock down reduces cell viability and cell count. 

Prior to downstream functional analysis of CLIC1 and CLIC4 deficiency in pHGG it was 

fundamental to assess cell viability in KD cell lines. The aim of this was to firstly assess 

whether a knock down of CLIC1 or CLIC4 would be lethal to the cells, and secondly to see 

what effect, if any, was had on the overall proliferative capacity of the cells.  

A presto blue assay was performed to investigate the viability the cell lines, whereby a 

significant decrease was observed. It is of note that around ~50% viability was maintained 

across each of the three pHGG cell lines, confirming that CLIC silencing is not lethal, and 

therefore appropriate for further experimentation. Significantly, there was no association 

between CLIC1 or CLIC4 deficiency and reduced viability in the astrocyte control line, 

confirming that this approach may be viable for clinical use in the future (figure 4.16b).  

Here we find that genetic targeting of CLIC1 and CLIC4 has a more profound effect on the 

viability and overall cell count of the cells when comparing to pharmacological targeting via 

either IAA94 or metformin. This was as hypothesised as it has been previously reported 

that silencing of the CLIC family of protein significantly diminished proliferative capacity of 

cancer cells, and that targeting via IAA94 can provide variable results (198).  
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Figure 4.15. siRNA targeting of CLIC1 and CLIC4 reduces cell viability in pHGG. A) Cell viability (as measured by presto 
blue assay) is significantly reduced across all pHGG cell lines following CLIC1 and CLIC4 KD. B) Cell count (normalised to a 
control) is significantly reduced following siRNA targeting of CLIC1 and CLIC4 in pHGG.  
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4.4.2.2 siRNA targeting of CLIC1 and CLIC4 reduces invasive and clonogenic capacity in pHGG.  
As previously described in this chapter, clonogenic assays are a well-used methodology to 

assess response to treatment and cell proliferation under prolonged growth. To investigate 

the effect of CLIC1 and CLIC4 deficiency on overall growth kinetics, cells were transfected 

with either CLIC1 or CLIC4 siRNA, and plated at low densities for clonogenic assay for 10 

days. 

As siRNA knockdown is transient, this model is not suitable for performing long term 

assays. As such, clonogenic assays were completed for both 10 days (as described when 

investigating IAA94) and for 5 days post transfection. Data gained form qrt-PCR confirms 

that CLIC1 and CLIC4 is still knocked down by a minimum of 80% 5 days post transfection, 

confirming that this would be an appropriate treatment window. To optimise, a clonogenic 

assay was ran for 5 days and 10 days to assess whether there were any significant 

differences in the clonogenic capacity of the cells. Importantly, there were no significant 

differences found at day 10 compared to day 5, and as such, confirming that the transient 

nature of CLIC1 and CLIC4 siRNA did not affect the results found in this time period.  

SF188, as demonstrated previously, do not form tight colonies, instead creating diffuse 

groups of cells across the well, as these groups were isolated in nature, and contained >50 

cells, these were accepted at colonies. We found that there was a significant reduction the 

colonies formed across SF188, KNS42 and GCE62 cell lines following CLIC1 KD. On average, 

CLIC1 and CLIC4 KD had similar capacity to inhibit proliferation in all three cell lines, 

demonstrating consistent decreases in colony counts. GCE62 cells formed the largest 

colonies in both control and siRNA targeted conditions. This was anticipated as these cells 

clearly favour close proximity even at low confluency, an explanation possibly due to the 

low passage primary nature of the cell line. 
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These data combined with viability and cell count data confirm that deficiency of CLIC1 or 

CLIC4 is sufficient to significantly inhibit the proliferative capacity of SF188, KNS42 and 

GCE62 pHGG cells.  
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Figure 4.16. CLIC KD reduces proliferative capacity of pHGG. A) Representative crystal violet staining of fixed cells following clonogenic 
assay (10 days) of CLIC1 or CLIC4 deficient cell lines. Colonies defined as >50 cells and were counted from 4 different fields of view, in 
triplicate n=3.   10x magnification. B) Quantification of clonogenic assay via colony forming units of non-targeting siRNA vs CLIC1 or CLIC4 
knock down. Statistical analysis by 1-way ANOVA.  
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Furthermore, in order to elucidate the role of CLIC proteins in the invasive capacity of 

glioma we performed a modified Boyden chamber assay to measure cell invasion following 

CLIC1 or CLIC4 KD. Cells were transfected and seeded into Boyden chambers 48 hours after 

transfection. 

siRNA targeting of CLIC1 resulted in a marked decrease in invasion in SF188, KNS42 and 

GCE62 cell lines. SF188 CLIC1 deficient cells had the most significant reduction in the 

percentage of invading cells (45%) when compared to control.  

The overall reduction in invasion across all cell lines was higher following genetic silencing 

of CLIC1 and CLIC4 (SF188-CLIC1- 45%, SF188-CLIC4- 40%, KNS42-CLIC1- 30%, KNS42-CLIC4- 

33%, GCE62-CLIC1- 43%, GCE62-CLIC4-  35%) when compared to pharmacological targeting 

via IAA94 (SF188 30%, KNS42 20%, GCE62 10%). Interestingly, the decrease in invasion 

observed in GCE62 cells was 4.3 and 3.5 more in CLIC1 and CLIC4 KD respectively when 

compared to the decrease in invasion observed following IAA94 treatment. This suggests 

that pharmacological targeting and mere inhibition of CLIC1/4 in GCE62 is not sufficient to 

prevent invasive mechanisms, but depletion of the protein over the same time period does 

in fact contribute to reducing the capacity of these cells to invade. 
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Figure 4.17. CLIC1 and CLIC4 knock down reduces invasive capacity of pHGG cells. A) Representative images of the 
invasion of SF188, KNS42 and GCE62 cells through a transwell coated with collagen IV. Magnification 10x. N=3 B) 
Quantification of cell invasion. Statistical analysis via unpaired t-test. Sf188 CLIC4 p= 0.0002, CLIC1 p= <0.0001. KNS42 
CLIC4 p=0.0002, CLIC1 p=0.0012. GCE62 CLIC4 p= <0.0001 CLIC1 p= <0.0001 
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4.4.2.3 CLIC1 and CLIC4 deficiency is associated with aberrant cell cycling. 
We have previously described the role of chloride channels in the cell cycle, and the elusive 

role that the CLIC proteins may play in regulating transition through various stages of the 

cell cycle. We found that when inhibiting CLIC channels via treatment of IAA94, there was 

dysregulation of the cell cycle compared to controls, and this was related to accumulation 

in G1, and a reduction of cells found in s-phase post treatment. To further investigate, we 

performed cell cycle analysis of CLIC1 and CLIC4 deficient cells (72 hours post transfection).  

Deficiency of CLIC1 and CLIC4 in causes significant alterations to the cell cycle of all cell 

lines investigated. We find that CLIC1 deficiency is associated with a significant increase in 

the percentage of cells present in G1 phase (57%), accompanied by a significant decrease 

in S phase (12%). Similarly, SF188 cells deficient for CLIC4 possess a lower percentage of 

cells in S phase (6%) but this is not associated with an accumulation in G1. Both CLIC1 and 

CLIC4 deficiency results in a higher percentage of cells present in G2/M (CLIC1 25%, CLIC4 

19%) compared to control NT-SF188 cells (16%).  

KNS42 deficiency of CLIC1 is associated with a significant reduction in both G1 and S phase 

(35% and 6% of total cells respectively). Both CLIC1 and CLIC4 knock down results in KNS42 

cells accumulating in G2/M with 23% (CLIC1-) and 19% (CLIC4-) of total cells in this phase 

compared to control (13%). 

A significant increase in CLIC1 (20%) and CLIC4 (18%) deficient GCE62 cells was found in 

G2/M phase compared to control cells (12%), and similar to SF188 and KNS42, there was a 

decrease in cells populating S-phase. Additionally, this was not associated with an increase 

in G1 cells, as there was a significant decrease in the percentage of cells held in G1 phase 

following both CLIC1 (35%) and CLIC4 (34%) knock down v NT control (44%).  
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Interestingly, these data seem to confirm what has been cited in the literature and 

demonstrate that knock down of CLIC proteins can have varying effects on the cell cycle, 

particularly associated with G1 and G2/M phase. Changes to the cell cycle observed post 

genetic targeting of CLIC1 and CLIC4 vary greatly compared to pharmacological targeting 

via IAA94. Drug targeting appears to be associated with G1 accumulation, whereas cells 

transfected with CLIC1 and CLIC4 consistently accumulate in G2/M phase. 

 In these experiments a portion of control SF188 cells were observed in the sub-G1 phase. 

This is unusual as it indicates cells that have undergone apoptosis, or a population of 

fragmented cells present in the samples. Although experiments were performed over 

multiple passages, this may be indicative of cellular stress relating to high passage number. 

Records indicate that the SF188 cells were several passages above the normal maximum, 

and therefore results must be interpreted with caution. Interestingly, this sub G1 

population seen in the SF188 NT siRNA cell line decreased upon CLIC1 knock down.  

Overall, these data signify that the alterations to the cell cycle are not associated with 

apoptosis as there are no significant increase in the population of cells found in sub-G1 in 

CLIC1 or CLIC4 deficient cell lines.  
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Figure 4.18. CLIC KD results in abnormal cell cycling. A) Two-way ANOVA, multiple comparisons between percentage of cells in each 
stage of the cell cycle and each experimental condition. CLIC1 and CLIC4 targeting with siRNA for 72 hours prior to experimentation, 
control = NT siRNA. B) summary data of percentage cell cycle stage in NT vs KD cell lines. C) representative histogram images of cell 
cycle. 
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4.4.3 Knock down of CLIC1 and CLIC4 reduces neurosphere formation.  
 

Inhibition of CLIC proteins via IAA94 did not significantly reduce the capacity of pHGG cells 

to form neurospheres, however we wanted to investigate whether knock down of the 

proteins would affect sphere formation.  

Cells were transfected with CLIC1 and CLIC4 siRNA and plates for sphere forming assays as 

previously described. CLIC1 knock down significantly inhibits neurosphere formation at day 

3 in SF188 and KNS42 cells. This reduction in size was associated with an increased 

population of small and single cell suspension and cellular debris in SF188 cells.  

CLIC4 knock down failed to significantly reduce neurosphere size in KNS42, but was 

significantly associated with a reduction in size of SF188 neurospheres. 

 

 

 



193 
 

 

 

 

Figure 4.19. CLIC inhibition reduces neurosphere formation in SF188 and KNS42. A) CLIC1 knock down inhibits neurosphere formation of 
SF188 pHGG cells at all time points, but has only significant reduction in neurosphere size at day 3 in KNS42 cells.  SF188 p= 0.0129,   KNS42 
0.01 2-way ANOVA. B) CLIC4 knock down inhibits neurosphere formation of pHGG cells in SF188 cells but has no significant affect in KNS42 
cells. SF188 p =0.0042 **, kns42 p=0.609 ns. Cells were imaged daily for 3 days, and their size measured using ImageJ – statistical analysis via 
2-way ANOVA. Magnification x10 
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4.5 Generation of a stable knock out of CLIC1 and CLIC4 via CRISPRcas9 
To further open up the experimental pipeline to long term experiments, we sought to 

generate a stable knock out model of HGG cell lines. Adult glioma cells lines U87 and 

GCE28 were previously Cas-9 induced by the lab of Dr Alan McIntyre, University of 

Nottingham, and as such were selected to perform cas9 induced, lentiviral mediated knock 

out of CLIC1 and CLIC4.  

GCE28 (low passage primary line) and U87 (commercial cell line) were transfected with 

lentiviral guide RNAs targeting either CLIC1, CLIC4 or a non-specific scramble region. Two 

gRNAs were selected per gene target to assess efficiency of transfection of different coding 

areas. Transfection was completed according to a pre-optimised MOI viral titre (McIntrye 

Lab) described in section 2.7.2 in the presence of polybrene. Cells were then selected with 

puromycin to generate pure a knockout population over several passages.  

Following selection, doxycycline was used to induce the drug inducible promotor, and cells 

were exposed for 2 cycles of 48 hours prior to experimentation.  

Cells were collected and assessed via western blot analysis to confirm knock out of CLIC1 

or CLIC4 in U87 or GCE28 cell lines.  

Unfortunately, despite optimisation attempts we were unable to produce sufficient knock 

down using this methodology for either of our targets in any of the cell lines. The highest 

transduction efficiency observed was total of 30% knock out of CLIC1 in U87 cells, and 33% 

knock out of CLIC4 in GCE28 cells. These values were significantly lower than the 

transfection efficiencies observed with siRNA, and as such, it was decided to not pursue 

this line of investigation. 
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4.6 Chapter summary 
 

Throughout this chapter we have investigated the role of CLIC1 and CLIC4 in paediatric 

high-grade gliomas and assessed their candidacy as targets for future novel therapeutics. 

The effect of the CLIC specific inhibitor IAA94 was assessed alongside the clinically available 

drug metformin. We sought to gain an overall understanding of the role that CLIC1 and 

CLIC4 play in glioma cell proliferation via pharmacological and genetic inhibition combined 

functional proliferative assays. The invasive capacity of SF188, KNS42 and GCE62 was 

assessed using modified Boyden chambers, coated with Collagen IV to simulate brain 

extracellular matrix. These assays were performed in tandem drug inhibition via IAA94 and 

genetic silencing of CLIC1 and CLIC4 via siRNA. The ability of pHGG cell lines to form 

neurosphere was examined and the function of CLIC1 and CLIC4 in forming said 

neurosphere was studied. Finally, we assessed the outcome of CLIC targeting on the cell 

cycle of pHGG cells in order to elucidate the functional mechanism of CLIC1 and CLIC4 ion 

channels in the cell cycle.  

Chapter outcomes: 

1) Paediatric high grade glioma cell lines SF188, KNS42 and GCE62 have the capacity to 

readily form neurospheres.  

- This ability is associated with an increase in the stem markers SOX2 and NESTIN, 

and an overall increase in CLIC1 and CLIC4 expression was observed at the mRNA 

level when comparing 2D monolayer culture to 3D neurosphere culture.  

- Neurosphere formation is variable across the cell lines and is linked to cell size 

and growth kinetics observed in monolayer culture. 
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2) Pharmacological inhibition of CLIC1 and CLIC4 via IAA94 reduces the capacity for 

pHGG to proliferate and invade: 

- IAA94 treatment is seen to significantly reduce cellular proliferation, and results 

in a reduction in cell count (SF188 and GCE62). Importantly this reduction in cell 

viability and cell count is not mimicked in normal human astrocyte cells. 

Furthermore, treatment with IAA94 significantly reduces the invasive capacity of 

KNS42 and SF188 cells.  

- Treatment with IAA94 results in aberrant cell cycling associated with 

accumulation in G1 and reduction in S-phase. 

- Neurospheres treated with IAA94 retain the ability to proliferate and form solid 

spheres. IAA94 has no significant effect on the size of SF188, KNS42 or GCE62 

neurospheres. 

- Treatment with IAA94 is not associated with astrocyte toxicity and is therefore an 

appealing candidate for HGG treatment. 

3) siRNA knock down of CLIC1 and CLIC4 reduces proliferation, invasion and 

clonogenicity of pHGG cells. 

- siRNA knock down of CLIC1 and CLIC4 was successful and highly efficient in 

SF188, KNS42 and GCE62 cell lines.  

- CLIC1 and CLIC4 deficiency is associated with a significant decrease in the viability 

and overall cell count of pHGG cells. This decrease in cell count and viability was 

not observed. This marked decrease in proliferation was also observed via colony 

forming assay, whereby deficiency of both CLIC1 and CLIC4 resulted in significant 

reduction in colony formation across all cell lines. 
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- Invasive capacity was significantly reduced in CLIC1 and CLIC4 knock down cell 

lines compared to NT controls. 

- CLIC1 and CLIC4 may be implicated in the control of the cell cycle in pHGG. 

Deficiency resulted in numerous changes to the cell cycle, particularly associated 

with an accumulation in G2/M phase. 

- CLIC1 knock down inhibits neurosphere formation in SF188 and KNS42 cells. 

CLIC4 knock down did not reduce neurosphere size in KNS42 but was significantly 

associated with a reduction in size of SF188 neurospheres. 

4) CRISPR-Cas9 mediated silencing of CLIC1 and CLIC4 was unsuccessful in HGG cell 

lines. 

These data suggest are indicative of the feasibility of targeting CLIC1 and CLIC4 as an 

anticancer agent. Additionally, the lack of toxicity observed in human astrocytes suggests 

that CLIC1 and CLIC4 are not essential for the survival of normal cells, but are however, 

essential in maintaining proliferation and invasive capacity in malignant cell lines.  
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5 Assessing the potential of CLIC1 and CLIC4 as bioelectric targets 
for electrotherapy in paediatric high-grade glioma 

5.1 Introduction 
Bioelectricity and bioelectric signalling are emerging fields in cancer research. At the very 

basis of bioelectricity lies membrane potential, an intrinsic property of all living cells. 

Research has found that the bioelectric processes of cancer cells is different to those of 

normal cells, causing dysregulation in homeostatic mechanisms, signalling pathways and 

communication between cells. Recently, pioneering work has demonstrated that glioma 

cells integrate themselves into neural networks, relying on synaptic connections with 

neurones and other tumour cells (189,199,200). Through this, an intra-tumoral electrical 

network is formed, exposing a therapeutic window for manipulation via exogenous 

currents.  

As previously discussed, TTFields is the first novel treatment for aHGG in over a decade 

shown to significantly increase overall survival in phase 3 clinical trials and is one of very 

few novel treatments exploiting bioelectricity to target cancer. Despite this, the 

mechanism of TTFields is yet to be fully elucidated, with the proposed antimitotic effects 

failing to successfully explain the myriad of other changes found following TTFields 

treatment. The brain itself, is intrinsically electrically active, and we propose that one 

mechanistic factor behind the success of TTFields may be the dysregulation or aberrant 

expression of ion channel genes therefore further disrupting the cell cycle and potentiating 

TTFields antimitotic effects.  

TTFields is not currently approved in the treatment of paediatric tumors due to the 

suggested treatment burden of daily head shaving and wearing the device for 18+ hours a 

day. As such, identifying alternative, minimally invasive electrotherapies or increasing 

efficacy of TTFields for pHGG is emerging as an important area of research.  
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A study by Branter et al has demonstrated the efficacy in vitro of DBS in inhibiting the 

growth of adult GBM cells (152). In contrast to TTFields, deep brain stimulation (DBS) 

therapy uses implantable electrodes to stimulate specific brain regions, and has shown 

significant success in the treatment of movement disorders. DBS delivers targets electrical 

fields to specified anatomical regions such as the subthalamic nucleus, and is well tolerated 

and safe to implant (98,100,101,201). With well known safety profiles, this therapy is 

attractive for repurposing as a novel therapy for pHGG. Again, the mechanism of DBS is not 

fully understood, and elucidation of this may unlock therapeutic success in gliomas (101). 

We seek to assess if electrical therapies such as DBS and TTFields hold efficacy in the 

treatment of pHGG cell lines, and if ion channel targeting holds potential as the mechanism 

of action. We will investigate this via the combination of CLIC inhibition, both genetically 

and pharmacologically, as previously described in chapter 4, with TTFields and DBS 

treatment.  

 

Chapter aims: 

1) To assess CLIC1 and CLIC4 as bioelectric targets via interrogating the electrical 

activity of these ion channels. 

2) To investigate membrane potential across pHGG cell lines, compared to human 

astrocytes. 

3) To investigate the efficacy of TTFields and DBS therapy in pHGG cell lines.  

4) To assess the role of CLIC targeting as a dual therapy with TTFields.  

5) To establish the consequence of long term TTFields treatment on pHGG cells.  
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5.2 CLIC1 and CLIC4 are electrically active in pHGG cells.  
As described previously, the CLIC family of proteins are a structurally and functionally 

diverse group, operating within multiple processes as either monomeric soluble proteins, 

or integral membrane proteins that are crucial in cell cycle control. We have already 

demonstrated in chapter 4 that the inhibition of CLIC1 or CLIC4 via IAA94 or cellular 

deficiency via siRNA caused marked alterations to the cell cycle. As a result, we 

hypothesise that CLIC channels are in fact exerting their influence on glioma pathology as 

functional ion channels, as opposed to monomeric soluble proteins.  

To elucidate the functional state of the CLIC proteins identified in our cohort of tissues and 

cells, we employed several bioelectrical assays to investigate the movement of chloride 

ions across the cell, and if these protein harness bioelectric capacity, and as such, are 

acting as ion channels.  

 

5.2.1 Chloride efflux across pHGG cells  
Chloride intracellular channels 1 and 4 are responsible for the movement of chloride ions 

across the plasma membrane of the cell(142,202,203) in aid of maintaining physiological 

conditions. Membrane potential is often altered to accommodate function, as such, 

phenotypic changes in Vm in cancer cells arise. Previous work in this project identified that 

genetic and pharmacological targeting of CLICs reduces proliferation, invasion and 

clonogenicity of pHGG cells. In order to assess the functionality of these CLIC proteins and 

elucidate if they are indeed acting as Cl- channels, including the passive permeability of Cl- 

ions across the membranes of pHGG cells, a shadow ion (surrogate tracer) assay was 

employed, whereby iodide ions are used to track chloride channel opening and closing. 

Abcam's Chloride Channel Assay Kit (Colorimetric) (ab176767) uses a proprietary iodide 

indicator (Iodide Sensor Blue dye) to measure iodide concentration, with as low as 30nM of 
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iodide able to be detected. Iodide Sensor Blue dye forms a blue complex with iodide, which 

has an absorption spectra spanning from the UV to 700 nm. The principle is that if treating 

with an antagonist, Cl- channels will be blocked, iodide ions remain in the cell as efflux is 

prevented, and upon cell lysing, there is increased iodide to dye binding and therefore a 

higher absorbance reading. Figure 5.1 demonstrates the workflow of this assay.  

 

 

Figure 5.1 Workflow schematic of chloride efflux assay (Abcam). Assessment of the chloride efflux capacity of cells was 
carried out using the Abcam colorimetric assay in a 96-well plate format by means of shadow ion assay.  

 

 

Initial experiments were to assess if there was any significant difference in the movement of 

Cl- across the cell membrane of astrocytes compared to pHGG. Cells were left untreated and 

plated to be no more than 80% confluency on the day of experimentation. Figure 5.2 shows 

that there were no significant differences when comparing normal astrocytes to pHGG cells, 

and that there were not significant differences in the chloride content of pHGG compared to 
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normal astrocytes. These data suggest that the basal efflux of chloride was comparable 

across all control cell lines. It is important to note that this is not a CLIC1 or CLIC4 specific 

assay, nor a measure of general chloride channel activity, chloride activity and movement is 

inferred via the movement of iodide ions acting as a surrogate tracer. As such the relative 

expression levels of CLIC1 and CLIC4 specifically in these cell lines does not hold significant 

bearing on the results found.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.1.1 Drug targeting of CLIC channels reduce chloride efflux in pHGG  
Next, we wanted to assess whether the reduction of proliferation and invasion found when 

siRNA targeting CLIC1 and CLIC4 was associated with a decrease in ion channel activity, and 

Figure 5.2 There is no significant difference in the Cl- efflux activity across pHGG cells and astrocytes. The 
iodide efflux across pHGG cell lines and normal human astrocytes was measured via the Abcam colorimetric 
Cl- efflux kit. Chloride activity is inferred via surrogate tracer assay. N= 3 statistical tests via 1-way ANOVA with 
multiple comparisons, error bars represent mean + SEM. 
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as such a decrease in Cl- efflux. When performing these experiments there were various 

optimisation steps, including a pre-incubation with the drugs of choice. We found that pre 

incubating the cells with either IAA94 or metformin for 72 hours prior to Cl- assay did not 

yield any valuable results as the data harvested was variable and not replicable. This is 

likely to be due the antagonist effect of IAA94 and metformin, meaning that a number of 

channels were blocked prior to iodide loading, and therefore inconsistent permeability into 

the membrane. Instead, cells were seeded, loaded with iodide buffer, and then incubated 

with respective drugs for 24 hours, and the assay continued.  

Figure 5.3A shows that specific targeting via treatment with 100µM IAA94 resulted in a 

significant decrease in the movement of chloride ions across SF188 (p=0.03) and KNS42 

(p=0.0162) cells compared to vehicle control, whereas no statistically significant changes in 

chloride efflux were observed in GCE62 and GCE98 cells. This data is comparable to that 

found in drug sensitivity assays, whereby we found that GCE62 was the least sensitive cell 

line to IAA94, perhaps suggesting that sensitivity to IAA94 could be mediated via the 

movement of chloride ions. 

When assessing whether broad chloride channel blocking (via treatment with 10mM of 

Metformin) influenced the efflux of HGG cells, a significant decreased in chloride ion efflux 

was observed in three cell lines KNS42, GCE62 and GCE98 when compared to vehicle 

control. The most significant decrease (and therefore highest absorbance value) was 

observed in the adult GBM line GCE98 (p=0.0053) (figure 5.3b). It is important to note that 

this primary patient derived line is very early passage (p7) and the patient had received 

TTFields treatment prior to surgical removal of this tumour. This patient will be discussed 

in more depth in chapter 6. It is an interesting observation that a cell line with prior 

exposure to bioelectric manipulation appears to be the most sensitive to chloride channel 
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inhibition via metformin and has the most pronounced effect on cellular Cl- efflux. 

Treatment with metformin did not result in any statistically significant changes in chloride 

efflux in SF188 cells. This may be an artefact of the control cells having a high level of 

variability, and therefore large standard deviation.  

Interestingly significant Cl- efflux reduction was observed in opposing cell lines for each 

drug condition. This is likely due to the broad acting effect of metformin, having an overall 

more potent effect on the movement on chloride ions in the cell.  

It is worth noting that in previous experiments cells were exposed to IAA94 and metformin 

for 72 hours prior to experimentation, and that the decreased exposure time in this assay 

may not be reflective of effects previously seen at longer treatment times. We did not 

incubate drugs for 72 hours due to the observed instability of the iodide loading buffer 

when optimising at this time point.  

These data indicate that drug targeting of chloride channels has a variable effect across our 

panel of HGG cells, and that both IAA94 and metformin have the capacity to alter chloride 

channel activity. 
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Figure 5.3 CLIC pharmacological targeting reduces Cl- efflux across cells A) CLIC1 specific blocking via IAA94 causes 
significant reduction in chloride efflux in SF188 and KNS42 cells. B) Pharmacological inhibition via metformin causes 
reduced Cl- ion flux across pHGG cells with significant channel blockage observed in KNS42, GCE62 and GCE98 cells. N=3. 
Statistical testing by ANOVA. Error bars represent mean +/- SD. 
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5.2.1.2 Transient knock down of CLIC1 and CLIC4 via siRNA decreased Cl- ion efflux in pHGG. 
To specifically interrogate the role that CLIC1 and CLIC4 have in the movement of chloride 

ions across the membrane, the chloride efflux assay was performed on CLIC1 and CLIC4 

deficient HGG cells.  

Figure 5.4A demonstrates that CLIC4 deficiency produces a significant reduction in chloride 

efflux in KNS42 (p=0.007) and GCE62 (0.0397) cells, mirroring the data found when 

exposing cells to metformin. This may be indicative of a CLIC4 specific inhibitory effect of 

metformin. Whereas CLIC1 knock down provided sufficient to cause alterations in the 

chloride efflux across all cells, with significant reduction seen SF188 (p= 0.0059), KNS42 

(p=0.0028), GCE62 (p=0.0189) (figure 5.4). These data remain consistent with result found 

in call viability assays, whereby CLIC1 deficiency produces a more pronounced reduction on 

cell viability. Thus, these data indicate that there is a link between the movement of 

chloride ions across the cell and the viability. Similarly, cell cycle analysis (section 4.4.3) 

data revealed significant alterations in cell cycling following CLIC1 knock down, data which 

confirms that the observed decreased in chloride efflux may be contributing to the 

aberrant cell cycling of pHGG cells. 

 

 



207 
 

 

Figure 5.4 siRNA targeting of CLIC1 and CLIC4 reduces chloride efflux. A) KNS42 and GCE62 cells targeted with CLIC4 
siRNA have reduced Cl- ion efflux. B) CLIC1 siRNA targeting reduces Cl- ion efflux across all cells. N=3, statistical analysis 
by 1-way ANOVA. Error bars represent mean +/- SEM.  
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5.2.2 Flexstation membrane potential assay 
As previously mentioned, the membrane potential is one of the key mechanistic drivers of 

the cell cycle and cell proliferation. Therefore, we sought to assess the membrane 

potential of these cells via high through put assays combined with drug, genetic and 

electrical targeting of CLICs.  

A Flexstation membrane potential assay was employed whereby cells are seed, loaded 

with an FMP dye (Molecular devices), treated with a drug, and fluorescence values read 

using a Flexstation plate reader (Figure 5.5). The dye utilised in this assay is a lipophilic, 

anionic, bis-oxonol dye that can partition across the cytoplasmic membrane of live cells 

(Molecular devices). Its fluorescence intensity increases when the dye is bound to cytosolic 

proteins. When the cells are depolarized, the permeability of the membrane increases, and 

more dye is able to enter the cells (204). Consequently, the increased intracellular 

concentration of dye leads to an increase in binding to cytosolic proteins and subsequently, 

an increase in fluorescence signal.  

It is important to note that blocking Cl- channels has been suggested to prevent the G2-M 

(112) phase progression via preventing the depolarisation of the membrane, suggesting 

that chloride channel movement is essential in the depolarization of cells. When blocking 

the efflux of Cl- the membrane potential of the cell becomes more hyperpolarised. As 

previously explained, depolarisation is seen via an increase in fluorescent signal, therefore 

hyperpolarisation linked to chloride channel blocking would indeed produce a reduction in 

relative fluorescent units (RFU). Whilst RFU is not directly translatable to a membrane 

potential value, however experimental research has suggested that a change in 5% RFU is 

relative to around a 10mV change in membrane potential (204).  
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Figure 5.5 Workflow schematic of Flexstation membrane potential assay for high throughput measurement of 
membrane potential using fluorescence. The FLIPR membrane potential assay (Molecular Devices) was used as a high 
through put method of assessing the membrane potential of cells in a 96 well format.  

To analyse the data gained via FLIPR membrane potential assays read on the Flexstation, 

SoftMax Pro software was utilised. Figure 5.6 demonstrates and example of a 

representative trace of an untreated astrocyte. Each trace is taken from a reading of an 

individual well of a 96 well plate, and each data point represents an individual read. To 

process the data, the trace was reduced to remove background and normalised within the 

software, and the ‘area under curve’ function was used to analyse the change in RFU. At 15 

seconds wells were ‘spiked’ with 1M KCl to trigger ion channel activity and cellular activity 

as expressed as RFU was measured post KCl spike. An average read was taken from the 

‘area under curve’ and treated samples were processed as a maximum percentage change 

of the control condition compared to basal levels. Untreated controls were normalised to 

the pre-spike values.  
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Figure 5.6 Example trace analysis from data gained via FLIPR membrane potential assay. Representative trace from 
Astrocyte cell line. Each trace is taken from one well of a 96 well plate and each data point represents a single read. 8 
wells per cell line per condition were read in triplicate. 

 

Initial experiments aimed to interrogate the baseline resting membrane potential in the 

panel of HGG cell lines and normal human astrocytes. All cell lines tested elicited a 

response to KCl at 15 seconds and demonstrate membrane potential change in response to 

external stimuli. Surprisingly, there were no significant differences found between the HGG 

cell lines (figure 5.7), with relative RFU % change post KCl challenge being consistent across 

the three paediatric cell lines (SF188, KNS42, GCE62) and adult HGG cell lines (GIN98 and 

GCE98). Via previous experimentation, differences in the CLIC channel activity were found 

as demonstrated by protein and gene expression, response to inhibitors and chloride efflux 

levels, so it is unexpected that there were no baseline differences in Vm observed.  

The differences in RFU between normal astrocytes and HGG cell lines was also assessed. 

We found that on average normal astrocyte cells were more hyperpolarised (as reflected 

by a reduced RFU) than the panel of HGG cell lines. The paediatric glioma cell lines SF188 
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and GCE62 were significantly depolarised (following KCl exposure) compared to normal 

human astrocytes (p=<0.05), whereas no significant changes in KNS42 Vm was observed. 

Intriguingly, the adult GBM cell line GIN98, that has had previous exposure to TTFields, had 

the most significant difference in RFU (p=<0.01) and therefore increasingly depolarised 

resting membrane potential compared to normal astrocytes (figure 5.7). This is interesting, 

particularly as the matched cell line GCE98 from the core region of the same tumour 

sample did not exhibit significant differences and therefore this may provide some 

mechanistic insight into the effect of TTFields on the membrane potential of cells in the 

invasive margins of GBM tumours. It is worth noting that the percentage response will vary 

depending on the cell lines relative permeability of K+ and Cl- and further validation should 

be assessed using electrophysiology techniques. Similarly, an osmotic control such as NaCl 

would be beneficial here, as KCl may lead to cell shrinkage (205), and less dye uptake. 
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Figure 5.7 Differences in membrane potential between HGG cells and astrocytes measured via membrane potential 
fluorescence assay. Data is represented as the total percentage response when normalised to a control (100%). 
Astrocytes have a significantly increased RFU % change when compared to SF188, GCE62 and GIN98 cells. N=3, statistical 
testing via 1 way ANOVA with multiple comparisons. Means +/- SD. 
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5.2.2.1 IAA94 and metformin treatment cause membrane potential changes in pHGG 
In the pursuit of further understanding the role of membrane potential, and after 

determining baseline readings of resting membrane potential values, we undertook a 

series of experiments to ascertain the effect of CLIC inhibition on the membrane potential 

of pHGG cells.  

Earlier we demonstrated that pharmacological inhibition of CLIC1 and CLIC4 result in a 

reduction in cell viability, and in chloride efflux across the cell, therefore we sought to 

assess if this change was linked to alterations in membrane potential. Treatment with 

IAA94 at 50 and 100µM is sufficient to cause alterations in the membrane potential across 

SF188, GCE62 and KNS42 cells. Hyperpolarisation, as demonstrated by a reduction in RFU 

% (relative to control conditions), was seen across all cell lines, with the most significant 

reduction in RFU in the primary cell line, GCE62. The overall reduction in RFU for SF188 

cells was 13%, GCE62 was 16% compared to a 10% reduction in KNS42 cells. Previous 

literature has cited that a reduction in 5% is relative to a -10mV change (Molecular Devices 

(204)), and as such this may be representative of a -26mV, -32mV and -20mV change in 

membrane potential in the cells, respectively. These changes in Vm are sufficient to induce 

changes in downstream cellular function but it is not yet possible to link these to specific 

mechanisms. 

SF188 cells seemed to possess the most linear relationship between concentration of 

IAA94 and overall RFU, with GCE62 seeing the largest change in Vm (figure 5.8a). 

Interestingly, this data conflicts previous findings as GCE62 are evidenced to be the least 

sensitive cell line to IAA94 in both viability assays and Cl- efflux assays. This may be a result 

of compensation mechanisms via alternate chloride channels that do not have significant 

contribution to membrane potential control.  
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In addition to exploring the effect of IAA94 of Vm, the broad Cl- channel blocker metformin 

was assessed (figure 5.8b). Treatment was carried out at 100µM, 10mM and 50mM to 

assess if any concentration dependant changes occur. When treating cells with 100µM (to 

simulate clinically feasible treatment range) no effect on membrane potential in any of the 

cell lines was observed. However, there is significant reduction in % RFU seen in both the 

10mM and 50mM treatment conditions. As expected, the 50mM treatment condition 

elicited the most significant cellular hyperpolarisation. In order to maintain comparability, 

the 10mM condition was assessed. Analogously to the data gained from IAA94 

experiments, KNS42 cells appear to be the least sensitive cell line, with a decrease of 8% at 

when treated with 10mM (~ -16mV). SF188 exhibited the highest level of sensitivity, with a 

12% reduction (~ -26mV) and GCE62 showing a 10% decrease (~-20mV).  

These data suggest that pharmacological targeting of CLIC1 and CLIC4 via IAA94 or 

metformin may be sufficient to cause hyperpolarisation of the membrane, and as such, 

more reflective of the Vm observed in astrocytes.  
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Figure 5.8 Changes in membrane potential as measured via fluorescence in pHGG in response to pharmacological 
treatment. Relative fluorescent units as measured as a percentage of the total response seen in control conditions 
(100%). Traces analysed via using the area under curve function on SoftMax Pro software. A) IAA94 alters membrane 
potential in HGG cells in a dose dependant manner. B) Metformin treatment at 100Um has no effect on membrane 
potential, but treatment at 10mM causes reduction in RFU count. C) Representative reduced traces of cells treated with 
IAA94 or metformin. 
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5.2.2.2 Membrane potential changes following CLIC1 or CLIC4 knock down in pHGG. 
To explore CLIC1 and CLIC4 specific roles in the membrane potential of cells we combined 

siRNA targeting with FLIPR membrane potential assays. Figure 5.9A shows that CLIC1 

deficient KNS42 cells exhibited no significant differences in membrane potential when 

compared to NT cells. Despite this, there was significant cellular hyperpolarisation seen in 

SF188 (11%) and GCE62 cells (15%) on CLIC1 KD. CLIC4 targeting was sufficient to cause 

membrane potential alterations across all cell lines, with an average hyperpolarisation of 

10%, 11%, and 8% in SF188, KNS42 and GCE62 respectively (figure 5.9B).  

Interestingly there appears to be less of an effect on membrane potential following siRNA 

knock down of CLIC1 and CLIC4. This may be due to a myriad of reasons, the first being any 

off target affects associated with drug treatment, and an immediate effect of drug spiking 

during the experiment. These elements should be further explored.  

All together, these data confirm that targeting of CLIC1 and CLIC4 via pharmacological 

inhibitor or siRNA results in varying degrees of membrane hyperpolarisation. As such, this 

hyperpolarisation is the likely cause of the cell cycle alterations and reduced invasive and 

proliferative capacity of the cells explored in chapter 4. It is well understood that 

membrane potential is essential in cell cycle control, proliferation, and invasion (104), with 

cell membrane alterations being specifically implicated in glioma pathology (189,199,200). 
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Figure 5.9 siRNA targeting of CLIC1 and CLIC4 causes significant alterations in membrane potential. A) knock down of 
CLIC1 results in a significant percentage change in RFU when compared to control siRNA in SF188 and GCE62 cells. B) 
CLIC4 knock down results in significant increase in RFU response when compared to normalised control (100%). N=3, 
unpaired t-test.  
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5.2.3 Electrophysiology of pHGG cells. 

 

Figure 5.10 Workflow schematic of whole cell and cell attached patch clamping experiments.  

 

5.2.3.1 Cell attached experiments.  
To assess channel activity cell attached (CA) electrophysiological experiments were 

performed. This methodology as shown in figure 5.10 is completed by attaching an 

electrode to the membrane of a cell and forming a gigaohm seal without breaking the 

membrane. This methodology preserves intracellular integrity and can be used to both 

measure single channel activity and properties, as well as estimate cellular RVM in situ. The 

membrane potential of the cell-attached patch (Vpatch) is a function of the membrane 

potential of the cell (Vcell) and the potential applied via the patch pipette (Vpipette), and is 

defined by the formula: (Vpatch) = (Vcell)-(Vpipette).  

Figure 5.11 demonstrates representative single-channel current records made with the 

cell-attached configuration. The pipette holding potential was 0mV so that the channel 

activity observed is typical of that at the resting membrane potential of the cell with the 

peaks on the oscilloscope trace representing ion channel activity. Using the cell attached 
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configuration we saw that SF188 cells often possesses two main types of ion channel:  the 

large amplitude BK (confirmed via experimentation not included in this thesis) and a 

smaller one, with single-channel conductance's of ~ 160 pS and ~50pS, respectively. 

Conversely, GCE62 cells appear to possess the small amplitude channel, likely chloride due 

to the composition of the bath solution.  

 

 

Figure 5.11 representative traces of SF188 and GCE62 cells in the cell attached configuration. Measurement of current 
against time in cell attached configuration. Upward deflections in the current trace represent single channel opening. 
Note two types of channels in SF188 and one type in GCE62. 
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experiments measure channel activity in the form of macroscopic current across a large 

region of the cell by rupturing the cell membrane. This provides access to the intracellular 

region of the cell, and provides a means to study the effect of drugs etc. on the action of 

ion channels intracellularly.  

Figure 5.12 shows representative whole-cell current records made with the whole-cell 

configuration. Currents were elicited in response to voltage steps from -50 to + 80 mV in 

10 mV increments from a holding potential of -60 mV.  

SF188 cell possessed both linear and voltage-sensitive currents (figure 5.12), the latter 

were activated at positive membrane potentials (positive to -50mV), indicative of the 

voltage sensitive BK channels observed in cell attached experiments. Conversely, the 

GCE62 cells only possessed linear currents. The linear component is probably carried by 

the small amplitude channel seen in the cell-attached experiments. These data indicate to 

us how these cells respond to changes in Vm, therefore alteration in membrane potential 

result in BK channel activity in SF188 cells. However, without pharmacology we cannot 

confirm that these channels are indeed BK. On-going experiments with the BK channel 

inhibitor paxilline suggest that these currents are indeed BK (data not shown in thesis). 
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Figure 5.12 representative traces of SF188 and GCE62 in whole-cell configuration. SF188 and GCE62 ion channel activity 
was assessed using whole cell patch clamping using a voltage step method and a holding potential of -60mV. 

 

5.2.3.3 SF188 cells have spontaneous BK channel activity.  
Recordings show that 21 out of 26 patches had large inward currents >4pA at Vp=0 that 

are indicative of BK channels. This is consistent with data that has been previously 

published on glioma cell lines. (161,206,207). Single channel current-voltage analyses 

indicated a voltage activation with a median slope conductance of around 210pS (figure 

5.13). Several patches had smaller single-channel current amplitude, although these 

cannot be soundly identified without further experimentation. Figure 5.13a shows that 

that Vm measured in SF188 cells with high [Ca2+] pipette solution (2.5mM) (Vm1) was 14.9 

mv more negative (p=0.0043) than that measured with low [Ca2+] (45nM) (Vm0) suggestive 

of K+ channel activation by elevation of intracellular [Ca2+]. Figure 5.13b show that the 
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input in high [Ca2+] resistance (Rm1) was 240 MW smaller (p=0.0443) relative to that 

measured with low [Ca2+] (Rm0). Data is also indicative of greater channel activity with 

elevation of intracellular [Ca2+] in this condition, and that SF188 possess BK channels that 

can be activated by elevations in intracellular [Ca2+] and Vm depolarisation. As such, 

suggesting that SF188 cells are significantly electrically active cells. This is consistent with 

data that has been previously published on glioma cell lines, suggesting that BK channels 

are over expressed in GBM cell lines (161,207).  

From the single-channel current-voltage analyses of Bk it is possible to estimate the 

membrane potential Vmr of the cell from the pipette potential, Vp, when the 

electrochemical driving force is zero and the single-channel amplitude i = 0 pA.   

If it is assumed that Bk is predominantly permeable to K+ then its single channel current 

amplitude, i , is given by i=slope conductance x (Vmr-Vp-EK)  where EK  is the Nernst equilibrium 

potential for K+.  

If it is assumed that the pipette solution has a similar [K+] to that of the cytosol, ~140mM, 

then the Nernst equilibrium potential for K+ , EK, is 0 mV. Such that, when  i = 0 pA. Vp = Vmr. 

When Vmr was estimated this way it was almost identical to Vm0 subsequently measured 

in the same cell under whole-cell conditions with a low [Ca2+] pipette solution (p=0.9221, 

Paired t test)(Figure 5.15); data that consolidates Vm0 as a reliable measure,  free from 

effects of the pipette solution formulation. This confirms that the constituents of the 

pipette solution has no direct effect on the membrane potential readings for SF188 cells. 

Taken together this data indicates that SF188 cells exhibit spontaneous channel activity of 

BK at rest in cell-attached mode, and that going whole cell with a high [Ca2+] activates Bk to 

decrease Rm and hyperpolarize Vm. The presence of high [Ca2+] in the whole-cell pipette 
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solution was also associated with an outwardly rectifying current-voltage relationship 

(p=0.002, Fisher’s exact test) (not shown).  

To further explore the electrical activity of CLIC1 channels in SF188 cells, the CLIC1 specific 

antagonist IAA94 was used. Figures 5.14 demonstrated that 72-hour incubation in 100 µM 

IAA94 neither affected Vm nor Rm in SF188 cells, respectively. This combined with the data 

finding elevated BK channel activity indicate that CLIC channels are not the predominant 

channel type acting in SF188 cells and therefore are not driving the Vm of the cell.  
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Figure 5.13 Comparison of membrane potential and input resistance of SF188 under a variety of conditions. A) 
Comparison of membrane potential measured from different cells with high (Vm1) and low (Vm0) [Ca2+ ] in the pipette 
solution. B) Comparison of input resistance measured from different cells with high (Rm1) and low (Rm0)  [Ca2+ ] in the 
pipette solution. C) Comparison of membrane potential measured from different cells all with low  [Ca2+ ] in the pipette 
solution under control conditions (Vm0) and after 72 hr incubation in 100 µM IAA94 (VmIAA94). D) Comparison of input 
resistance measured from different cells all with low  [Ca2+ ] in the pipette solution under control conditions (Rm0) and 
after 72 hr incubation in 100 µM IAA94 (RmIAA94). Each point is measured from a different cell. Differences are indicated 
as mean ± S.D.  

 

Vm0 (
mV)

VmIAA94
 (m

v)

VmIAA94
 (m

v) -

Vm0 (
mV)

-60

-40

-20

-20

0

20

Estimation Plot

Difference betw
een m

eans

Rm0 (
MOhm)

RmIAA94
  (M

Ohm)

RmIAA94
  (M

Ohm)
-

Rm0 (
MOhm)

-500

0

500

1000

1500

2000

-1000

-500

0

500

1000

Estimation Plot

Difference betw
een m

eans

Vm1 (
mV)

Vm0 (
mV)

Vm0 (
mV)

-

Vm1 (
mV)

-80

-60

-40

-20

-20

0

20

SF188 Estimation Plot

Difference betw
een m

eans

Rm1 (
MOhm)

Rm0 (
MOhm)

Rm0 (
MOhm)

-

Rm1 (
MOhm)

0

500

1000

1500

2000

0

500

1000

1500

Estimation Plot
Difference betw

een m
eans

A B

C D



226 
 

 

 

Figure 5.14 Treatment with IAA94 does not cause significant changes to SF188 membrane potential. The membrane 
potential of IAA94 treated and control SF188 cells was measured. Cells were pre-treated with 100µM IAA94 for 72 hours. 
Each point is measured from a different cell. Differences are indicated as mean ± S.D. Statistical analysis via paired t-test. 
Repeated data from figure 5.13 shown for clarity of point. 
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Figure 5.15 Representative single-channel current voltage relationship of Bk channel measured on a SF188 cell. Each 
point is the median of 5 individual amplitude determinations. Solid line is fit by linear regression. In this case the slope is 
185 pS and Vmr is -34 mV. B) Pairwise comparison of membrane potential estimated from the single-channel current 
voltage reversal potential (Vmr) and that measured in the same cell (Vm0) on whole-cell with low [Ca2+ ] in the pipette 
solution . 
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(p=0.87, Unpaired t-test) in high [Ca2+] (Rm1) relative to that measured with low [Ca2+] 

(Rm0). Taken together this data indicates that GCE62 cells possess little activity of BK 

channels, and that using a whole cell configuration with a high [Ca2+] is insufficient to 

activate any Bk to decrease Rm and hyperpolarize Vm. An outwardly rectifying whole-cell 

current-voltage relationship was not observed in these cells.  

The resting membrane potential of GCE62 cells was 10 mV more hyperpolarized (p=0.035, 

Unpaired t-test) than that of SF188 when measured whole-cell with a low [Ca2+] pipette 

solution (Figure 5.16). 

In order to assess the CLIC1 channel activity in GCE62 cells, the CLIC1 specific inhibitor was 

used to block CLIC1 chloride currents. Figures 5.16c and 5.17 demonstrated that 72-hour 

incubation in 100 µM IAA94, a selective CLIC1 antagonist significantly depolarized Vm by 

12.8 mV (p=0.0297) however Rm was unaffected (p=0.1377). This data confirms that CLIC1 

channels are active in GCE62 cells.  
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Figure 5.16 Comparison of membrane potential and input resistance of GCE62 under a variety of conditions. A) 
Comparison of membrane potential measured from different cells with high (Vm1) and low (Vm0) [Ca2+ ] in the pipette 
solution. B) Comparison of input resistance measured from different cells with high (Rm1) and low (Rm0)  [Ca2+ ] in the 
pipette solution. C) Comparison of membrane potential measured from different cells with low  [Ca2+ ] in the pipette 
solution under control conditions (Vm0) and after 72 hr incubation in 100 µM IAA94 (VmIAA94). D) Comparison of input 
resistance measured from different cells with low  [Ca2+ ] in the pipette solution under control conditions (Rm0) and 
after 72 hr incubation in 100 µM IAA94 (RmIAA94). Each point is measured from a different cell. Differences are indicated 
as mean ± S.D. 
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Figure 5.17 Treatment with IAA94 causes significant changes to GCE62 membrane potential. The membrane potential 
of IAA94 and control GCS62 cells was measured, Cells were pre-treated with 100µM IAA94 for 72 hours. Each point is 
measured from a different cell. Differences are indicated as mean ± S.D. Statistical analysis via paired t-test. Figure 
repeated from data in figure 5.16 to show clarity. 
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5.2.3.5 The membrane potential of pHGG cells is not significantly different to normal astrocytes. 
Comparison of the membrane potential of SF188, GCE62 and normal human astrocyte cells 

was carried out. Figure 5.18 shows that there is a significant difference in the membrane 

potential between SF188 and GCE62 cells. The average membrane potential of SF188 cells 

was significantly more depolarised than GCE62 cells. Interestingly, there was no significant 

differences in the membrane potential seen in normal human astrocytes when compared 

to pHGG GCE62 cells. Here we see high levels of variability in the average membrane 

potential reading of astrocytes, with a range of -18mV to -59mV. Despite the variability, 

these data were significantly different to the suggested membrane potential readings that 

have been described in the literature (208–210). Several studies have found that astrocytes 

have a highly negative membrane potential, being significantly more hyperpolarised than 

other brain cells (104). Not only does an average Vm reading of -30mV conflict with the 

literature, it also conflicts with findings from high through put assessment of membrane 

potential found previously in this chapter, whereby astrocytes were notably more 

hyperpolarised than HGG cell lines. To gain further insight into the resting membrane 

potential of astrocyte further experiments should include assessment of astrocytes derived 

from neural stem cells. Although not transformed, the astrocyte line use in this work is not 
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post mitotic, as such; this retention of replicative capacity may mean it is not wholly 

reflective of normal human astrocytes in vivo.  

 

Figure 5.18 Comparison between the membrane potential measured from Human astrocytes, SF188 and GCE62 with 
low   [Ca2+ ] in the pipette solution. Each point is measured from a different cell. Differences are indicated as mean ± S.D. 
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5.2.4 CLIC1 and CLIC4 have bioelectrical capacity in pHGG. 
As demonstrated via electrophysiology, voltage dye and fluorescent assays above, CLIC1 

and CLIC4 harness an electrical capacity in pHGG cells, and therefore present as valuable 

bioelectric targets for candidacy in therapy. These data give us an overall idea as to 

whether the CLIC channels are functioning as their integral membrane protein form, and 

therefore whether CLIC activity is acting to potentiate the cell cycle and aid proliferation of 

these cells. Inhibition of these proteins results in a reduction of channel activity, indicating 

that CLICs are acting in their ion channel form.  

Despite this we cannot conclusively say that CLIC1 and CLIC4 are acting solely in their ion 

channel form, and that they are exclusively exerting an ion channel role. It is likely that 

CLIC1 and CLIC4 insert themselves into the membranes of glioma cells when experiencing 

specific pressures, as demonstrated by our exploration of the role of hypoxia and acidosis 

on the localisation of CLIC1 and CLIC4. The contribution of CLIC1 and CLIC4 to the 

tumorigenesis and invasive properties of glioma cells is likely due to a combination of the 

myriad of roles they perform. As such, targeting CLIC channels will enable us to target a 

multitude of functions, as well as manipulating the electrical properties of the cell, and cell 

cycle.  

To further investigate the role of CLIC channels more in-depth electrophysiology 

experiments will be performed, whereby a myriad of channel blocking experiments will 

aim to elucidate the key ion channel activity across the cells. Additionally, the role of CLIC 

channels could be further explored by performing pull down experiments, and assays to 

explore the enzymatic function of CLIC1 by substrate specific targeting.  
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5.3 Electrotherapies in the treatment of pHGG 
5.3.1 Tumour Treating Fields 

Tumour treating fields therapy was applied directly to cells via the Inovitro in vitro TTFields 

generator (Optune, Haifa). Previous work by Dr Branter optimised the frequency of 

treatment on panel of aHGG cell lines (152), and along with the literature suitable 

treatment range is suggested to be between 100-500kHz (72). As such, treatment 

parameters were set at 200kHz alternating electrical fields (1-3v/cm) for 72 hours.  

 

5.3.1.1 Treatment with TTFields reduces cell viability and count.  
A panel of pHGG cells (SF188, KNS42 and GCE62) cells were exposed to TTFields at 200kHz 

for 48 and 72 hours. We found that all cell lines were sensitive to TTFields and that there 

was a significant decrease in cell count observed in a time dependant manner (figure 5.19).  

SF188 and KNS42 cells were the most sensitive to TTFields with an average overall 

reduction in cell viability of 51% and 61% respectively (p= <0.0001). This was mirrored with 

a decrease in cell count by 55% (SF188) and 60% (KNS42) when taken as a percentage of 

control cells. However, KNS42 cells demonstrated the most variable effects, with remaining 

viable cells ranging from 20% to 50% across four experimental replicates. Importantly 

variability across wells (internal replicates) was limited. The overall decrease in viability of 

the primary GCE62 cells was 47%, being the least sensitive of the cell lines in the panel 

(p=<0.001).  
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Figure 5.19 Treatment with TTFields significantly reduces cell viability and cell count. A) Cell viability of SF188, KNS42 
and GCE62 cells following TTFields exposure via Inovitro in vitro TTFields device at 200kHz for 72 hours. B) cell count of 
cells treated with TTFields at 48- and 72-hours treatment. N=4, statistical testing by paired t-test.  
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5.3.1.2 Neurospheres are significantly more resistant to TTFields than 2D monolayer cells. 
As 3D culture is well known to be a more biologically appropriate model of investigating 

cancers, we sought to assess the effect of TTFields on neurosphere culture. A plethora of 

studies have identified that 3D culture confers treatment resistance in a variety of settings 

such as in chemotherapeutic and radiosensitivity assays, when compared to monolayer 

culture. In order to recapitulate a tumour representative model and assess the sensitivity 

to TTFields, neurospheres were grown for three days until maturity, trypsinised, re-seeded 

into non-adherent wells for 24 hours at low confluency and allowed to reform 

neurospheres. Once spheres had formed, cells were transferred to the Inovitro device, and 

treated for 72 hours, and their size and viability measured.  

Previous experiments used to assess the viability of pHGG neurospheres failed due to poor 

penetration of the PrestoBlue reagent into the sphere. However, following a method 

alteration which included dissociating the neurospheres with a pipette prior to PrestoBlue 

assay, we found consistent results, with biological and technical replicates being within a 

consistent range of each other. As such, these data have been included as they are 

deemed acceptable and reliable.  

We have found that TTFields treatment is successful at significantly reducing the viability of 

KNS42, SF188 and GCE62 neurospheres following exposure for 72 hours. SF188 and GCE62 

neurospheres were found to be overall more sensitive to TTFields than KNS42 

neurospheres, with an average reduction in viability of 45% and 41% respectively, 

compared to an 18% reduction in viability observed in KNS42 neurospheres. 

An explanation to this may be due to the size of the KNS42 neurospheres. Experiments 

detailed in chapter 4 found that KNS42 cells form the largest and most consistent 

neurospheres. This may result in reduced penetration of the alternating electrical fields 
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generated by the Inovitro device, thus imposing a diminished overall therapeutic effect 

across the spheres. Additionally, larger spheres ten to upregulate resistance genes that are 

associated with chemo and radio-resistance and as such, the same may be true for 

TTFields.  

Subsequently, we wanted to further scrutinise the data, and assess any differences in 

treatment efficacy observed between 2D and 3D culture. As hypothesised, we find that 

SF188 and KNS42 pHGG cells that are cultured as neurospheres are significantly more 

viable following TTFields exposure. SF188 cells are 20% more viable, whereas KNS42 

neurospheres are 38% more viable than their 2D counterparts are. GCE62 neurospheres 

did not show any significant resistance to TTFields.  

Interestingly, we have previously found that neurospheres overexpress both CLIC1 and 

CLIC4 when compared to their monolayer standard culture. For ease of comparison (figure 

5.20c) is repeated here. These data, in combination with the CLIC1 inhibition studies 

presented later in this chapter suggest that there may be a correlation between CLIC1 and 

CLIC4 levels and the efficacy of TTFields, and that an over expression of CLIC1 and CLIC4 as 

seen in the neurospheres may be protective to the HGG cells, and thus conferring 

resistance to TTFields treatment.  
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Figure 5.20 Neurospheres are more resistant to TTFields than pHGG monolayer culture. A) Cell viability of KNS42, SF188, 
GCE62 neurospheres exposed to TTFields (200kHz, 72 hours). Data presented at % viability of control neurospheres 
(0kHz, sham dish). B) Comparison of the viability (as shown as percentage of control) of 3D neurospheres and 2D 
monolayer culture of pHGG cells exposed to TTFields. C) Replicate image of the expression of CLIC1 and CLIC4 in 2D vs 3D 
culture of pHGG. N=3, statistical testing by T-test. P <0.05*, p <0.01 **, p <0.001 ***.  
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5.3.1.3 TTFields exposure does not prevent SF188 and KNS42 from forming neurospheres. 
Further to the above work, we sought to assess if treatment with TTFields could prevent 

the formation of neurospheres post exposure to 200kHz alternating electric fields for 72 

hours. The formation of neurospheres is suggestive of a clinically aggressive subset of cells 

with ‘stem-like’ properties, and as such we interrogated the effect of TTFields on the 

formation of these spheres. Cells were trypsinised following TTFields exposure and re-

plated in neurosphere media in non-adherent plates for 72 hours, following which their 

size was measured.  

As there is a significant decrease in both the viability and cell number of cells treated with 

TTFields, it would be appropriate to expect that there would be a reduction in the number 

of neurospheres forming, or a cessation neurosphere formation all together. 

Unexpectedly, SF188 and KNS42 cells still form neurospheres following TTFields exposure, 

however there were fewer and smaller spheres formed when compared to controls and 

SF188 were very delicate, falling apart with slight agitation i.e., removing from incubator. 

The representative images in figure 5.21 show a large number of debris in the wells 

following TTFields treatment, which may be a result of unviable cells. Similarly, as 

observable in the representative images, a dark necrotic core was common in the KNS42 

neurospheres that had been exposed to TTFields treatment.  
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5.3.2 Deep brain stimulation 
In order to deliver DBS treatment to cells, a panel of pHGG cells were plated in to t25 flasks 

and left to adhere overnight. To begin treatment electrodes were inserted into the filter 

cap of the flask and connected to a Neurostimulator. The optimum parameters for DBS 

electric fields were previously optimised by Dr Branter (152) via running a panel of voltages 

across a number of adult and paediatric brain tumour cell lines.  

Figure 5.21 SF188 and KNS42 retain the ability to form neurospheres post TTFields. A) representative images of neurospheres exposed 
to TTFields treatment at 200kHz for 72 hours compared to control neurospheres. B) Quantification of the size of neurospheres across 
three days of growth. Magnification 10x Cells were cultured in non-adherent flasks in stem cell media for 4 days. Average neurosphere 
size was imaged daily and measured using ImageJ.  N= 3. Scale bar = 250uM.  
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Cells were treated at a constant 10v, 130hz, 450µs pulse width continuously for 7 days. 

Flasks were filled with 20ml of media to ensure that the wire was completely covered, 

resistance across the flask was measured daily to ensure no unwanted spikes.  

5.3.2.1 Treatment with DBS reduces cell viability and count.  
Paediatric high-grade glioma cell lines KNS42, SF188 and GCE62 were exposed to DBS 

treatment for 7 days continuously, following this their viability was measured and cell 

count performed. We found that DBS electric fields demonstrate efficacy across all of the 

cell lines in the panel (figure 5.22). SF188 cell had the most significant decrease in viability 

at both day 5 and day 7, with over 60% reduction in viability and 50% reduction in cell 

count. KNS42 was the least sensitive at day 5, with only 47% reduction in viability, but was 

comparable to both GCE62 and SF188 at day 7 with 57% reduction compared to 60% and 

65% in SF188 and GCE62, respectively.  

It is worth noting that the treatment time for DBS (7 days) far exceeds that of TTFields (72 

hours) with differences in the voltage that the cells were exposed to in DBS (10v) therapy 

vs TTFields (1-3v/cm). Two time points were selected to assess if the duration of treatment 

could be made more comparable. It was found in previous experiments that DBS treatment 

of aHGG cell lines have no significant effect on the viability at 3 days (the same treatment 

length as TTFields), so we sought to assess the viability of the cells at day 5 and day 7 time 

points.  

DBS treatment appears to be comparable to TTFields treatment of pHGG cells, and in fact, 

more efficacious at day 7 with reduction in viability being greater in DBS treatment than 

TTFields. Despite the overall reduction in viability being greater, we found significant 

variability between each experimental repeat and biological repeats. This may be a direct 

result of the positioning of the wire in the flask, as previous work has identified that DBS 
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electric fields have diminishing intensity the further the cells are away from the wire. 

TTFields in vitro is well contained, with cells sitting in a small 24mm dish, and thus cells are 

exposed to more consistent intensities of treatment.  

 

 

 

 

 

 

Figure 5.22 Treatment DBS significantly reduces cell viability and cell count. Cell treated at 130hz and 10v 
continuously. A) Analysis via presto blue assay reveals a significant reduction in cell viability across cells lines with 
deep brain stimulation at day 5 and day 7. B) Cell count is significantly reduced in a time dependant manner.  N=4. 
Statistical analysis by paired t-test.  
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5.3.3 Electrotherapy does not decrease astrocyte cell viability.  
We have shown the efficacy of DBS and TTFields treatment on a panel of paediatric high-

grade glioma cell lines. To interrogate the clinical feasibility of these therapies, we assessed 

the effect of TTFields treatment at 200kHz for 72 hours, or DBS treatment at 10v for 5 days 

on a human astrocyte cell line. Viability was assessed via a presto blue assay, and cells 

were counted manually using a haemocytometer following treatment, and normalised to a 

non-treatment control. 

Both the cell count and viability assay via presto blue revealed that neither TTFields nor 

DBS therapies exhibit a cytotoxic effect on normal astrocytes (p = ns) as show in figure 

5.23. It is important to note that this cell line is not post mitotic and still possesses 

replicative capabilities. Previous work by Dr Branter confirms that the lack of cytotoxicity is 

replicated in non-dividing astrocytes derived from H1-hESC cells (152). Previous reports 

have found that actively and rapidly dividing cells are the target of electrotherapies, and as 

such, these treatments will have little to no effect on non-dividing cells (72). Although the 

astrocyte lines used maintain their replicative ability, they are limited to around 7 

population doublings, have very limited metabolic activity and growth kinetics when 

compared to the panel of pHGG cell lines. Here these data confirm that rapidly diving cells 

such as cancer cells are the target of electrotherapies, thus suggesting there is limited 

potential toxicity on the normal brain.  
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Figure 5.23 Treatment with TTFields or DBS does not reduce astrocyte cell viability. A) Astrocytes treating for 72 hours 
with TTFields at 200kHz do not exhibit reduced viability or cell count. B) Astrocytes treated with DBS for 5 days do not 
exhibit reduced viability or cell count. N=3, statistical testing via paired t-test.  

 

5.3.4 Electrotherapy treatment is linked to unique ion channel expression. 
5.3.4.1 CLIC1 and CLIC4 mRNA is downregulated following TTFields and DBS 

Previous research by Dr Branter was carried out to assess the differential gene expression 

and genome wide analysis of cells treated with TTFields and DBS (152). The Human Clariom 

S Array (Thermofisher) was used for an unbiased whole transcriptome gene expression 

analysis with microarray processing performed by Dr Castellenos, University of 
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Nottingham. This data was then re-analysed and enriched to look at ion channel specific 

genes.  

Genome wide analysis of KNS42 cells treated with TTFields and DBS reveals a unique ion 

channel expression compared to untreated cells. Hierarchical clustering analysis was 

performed using Partek, with the criteria for significant genes being: false discovery rate 

(Bonferroni correction) and p-value <0.05 with a fold change of <-2.0 and >2.0. Supervised 

clustering was performed on ion channel genes previously identified in chapter 3, and is 

displayed as a heat map figure 5.24. We found that there was clear clustering of cells 

untreated (yellow), and cells treated with TTFields or DBS (red and orange). Several ion 

channel genes were identified to be differentially expressed following TTFields therapy, 

with CLIC1 and CLIC4 having significant down regulation, and up regulation of the 

aquaporin channels AQP1 and AQP4 and the ENaC channels SCNN1a and SCNN1d.  

In order to validate these findings, rtPCR analysis was used to determine KNS42, GCE62 

and SF188 mRNA expression levels of ion channel genes found to be differentially 

expressed following electrotherapy treatment of KNS42 cells. rtPCR data emulated the 

results found in gene array analysis, whereby TTFields treatment of KNS42, SF188 and 

GCE62 cells resulted in a significant reduction of CLIC4, along with a significant reduction of 

CLIC1 expression in KNS42 and SF188 (p=<0.05). Interestingly there was no significant 

changes in the expression of P2RX7 across the cell lines following TTFields exposure, 

despite gene array data suggesting an up regulation of P2RX7 in KNS42 cells in treatment 

conditions. P2RX7 was found to be significantly down regulated (p=<0.05) in GCE62 cells 

following TTFields, aligning with data shown in gene array analysis. 
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Figure 5.24  TTFields treatment is associated with a down regulation of CLIC1 and CLIC4 A) Gene array analysis reveals a 
down regulation in the expression of CLIC1 and CLIC4 following treatment with TTFields in KNS42 cells when compared to 
untreated cells. A unique ion channel expression pattern is observed. Fold change of +2 to -2 P= <0.01 B) rtPCR analysis of 
TTFields treated cells shows a down regulation of CLIC1 and CLIC4. T-test. 

5.3.4.2 Cells treated with electrotherapies cluster independently.  
To further visualise the clustering of cells exposed to electrotherapies a PCA plot was 

generated. These data were not enriched to assess ion channel genes and are 

representative of unsupervised differential gene expression. Here we find that TTFields 

(Optune) treated cells cluster independently from control cells. These data are echoed 

when further stratifying to look at the clustering of individual cell lines in each treatment 

condition.  

All cells treated with TTFields cluster together, independent of the cell line. These data are 

indicative of fundamental genetic changes occurring in cells treated with TTFields.  
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Key: G= GIN28, U= U87, K= KNS42. 10 = DBS treatment, 200 = TTFields treatment.  

 

 

Figure 5.25 Cells treated with electrotherapy cluster independently. Gene array data (Affymetrix) from cells treated with 
either DBS or TTFields (Optune) performed by Dr Joshua Branter was re-analysed using Partek by Dr Marcos Costellanos. 
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A) PCA plot representation of the clustering of DBS treated, TTFields treated or untreated cells. B) PCA plot of all 
conditions including adult and paediatric cell lines treated with TTFields.  

 

5.4 Targeting CLIC1 and CLIC4 in combination with electrotherapies  
Despite efficacy demonstrated at both pre-clinical and clinical level, TTFields is not widely 

available, with only limited clinical trials and private clinics providing Optune treatment to 

patients in the UK. Further to this, the use of Optune therapy in paediatrics is not yet FDA 

approved. With a £20,000 a month price tag, TTFields therapy far exceeds the NICE 

willingness to pay scale with a cost per QALY of approximately 300 thousand pounds, and 

as such severely limits the availability to patients across the UK. TTFields is approved as a 

dual therapy with Temozolomide, but combination with other chemotherapeutics to date 

has failed to show an increase in overall survival. We seek to assess whether a dual therapy 

approach using novel bioelectrical targeting of ion channels in combination with TTFields 

may hold a key to extended survival, and therefore increased accessibility of this therapy. 

As such, we aim to explore the combination of CLIC inhibition with electrotherapies and 

the effect on cell viability. 

5.4.1 TTFields treatment reduces chloride efflux across cells.  
Initially, due to the electrical nature of TTFields and DBS therapy, we wanted to assess 

whether electrotherapies had the capacity to alter Cl- channel flux using the Abcam 

colorimetric assay. 

Exposure to TTFields for 72 hours resulted in a significant reduction in the chloride efflux 

(as seen by an increase in fluorescence) in KNS42 and GCE98 cell lines (p=<0.05). There 

were no significant differences found in SF188 reflecting findings seen in the metformin 

treatment conditions and CLCIC4 knock down. This may indicate that the reduction in 

chloride efflux seen in TTFields treatment is a CLIC4 associated reduction (figure 5.26a). 
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We found that treatment with DBS for 7 days had no significant effect on the efflux of 

chloride across the membrane in any of the cell lines (5.26b).  

These data indicate that electrotherapeutics delivered in the form of TTFields is sufficient 

to cause alterations in the efflux of chloride across the cell membrane, with significant 

reductions suggesting inhibition of chloride channels. DBS treatment did not alter chloride 

efflux, and as such, this may indicate that there is no direct effect on chloride channels.  

 

Figure 5.26 Measurement of Cl- efflux across HGG following electrotherapy exposure. A) Treatment with TTFields for 72 
hours results in significant differences in Cl- efflux in KNS42 and GCE98 cells. However, there are no significant differences 
observed in Cl- efflux in cells treated with DBS. N=3, Statistical analysis by paired t-test. 
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5.4.2 Targeting of CLIC1 and CLIC4 in combination with DBS reduces cell proliferation. 
Deep brain stimulation treatment cells at 130hz and 10v significantly reduces the capacity 

of pHGG cell to proliferate and divide, reducing viability of cells by as much as 40%. To 

explore whether we could potentiate the anti-proliferative effects of DBS therapy with 

CLIC1 and CLIC4 specific targeting, SF188 and KNS42 cells transfected with CLIC1 or CLIC4 

siRNA prior to DBS treatment. Technical replicates of SF188 cells transfected with CLIC4 

siRNA exhibited no differences in viability compared to wild type SF188 treated cells 

(Figure 5.27). However, CLIC1 deficient SF188 cells were more sensitive to DBS therapy in 

technical replicates, with a 10% reduction in viability observed. Knock down of either CLIC1 

or CLIC4 in combination with DBS therapy reduced the viability of KNS42 cells compared to 

DBS treatment alone. CLIC4 deficient cells were more sensitive to DBS than CLIC1 deficient 

KNS42 cells. Importantly there were no differences observed between DBS treated wild 

type cell and DBS treated NT siRNA cells (figure 5.27).  

Following this, we then interrogated the effect combining inhibition of CLIC channels via 

IAA94 and DBS therapy. We found that treatment with 100µM of IAA94 was not sufficient 

to further sensitise KNS42 or SF188 cells to DBS, and therefore had no effect on increasing 

efficacy.  
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Figure 5.27 CLIC targeting in combination with DBS therapy has variable effects A) CLIC1 and CLIC4 KD in pHGG cells in 
combination with DBS treatment for 5 days n= 2 shown as technical replicates. CLIC1 sensitise cells to DBS in KNS42 and 
SF188 cells B) Treatment with 100uM IAA94 has no effect on DBS efficacy. N=3. Statistical testing by 2-way ANOVA with 
multiple comparisons. 
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5.4.3 CLIC inhibition and TTFields as a dual therapeutic approach 
We have identified that both DBS and TTFields hold promise as therapeutic outputs in 

pHGG, and that clinical repurposing of DBS therapy may be an appropriate treatment of 

pHGG. Despite promising results in DBS experiments in combination with CLIC1 or CLIC4 

siRNA, drug targeting in combination with DBS did not significantly sensitise the cells. 

It was decided to only pursue experimental work with TTFields. The rationale for this 

decision is that TTFields is an already FDA approved device for the treatment of adult 

glioma, and as such, repurposing of the treatment for paediatric patients would likely be 

faster. Similarly, Optune therapy currently costs ~£20,000 per month in the UK, therefore 

research into combination or dual therapies, such as with ion channels, may be the key to 

unlocking more life years gained and therefore deeming this treatment appropriate to 

provide on the NHS, and therefore be an option for paediatric patients. This work may hold 

potential as a proof of concept, and future rationale to take these studies further, with an 

end goal of clinical trials, and thus, translatability of the approach is imperative.  

 

5.4.3.1 IAA94 treatment increased the efficacy of TTFields in pHGG. 
To assess the potential of combining pharmacological inhibition with TTFields, we exposure 

cells to 100µM IAA94 and TTFields simultaneously for 72 hours. Combination of therapies 

significantly reduced the viability of SF188 and GCE62 cells. Furthermore, colony forming 

assay revealed a significant reduction in the proliferative capacity of SF188 cells following 

dual treatment with TTFields and IAA94. This suggesting feasibility of CLIC in inhibition in 

combination with TTFields therapy.  
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Figure 5.28  CLIC inhibition via 100μM of IAA94 sensitises cells to TTFields. A) Cells were treated with 100μM IAA94 for 
72 hours in combination with TTFields and compared to TTFields treatment alone. Combination of IAA94 and TTFields 
significantly reduces cell viability (as measured by presto blue assay) when compared to TTFields alone. B) Quantification 
of staining intensity from cells stained with crystal violet reveals significant reduction in viable cells when combining 
TTFields and IAA94 when compared to TTFields treatment alone. C) Representative images of colonies. 10x magnification 
inverted light microscope.  

 

 

5.4.3.2 Metformin acts synergistically with TTFields. 
Further to analysis with the experimental drug IAA94, we wanted to understand if there 

was a clinically feasible route to combination of CLIC1 inhibition and TTFields therapy. As 

metformin is widely available, FDA approved, well tolerated, and has understood safety 

profiles it is of high interest as a candidate for repurposing in the treatment of brain 

tumours.  

Cells were treated with 10mM metformin for 72 hours during the exposure to TTFields 

(figure 5.29b). We found that there was a significant reduction in the cell count across all 

cell lines (p=<0.05) when comparing metformin + TTFields, to TTFields monotherapy. 

Similarly, there was a significant reduction in the viability of SF188 cells (p=0.0056) and 

KNS42 cells (p=0.037) treated with metformin and TTFields, with overall viability being 15% 

and 10% lower in the cell lines respectively (figure 5.29). 

This indicates that metformin and TTFields may be acting synergistically, resulting in 

reduced viability of pHGG and increased efficacy to TTFields. As such, providing proof of 

concept that repurposing of clinically available drugs may increase TTFields success, and 

sensitise cells to treatment.  

Treatment at 10mM is outside of a clinically feasible range of treatment, and as such we 

repeated the experiments with 100µM metformin. Each cell line was plated 8 times, 

therefore providing 8 technical repeats, however biological repeats were not completed. 
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We found that treatment with 100µM metformin (replenished daily for 72 hours) was able 

to sensitise SF188 cells to TTFields. 
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Figure 5.29 Combination of metformin and TTFields significantly reduces cell viability and cell count. A) Cell viability 
readings of SF188, KNS42 and GCE62 cells following exposure to TTFields and 10mM metformin for 72 hours. B) Cell 
count performed following 72hours exposure to TTFields and Metformin. Data represented as percentage of control 
values. N=3, statistical testing by paired t-test. C) Cells viability measurement of cells treated 100uM metformin and 
exposed to TTFields for 72 hours. Technical replicates = 8 n=1. T-test.  

 

5.4.3.3 siRNA targeting of CLIC1 and CLIC4 in combination with TTFields.  
We have found that CLIC1 and CLIC4 deficient pHGG cells have a reduced capacity to 

proliferate and invade, and therefore seek to assess the effect of genetic targeting of CLIC1 

and CLIC4 in combination with TTFields therapy.  

A combination of TTFields and knock down of CLIC1 significantly reduced the viability of 

KNS42 (p=<0.01) and SF188 (p=<0.001) cells compared to TTFields treatment alone. A 

decrease in viability of an additional 15% and 10% was seen in SF188 and KNS42 cells, 

respectively. However, CLIC4 siRNA targeting failed to sensitise SF188 cells to TTFields, 

with no significant decrease in viability observed. Despite this, CLIC4 targeting in KNS42 did 
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indeed increase the efficacy of TTFields treatment compared to TTFields monotherapy 

(p=<0.05) (figure 5.30).  

Unexpectedly, CLIC4 knock down in combination with TTFields did not significantly inhibit 

the clonogenic capacity of KNS42 cells following treatment, but did however, reduce 

clonogenicity of SF188 cells (p=<0.05). As seen in viability assays, the combination of CLIC1 

knock down and TTFields treatment for 72 hours influences significant sensitivity in both 

KNS42 and SF188 cells, with a decrease in the colony forming units when compared to 

TTFields alone.  

Importantly, we find that CLIC1 or CLIC4 knock down alone is not significantly more 

cytotoxic to cells, and as such, we can confirm that these results are due to a combination 

of CLIC1 and CLI4 knock down with TTFields. To further this research a dual knock down of 

CLIC1 and CLIC4 would be performed to enhance understanding of the mechanistic 

implication of CLIC1 and CLIC4 on TTFields sensitivity. 
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Figure 5.30 CLIC KD sensitises cells to TTFields. A) Cell proliferation as measured by presto blue is significantly reduced 
when combining CLIC1 and CLIC4 KD with TTFields compared to TTFields alone. B) Colony assay reveals a reduction in 
colony forming units following siRNA targeting of CLIC1 and CLIC4 combined with TTFields. N=4, Statistical testing by 2-
way ANOVA with multiple comparisons.  
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5.4.3.4 TTFields treatment causes alternation in the membrane potential of pHGG cells. 
Throughout this chapter, we have identified that CLIC1 and CLIC4 are bioelectrically active 

in pHGG cell lines, and that manipulation of CLIC channels in combination with TTFields 

therapy is sufficient to increase cell death. We sought to further elucidate the mechanism 

behind this apparent synergy, and therefore determine if changes to membrane potential, 

associated with CLIC activity may be linked to dysregulation or changes in membrane 

potential. 

Cells were exposed to TTFields for 24 and 72 hours in order to assess membrane potential 

changes over a time course. Cells were trypsinised on ice and the FLIPR membrane 

potential assay was immediately completed. Interestingly, we find similar patterns in 

membrane potential fluctuations when treating with TTFields and when drug or siRNA 

targeting CLIC1 and CLIC4. All cell lines experience significant hyper-polarisation following 

TTFields treatment when compared to controls (100%), with significant differences seen in 

the membrane potential of SF188 and GCE62 cells between 24 and 72 hours. This suggests 

that increasing exposure to TTFields causes significant alterations in the membrane 

potential of SF188 and GCE62 cells (figure 5.31). 

The hyperpolarisation observed following TTFields is significantly more pronounced than 

that seen when manipulating chloride channels. 
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Figure 5.31 exposure to TTFields caused alterations in the membrane potential of SF188 and GCE62 cells. Cells were 
treated with TTFields for either 24 hours or 72 hours prior to membrane potential assay. Statistical testing by paired t-
test.  

 

5.4.3.5 Long term TTFields treatment is associated with tolerance and recovery of CLIC1 and CLIC4 
To better recapitulate TTFields in the clinical setting, we sought to assess the effect of long-

term exposure to TTFields and potential routes to tolerance of TTFields therapy. Following 

optimisation of long-term studies by NovocureTM an exposure period of 13 days was 

selected to mimic continuous alternating electric fields therapy. Cells were plated at 

significantly lower seeding densities than previously described to avoid over-confluency 

having an effect on the overall results. SF188 cells were seeded at a density of 1,000 

cells/well, KNS42 2,000 cells/well and GCE62 2,000 cells/well.  

Cells were plated, exposed to TTFields and their viability measured as previously described. 

We found that there were no significant differences in the viability of SF188 or GCE62 cells 

when comparing standard treatment at 3 days to long term treatment for 13 days (figure 

5.32). Interestingly, we found that there was a significant increase in the percentage of 
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surviving SF188 cells following 13 days treatment, however presto blue assay results reveal 

that the additional surviving fraction of cells were likely unviable.  

Unexpectedly, we found that following long term exposure to TTFields, KNS42 cells were 

significantly more viable when compared to standard treatment for 3 days. The average 

cell viability was 63% at day 13 when compared to 50% at day 3. These results were 

paralleled upon performing cell counts whereby the surviving fraction of cells (as 

normalised to a percentage of untreated control) was significantly higher in the long-term 

treatment group when compared to standard treatment.  

To rule out any technical issues the well settings were investigated to ensure adequate 

functioning throughout, with no discrepancies observed. It is important to note that the 

Inovitro device has an 8 well format, with 4 replicates of KNS42 and 4 replicates of GCE62 

being plated on the same base plate for each experimental repeat. As such we can rule out 

baseplate malfunctions causing reduced treatment efficacy as we do not observe any 

significant differences in the GCE62 cells. This data is particularly interesting, as Flexstation 

assessment of membrane potential revealed that there were no significant differences 

between the Vm of KNS42 cell treated for 24 hours vs 72 hours. This may be indicative of 

KNS42 cells being able to retain a relatively stable Vm under long term exposure to 

TTFields, and thus not experiencing cell cycle changes related to long term Vm alteration 

potentiated by TTFields. 

To further interrogate this result, we carried out a rtPCR on the cells treated with TTFields 

for 13 days (5.23C/D). We have previously found that exposure to TTFields results in a 

down regulation of both CLIC1 and CLIC4 across all cell lines, and wanted to explore 

whether this apparent tolerance to long-term exposure of TTFields in KNS42 cells was 

linked to the expression of CLIC1 or CLIC4. Following treatment with TTFields for 13 days 
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CLIC4 and CLIC1 mRNA expression was significantly higher than expression values observed 

at day 3 in KNS42 cells. Despite an increase in CLIC mRNA expression, there was not a full 

recovery of CLIC expression to baseline levels seen in the controls. These data suggest that 

in KNS42 cells tolerance to TTFields treatment may be linked to the expression of CLIC1 

and CLIC4, and that these ion channels may hold mechanistic insight. 

In GCE62 cells there were no significant changes in either CLIC1 or CLIC4 expression 

observed. Interestingly, despite no significant increase in viability at day 13, there was an 

increase in CLIC1 expression in SF188 cells following long-term exposure to TTFields. This 

increase was lower than the increase seen in KNS42 CLIC1 expression, and therefore may 

not be high enough to translate to therapy tolerance. 

It is interesting that tolerance is only observed in one cell line in our panel, and that KNS42 

cells typically show a consistent level of sensitive to TTFields. This may be in part due to the 

baseline expression levels of CLIC1 and CLIC4 in KNS42 cells. rtPCR experiments have 

shown that KNS42 harbours the highest expression levels of both CLIC1 and CLIC4, and as 

such may become protective to the cells upon long term exposure to TTFields.  
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Figure 5.32 Long term exposure to TTFields results in treatment tolerance in KNS42 associated with increased CLIC1 
and CLIC4 expression. Cells were treated with TTFields at 200kHz for standard treatment of 72 hours (3 days) or 13 days 
to deliver long term treatment. A) Cell viability in KNS42 cells is significantly increased following long-term treatment with 
TTFields. B) Cell count is significantly increased in SF188 and KNS42 following long term exposure to TTFields when 
compared to standard treatment time. C) rtPCR analysis of CLIC1 expression following standard (72hrs) or long term (13 
day) exposure to TTFields. CLIC1 expression is significantly upregulated in SF188 and KNS42 cells exposed to long term 
TTFields when compared to standard treatment. D) CLIC4 expression is significantly upregulated in KNS42 cells following 
long term exposure to TTFields when compared to standard treatment. N=3 , statistical analysis via paired t-test. 
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5.4.3.6 siRNA targeting prevents long term tolerance to TTFields in KNS42 cells. 
We then sought to further interrogate the protective role that CLIC1 and CLIC4 appear to 

hold in establishing tolerance to TTFields in KNS42 cells. We used siRNA targeting to assess 

if CLIC1 and CLIC4 deficient KNS42 cells would retain the ability to exhibit tolerance to 

long-term treatment with TTFields. Following CLIC1 knock down we found that there was a 

significant difference in both the viability and cell count found between CLIC1 deficient 

cells treated for 13 days when compared to NT siRNA, with CLIC1 KD cells exhibiting 

significantly reduced viability (figure 5.33a). Importantly, there were no significant 

differences found between the viability or cell CLIC1 deficient cells treated for 13 days, and 

NT siRNA KNS42 cells treated for 3 days. These findings suggest that CLIC1 knock down is 

able to return cells to their native state of sensitivity to TTFields.  

Conversely, when targeting CLIC4 there were no significant differences in viability or cell 

count found at the 13-day treatment time point when comparing KD to non-targeting cells. 

However, there were also no significant differences found between treatment at day 3 and 

long-term treatment in combination with CLIC4 KD. Thus, suggesting that although CLIC4 

KD does not significantly reduce the viability of cells treated for 13 days, there was no 

significant differences with the cells treated for 3 days, suggesting that these two groups 

(13 days + CLIC4 KD and 3 days) are comparable in efficacy.  

This experiment is flawed because of the transient nature of siRNA, with most siRNAs 

demonstrating efficient knock down until day 7. To ensure some element of knock down 

was still present at day 7 and day 13 we performed rtPCR analyses of KNS42 cells 

transfected with CLIC1 or CLIC4 siRNA. Here we found that at day 7 CLIC1 transfection 

remained 77% efficient, and at day 13 30% gene knock down was still observed. Similarly, 

73% CLIC4 gene knock down was seen at 7 days post transfection, with 27% gene knock 
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down remaining at day 13. Whilst these efficiencies would not typically be considered 

successful or appropriate for knock down experimentation, we accepted this for the 

purpose of assessing if CLIC knock down (in any capacity) could affect tolerance, as for 50% 

of the treatment duration there would be 75% knock down of the genes. To move these 

studies, forward these experiments would be repeated with a stable CLIC1 or CLIC4 knock 

out cell line.  
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Figure 5.33 CLIC1 siRNA targeting prevents tolerance to TTFields in KNS42 cells. A) KNS42 cells were transfected with 
CLIC1 siRNA and exposed to TTFields for 13 days to simulate long-term exposure. Viability assay and cell count were 
performed post treatment. B) CLIC4 knock down KNS42 cells were exposed to TTFields for 13 days and cell viability and 
count calculated. N=3. Statistical testing via ordinary 2-way ANOVA with multiple comparisons.  

 

 

5.5 Chapter summary  
In this chapter, we have explored the role of CLIC1 and CLIC4 as bioelectrical targets in 

high-grade glioma, and whether their electrical activity can be exploited in combination 

with electrotherapy as a novel therapeutic route. We have interrogated the electrical 

activity of CLIC1 and CLIC4 in pHGG via high throughput voltage dye-based assays, and via 

electrophysiology experiments. We have identified that treatment with electrotherapies 

results in a unique panel of differentially expressed ion channels, and that TTFields results 

in a down regulation of CLIC1 and CLIC4. We have explored the potential for the translation 

of TTFields treatment into a paediatric population, and the combination of CLIC1 and CLIC4 

targeting with TTFields. We have assessed the effect of long-term TTFields treatment and 

the effect that CLIC targeting has to long-term tolerance of TTFields. 
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We have found that CLIC1 and CLIC4 are electrically active in our panel of HGG cell lines, 

and that exploitation of this electrical activity can sensitise cells to TTFields treatment. We 

have identified that long-term tolerance to TTFields in KNS42 cells is associated with a 

recovery of CLIC1 and CLIC4 levels, and that siRNA targeting of CLIC1 is sufficient to re-

sensitise cells to TTFields treatment. These data may provide mechanistic evidence into the 

success of TTFields treatment and elucidate a role in aberrant CLIC1 and CLIC4 ion channel 

function in the success of TTFields.  

 

Chapter outcomes: 

1) CLIC1 and CLIC4 ion channels have electrical activity in pHGG cell lines. 

- There are no significant differences in the chloride efflux observed across 

untreated pHGG cell lines. However, when treating cells with IAA94 or metformin 

there is a significant reduction in Cl- efflux in the cell. Targeting of CLIC1 via siRNA 

reduces Cl- efflux across all cell lines, whereas CLIC4 targeting only reduces Cl- 

efflux in KNS42 and GCE62 cells.  

- High throughput membrane potential assays demonstrate that astrocytes are 

significantly more hyperpolarised than pHGG cells. Targeting of CLIC1 and CLIC4 

via IAA94, metformin or siRNA significantly hyperpolarises pHGG cells, and as 

such targeting of CLICs is sufficient to return pHGG to a membrane potential 

reminiscent of astrocytes. 

- Electrophysiology experiments found that the membrane potential of SF188 cells 

is associated with BK channel activity but is not significantly different to normal 

human astrocytes. IAA94 targeting in SF188 cells does not lead to significant 

changes in Vm. 
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- GCE62 cells treated with IAA94 have significantly altered membrane potential, 

and as such, CLIC1 may be key in membrane potential maintenance of GCE62 

cells. 

2) TTFields and DBS treatment are efficacious in pHGG. 

- Treatment with DBS and TTFields significantly reduces the viability and cell count 

in all cell lines in our panel. 

- Cells treated with electrotherapy cluster independently, and gene array analysis 

reveals that CLIC1 and CLIC4 are significantly down regulated following 

treatment. 

3) CLIC1 and CLIC4 ion channels may elucidate the mechanism behind TTFields success.  

- Treatment with IAA94 and metformin shows synergy with TTFields, significantly 

increase the efficacy in SF188 and GCE62 cells.  

- CLIC1 deficient KNS42 and SF188 cells are significantly more sensitive to TTFields 

than nt controls. CLIC4 deficient KNS42 cells have favourable treatment response 

to TTFields. 

- Long-term exposure to TTFields results in tolerance in KNS42 cells. This tolerance 

is associated with a recovery of CLIC1 and CLIC4 mRNA expression. A combination 

of siRNA knock down and TTFields is sufficient to re-sensitise tolerant cells to 

TTFields. 
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6 A case study into TTFields in the patient: the mechanism of 
GBM recurrence following TTFields therapy. 

 

6.1 Introduction 
OptuneTM therapy (TTFields) has demonstrated success in phase 3 clinical trials and is 

slowly becoming more widely available across Europe and the US. Unfortunately, its 

availability is limited in the UK with only 40 of the 25,000 OptuneTM patients worldwide 

being UK citizens (Novocure, March 2022). This is namely a result of the significant 

treatment cost failing to meet NICE willingness to pay criteria and as such, preventing NHS 

funding. Consequently, TTFields therapy in treating in UK glioblastoma patients is rare. 

This, combined with the rarity of second and third tumour resections of recurrent disease, 

means that studying the in vivo effects of TTFields in the patient is unfeasible in most 

contexts, unless studies are conducted postmortem. Indeed, post-mortem analysis of 

tumour genetics harbours with its only issues, particularly because of biochemical changes 

related to the dying process. 

Several studies have explored the effect of in vitro TTFields on the genome, but in vivo 

studies are severely lacking. A publication by Branter et al analysed the genome-wide 

expression effects of TTFields treatment across adult and paediatric HGG cell lines. This 

study found that genes associated with mitochondrial and ER functioning, including, 

electron transport, metabolism, ion signalling, and protein folding were implicated post 

TTFields exposure (152). Additionally, studies utilising proteomic and transcriptomic 

analyses indicated that in vitro TTFields treatment mainly affected nuclear proteins and 

interrupt cell mitosis-related events (211) and can activate STING and AIM2 
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inflammasomes (212). Furthermore, molecular analyses of a recurrent GBM controlled 

using TTFields demonstrated differentially expressed genes compared to the primary 

tumour. Following progression on TTFields, the resected lesion was found to possess a 

deep deletion of CDK2NA and an activating mutation in mTOR (V2006I)(213). These studies 

demonstrate that further interrogation into the effects of TTFields may help further 

elucidate its mechanism and expose therapeutic windows for additional pathway targeting. 

Here we present with a unique opportunity to study the in vivo effects of TTFields in three 

matched recurrent samples from a single patient, referred to as patient 98 here on out. We 

submit this case study as an analysis into the genetic and mechanistic effect that TTFields 

exerts on patient tissue and its derivative cell lines. This will enable increased global 

understanding of the mechanism of TTFields in glioblastoma recurrence and identify 

further therapeutic windows.  

RNA sequencing analysis was employed explore the effect exerted by short term and 

prolonged TTFields exposure on gene expression over recurrent glioblastoma tumours 

from an adult male patient. These analyses will provide a mechanistic insight into the 

genetic changes occurring over time, and potential mechanisms into acquired resistance to 

TTFields. Furthermore, cell lines derived from tumour samples exposed to in vivo TTFields 

were used to better model the clinical effects of electric field therapy, and its associations 

to chloride intracellular channels. As such, this study aids in the validation of findings from 

in vitro TTFields experiments carried out in this project.  

 

 

 

Chapter aims: 
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1) To explore differential gene expression across recurrent tumours following exposure 

to TTFields compared to the primary untreated tumour. 

2) To use differential gene expression to uncover pathways that may exposure GBM 

vulnerabilities and treatment windows. 

3) To validate pathways or gene targets identified from differential gene analysis of 

RNA sequencing data.  

4) We aim to characterise cell lines derived from tumour tissue exposed to in vivo 

TTFields, including expression profiling and functional analyses of CLIC1 and CLIC4. 

5) To assess the in vitro effect of TTFields on cell lines derived from tumour tissue 

exposed to in vivo TTFields. 

 

 

 

 

 

 

 

 

 

 

 

6.2 Patient 98 clinical history 
Here we present a unique opportunity for a case study assessing the genome specific 

effects of TTFields exposure in the primary lesion and two recurrent lesions in an adult 
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male patient (patient 98) with histologically diagnosed glioblastoma (IV). The brief clinical 

history is outlined in figure 6.2 with molecular characterisation of the tumour detailed in 

table 6.2. Patient 98 underwent surgery for the gross total resection of the temporal lobe 

lesion, and subsequent histological analyses confirmed diagnosis of a glioblastoma (WHO 

grade IV astrocytoma), IDH wildtype. A specimen was collected and preserved via fixing 

and FFPE embedding for histological analyses (specimen GBM98(a)). The patient was 

treatment naïve and had experienced no prior radio or chemotherapy exposure. The 

patient then underwent standard of care therapy including Temozolomide treatment and 

radiotherapy (60Gy), with subsequent additional treatment via OptuneTM TTFields therapy. 

Twenty-six months later, a secondary recurrent tumour was identified, and macroscopic 

total resection was again carried out. The specimen was then collected and FFPE 

embedded (specimen GBM98(b)). The respective specimen was no longer treatment naïve, 

with Temozolomide and radiotherapy exposure as well as intermediate exposure to 

TTFields. The patient then continued TTFields therapy for another 15 months until a 

tertiary presentation. Patient 98 underwent maximal resection of a tertiary recurrence of a 

histologically diagnosed glioblastoma, at NUH, Queens Medical Centre. Tumour specimen 

collection was performed under full ethical approval (chapter 3), with collection of distinct 

neuroanatomical regions under 5ALA guided surgery. The samples GBM98.1, GBM98.2, 

GBM98.3, GBM98.4 and GBM.95 were collected, and preserved as FFPE embedded tissue 

samples, or frozen for future use. The specific spatial regions are described in table 6.2. 

Additionally, samples GBM98.5 (invasive margin) and GBM98.2 (core enhanced) 

underwent dissociation into cell lines respectively know as known as GIN98 and GCE98 

(described in figure 6.2). The sample known as GBM98(c), and the sample used for 

comparison to previous tumour tissues is the sample derived from the medial fluorescence 
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region (GBM98.3). This region was selected as it is the most representative of the tumour 

as a whole and is free of excessive necrotic regions. Unfortunately, the tumour has since 

recurred, and the patient has sadly died. We would like to specifically acknowledge patient 

98 and express our sincere gratitude for allowing collection of their sample for research 

purposes and allowing this unique and rare study to be a possibility. 
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Figure 6.1 Treatment and surgery details for patient 98. A) Schematic demonstrating the clinical history of patient 98 
and as such the individual specimens and treatments that the tumour samples had been exposed to. B) Schematic 
representing the collection of tumour tissue GBM98(c) and the downstream uses. Gross total resection of GBM98(c) 
was carried out with collection of distinct spatial regions. The invasive margin (98.5) and core region (98.32) of the 
tumour were dissociated into cell lines GIN98 and GCE98. Additionally, the five spatial regions were FFPE embedded for 
downstream staining analyses. 

 

 
 

Table 6.1 Molecular biology of GBM98(c). A diagnostic screen of the molecular biology of patient 98 specimen GBM98a,b 
and c were carried out revealing a IDH wildtype status, confirming glioblastoma diagnosis. 

Patient 98 Molecular Biology (GBM98c) 

IDH Wild type 

ATRX Wild type 

MGMT promoter methylation Low (5-10%) 

Chromosome 7 Gain 

Chromosome 10 Loss 

EGFR Amplification 

CDKN2A/B Homozygous deletion 
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Table 6.2 Neuroanatomical region of spatial samples collected from tumour specimen GBM98(c). During 5ALA guided 
surgical resection of the tumour, five distinct neuro anatomical regions were collected. 

Spatial regions collected from tissue sample GBM98(c) 

GBM 98.1 Superficial 

GBM 98.2 Central Fluorescence 

GBM 98.3 Medial Fluorescence 

GBM 98.4 Inframedial 

GBM 98.5 Invasive margin 

 

 

6.3 RNA sequencing characterisation of differentially expressed genes across 
recurrent adult GBM associated with TTFields treatment.  

 

To attempt to understand the complexities of glioblastoma disease progression, and the 

molecular alterations associated with exposure to standard of care chemo-irradiation, and 

further treatment with TTFields, 3’ mRNA sequencing was performed.  RNA was extracted 

in triplicate from FFPE embedded tissue from GBM98(a), GBM98(b) and GBM98(c)as 

described in section 2.11.4. Throughout sections 6.3-6.5 GBM98(a) will be referred to as 

2018, GBM98(b) will be referred to a 2020, and GBM98(c) will be referred to as 2021. Not 

only will this study reveal mechanistic factors associated with the life span of recurrent 

tumours, it will also give us an insight into any potential pathways mediating TTFields 

resistance in this patient.  

In order to perform NGS of recurrent GBM tissues it was essential to extract high quality 

RNA for library preparation and sequencing. However, RNA isolation from FFPE embedded 

tissue is particularly difficult due to the low yields of RNA obtained. As such, 3' mRNA 
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sequencing was selected, a method used for low input samples that sequences the 3' end 

of RNA near the poly-A tail. 

Library preparation and 3’ mRNA sequencing was carried out by Deep Seq, University of 

Nottingham following the Lexogen pipeline as described in section 2.12.2. Initial 

bioinformatic analyses were carried out by Dr Sonal Henderson (Deep Seq, University of 

Nottingham), with further analyses carried out by the author. Quality assurance for this 

project is described in appendix A6.  

There is disparity in the naming of samples between RNA sequencing and other laboratory 

techniques performed in this chapter. For clarity, the below key describes the samples 

under both nomenclatures.  

Key: 

Tumour tissue ID RNAseq ID 

GBM98(a) (P98_)2018 

GBM98(b) (P98_)2020 

GBM98(c) (P98_)2021 

 

The library preparation TapeStation report showed that whilst the RNA profiles for each 

replicate group were consistent, there was a noticeable difference in the DV200 scores 

between the 3 conditions, the 2021 group having the lowest percentage DV200 scores, 

followed by 2020 and then 2018. Electronic gel image generated by Agilent 4200 

TapeStation showing the RNA profile of each sample is provided in the appendices. On 

average, 7.8M 75 bp single-end reads were obtained per sample, ranging between 4.2M 

and 10.8M reads (appendix A6). Of these, on average 89% of reads were retained after 

trimming. The remaining reads were aligned to the reference GRCh38 release 107. On 
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average, 71% of reads aligned uniquely. Unique reads were quantified by gene. Differential 

expression for the three contrasts between each timepoint were calculated using gene 

abundance values using DESeq2. No batch effect control was applied. PCA analysis of 

normalised counts showed distinct grouping by timepoint. Samples from timepoint 2021 

were more variable than those from other timepoints. The reference has 61,920 genes. Of 

these, 32,796 had zero read counts in all nine samples, as such were filtered out. 

Differential expression at p-adjusted value < 0.1 and fold-change above and below 2 was 

calculated between the contrasts for the remaining 29,124 genes. Where indicated the p 

value is stated as the adjusted pvalue for Benjamini-Hochberg FDR testing. The adjusted p-

values for the genes which do not pass the filter threshold are set to NA. 

6.3.1 Tumours cluster independently related to recurrence and treatment status.  
Initial bioinformatic analysis was carried out to assess the clustering of independent 

replicates of each tumour sample.  Quantification of the number of reads that map to each 

gene sequence allows an estimate of gene expression, which is normalised using the 

trimmed mean of M values (TMM) normalisation technique to allow for comparison 

between samples (214). Prior to statistical analysis, Principal Component Analyses (PCA) 

was first undertaken to explore sample clusters and variation between samples. On the 

PCA plot shown, the data points representing individual replicates were projected onto the 

2D plane such that they spread out in the two directions that demonstrate the greatest 

variance in the data.  

Here we find that the 2018 (red), 2020 (green) and 2021 (blue) tumours cluster completely 

independently. The PCA plot presented below (figure 6.4) defines a stark difference 

between each group. The individual replicates in the treatment naïve primary (2018) 

tumour and the secondary (2020) tumour cluster tightly, with minimal variance. However, 



280 
 

the tertiary tumour (2021) demonstrates a noted level of variance, with individual 

replicates showing a maximum of 20% variance between samples. It is worth noting that 

the tumour collection and processing for the 2018 and 2020 samples were carried out at a 

different site to 2021 and thus this variance may be due to the processing and preservation 

of the tumour.  

Interestingly, the 2021 sample clusters significantly differently than the 2018 and 2020 

samples. Whilst this is partially expected due to the extended nature of therapy exposure, 

which may be imperative in causing DNA damage, and transcriptional alterations, it is 

interesting that the tertiary tumour reflects significant genetic differences compared to the 

primary tumour. This is confirmatory of the evolving heterogeneity of the tumour across its 

life span, and such is reflected in the molecular landscape.  Furthermore, gene expression 

is visualised on the below MA plot (figure 6.4). The plot visualizes the differences between 

measurements taken by transforming the data onto M (log ratio) and A (mean average) 

scales, then plotting these values. These data allow visualisation of differentially expressed 

genes in the cohort. Differentially expressed genes are plotted in red, where red triangles 

at the top and bottom of the plots indicate a log fold changes greater and lower than -2, 

respectively. Analysis of the 2020 vs 2021 comparison reveals are greater distribution of 

differentially expressed genes when compared to 2018 vs 2020. Overall, there are fewer 

significantly differentially down regulated genes across all three comparisons when 

compared to gene upregulation, suggesting that tumour progression and recurrence is 

associated with an upregulation of pathways which will be explored further.  

https://en.wikipedia.org/wiki/Arithmetic_mean
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Figure 6.2 Primary, secondary and tertiary tumours cluster independently. Principal component analysis plot shows how 
the expression of samples relates to each other. Analysis and figure by S.H 
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Figure 6.3 MA plots for each contrast comparing log fold change to mean normalised counts for each gene. 
Differentially expressed genes are plotted in red. Red triangles at the top and bottom of the plots indicate log fold 
changes greater and lower than -2, respectively. Analysis and figure by S.H 

 

 

Figure 6.4 Heat map representing all significantly expressed genes across the replicates. Heatmap representing the 

logfold change of significantly expressed genes in triplicate across each sample. 
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6.3.2 Differential expression analysis  
6.3.2.1 Differentially expressed genes in 2018 vs 2020 

Unsupervised hierarchical clustering was carried out using the differentially expressed 

genes (DEGs) found across triplicate samples of each tumour (figure6.7), here we compare 

the DEGs in 2018 vs 2020. Figure 6.7A represents the differentially upregulated genes, and 

figure 6.7B represents the differentially down regulated genes between the 2018 and 2020 

sample. Lowly expressed genes were filtered out of normalised gene expression datasets 

prior to heatmap generation, significantly differentially expressed genes were filtered 

based on fold change (Log2 ≥1) and FPKM value (≥20). Each column represents one 

sample, and each row represents a singular gene. The variance in colour represents the 

normalised gene expression compared to the total row mean, comparatively across the 

cohort of samples, represented as a Z score. Supporting observations from PCA (Principal 

Component Analyses) plot analyses, we see differences in gene expression widely visible 

across the cohort, with triplicates of each sample clustering consistently. As expected from 

PCA analysis, 2021 samples have a less distinctive clustering pattern and as such, show a 

less distinctive gene expression signature.  

When comparing the primary tumour to the secondary tumour, we see several genes of 

interest that are up or down regulated. Table 6.3a details the 20 topmost differentially 

upregulated genes and Table 6.3b details the 20 top most differentially down regulated 

genes in 2020 vs 2018. Notably, several of the significantly upregulated genes in the 2018 

sample compared to the 2020 sample are non-protein coding RNA sequences, and as such 

have missing gene names.  

Analysis reveals that the 2020 tumour has a significant downregulation of genes associated 

with cell adhesion (215), growth factor binding (7), gene expression regulation, RNA 

methylation and mitochondrial function when compared to 2018. Whereas genes 
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associated with immune statue, metastasis, and tumour initiation (216), calcium binding 

and GABA synaptic activity are significantly upregulated in the 2020 sample compared to 

2018. Importantly IGFN1, IGHG1, NODAL and CALB1 have all been implicated in glioma 

(215–219).  

BTNL9 has been implicated in response to TTFields exposure in previous work by the group 

(152), finding that in vitro exposure to TTFields results in an up regulation of the gene as 

seen in the comparison between 2018 and 2020. 

 

 

Figure 6.5 Heatmap representing normalised counts of up and down regulated genes in 2018 vs 2020. A) Heatmap of 
upregulated genes in 2018 compared to 2020. B) Heatmap of downregulated genes in 2018 compared to 2020. Analysis 
and figure by S.H 
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Table 6.3 Summary table of the top 20 differentially expressed genes in 2018 vs 2020 A) Top 20 differentially up regulated 
in 2018 genes. B) Top 20 differentially down regulated in 2018 genes. Analysis by S.H. Gene functions via STRING network 
analysis 

A. Gene ID  
Gene 
Name  

Gene function baseMean  log2FoldChange  padj  

Upregulated in 2018 vs 2020 

ENSG00000163395  IGFN1  
Immunoglobulin-like and 
fibronectin type iii domain-
containing protein 1;. 

11.15002537 7.414819251 2.66E-06 

ENSG00000128713  HOXD11  

Homeobox protein Hox-D11; 
Sequence-specific transcription 
factor which is part of a 
developmental regulatory system 

10.58364879 7.347565281 9.41E-06 

ENSG00000236494  
 

 10.291686 7.283270952 1.79E-05 

ENSG00000156574  NODAL  Nodal growth differentiation factor; 
Nodal homolog;  10.09980103 7.25821593 1.95E-05 

ENSG00000106133  NSUN5P2  Pseudo-gene linked to methylation. 8.914806039 7.0398905 7.27E-05 

ENSG00000184414  IRS3P  Insulin receptor substrate 3. 10.95258307 6.622351039 3.07E-05 

ENSG00000165810  BTNL9  Butyrophilin-like protein 9;  18.85650461 6.48740789 2.10E-05 

ENSG00000287867  
 

 16.61365166 6.463532814 4.85E-06 

ENSG00000164107  HAND2  

Heart- and neural crest derivatives-
expressed protein 2. Upstream 
regulator of sonic hedgehog (SHH) 
induction in the limb bud. 

5.538190841 6.364332693 0.00079359 

ENSG00000279425  
 

 5.447862197 6.337903163 0.00088769 

ENSG00000232104  RFX3-DT  RFX3 Divergent Transcript  5.1008783 6.259218032 0.00099991 

ENSG00000223969  
 

 5.079235557 6.209276181 0.00159899 

ENSG00000125538  IL1B  Interleukin-1 beta; Potent 
proinflammatory cytokine. 7.725146675 6.072207016 0.00048231 

ENSG00000234104  
 

 4.408043393 6.00693761 0.00292576 

ENSG00000163126  ANKRD23  Ankyrin repeat domain-containing 
protein 23;. 4.335735339 5.988086245 0.00299359 

ENSG00000241157  RPL32P32  Ribosomal Protein L32 Pseudogene 
32 4.186377604 5.929872004 0.00364493 

ENSG00000289128  
 

 4.105252174 5.924253299 0.00329197 

ENSG00000169856  ONECUT1  Hepatocyte nuclear factor 6;  4.011673799 5.837563732 0.00554466 

ENSG00000035499  DEPDC1B  Dep domain-containing protein 1b; 
DEP domain containing 1B 4.013032382 5.833854278 0.00571876 

ENSG00000207032  Y_RNA  Small non-coding RNA 3.865405654 5.806065946 0.00545037 
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B. Gene ID  
Gene 
Name  

Gene function baseMean  log2FoldChange  padj  

Down regulated in 2018 vs 2020 

ENSG00000165309  ARMC3  Armadillo repeat-containing 
protein 3 

14.012125
8 -8.0898916 5.63E-07 

ENSG00000132465  JCHAIN  

Joining chain of multimeric iga 
and igm; Immunoglobulin J 
chain; Serves to link two 
monomer units of either IgM or 
IgA. 

11.524489
9 -7.7389069 7.51E-06 

ENSG00000100362  PVALB  

Parvalbumin alpha; In muscle, 
parvalbumin is thought to be 
involved in relaxation after 
contraction. It binds two 
calcium ions. 

30.836503
3 -7.6110428 4.36E-05 

ENSG00000136750  GAD2  
Glutamate decarboxylase 2; 
Catalyses the production of 
GABA 

76.542199
2 -7.4084185 6.84E-05 

ENSG00000104327  CALB1  
Calbindin; Buffers cytosolic 
calcium. May stimulate a 
membrane Ca(2+)-ATPase  

7.9799047
1 -7.2681892 3.24E-05 

ENSG00000168748  CA7  
Carbonic anhydrase 7; 
Reversible hydration of carbon 
dioxide;  

6.7064297
8 -6.9697538 0.00016577 

ENSG00000211592  IGKC  Immunoglobin kappa constant. 91.513005
7 -6.9650065 2.68E-12 

ENSG00000211677  IGLC2  Immunoglobin lambda 
constant. 

44.960893
2 -6.8765556 4.85E-06 

ENSG00000248485  PCP4L1  Purkinje cell protein 4 like 1; 
Belongs to the PCP4 family 

23.021256
1 -6.7639419 9.73E-09 

ENSG00000206172  HBA1  Haemoglobin subunit alpha. 1271.8503
9 -6.7225886 8.75E-44 

ENSG00000185274  GALNT17  Encodes an N-
acetylglucosaminyltransferases 

174.52653
4 -6.6276028 9.45E-18 

ENSG00000090659  CD209  CD209 antigen; Pathogen-
recognition receptor  

8.0927565
7 -6.5476338 6.97E-05 

ENSG00000244734  HBB  Haemoglobin subunit beta 8427.1290
3 -6.4484486 5.91E-89 

ENSG00000152822  GRM1  
Metabotropic glutamate 
receptor 1; G-protein coupled 
receptor for glutamate 

4.6350543
1 -6.4477021 0.0009217 

ENSG00000166863  TAC3  
Tachykinin-3; Tachykinins are 
active peptides which excite 
neurons. 

4.7135684
1 -6.423001 0.00135986 

ENSG00000211897  IGHG3  Immunoglobin heavy constant 
3. 

22.937878
2 -6.3881197 0.0006 

ENSG00000147655  RSPO2  
R-spondin-2; Activator of the 
canonical Wnt signalling 
pathway. 

25.832818
9 -6.3750739 5.07E-11 

ENSG00000099715  PCDH11Y  
Protocadherin-11 X-linked; 
Potential calcium-dependent 
cell-adhesion protein. 

5.2715446
3 -6.3632707 0.00455521 

ENSG00000101327  PDYN  Proenkephalin-B; Leu-
enkephalins;  

12.494700
1 -6.3449621 1.98E-06 
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6.3.2.2 Differentially expressed genes in 2018 vs 2021 
Differential gene expression analysis was also carried out on the primary tumour vs the 

tertiary tumour to explore the genes associated with advanced tumour progression and 

long-term exposure to TTFields treatment via OptuneTM therapy. Here we find clear 

differences in the expression patterns of down regulated genes in the 2021 tumour when 

compared to both 2018 and 2020. Interestingly replicates across both 2018 and 2021 

cluster closely when compared to 2020 replicates. Furthermore, when assessing gene 

expression distribution, there is distinct variability in the clusters of overexpressed genes in 

the 2021 one sample, with almost distinct gene expression signatures observed across the 

three replicates.  

Further to this, the top 20 most differentially up and down regulated genes stratified from 

this comparison are shown (Table 6.4). As previously noted, these genes were selected 

based on significance via adjusted p-value. Analysis reveals that the 2021 tumour has 

significant down regulation of genes associated with transporting cellular cargo, 

angiogenesis (220), microtubule formation (221), chromatin organisation (222) and DNA 

methylation (223)when compared to 2018.  

Whereas significantly up regulated genes in the 2021 tumour primarily include those 

functioning in integral membrane transport and solute carrying, specifically functioning in 

GABA uptake (224). As such, reflecting a changing genetic landscape, favouring an 

overexpression of solute carriers in the 2021 recurrent tumour.  

Interestingly ANGPT2 is noted as a prognostic marker in glioblastoma, inducing 

angiogenesis and tumorigenesis (220). Furthermore, SMARCC1 has been found to harbour 

tumour suppressor capacity, inhibiting glioma cell proliferation (225).  



288 
 

 

 

Figure 6.6 Heat map representing normalised  counts of up and down regulated genes in 2018 vs 2021. A) Heatmap of 
upregulated genes in P98_2018 compared to P98_2021. B) Heatmap of downregulated genes in P98_2018 compared to 
P98_2021. Analysis and figure by S.H 
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Table 6.4 Summary table of the top 20 differentially genes in 2018 v 2021 A) top 2020 differentially up regulated genes. 
B) Top 20 differentially down regulated genes. Analysis by S.H. – Gene functions via STRING network analysis. 

A. Gene ID  Gene 
Name  

Gene function 
baseMean  log2FoldChange  padj  

Upregulated in 2018 vs 2021 

ENSG00000091879  ANGPT2  
Angiopoietin-2; Binds to TEK/TIE2, 
competing for the ANGPT1 binding site, 
and modulating ANGPT1 signalling. 

194.926808 9.07313939 1.82E-
12 

ENSG00000174501  ANKRD36C  Ankyrin repeat domain-containing 
protein 36C 139.499379 8.69474495 2.51E-

12 

ENSG00000146425  DYNLT1  
Dynein light chain Tctex-type 1; Acts as 
accessory components of the 
cytoplasmic dynein 1 complex. 

175.802371 8.67320412 1.87E-
12 

ENSG00000135837  CEP350  
Centrosome-associated protein 350; 
Plays an essential role in centriole 
growth. 

170.577478 8.6634884 5.77E-
12 

ENSG00000130816  DNMT1  
DNA (cytosine-5)-methyltransferase 1; 
Methylates CpG residues. Preferentially 
methylates hemi methylated DNA.  

135.128392 8.65112771 5.77E-
12 

ENSG00000009694  TENM1  
Teneurin transmembrane protein 1; 
Teneurin-1; Involved in neural 
development. 

109.62259 8.56286296 5.77E-
12 

ENSG00000141582  CBX4  
E3 SUMO-protein ligase CBX4; E3 
SUMO-protein ligase which facilitates 
SUMO1 conjugation by UBE2I. 

143.355999 8.50766087 5.32E-
12 

ENSG00000149212  SESN3  

Sestrin 1/3; Sestrin-3; May function as 
an intracellular leucine sensor that 
negatively regulates the TORC1 
signaling pathway. 

215.376652 8.41018257 2.00E-
11 

ENSG00000186432  KPNA4  
Karyopherin subunit alpha 4; Importin 
subunit alpha-3; Functions in nuclear 
protein import 

149.966273 8.2434331 1.97E-
11 

ENSG00000173473  SMARCC1  

Swi/snf related, matrix associated, 
actin dependent regulator of chromatin 
subfamily c member 1; SWI/SNF 
complex subunit SMARCC1; Involved in 
transcriptional activation and 
repression of select genes by chromatin 
remodelling. 

114.07513 8.2080013 4.10E-
11 

ENSG00000146938  NLGN4X  
Neuroligin-4, X-linked; Putative 
neuronal cell surface protein involved 
in cell- cell-interactions. 

102.212717 8.17926639 2.49E-
10 

ENSG00000241743  XACT  
Produces a spliced long non-coding 
RNA that is thought to play a role in the 
control of X-chromosome inactivation 

84.5481187 8.14576866 3.11E-
08 

ENSG00000105928  GSDME  Gasdermin E. 91.6753608 8.14312744 1.21E-
10 

ENSG00000112769  LAMA4  Laminin subunit alpha-4; Binding to 
cells via a high affinity receptor 98.7417641 8.13670863 1.48E-

10 

ENSG00000171634  BPTF  
Nucleosome-remodelling factor 
subunit BPTF; Histone-binding 
component of NURF 

308.042253 8.12815249 8.31E-
18 

ENSG00000164199  ADGRV1  G-coupled protein receptor V1 81.4099351 8.1183315 6.36E-
11 

ENSG00000087448  KLHL42  Kelch-like protein 42; Substrate-specific 
adapter of a BCR  122.40384 8.11248472 4.43E-

11 
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B. Gene ID  Gene 
Name  

Gene function 
baseMean  log2FoldChange  padj  

Down regulated in 2018 vs 2021 

ENSG00000206172  HBA1  Haemoglobin subunit alpha. 1271.85039 -8.4869636 6.22E-71 

ENSG00000101438  SLC32A1  

Vesicular inhibitory amino acid 
transporter; Involved in the 
uptake of GABA and glycine 
into the synaptic vesicles; 
Solute carriers 

46.4992918 -8.3447041 1.46E-09 

ENSG00000210176  MT-TH  
Mitochondrially encoded tRNA 
histidine, also known as MT-TH, 
is a transfer RNA . 

1973.26192 -8.1357045 9.00E-49 

ENSG00000122012  SV2C  

Synaptic vesicle glycoprotein 
2C; Plays a role in the control of 
regulated secretion in neural 
and endocrine cells 

135.101978 -8.1001068 4.83E-07 

ENSG00000270350  MTND4LP5  

Mitochondrially Encoded 
NADH:Ubiquinone 
Oxidoreductase Core Subunit 
4L Pseudogene 5 

61.2227689 -8.0109509 2.20E-10 

ENSG00000136750  GAD2  
Glutamate decarboxylase 2; 
Catalyzes the production of 
GABA 

76.5421992 -7.8639309 1.26E-06 

ENSG00000122585  NPY  

Pro-neuropeptide Y; NPY is 
implicated in the control of 
feeding and in secretion of 
gonadotrophin-release 
hormone 

219.61712 -7.8082326 1.84E-15 

ENSG00000133392  MYH11  Myosin heavy chain11 34.3901934 -7.702864 2.49E-06 

ENSG00000185761  ADAMTSL5  

ADAMTS-like protein 5; May 
play a role in modulation of 
fibrillin microfibrils in the 
extracellular matrix 

37.1063858 -7.6658722 3.90E-05 

ENSG00000185274  GALNT17  Encodes an N-
acetylglucosaminyltransferases 174.526534 -7.6019341 4.36E-24 

ENSG00000123612  ACVR1C  

Activin receptor type-1C; 
Serine/threonine protein 
kinase which forms a receptor 
complex on ligand binding 

171.26208 -7.5933021 9.78E-07 

ENSG00000251385  MTCYBP16  Mitochondrially Encoded 
Cytochrome B Pseudogene 16 23.4948086 -7.5856179 1.16E-06 

ENSG00000197106  SLC6A17  
Sodium-dependent neutral 
amino acid transporter 
SLC6A17 

211.924657 -7.4445109 1.38E-17 

ENSG00000104888  SLC17A7  
Solute carrier family 17 
(sodium-dependent inorganic 
phosphate cotransporter) 

920.460528 -7.4319261 7.45E-40 

ENSG00000210144  MT-TY  Mitochondrially encoded tRNA 
tyrosine. 1273.76645 -7.1739682 3.07E-44 

ENSG00000169271  HSPB3  Heat shock protein beta-3;  43.2547584 -7.0410837 0.00027431 

ENSG00000270388  MTCO3P22  
Mitochondrially Encoded 
Cytochrome C Oxidase III 
Pseudogene 22 

28.6312469 -6.9448327 3.72E-09 

ENSG00000184672  RALYL  RNA-binding Raly-like protein 61.7644433 -6.932808 2.60E-06 

ENSG00000229031  MTCO1P25  
Mitochondrially Encoded 
Cytochrome C Oxidase I 
Pseudogene 25. 

11.6234674 -6.9207239 0.00048604 
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6.3.2.3 Differentially expressed genes in 2020 vs 2021 
To provide a comparison between the primary and tertiary tumour, differential gene 

analysis was carried out between the secondary and tertiary tumour to identify and 

potentially overlapping pathways, and as such allow for stratification of unique pathways 

between secondary and tertiary specimens associated with prolonged TTFields exposure.  

In this comparison there is a clear preferential over-expression of genes in the 2018 

tumour. There is a defined clustering of over expressed genes (figure 6.7) in the 2020 

(secondary) sample that are down regulated in both the primary and tertiary tumours.  

Table 6.5 demonstrates the top 20 up and down regulated genes in this comparison. 

Interestingly genes associated with programmed cell death (226), EGFR degradation (217), 

mitochondrial function (227), NFKB regulation and P53 activation (228) are significantly 

downregulated in the 2021 secondary tumour when compared to the 2020 tertiary 

tumour. Furthermore, genes associated with cell cycle control (at G2/M) (229,230), 

opening of acetyl choline ion channels (230), ECM formation, and DNA-Damage induced 

apoptosis (231) are significantly upregulated in the 2021 tumour.  

Interestingly, CCNB2 has been implicated in a variety of tumours, and has been founded to 

be linked to TTFields treatment in adult brain tumours (232).  

MTND5 has been implicated in response to TTFields exposure in previous work by the 

group (152), finding that in vitro exposure to TTFields results in a down regulation of the 

gene.  
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Figure 6.7 Heat map representing normalised counts of up and down regulated genes in 2020 vs 2021. A) Heatmap of 
upregulated genes in P98_2020 compared to P98_2021. B) Heatmap of downregulated genes in P98_2020 compared to 
P98_2021. Analysis and figure by S.H 
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Table 6.5 Summary table of the top 20 differentially genes in 2020 v 2021 A) top 20 differentially up regulated genes. B) 
Top 20 differentially down regulated genes. Analysis by S.H. 

A. Gene ID  Gene 
Name  

Gene function baseMean  log2FoldChange  padj  

Upregulated in 2020 vs 2021 

ENSG00000100600  LGMN  Legumain; Has a strict specificity for 
hydrolysis of asparaginyl bonds. 172.985774 8.94381814 4.24E-

12 

ENSG00000149212  SESN3  Sestrin 1/3; Sestrin-3; May function 
as an intracellular leucine sensor  215.376652 8.74905155 8.60E-

12 

ENSG00000211592  IGKC  Immunoglobin kappa chain 
constant. 91.5130057 8.48272139 4.79E-

09 

ENSG00000196743  GM2A  Ganglioside GM2 activator 152.84156 8.44112937 2.61E-
11 

ENSG00000131018  SYNE1  

Nesprin-1; Multi-isomeric modular 
protein which forms a linking 
network between organelles and 
the actin cytoskeleton to maintain 
the subcellular spatial organization. 

137.405199 8.37214962 1.01E-
10 

ENSG00000107798  LIPA  Lysosomal acid lipase/cholesteryl 
ester hydrolase. 128.599484 8.31180887 6.98E-

11 

ENSG00000183023  SLC8A1  

Sodium/calcium exchanger 1; 
Mediates the exchange of one 
Ca(2+) ion against three to four 
Na(+) ions across the cell 
membrane. 

122.055743 8.16621529 1.36E-
10 

ENSG00000165672  PRDX3  Thioredoxin-dependent peroxide 
reductase, mitochondrial. 117.977688 8.14035602 7.55E-

10 

ENSG00000113269  RNF130  E3 ubiquitin-protein ligase RNF130;  111.224044 8.12487071 5.35E-
10 

ENSG00000140022  STON2  
Stonin-1/2; Stonin-2; Adapter 
protein involved in endocytic 
machinery 

94.9838717 8.11399628 8.62E-
10 

ENSG00000121691  CAT  
Catalase; serves to protect cells 
from the toxic effects of hydrogen 
peroxide. 

125.150834 8.10715425 2.27E-
10 

ENSG00000124920  MYRF  Myelin regulatory factor 93.3172135 8.08050938 3.17E-
10 

ENSG00000095970  TREM2  Triggering receptor expressed on 
myeloid cells 2;  202.237242 8.05557728 8.21E-

12 

ENSG00000186432  KPNA4  
Karyopherin subunit alpha 4; 
Importin subunit alpha-3; Functions 
in nuclear protein import 

149.966273 8.03504997 2.07E-
10 

ENSG00000211896  IGHG1  Immunoglobin heavy chain 1 153.936488 8.02312469 5.67E-
07 

ENSG00000143514  TP53BP2  

Apoptosis-stimulating of p53 
protein 2; Regulator that plays a 
central role in regulation of 
apoptosis and cell growth via its 
interactions 

104.338933 7.97423209 4.14E-
10 

ENSG00000129003  VPS13C  
Vacuolar protein sorting-associated 
protein 13C; mitochondrial 
transmembrane potential 

114.374067 7.9518531 4.73E-
10 

ENSG00000204136  GGTA1  Glycoprotein, Alpha-
Galactosyltransferase 1 93.6831798 7.95031196 5.44E-

10 

ENSG00000172461  FUT9  4-galactosyl-N-acetylglucosaminide 
3-alpha-L-fucosyltransferase 100.392109 7.94344579 1.46E-

09 
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B. Gene ID  Gene Name  Gene function baseMean  log2FoldChange  padj  

Down regulated in 2020 vs 2021 

ENSG00000229503  RPL21P37  Ribosomal Protein L21 
Pseudogene 37 11.5831808 -6.6915549 6.76E-04 

ENSG00000270350  MTND4LP5  MT-ND4L Pseudogene 5 61.2227689 -6.6437477 2.45E-08 

ENSG00000185761  ADAMTSL5  

ADAMTS-like protein 5; May play 
a role in modulation of fibrillin 
microfibrils in the extracellular 
matrix 

37.1063858 -6.3632644 5.17E-04 

ENSG00000250169  MTND5P13  

Mitochondrially Encoded 
NADH:Ubiquinone 
Oxidoreductase Core Subunit 5 
Pseudogene 13 

10.9429944 -6.179654 9.89E-03 

ENSG00000245857  GS1-24F4.2  Uncharacterised 8.29644566 -6.1646019 1.41E-03 

ENSG00000262095  MTATP6P25  Mitochondrially Encoded ATP 
Synthase 6 Pseudogene 25 16.5390648 -6.1163293 5.97E-05 

ENSG00000165490  DDIAS  

DNA damage-induced apoptosis 
suppressor protein; May be an 
anti-apoptotic protein involved in 
DNA repair or cell survival 

71.6660134 -6.1092085 2.15E-04 

ENSG00000221923  ZNF880  Zinc finger protein 880 167.252431 -6.0621081 6.61E-06 

ENSG00000260420  LINC02182  Long Intergenic Non-Protein 
Coding RNA 2182 8.45184176 -6.0398758 4.97E-03 

ENSG00000286681    8.84310952 -5.9174982 5.22E-03 

ENSG00000247624  CPEB2-DT  
CPEB2-DT (CPEB2 Divergent 
Transcript) is an RNA Gene, and is 
affiliated with the lncRNA class 

8.20236831 -5.9015714 5.42E-03 

ENSG00000157456  CCNB2  

G2/mitotic-specific cyclin-B2; 
Essential for the control of the cell 
cycle at the G2/M (mitosis) 
transition; Belongs to the cyclin 
family 

26.3647054 -5.826682 5.42E-05 

ENSG00000108556  CHRNE  Acetylcholine receptor subunit 
epsilon 7.17364244 -5.6257556 7.18E-03 

ENSG00000200153  RNU6-23P  RNA, U6 Small Nuclear 23, 
Pseudogene 9.35998638 -5.535958 2.44E-02 

ENSG00000236483  MTND2P40  

Mitochondrially Encoded 
NADH:Ubiquinone 
Oxidoreductase Core Subunit 2 
Pseudogene 40 

9.10854005 -5.5157639 2.50E-02 

ENSG00000261325  LINC02192  Long Intergenic Non-Protein 
Coding RNA 2192 7.39380383 -5.4735479 0.01946841 

ENSG00000286950    6.70111717 -5.4602895 1.88E-02 

ENSG00000272848    11.216222 -5.4408044 8.82E-03 

ENSG00000135898  GPR55  

G protein-coupled receptor 55; G-
protein coupled receptor 55; May 
be involved in hyperalgesia 
associated with inflammatory and 
neuropathic pain 

5.03722517 -5.4247724 0.01149391 
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6.3.3 Genes significantly differentially expressed in multiple analyses 
The greatest overlap of genes was observed when comparing the total number of 

differentially expressed genes between 2018 vs 2020 and 2018 vs 2021 with a total of 1088 

overlapping genes present. Whereas the smallest number of overlapping genes was found 

when comparing the overlapping differentially down regulated genes in the 2018 vs 2020 

analysis and 2018 vs 2021.  

There are 636 similarly over expressed genes when comparing the 2018 vs 2020 tumour 

differential analysis, to the 2018 vs 2021 DEGs. The majority of the differentially expressed 

genes are upregulated. Interestingly, when assessing the top 20 differentially expressed 

genes in each comparison, there were no overlapping genes present in the up-regulated 

group (figure 6.8). However, there were three common down regulated genes when 

comparing 2020 vs 2021 and 2020 vs 2018, suggesting that these genes are consistently 

down regulated in the 2020 compared to the 2018 and 2021 tumour. These genes were 

GAD2, HBA1 and GALNT17. Similarly, ADAMTSL5 and MTND4LP5 were commonly down 

regulated between the 2018 vs 2021 and 2020 vs 2021 grouping, again suggesting unique 

expression of these genes in the 2021 tumour.  
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Figure 6.8 Venn diagrams showing the number of differentially expressed genes (up and down regulated) found 
commonly in the two contrasts – 2018 vs 2020 and 2018 vs 2021 and as a whole. A) Presents the overlap of 
differentially upregulated expressed genes between the two contrasts 2018 vs 2020 and 2018 vs 2021. B) Presents the 
differentially down regulated genes in 2018 vs 2020 and 2018 vs 2021. C) Overlap of total genes in the cohorts. 1088 
DEGs were common between the two contrasts. 636 genes upregulated were common in both while 228 down-regulated 
genes were common in both contrasts. Analysis and figure by S.H 

 

 

 

 

 

 



297 
 

Table 6.6 Number of differentially expressed genes between groups. P-adjusted threshold of 0.10 for FDR and genes 
with greater than or less than zero log2 fold change are considered as differentially expressed. 

Contrast Upregulated Down-regulated 

2018 VS 2020 723 740 

2018 VS 2021 7678 1005 

2020 VS 2021 7155 713 

 

 

 

Figure 6.9 Venn diagram of overlapping top differentially expressed genes. The top differentially up regulated genes 
have no overlap, whereas the top 20 down regulated genes overlap between samples.  
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6.4 Pathway analysis and gene ontology  
Given that any gene is likely to be part of a more complex biological process, it was next of 

interest to see if any cellular functions or pathways were commonly disrupted in the 

process of disease recurrence and therapy exposure. As such, differential gene expression 

patterns were utilised to carry out gene ontology analysis of cellular function and pathway 

analysis (KEGG).  

 

6.4.1 Recurrent tumours are associated with loss of cell functions related to the cell of 
origin.  

Gene ontology analysis by Dr S.H was carried out to assess cellular functions associated 

with significantly differentially expressed genes with the highest fold changes. We then 

further validated this using the cellular functions tool via the Gene ontology website 

(http://geneontology.org/). Gene Ontology describes a gene/gene product in detail, 

considering three main aspects: its molecular function, the biological process in which it 

participates, and its cellular location. Here we explore the cellular component of the up 

and down regulated genes across the life span of the tumour. 

Interestingly in all comparisons, the primary tumour appears to be significantly enriched 

for cellular functions related to neurogenesis, neuronal function, synaptic control, and 

brain development. As demonstrated in table 6.7 the entirety of the top 20 most 

differentially upregulated cellular functions in the primary tumour are associated with 

synapse function or formation (35%), neuronal and axonal morphology (50%) or cytoplasm 

and vesicle formation (15%), with similar figures presented in the 2018 vs 2020 comparison 

(table 6.7). This apparent down regulation of these mechanisms in the secondary and 

tertiary tumours indicates a loss of the normal functions of the cells, as they become more 

dysregulated, primitive, and less like their astrocytic cells of origin. Thus, the progression 

http://geneontology.org/
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from primary, to secondary and tertiary recurrence is associated with loss of normal 

function of the cells as they evolve. Undoubtedly the 2018 primary tumour harbours a 

significant mutational burden, with substantial genetic and molecular alterations 

compared to somatic cells. Despite this, it remains clear that when assessing the mRNA 

landscape of the primary tumour, there are still significant links to the primary function of 

the cell of origin. Across the lifespan of the glioblastoma these functions become less 

expressed, and may be evidence for clonal selection with tumour progression for 

treatment resistant clones.  

Conversely, when assessing the up regulated genes in the 2020 tumour compared to 2021 

tumour, the signature of neuronal and astrocytic function is lost. Instead, we see a 

signature of biosynthetic processed and protein binding. Thus, suggesting that the cells 

harbouring these cellular functions are the treatment sensitive cohort and as such are 

subject to rapid selection, allowing for expansion of treatment resistant clonal populations, 

and loss of these primary functions.  

The 2021 tumour is endowed with an enhanced preference for biosynthetic and metabolic 

processes, perhaps relating to the microenvironmental pressures of the tumour. The 

enhanced metabolic requirements of an actively invading and progressing tumour are 

demonstrated clearly. Tumours have an inherent capacity to reprogram pathways of 

nutrient acquisition and metabolism in order to meet the sizeable bioenergetic, 

biosynthetic, and redox demands of a malignant cell. These features as described in table 

6.9 may signify aggressive and recurrent disease, and act as a potential biomarker for 

glioblastoma progression. Interestingly, this is recapitulated in the 2020 vs 2021 

comparison, whereby the 2021 tumour has a significant upregulation and an enhanced 

network of genes associated with cell metabolism and energy demands. Furthermore, in 
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this comparison we find upregulation of ion binding capacity in the 2021 tumour. As 

discussed throughout the duration of this thesis, ion channel activity and binding is a key 

regulator of the cell cycle and thus the proliferative and invasive capacity of malignant 

cells. As such, an enriched ion binding phenotype is favourable to the glioblastoma, 

allowing for progression and recurrence.  

Another particularly interesting observation comes from the comparison between the 

2018 and 2020 tumour (table 6.9). There is a significant upregulation of cellular functions 

associated with DNA repair and replication in the 2020 tumour when compared to the 

primary. This augmented capacity to repair DNA signifies a direct response to DNA 

damaging therapies such a TMZ and radiotherapy. Equally, increased levels of DNA and 

RNA binding suggest an actively replicative and proliferative phenotype.  
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Table 6.7 Differentially expressed cellular functions in 2018 vs 2021 tumours. 

Cellular function P-value Number of Genes 
Upregulated in 2018 vs 2021 

synapse 1.07E-33 150 
neuron projection 3.65E-33 152 
cell junction 8.93E-33 194 
somatodendritic compartment 1.31E-32 115 
cytoplasm 1.46E-32 610 
vesicle 4.58E-28 276 
anterograde trans-synaptic signalling 1.52E-26 98 
chemical synaptic transmission 1.52E-26 98 
trans-synaptic signalling 2.22E-26 98 
synaptic signalling 5.61E-26 99 
cell projection 2.23E-25 192 
postsynapse 2.44E-25 84 
axon 2.07E-24 87 
plasma membrane bounded cell projection 2.73E-23 181 
modulation of chemical synaptic transmission 8.22E-22 70 
regulation of trans-synaptic signalling 8.22E-22 70 
neuronal cell body 1.22E-21 72 
cell body 1.40E-21 77 
nervous system development 1.83E-21 192 
cytoplasmic vesicle membrane 2.99E-21 116 

Down regulated in 2018 vs 2021 
cytoplasm 6.14E-108 3967 
protein binding 3.52E-85 4819 
cellular biosynthetic process 1.36E-82 2108 
biosynthetic process 2.54E-81 2155 
organic substance biosynthetic process 2.64E-81 2129 
macromolecule biosynthetic process 4.57E-78 1803 
regulation of cellular metabolic process 2.17E-73 2032 
regulation of nitrogen compound metabolic process 7.83E-70 2039 
regulation of primary metabolic process 7.83E-70 2085 
nucleoplasm 4.56E-67 1574 
regulation of cellular process 1.43E-64 3501 
cellular nitrogen compound biosynthetic process 1.89E-63 1770 
kidney 2.54E-62 3065 

   regulation of nucleobase-containing compound metabolic process 3.07E-62 1528 
regulation of biosynthetic process 7.22E-61 1551 
fallopian tube 2.00E-60 2835 
regulation of cellular biosynthetic process 4.62E-60 1528 
regulation of macromolecule biosynthetic process 1.40E-59 1478 
colon 1.40E-59 3085 
gallbladder 7.40E-59 2888 
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Table 6.8 Differentially expressed cellular functions in 2020 vs 2021 tumours. 

 

 

 

Cellular function P-value Number of Genes 
Upregulated in 2020 vs 2021 

cytoplasm 1.50E-19 415 
Factor: ZF5; motif: GSGCGCGR; match class: 1 3.42E-13 482 
protein binding 1.22E-12 467 
multicellular organism development 1.91E-12 195 
biosynthetic process 1.91E-12 235 
organic substance biosynthetic process 1.91E-12 232 
cellular biosynthetic process 2.73E-12 228 
Factor: ZF5; motif: GGSGCGCGS; match class: 1 4.21E-12 495 
cellular nitrogen compound biosynthetic process 4.44E-12 201 
Factor: E2F-2; motif: GCGCGCGCGYW; match class: 1 9.76E-12 435 
Factor: ZF5; motif: GSGCGCGR 1.28E-11 518 
cerebral cortex 1.97E-11 336 
Factor: E2F-2; motif: GCGCGCGCNCS; match class: 1 2.11E-11 484 
Factor: E2F-1:HES-7; motif: GGCRCGTGSYNNWNGGCGCSM; match 
class: 1 3.08E-11 500 
Factor: ETF; motif: CCCCGCCCCYN; match class: 1 3.08E-11 463 
Factor: Egr-1; motif: GCGCATGCG 3.08E-11 404 
Factor: Sp1; motif: GGNDGGRGGCGGGG 4.81E-11 333 
Factor: ZF5; motif: NRNGNGCGCGCWN 7.15E-11 494 
Factor: E2F-2; motif: GCGCGCGCNCS 7.15E-11 519 
Factor: Egr-1; motif: GCGCATGCG; match class: 1 7.15E-11 376 

Down regulated in 2020 vs 2021 
cytoplasm 6.36E-109 3870 
protein binding 5.12E-90 4691 
regulation of cellular process 1.36E-56 3365 
cellular biosynthetic process 3.82E-53 1938 
biosynthetic process 1.36E-51 1980 
organic substance biosynthetic process 1.36E-51 1956 
cytosol 1.17E-49 1826 
regulation of cellular metabolic process 2.79E-45 1863 
macromolecule biosynthetic process 8.45E-45 1628 
regulation of primary metabolic process 1.05E-44 1923 
regulation of nitrogen compound metabolic process 4.95E-44 1876 
bronchus 2.36E-43 2726 
nasopharynx 2.36E-43 2657 
fallopian tube 2.51E-43 2736 
biological regulation 9.05E-42 3734 
ion binding 8.11E-41 2110 
nucleoplasm 4.83E-40 1432 
kidney 1.34E-39 2948 
gallbladder; glandular cells 1.45E-36 2769 
gallbladder 1.45E-36 2769 
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Table 6.9 Differentially expressed cellular functions in 2018 vs 2020 tumours. 

 

 

Cellular function P-value 
Number 
of Genes 

Upregulated in 2018 vs 2020 
   synapse 1.12E-46 148 

anterograde trans-synaptic signalling 2.39E-41 104 
chemical synaptic transmission 2.39E-41 104 
trans-synaptic signalling 2.39E-41 105 
synaptic signalling 1.61E-40 105 
cell junction 2.15E-37 173 
cell-cell signalling 5.31E-32 143 
neuron projection 1.23E-31 128 
multicellular organismal process 2.82E-30 356 
nervous system development 1.03E-29 177 
plasma membrane bounded cell projection 5.79E-29 164 
cell projection 5.79E-29 169 
cell periphery 3.05E-28 305 
system development 1.68E-26 226 
multicellular organism development 2.04E-25 247 
presynapse 6.65E-24 64 
somatodendritic compartment 7.50E-24 87 
plasma membrane 1.43E-23 277 
modulation of chemical synaptic transmission 2.51E-23 63 
regulation of trans-synaptic signalling 2.58E-23 63 

Down regulated in 2018 vs 2020 
DNA binding 1.74E-17 134 
sequence-specific double-stranded DNA binding 2.20E-17 99 
sequence-specific DNA binding 4.42E-17 102 
double-stranded DNA binding 8.88E-17 101 
transcription cis-regulatory region binding 2.24E-16 94 
transcription regulatory region nucleic acid binding 2.24E-16 94 
RNA polymerase II transcription regulatory region sequence-specific DNA binding 8.52E-15 87 
regulation of transcription by RNA polymerase II 1.39E-14 125 
transcription by RNA polymerase II 5.91E-14 126 
DNA-binding transcription factor activity 1.00E-13 85 
regulation of cellular metabolic process 1.15E-13 207 
regulation of nucleobase-containing compound metabolic process 1.95E-13 165 
DNA-binding transcription factor activity, RNA polymerase II-specific 2.58E-13 82 
regulation of cellular process 3.86E-13 330 
regulation of macromolecule biosynthetic process 8.39E-13 159 
regulation of RNA metabolic process 8.39E-13 154 
cis-regulatory region sequence-specific DNA binding 1.11E-12 75 
regulation of RNA biosynthetic process 1.39E-12 145 
regulation of DNA-templated transcription 3.54E-12 143 
regulation of nucleic acid-templated transcription 3.54E-12 143 
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6.4.2 KEGG pathway analysis  
To further interrogate the data set, KEGG pathway analysis was performed using the DAVID 

bioinformatics database (https://david.ncifcrf.gov/). Here we present the top 20 up and 

down regulated pathways associated differential genes expressed in each comparison. 

Comparison between 2018 and 2021 (table 6.10) finds that genes associated with DNA 

repair, cancer pathways and glycan signalling are amongst the most common up regulated 

pathways. Whereas pathways associated with neurodegenerative disorders, diabetes, 

addiction, and ion channel signalling are down regulated in this comparison. Similarly, the 

comparison between 2020 vs 2021, and 20218 vs 2020 yielded comparable results (table 

6.12 and 6.11). A clear signature of progression is demonstrated via these comparisons, 

revealing that recurrent disease in this patient is associated with a reduction in DNA repair 

capacity and glycan synthesis, and an increase in ion channel dependent pathways such as 

neurodegeneration and addiction.  
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Table 6.10 KEGG pathway analysis of differentially expressed genes in 2018 vs 2021. Green column heading represents 
upregulated pathways in the primary tumour compared to the tertiary tumour and red column headings represent down 
regulated pathways for the same group. Shaded boxes represent the non-significant pathway following FDR correction. 
Bold pathways indicate pathways of interest. 

Up regulated KEGG pathway 
in 2018 p-Value 

adjP-
value 

Down regulated 
KEGG pathway 2018 p-Value 

adjP-
value 

Herpes simplex virus 1 
infection 4.3E-22 

1.5E-
19 

Retrograde 
endocannabinoid 
signalling 5.4E-12 1.7E-09 

Fanconi anaemia pathway 5.6E-11 
9.7E-
09 Parkinson disease 1.7E-11 2.6E-09 

DNA replication 0.000014 0.0017 
Oxidative 
phosphorylation 3.3E-10 3.5E-08 

Homologous recombination 0.00002 0.0017 Neurodegeneration  2.8E-09 2.1E-07 

N-Glycan biosynthesis 0.00018 0.012 
Diabetic 
cardiomyopathy 5.2E-09 3.2E-07 

Amino sugar and nucleotide 
sugar metabolism 0.00034 0.02 

Chemical 
carcinogenesis - 
reactive oxygen 
species 1.5E-08 7.8E-07 

Pancreatic cancer 0.00051 0.024 Prion disease 2.2E-08 9.8E-07 
Glycosylphosphatidylinositol 
(GPI)-anchor biosynthesis 0.00055 0.024 Nicotine addiction 3.5E-08 1.4E-06 
Small cell lung cancer 0.001 0.04 Huntington disease 5E-08 1.7E-06 

Epstein-Barr virus infection 0.0019 0.065 
Amphetamine 
addiction 1.9E-07 5.8E-06 

Inositol phosphate 
metabolism 0.0023 0.073 GABAergic synapse 3E-07 8.4E-06 
Other types of O-glycan 
biosynthesis 0.003 0.087 

Dopaminergic 
synapse 5.2E-07 0.000013 

Other glycan degradation 0.0045 0.11 
Aminoacyl-tRNA 
biosynthesis 6E-07 0.000014 

Phospholipase D signalling 
pathway 0.0046 0.11 Alzheimer disease 1.1E-06 0.000024 

Pathways in cancer 0.0049 0.11 
Amyotrophic lateral 
sclerosis 1.8E-06 0.000037 

Mismatch repair 0.0052 0.11 Morphine addiction 0.000002 0.00004 

Colorectal cancer 0.0071 0.14 
Synaptic vesicle 
cycle 5.6E-06 0.0001 

Various types of N-glycan 
biosynthesis 0.0072 0.14 Thermogenesis 0.000012 0.0002 
NF-kappa B signalling 
pathway 0.0081 0.14 

Glutamatergic 
synapse 0.000012 0.0002 

Metabolic pathways 0.0082 0.14 

Vasopressin-
regulated water 
reabsorption 0.000047 0.00072 
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Table 6.11 KEGG pathway analysis of differentially expressed genes in 2018 vs 2020. Green column heading represents 
upregulated pathways in the primary tumour compared to the secondary tumour and red column headings represent 
down regulated pathways for the same group. Shaded boxes represent the non-significant pathway following FDR 
correction. Bold pathways indicate pathways of interest. 

Up regulated KEGG 
pathway in 2018 p-value 

adjP-
value 

Down regulated KEGG 
pathway in 2018 p-value 

adjP-
value 

Herpes simplex virus 1 
infection 5.7E-26 2E-23 Metabolic pathways 2.4E-18 8.4E-16 

Fanconi anaemia 
pathway 8.3E-06 0.0014 

Pathways of 
neurodegeneration - 
multiple diseases 3.7E-14 6.4E-12 

Cell cycle 0.000033 0.0038 Endocytosis 6.5E-14 7.6E-12 
DNA replication 0.000064 0.0055 Huntington disease 4.4E-12 3.8E-10 

Small cell lung cancer 0.00042 0.029 
Amyotrophic lateral 
sclerosis 1.3E-11 9.3E-10 

ECM-receptor 
interaction 0.0012 0.068 

Ubiquitin mediated 
proteolysis 4E-11 2.4E-09 

Focal adhesion 0.0014 0.071 Parkinson disease 6.8E-11 3.4E-09 
p53 signalling pathway 0.0028 0.12 Salmonella infection 1.3E-10 5.9E-09 
Mismatch repair 0.0032 0.12 Alzheimer disease 2.5E-10 9.7E-09 
Homologous 
recombination 0.0038 0.13 Thermogenesis 7.7E-10 2.7E-08 
Breast cancer 0.0056 0.17 Diabetic cardiomyopathy 2.3E-08 7.2E-07 
Human papillomavirus 
infection 0.0076 0.22 Prion disease 3.5E-07 9.8E-06 
Maturity onset diabetes 
of the young 0.0082 0.22 

Oxidative 
phosphorylation 3.8E-07 9.8E-06 

Signalling pathways 
regulating pluripotency 
of stem cells 0.012 0.29 

Sphingolipid signalling 
pathway 3.9E-07 9.8E-06 

One carbon pool by 
folate 0.018 0.41 

Retrograde 
endocannabinoid 
signalling 4.2E-07 9.9E-06 

Hypertrophic 
cardiomyopathy 0.03 0.63 

Protein processing in 
endoplasmic reticulum 1.2E-06 0.000027 

Nucleotide excision 
repair 0.032 0.63 

Chemical carcinogenesis 
- reactive oxygen species 1.4E-06 0.000029 

Nucleocytoplasmic 
transport 0.033 0.63 Axon guidance 0.000002 0.000039 
GnRH secretion 0.036 0.65 Autophagy - animal 2.1E-06 0.000039 
Notch signalling 
pathway 0.038 0.66 

MAPK signalling 
pathway 2.9E-06 0.000052 

Transcriptional mis 
regulation in cancer 0.041 0.66 Yersinia infection 5.1E-06 0.000085 
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Table 6.12 KEGG pathway analysis of differentially expressed genes in 2020 vs 2021. Green column heading represents 
upregulated pathways in the primary tumour compared to the tertiary tumour and red column headings represent down 
regulated pathways for the same group. Shaded boxes represent the non-significant pathway following FDR correction. 
Bold pathways indicate pathways of interest. 

 

Upregulated KEGG pathway 
in 2020 p-Value adjP-value 

Down regulated 
KEGG pathway in 
2020 p-Value adjP-value 

Herpes simplex virus 1 
infection 8.5E-12 0.000000003 

Oxidative 
phosphorylation 2.3E-14 8E-12 

Fanconi anaemia pathway 4E-07 0.00007 Alzheimer disease 6.1E-13 7.8E-11 
N-Glycan biosynthesis 0.00053 0.063 Parkinson disease 6.7E-13 7.8E-11 
NF-kappa B signalling 
pathway 0.0016 0.1 

Diabetic 
cardiomyopathy 1.8E-11 1.6E-09 

Other types of O-glycan 
biosynthesis 0.0022 0.1 Prion disease 2.2E-10 0.000000015 
Metabolic pathways 0.0023 0.1 Thermogenesis 6.5E-09 0.00000038 
Glycosylphosphatidylinositol 
(GPI)-anchor biosynthesis 0.0025 0.1 

Non-alcoholic fatty 
liver disease 0.00000001 0.00000052 

Epstein-Barr virus infection 0.0025 0.1 

Chemical 
carcinogenesis - 
ROS (Reactive 
Oxygen Species) 0.000000017 0.00000076 

Toxoplasmosis 0.0026 0.1 Huntington disease 0.000000073 0.0000029 

DNA replication 0.0033 0.12 

Pathways of 
neurodegeneration 
- multiple diseases 0.00000023 0.000008 

Inositol phosphate 
metabolism 0.0039 0.12 

Retrograde 
endocannabinoid 
signalling 0.0000024 0.000072 

Hematopoietic cell lineage 0.0045 0.13 
Amyotrophic 
lateral sclerosis 0.0000025 0.000072 

Various types of N-glycan 
biosynthesis 0.0055 0.14 Spliceosome 0.0000077 0.00021 
Homologous recombination 0.0055 0.14 Ribosome 0.000057 0.0014 

Other glycan degradation 0.0059 0.14 
Bacterial invasion 
of epithelial cells 0.00016 0.0035 

Calcium signalling pathway 0.011 0.24 
HIF-1 signalling 
pathway 0.00016 0.0035 

Amino sugar and nucleotide 
sugar metabolism 0.012 0.24 

Cardiac muscle 
contraction 0.00022 0.0045 

Pathways in cancer 0.016 0.32 Endocytosis 0.00024 0.0045 

Cell adhesion molecules 0.021 0.35 
Salmonella 
infection 0.00024 0.0045 

Measles 0.021 0.35 
Synaptic vesicle 
cycle 0.00025 0.0045 
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6.4.2.1 Recurrent tumours are associated with a down regulation of DNA repair mechanisms. 
KEGG analysis of the significantly up and down regulated genes across each comparison 

has provided interesting insight into the dysregulated pathways associated with disease 

progression. Of these pathways there were several DNA replication and repair pathways 

found to be significantly upregulated in the primary tumour. The pathways include the 

Fanconi anaemia pathway, homologous recombination, missmatch repair and DNA 

replication. DNA repair is essential for the maintence of genome integrity, and has been 

explored thoroughly In the context of cancer. Through KEGG analysis of differentially 

expressed genes, we see a signature of down regulation of DNA repair pathways across the 

recurrent tumours (2020 and 2021), which via lack of repair, may contribute to enhanced 

mutational burden of the secondary and tertiary tumours.  

STRING networking analysis was used to assess the interacting proteins present in each 

KEGG pathway, here we explored the Fanconi Anaemia (FA) (figure 6.10) and homologous 

recombination pathways (figure 6.11).  Through this analysis we were able to identify 

overlapping protein-protein networks in each pathway to help elucidate targets.  

We found that BRCA1 and BRCA2 had multiple protein interactions in each KEGG network, 

as well as RAD50, and RPA2.  

Furthermore, the Venn diagram in figure 6.12 displays the overlapping genes present in 

each pathway that were found via differential genes expresion analysis. Of the genes found 

to be differentially upregulated in the 2018 tumour there were 3 overlapping between the 

FA and missmatch repair (MMR) pathways. The comparison with the most overlapping 

genes was between the FA and homologous recombination (HR) pathways, finding 10 

differentailly up regulated genes in common, whereas only 4 genes overlapped between 
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MMR and HR. When comparing all pathways there was only one overlapping gene: 

replication protein A2 (RPA2) which functions across all three pathways and is differentially 

down regulated in the 2020 and 2021 tumours compared to 2018.  

 

 

 

Figure 6.10 STRING network of the Fanconi anaemia pathway. Analysis of protein-protein interactions in the total 
protein population of the pathway. Spheres represent individuals proteins and lines between spheres represent 
interactions. https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ  

https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
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Figure 6.11 STRING network of the homologous recombination pathway. Analysis of protein-protein interactions in the 
total protein population of the pathway. Spheres represent individuals proteins and lines between spheres represent 
interactions. https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ  

 

 

https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
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Figure 6.12 Venn diagram showing the overlap of proteins involved in each DNA repair pathway found to be 
downregulated in tertiary tumor (compared to primary and secondary). 

 

As the single commonly expressed gene between the groups we sought to further explore 

these findings using replication protein A2 (RPA2).  In the cellular response to DNA 

damage, the RPA complex controls the repair of damage DNA and checkpoint activation. 

RPA2 stabilises single-stranded DNA that form as a result of DNA replication or DNA stress. 

Upon binding to DNA, RPA2 prevents reannealing and activates proteins involved in DNA 

metabolism. Thereby, it plays an essential role both in DNA replication and the cellular 

response to DNA damage (233). Further assessment using publicly available data sets 

revealed that RPA2 is overexpressed in glioblastoma tissues when compared to normal 

healthy brain. Differential gene expression analysis reveals that RPA2 is significantly 

upregulated in the primary tumour, as such has lower expression values in the secondary 

and tertiary tumour, suggesting that a reduced expression is linked to recurrence of 

disease. To assess this the TCGA data set was explored on R2 using survival correlation 
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analysis. Progression free survival is significantly correlated with RPA expression (figure 

6.13c), with a poor prognosis and reduced overall survival being associated with a low 

expression of RPA2. This supports the data found in this study, as recurrence is linked to 

poor overall survival.  

Other interesting targets to investigate further are BRCA1, BRCA2 and RAD51 due to their 

significant implication in other cancers and overlap in multiple of the differentially 

expressed pathways.  

The down regulation of DNA pathways repair following exposure to TTFields may be 

indicative that TTFields has a significant effect on the ability of GBM cells to repair 

damaged DNA. However, DNA repair activation may be more simply, an innate trend in 

tumour response to all treatment types. This reduction in repair capacity would 

significantly inhibit the cancer cell’s ability to overcome chemo-irradiation induced DNA 

insults, and as such TTFields may be acting synergistically with standard of care therapy.  
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Figure 6.13 Expression and clinicopathological association of RPA2 in glioblastoma. A) Overall expression of RPA2 in 
glioblastoma data sets compared to normal brain data sets (turquoise). B) Kaplan Meier curve showing the overall 
survival correlated with RPA2 expression. C) Kaplan curve of progression free survival associated with RPA2 expression. 
Red = high expression, blue = low expression. Figures created using the R2 genomics platform as previously described. 
Kaplan Meier curves drawn from the TCGA data set.  
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6.4.2.2 Recurrent tumours harness enhanced neurodegeneration and mitochondrial function 
pathways. 

Comparison of the 2018 tumour with 2020 and 2021 tumours revealed a signature of 

enhanced neurodegenerative pathways in the recurrent (2020 and 2021) tumours.  

Of the proteins associated with these neurodegenerative pathways, genes associated with 

mitochondrial coding of NADP were significantly present in the cohort. Interestingly, these 

data align with that previously found in the group via gene array analysis of in vitro 

exposure to TTFields. MTND4 was found to be significantly differentially expressed in the 

treatment group compared to the untreated controls, furthermore neurodegeneration 

pathways were found to be amongst the top upregulated pathways . Of note, the 

Parkinson’s, Huntington’s, and Alzheimer’s pathways were significantly differentially 

expressed in all comparisons. 

STRING analysis of interacting proteins in each pathway is shown in figures 6.14 and 6.15, 

where solute carriers SLC30, SLC39 and MTND subunits are particularly of note, with many 

interacting partners.  

There were 32 common differentially expressed genes found in our analyses that 

overlapped between the three pathways, with 32 overlapping between Huntington’s and 

Parkinson’s. Furthermore, there were 32 overlapping genes between Huntington’s and 

Alzheimer’s and 35 overlapping differentially expressed genes between Alzheimer’s and 

Parkinson pathways (figure 6.17). Of note the MTND subunits were highly present as 

shown in table 6.13.  
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Figure 6.14 STRING network of the Huntingdon disease pathway. Analysis of protein-protein interactions in the total protein 
population of the pathway. Spheres represent individual proteins and lines between spheres represent interactions. https://string-
db.org/cgi/my?sessionId=bvHjY4AFFjFQ 

Figure 6.15 STRING network of the Alzheimer’s disease pathway. Analysis of protein-protein interactions in the total protein 
population of the pathway. Spheres represent individual proteins and lines between spheres represent interactions. 
https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ 

 

https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
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Figure 6.16 STRING network of the Parkinson’s disease pathway. Analysis of protein-protein interactions in the total 
protein population of the pathway. Spheres represent individuals proteins and lines between spheres represent 
interactions. https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ 

 

 

 

 

 

https://string-db.org/cgi/my?sessionId=bvHjY4AFFjFQ
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Figure 6.17. Venn diagram showing the overlap of proteins involved in each neurodegenerative pathway found to be 
upregulated in tertiary tumor (compared to primary and secondary). 
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Table 6.13 Table of the common differential down regulated proteins in all three pathways. 

 

In order to interrogate findings and align with glioblastoma, the gene ADRM1 was assessed 

via publicly available data sets using the R2 genomics platform. We find that the expression 

of ADRM1 is variable across datasets, but tends to exhibit lower expression when 

compared to normal brain tissue. To further this, survival analysis was carried out via 

Kaplan Meier curves. Progression free survival is significantly associated with the 

expression of ADRM1 in glioblastoma patients (TCGA), whereby high expression confers a 

decrease in PFS. As such this may indicate that an upregulation in pathways expressing 

ADRM1 is associated with tumour progression, and may reveal an interesting biomarker 

for GBM recurrence and potentially treatment resistance.  

 

Differentially DR genes present in all 3 pathways 
ADRM1 26S proteasome ubiquitin receptor(ADRM1)
ATP synthase F1 subunit delta(ATP5F1D)
ATP synthase F1 subunit gamma(ATP5F1C)
NADH:ubiquinone oxidoreductase subunit A13, A3, B11, B4, C1(NDUF)
NDUFA4 mitochondrial complex associated like 2(NDUFA4L2)
cytochrome c oxidase subunit 6B1(COX6B1), subunit 7C(COX7C)
cytochrome c1(CYC1)
kinesin family member 5A(KIF5A)
mitochondrially encoded ATP synthase 6(MT-ATP6), synthase 8(MT-ATP8)
cytochrome c oxidase subunit 6B1(COX6B1), subunit 7C(COX7C)
mitochondrially encoded NADH 4L dehydrogenase(MT-ND4L)
mitochondrially encoded NADH dehydrogenase 1(MT-ND1), 2(MT-ND2), 3(MT-ND3), 4(MT-
ND4), 5(MT-ND5), 6(MT-ND6)
mitochondrially encoded cytochrome b(MT-CYB)
mitochondrially encoded cytochrome c oxidase I(MT-CO1), II(MT-CO2),  III(MT-CO3)
proteasome 20S subunit beta 5(PSMB5)
solute carrier family 25 member 6(SLC25A6)
tubulin alpha 1b(TUBA1B)
tubulin alpha 1c(TUBA1C)
tubulin beta 4A class IVa(TUBB4A)
voltage dependent anion channel 2(VDAC2)
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Figure 6.18 Expression and clinicopathological association of ADRM1 in glioblastoma. A) Overall expression of ADRM1 
in glioblastoma data sets compared to normal brain data sets (turquoise). B) Kaplan Meier curve showing the PFS 
correlated with ADRM1 expression. C) Kaplan curve of OS associated with ADRM1 expression. Red = over expression, Blue 
= low expression. Figures created using the R2 genomics platform as previously described. Kaplan Meier curves drawn 
from the TCGA data set. 

 

 



320 
 

6.4.2.3 Multiple pathways linked to ion channel control are dysregulated upon tumour progression. 
KEGG pathway analysis and gene ontology analysis have both revealed that there are 

multiple cellular processes and biological pathways involved with ion channel transport 

and function that are significantly dysregulated.  

Several of the top 20 most differentially up or down regulated genes are solute carriers, 

suggesting a key role in ion movement in the progression of this tumour, and genetic 

alterations associated with TTFields treatment.  

 

6.4.2.4 Overlapping pathways  
KEGG pathway analysis revealed that there were several significantly altered pathways 

present throughout the lifespan of the tumour, and these may hold bearing in determining 

mechanistic insight into the genetic response of TTFields in vivo. 

Here we find that there are 6 total overlapping pathways between the three comparisons. 

The highest number of overlapping pathways was found between the 2020 vs 2021 

comparison and the 2018 vs 2021 comparison, with 18 KEGG pathways in common. The 

lowest number of overlapping pathways was found in the 2020 vs 2021 and 2018 vs 2020 

comparison. 

This provides evidence that the 2020 tumour is an intermediary for the genetic alterations 

observed tumour between the primary, treatment naïve tumour, and the tertiary tumour 

with heavy TTFields exposure. Thus, giving evidence for evolution of the tumours genetic 

landscape associated with TTFields exposure and recurrence. 

We also found several unique pathways belong to each comparison. Further research into 

these may elucidate potential target mechanisms for disease recurrence.  
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Figure 6.19 Overlapping KEGG pathways between the three comparisons. 

6.5 Extended in vivo TTFields treatment confers a unique ion channel signature. 
We then sought to further assess the genetic landscape in the three tumour samples, and 

enriched our analyses to assess expression patterns of ion channels genes of interest 

throughout this project.  

Excitingly, upon enriching our analyses for ion channel genes we observed the unique ion 

channel expression pattern in the patient tissue as we observed in cell line experiments. 

When comparing CLIC1 and CLIC4 ion channel expression we see a significantly reduced 

expression of both genes in the 2021 samples when compared to 2018 sample, and 2020. 

This marked decrease mirrors the expression pattern observed in cell lines following 

TTFields exposure, confirming that in vitro findings are recapitulated in an in vivo setting. 

Similarly, SCNN1D, TRPM7, KCNNA4, P2RX7 reveal a downregulation in expression across 

the recurrent tumours, with a significant decrease observed in 2021 samples. Importantly, 

all three replicates possess the same signature of reduction. Interestingly, the primary 

tumour harbours a low expression of KCNB1 and KCNJ10, which is significantly upregulated 
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following recurrence and initial exposure to chemo-irradiation and TTFields therapy. This 

upregulation this then followed by a down regulation in the tertiary tumour, suggesting 

the tumour entering an altered state associated with the movement of potassium ions.  

Whilst we cannot confirm that these genetic changes are solely due to TTFields exposure 

due to the myriad of contributing factors, we can use these data to support lab-based 

findings. Here the primary (2018) tumour acts as a ‘control’ giving insight into the 

mutational and base line expression status of ion channels in a glioblastoma sample. By 

comparing the secondary (2020) tumour to the primary tumour we are able to elucidate 

genetic changes happening in association with TMZ, RXT and minimal TTFields exposure, as 

well as the initial mechanisms of recurrence and potential tumour resistance. Comparing 

the 2020 and 2021 tumour gives an indication of what is occurring following extended 

TTFields treatment, with no further TMZ or RXT. Furthermore, comparison of the primary 

and tertiary tumours reveals evolutionary insight and mechanistic understanding of 

extended TTFields exposure compared to a treatment naïve state.  

Furthermore, we assessed the overall expression of the ion channel panel across the total 

cohort, finding that CLIC1 was significantly up regulated in the primary tumour compared  

to the secondary tumour, and that KCNJ10 was significantly down regulated. Additionally, 

SLC2A13 was significantly upregulated in the 2018 tumour vs 20201, and SCNN1D was 

significantly upregulated in the secondary tumour (2020) vs the tertiary tumour (2021). 

These data suggest that although expression differences are clear when performing 

supervised hierarchical clustering, these expression patterns may not be significantly 

different in the whole cohort.  

Interestingly, multiple levels of analysis have revealed a dysregulation of ion channel 

expression throughout the recurrence of the tumour. Ion channel mediated pathways such 
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as ion binding, addiction and synaptic control have been found to be significantly 

differentially expressed when comparing the primary tumour to the secondar and tertiary 

tumour. These data support the feasibility studies carried out through the duration of this 

project, supporting findings indicating that ion channels may provide mechanistic insight 

into the success of TTFields therapy.  

 

Figure 6.20 Heatmap of the normalised counts of the genes of interest in all samples. Clustering is seen for CLIC1, CLIC4, 
SCNN1A, SCNN1D, P2RX7, P2RX4, KCNMA1, KCNN4, AQP1, AQP4 ,TRPM7 ,KCNB1 ,KCNJ10, SLC2A1, LRRC8A. Analysis and 
figure by S.H 
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Table 6.14 Significantly differentially expressed ion channel genes in the whole cohort. (cut off adjusted P-values <0.05)  

 

 

 

 

 

 

 

 

 

 

 

Differential expression 2018 vs 2020 

Gene name Log fold change pAdj 

CLIC1 1.63092 0.047224 

KCNJ10 -1.754267472 0.003010441 

Differential expression 2018 vs 2021 

Gene name Log fold change pAdj 

SLC2A13 5.819508641 3.22E-06 

Differential expression 2020 vs 2021 

Gene name Log fold change pAdj 

SCNN1D 4.187467061 0.004616992 
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6.6 Expression of CLIC1 and CLIC4 tumour tissue exposed to TTFields in vivo.  
This project has sought to elucidate the role of CLIC1 and CLIC4 ion channels in glioma 

pathology, and as potential targets for TTFields therapy. As such, patient 98 tissues were 

used as patient model and a mechanism to validate our candidate targets in the in vivo 

exposure of TTFields. Following promising findings from RNA sequencing analysis, we 

sought to validate the expression profiles of CLIC1 and CLIC4. 

Initial experiments were conducted to understand the overall expression levels of  CLIC1 

and CLIC4 across the primary lesion (GBM98a) compared to the recurrent TTFields exposed 

tumour specimens (GBM98b and GBM98c). Immunohistochemistry analysis staining 

against CLIC1 and CLIC4 was firstly used to determine the expression patterns and protein 

localisation (figure 6.21) across the three matched samples. CLIC1 and CLIC4 were 

predominantly localised to the cytoplasm, however the distribution of cytoplasmic staining 

was not as markedly elevated as that observed in other patient tissues (figure 6.21). 

Interestingly the nuclear expression was of CLIC1 significantly higher than the cytoplasmic 

expression in the primary tumour. This observation is noteworthy as CLIC1 localises to the 

membrane and cytoplasm in its functionally active form. Additionally, comparisons were 

drawn between TTFields exposed tissue and primary adult and paediatric HGGs, with 

overall staining intensity in the primary tissue being comparable across patient 98 and 

other HGG tissues used in microarrays in this study. 

To further this, we sought to assess the protein expression of CLIC1 and CLIC4 across the 

primary and subsequent recurrent tumours (figure 6.21b). CLIC1 was significantly down 

regulated in GBM98(c)  when compared to the to primary tumour (GBM98(a)) p= <0.01 

and first recurrence (GBM98(b)) p=<0.001. Conversely, despite GBM98(c) demonstrating 

lower average overall CLIC4 staining, there were no significant differences found in the 
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primary lesion compared to recurrent lesions. Thus, validating the down regulation of 

CLIC1 and CLIC4 mRNA observed in RNA sequencing analysis. 

This is interesting as this research has identified that CLIC overexpression is linked to 

increasingly aggressive disease including higher WHO grade. As such, one may expect that 

recurrent tumours would exhibit and increased expression of CLIC proteins, as these are 

the aggressive and resistant subclone populations. However, previous experiments in this 

study have identified that there is an overexpression of CLICs in the core region of the 

tumour when compared to the invasive region. Theoretically, it is the cells in the invasive 

margin that remain, and cause tumour recurrence, and therefore exhibiting lower levels of 

CLIC expression. Another explanation for this may be the result of TTFields exposure. 

Genome wide expression analysis found that CLIC1 and CLIC4 were both down regulated 

following TTFields exposure in KNS42 cells, and this effect may be being recapitulated in 

vivo.  

Research including this study, has previously noted that high expression of CLIC1 and CLIC4 

are prognostic indicators of poor or reduced overall survival. As of February 2023, Patient 

98 was 5 years post diagnosis, with only 5% of patients falling into the >5 year survival 

category. The relatively reduced expression of CLIC1 and CLIC4 in the recurrent tumour 

samples may be contributing to the more favourable prognosis and overall survival of 

patient 98.  
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Figure 6.21. CLIC1 is significantly down regulated in recurrent tumour samples. Analysis via immunohistochemistry was 
carried out on tissue sections from patient 98. Key: GBM98(a): first look surgery, no treatment; GBM98(b) recurrent 
tumour 1, treatment with TMZ, 60gy and TTFields; GBM(c) recurrent tumour 2, treatment with TMZ, 60gy and TTFields. 
Each section was stained in triplicate, and scoring carried out across 4 independent and randomly selected areas of each 
tissue specimen. A) Relative protein expression of CLIC1 and CLIC4 as shown by staining intensity of cytoplasmic and 
nuclear compartments. B) Representative images of tissues sections stained for CLIC1 and CLIC4. Magnification 20x. C) 
Comparison of the cytoplasmic expression of CLIC1 and CLIC4 across all three tumour samples.  

 

6.6.1 Spatial analysis of CLIC1 and CLIC4 expression in GBM98(c) tissue 
Sequencing studies performed by our group have shown that the cells present in the 

invasive margin are more similar to recurrent disease than the central region of the 

primary tumour (234,235). To test the hypothesis that the down regulation of CLIC1 

observed in GBM98(c) was a result of cells from the invasive margin of the primary tumour 

making up a significant portion of the recurrent tumour, spatial analyses was carried out 

on distinct regions of GBM98(c). There were no significant differences in the expression of 

CLIC4 across distinct neuroanatomical regions of the tumour specimen.  



329 
 

There were, however, significant differences in the expression of CLIC1 in 98.2 vs 98.5 – 

the core and invasive regions respectively (p=<0.05). Unexpectedly, these data directly 

conflict previous findings and our hypothesis. Here we find that CLIC1 is significantly over 

expressed in the invasive region (98.5) of GBM98(c) when compared to the core region 

(98.2). Previously, the study confirmed across adult glioblastoma TMAs that there is a 

significant upregulation of CLIC1 in the core compared to the invasive region. Although not 

anticipated, this result is likely due to sample bias as a direct result of a n=1. Additionally, 

98.5 remains very cellular, so may not represent the true invasive edge. 

Unfortunately, analyses on GBM98(a) and GBM98(b) was not possible as the centre that 

collected the tumours did not separate into distinct regions.  
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Figure 6.22 Spatial expression of CLIC1 and CLIC4 in GBM98(c). A) Representative image of the staining intensity of CLIC1 
and CLIC4 expression across different neuroanatomical regions of the tumour. Magnification x10 B) Quantification of the 
relative staining intensity in nuclear and cytoplasmic regions. C) Comparison of the cytoplasmic expression of CLIC1 and 
CLIC4 in different neuroanatomical regions.  
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6.7 Characterisation of cell lines derived from GCE98(c) 
6.7.1 GIN98 and GCE98 cell morphology and behaviour 

GCE98 and GIN98 were both derived from GBM98(c) – specifically the core and invasive 

regions, respectively. Low passage patient derived cell lines are essential in maintain 

biological validity and retaining inherent properties that are representative of the original 

tumour. Despite being derived from the same tumour, GIN98 and GCE98 cells behave very 

distinctly. As shown in figure 6.23 they two cell lines have very distinct morphologies, with 

GIN98 showing a spindly like morphology, with cells forming long projections and filling the 

space independently. Conversely, GCE98 cells are more compact with shorter cell bodies, 

opting to grow in clusters across the culture vessel. This is matched with distinct growth 

kinetics observed between the two. The average doubling time for GIN98 is around 30 

hours, whereas GCE98 take longer at 40 hours, with PrestoBlue readings on control GIN98 

cells being around 1.25x that of GCE98, indicating increased metabolic activity. 

 

Figure 6.23 Representative image of GCE98 and GIN98 cells. Cell morphology captured by inverted light microscopy at 
10x magnification. 
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6.7.1.1 GIN98 cells fail to form neurospheres. 
The ability of cells to form neurospheres demonstrates an ability to proliferate indefinitely, 

is associated with stem cell like behaviour, and as such can measure tumour forming 

capacity of cell lines. Through this the neurosphere forming capacity of cells derived from 

the core and invasive region of the recurrent tumour GBM98(c) was characterised.  

It was hypothesised that the inability of GIN98 to form neurospheres may be a result of 

epithelial-mesenchymal-transition, resulting in a reduction in overall stemness. As such, 

GBM98a,b,c tissue was stained to explore the expression of Zeb1, a marker associated with 

EMT. Results found that the cytoplasmic expression of ZEB1 in GBM98(c) (both the core 

and invasive regions) was higher than both the temporal lobe, and primary glioma tissue 

from a matched patient. Interestingly, the nuclear expression in all GBM98 specimens was 

significantly elevated compared to the nuclear expression of ZEB1 in GBM28. High 

expression of ZEB1 may link to EMT but this needs much further analysis to validate 

findings. Research has suggested that Zeb1 is cytoplasmic in central tumour regions 

(reminiscent of our core samples), transitioning to the nucleus in the invasive regions of 

tumours (28). The highest overall expression of ZEB1 was seen in GBM98c core region, the 

tissue specimen that GCE98 was derived from. If the lack of neurosphere formation in 

GIN98 was in fact due to EMT, one would expect an over expression in the GBM98c 

invasive region tissue, however this is not the case. 

It can be assumed that in vivo exposure to TTFields is not the reason for the inability of 

GIN98 to form neurospheres as we have demonstrated that KNS42 and SF188 cells 

exposed to invitro TTFields do form neurospheres. However, the effects of in vivo TTFields 

may be more pertinent, exhibiting a more pronounced effect on tumour biology and as 
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such cell line behaviour. Equally, the expression level of CLIC1 and CLIC4 is unlikely to be 

the cause, as GIN98 expresses both at mRNA level, albeit less so than the primary tumour. 
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Figure 6.24 Gin98 is unable to form sufficient neurospheres. A) representative images of the neurosphere forming capacity of 
GIN98 and GCE98 at day 3. 10x magnification. B) patient 98 tumour tissue was stained with ZEB1 a recognised EMT marker to 
assess whether the inability to form neurospheres, and therefore reflect stemness associated with EMT. C) quantification of the 
staining intensity of ZEB1 in patient 98 tumour tissues compared to temporal lobe and GBM28. Statistical analysis via t-test. 
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6.7.2 Patient 98 has lower overall expression of CLIC1 and CLIC4 compared to pHGG cell 
lines. 

To expand the studies, the patient derived cell lines GIN98 and GCE98 were compared to 

the panel of pHGG cell lines – SF188, KNS42 and GCE62. Firstly, this allowed exploration of 

the expression of ion channels in these adult derived cell lines, but also to aid identification 

of any expression changes seen following in vivo TTFields in order to validate in vitro 

TTFields experiments. The panel of ion channel candidates explored in chapter 3 were 

assessed at mRNA level in GIN98 and GCE98 cells. Here its shown (figure 6.25) that all of 

the ion channel genes identified as implicated in gliomagenesis are expressed in both cell 

lines. Further work sought to stratify these results and compare the CLIC1 and CLIC4 

specific expression in GIN98 and GCE98 cells compared to pHGG cell lines.  

Firstly, rtPCR identified that GCE98 significantly over expresses CLIC1 compared to GIN98 

(p=<0.05), conflicting findings at the protein level from IHC experiments on distinct spatial 

regions. Interestingly, CLIC1 expression in the primary paediatric line GCE62 was also 

significantly over expressed when compared to GIN98 cells (p=<0.01). Furthermore, 

analysis of CLIC4 expression revealed that GCE98 (p=<0.01), SF188 (p=<0.05) and GCE62 

(p=<0.01) significantly overexpress CLIC4 when compared to GIN98. Here a clear down 

regulation of CLIC1 and CLIC4 is observed in the invasive region of recurrent GBM treated 

with TTFields when compared to non-TTFields exposed cell lines.  
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Figure 6.25 CLIC1 and CLIC4 expression are downregulated in GIN98 cells compared to pHGG. A) rtPCR was used to 
assess the expression levels of a panel of ion channel genes in GCE98 and GIN98. Expression of CLIC1 and CLIC4 is 
significantly lower in the GIN98 cell line. B) Comparison of rtPCR vales for CLIC1 and CLIC4 expression across pHGG and 
GCE98 and GIN98 cell lines. A significantly lower expression of CLIC1 and CLIC4 is seen in GIN98 compared to pHGG. (One 
way ANOVA, multiple comparisons) 
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6.7.2.1 CLIC1 and CLIC4 targeting in GIN98 and GCE98 
To further identify any potential mechanistic insights into the role of CLIC1 and CLIC4 in the 

response to TTFields, siRNA targeting of CLIC1 and CLIC4 was carried out on GIN98 and 

GCE98. As previously observed, the overall mRNA expression levels of CLIC4 were 

significantly lower in the GIN98 cell line that has previous in vivo exposure to TTFields.  

6.7.2.2 CLIC1 and CLIC4 knock down significant reduced cell viability and GCE98 colony count.  
Deficiency of CLIC1 and CLIC4 was explored via siRNA targeting of GIN98 and GCE98 cells 

(figure 6.26). Knock down of CLIC1 and CLIC4 resulted in a significant reduction in viability 

(p=<0.01) in GIN98 cells, with overall efficacy observed being less than CLIC knock down in 

pHGG cell lines. However, only CLIC4 knock down resulted in a reduction in viability in 

GCE98 cells (p=<0.05), with significantly less of an effect observed when compared to 

pHGG cells.  

To further explore this, clonogenic assays were carried out to assess the effect of CLIC1 and 

CLIC4 knock down in the colony forming capacity of GIN98 and GCE98. Recurrent disease is 

often assumed to be more ‘aggressive’ due to the inherent selection of treatment resistant 

subclones; as such, it could be assumed that cells derived from recurrent disease would 

have an increased colony forming capacity. Cells may lose proliferative drive and become 

more invasive due to the selection pressures of treatment, aligning to the ‘Go or Grow’ 

hypothesis. Interestingly GIN98 fails to form both neurospheres and colonies. These two 

assays in particular are measures of tumorigenicity, and as such aggressiveness of the cells. 

This would suggest that GIN98 is a less ‘aggressive’ and due to extensive tumour 

heterogeneity, the subclones that were present in this region may lack tumour sphere 

forming capabilities. Indeed, this may not be the case at all, and the observed results may 

merely be an artefact of the spindle morphology of the cells.  
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CLIC1 and CLIC4 knock down resulted in a 50% reduction in the ability of GCE98 cells to 

form colonies (p=<0.001).  

 

Figure 6.26 CLIC1 and CLIC4 knock down reduces proliferation in patient 98 cell lines. A) siRNA targeting of CLIC1 and 
CLIC4 in GIN98 cells reveals a significant reduction in cell viability as measured by presto blue, however only CLIC4 knock 
down resulted in a significant reduction in viability in GCE98 cells. B) proliferation as measured by clonogenic assay 
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analysis reveals as significant reduction in the proliferative capacity of GIN98 and GCE98. GIN98 failed to form colonies, 
however staining of the cells with crystal violet revels a significant reduction in proliferation following CLIC1 and CLIC4 
knock down. Knock down of both CLCI1 and CLIC4 resulted in a significant reduction in colony forming units in GCE98 
cells.  

6.7.3 Assessment of the invasive capacity of recurrent GBM cell line vs pHGG cell lines 
We have previously hypothesised that CLIC1 and CLIC4 are key drivers of invasion in HGG 

cell lines, with CLIC targeting via pharmacology or siRNA resulting in a significant reduction 

in invasive capacity.  

Firstly, the inherent invasive capacity of GIN98 and GCE98 was assessed. A modified 

Boyden chamber (coated with collagen IV) assay was used. A chemotactic gradient was 

created in which serum starved cells invade towards 10% FBS. Both GIN98 and GCE98 have 

invasive capacity, with over 60% of cells invading towards the FBS gradient (p=<0.01). 

Following confirmation of the invasive ability of GIN and GCE98, we sought to compare the 

invasiveness of these cells to pHGG cell lines (figure 6.27). The overall percentage of 

invading GIN98 and GCE98 cells was found to be significantly lower than SF188 and KNS42 

cell lines under control conditions. These findings are interesting as the overall level of 

CLIC1 and CLIC4 expression in GIN98 was significantly lower than pHGG cells. This may 

suggest that lower levels of CLIC1 and CLIC4 are linked to the cell lines reduced invasive 

capacity, confirming the hypothesis that CLIC proteins contribute to the mechanism of 

invasion in pHGG cells.  
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Figure 6.27 Patient 98 cells have invasive capacity but are significantly less invasive than pHGG cells. A) Invasive 
capacity of GIN98 and GCE98 was measured using a modified boyden chamber assay coated in in collagen IV. A FBS 
gradient was used to create a chemo attractant whereby cells seeded in 0% FBS media either invaded towards 10% FBS 
media, or 0% FBS media. GIN98 and GCE98 invaded significantly more towards the 10% FBS gradient. B) invasive capacity 
of GIN98 and GCE98 was compared to pHGG cells, and reveals a significantly reduced capacity for patient 98 to invade. 
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6.7.3.1 CLIC1 and CLIC4 siRNA reduced invasive capacity of GIN98 and GCE98 
In order to further pursue the investigation into CLIC channels and invasion, siRNA 

targeting was used to assess CLIC deficiency in GIN98 and GCE98 cells. It was found that 

CLIC1 and CLIC4 knock down significantly reduced the invasive capacity of GIN98 cells 

(p=<0.01) with an average decrease in invasion of 41 and 45% seen in CLIC1 and CLIC4 

deficient GIN98 cells respectively. Comparably, the invasion of GCE98 cells was significantly 

reduced by 35% following CLIC1 knock down, and 30% following CLIC4 knock down 

(p=<0.01) as shown in figure 6.28. 

The overall invasive capacity of pHGG cell lines SF188 and KNS42 was found to be 

significantly elevated compared to patient 98 derived cells. Interestingly, knock down of 

CLIC1 and CLIC4 had markedly more of an effect on the reduction of invasion in SF188 cells 

when compared to GIN98.  
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Figure 6.28 CLIC1 and CLIC4 knock down significantly reduces invasive capacity of patient 98 cells, but results in less inhibition 
of invasion than in pHGG. A) siRNA targeting of CLIC1 and CLIC4 results in a significant reduction in invasion of GCE98 and GIN98 
cells. B) Comparison of the invasive capacity of cell lines following CLIC1 knock down. GIN98 has significantly increased ability to 
invade compared to pHGG. C) Comparison of the invasive capacity of cell lines following CLIC4 knock down. GIN98 has 
significantly increased ability to invade compared to pHGG. 
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6.7.4 The effect of invitro TTFields on GIN98 and GCE98 cell lines exposed to in vivo 
TTFields. 

It is widely accepted and understood that TTFields treatment of adult HGG shows efficacy 

and treatment response both in vivo and in vitro. Previous work in this study has confirmed 

that TTFields demonstrates efficacy as a treatment for pHGG cell lines with no prior 

exposure to TTFields. We sought to interrogate the effect of in vitro TTFields treatment on 

adult GBM cell lines that had been exposed to in vivo TTFields. The literature has widely 

discussed that recurrent disease is likely a result of remaining treatment resistant sub 

clones that retain the ability to proliferate and infiltrate even following treatment. GIN98 

and GCE98 cells were derived from a tertiary tumour (second recurrence) that had 

previously exposed to TTFields, temozolomide and radiotherapy in vivo for multiple 

treatment rounds. It is feasible to hypothesise that as surviving subclones, GIN98 and 

GCE98 may harness an inherent resistance to TTFields. 

6.7.4.1 GCE98 is more tolerant to TTFields than pHGG.  
GCE98 and GIN98 cells were exposed to in vitro TTFields for 72 hours at a treatment 

frequency of 200kHz. Following TTFields exposure, GIN98 and GCE98 exhibited a significant 

reduction in the viability and cell count (figure 6.29). Interestingly, when comparing to 

pHGG cell lines, GCE98 was significantly less sensitive to TTFields, with an average 

reduction in viability of 25% compared to 50% reduction in SF188 (p=<0.01), 53% reduction 

in KNS42 (p=<0.01) and 40% in GCE62 cells (p=<0.05). GIN98 demonstrated a comparable 

overall treatment efficacy to pHGG cell lines. As discussed, GCE98 cells have an increased 

expression of CLIC1 and CLIC4 compared to GIN98, and show an increased invasive 

capacity. These data suggest that increased expression of CLIC1 and CLIC4 may be 

protective to the tumour, and result in treatment resistance to TTFields. Despite this, the 

overall expression level of CLIC1 and CLIC4 is reduced in patient 98 derived cell lines when 
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compared to pHGG, yet shows increased tolerance to TTFields in vitro. Further assessment 

into the mechanism of sensitivity TTFields would provide valuable insight into the role ion 

channels in determining treatment efficacy.  
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Figure 6.29 Patient derived cells with previous exposure to TTFields have higher tolerance to in vitro TTFields than 
pHGG cell lines. A) Treatment of GIN98 and GCE98 with TTFields at 200kHz for 72hrs results in significant reduction in cell 
viability as measured by presto blue assay normalised to untreated cells. B) Cell count measured as a percentage of 
control, untreated cells, is significantly reduced following TTFields and 48 and 72 hours. C) GCE98 cells have a higher 
tolerance to TTFields compared to pHGG.  

 

6.7.5 Long term treatment confers increased tolerance in GIN98 and GCE98 cells. 
Cells derived from the core region of patient tumour exposed to in vivo TTFields show an 

increased tolerance to short term in vitro treatment. To further assess tolerance to 

TTFields, GIN98 and GCE98 cells were exposed to long term TTFields treatment for 13 days. 

GIN98 and GCE98 cells exposed to TTFields for 13 days were significantly more viable at 

day 13 (p=<0.05) when compared to day 3 (figure 6.30).  

Tolerance in KNS42 cell lines appeared to be associated with an increased expression of 

CLIC1, suggesting a role of CLIC1 in the mechanism of treatment sensitivity. To assess this 

in patient 98 derive cells, rtPCR analyses of CLIC1 and CLIC4 levels was performed on 

control cells and long vs short term treatment. Similarly, to pHGG, there was a significant 
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decrease in CLIC1 and CLIC4 expression in GIN98 and GCE98 following 3 days exposure to 

TTFields. Furthermore, long term exposure to TTFields resulted in a significant recovery of 

CLIC1 expression in both GIN98 and GCE98 cell lines.  
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Figure 6.30 GIN98 and GCE98 demonstrate tolerance to Long-term exposure to tumour treating fields. A) GCE98 and 
GIN98 demonstrate increased viability following long term exposure of TTFields when compared to standard 3-day 
treatment. B) rtPCR experiments found GIN98 tolerance to TTFields is associated with an increase in CLIC1 mRNA. C) 
rtPCR of GCE98 cells treated with TTFields for 13 days have increased expression of CLIC1 mRNA compared to 3-day 
treatment.  

6.8 Chapter summary  
This chapter aimed to provide mechanistic insight into the in vivo effects of TTFields in 

recurrent patient samples. We used RNA sequencing analysis to explore a unique 

opportunity to assess the genetic effects of TTFields treatment in recurrent glioblastoma 

samples. We have interrogated findings to reveal significantly up and down regulated genes 

across the life span of the tumour, and divulge the significantly altered pathways associated 

with GBM disease recurrence, and genetic effects associated with TTFields therapy. Through 

this we have cross examined previous findings in the project, to assess the effect of TTFields 

on ion channel expression in a patient model, concluding that in vitro is indeed, 

recapitulated in the patient. Thus, these data confirm that CLIC1 and CLIC4 may hold 
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mechanistic insight into the action of TTFields, and further confirm their status biomarkers 

for HGG. 

We have validated the findings from RNA sequencing analysis at both the protein and mRNA 

level via IHC staining and rtPCR of recurrent tissue and cell lines. Further to this we have 

explored the malignant capacity of cell lines generated from the tertiary TTFields exposed 

tumour, evaluated the effects of CLIC channel inhibition in a model of recurrent GBM. 

Finally, the in vitro effect TTFields following prior in vivo exposure was analysed, revealing 

that recurrent GBM cells acquire tolerance to TTFields.  

These data confirm the imperative nature of tackling GBM progression and support our 

findings that ion channels are viable targets to prevent disease relapse and treatment 

resistance.  

 

Chapter outputs: 

1) RNA sequencing analysis reveals that recurrent GBM tumours have unique genetic 

landscapes. 

- Primary, secondary, and tertiary tumours cluster independently and exhibit 

unique genetic profiles.  

- There is minimal overlap in the top 20 up and down regulated genes between the 

primary, secondary, and tertiary tumour, revealing genetic evolution across the 

lifespan of the tumour. 

- Gene ontology assessing cellular function reveals that recurrent tumours evolve 

away from their primary astrocytic function, which is reflective of tumour cells 

becoming more primitive and losing glial features. Furthermore, the primary 
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tumour has an upregulation of DNA and RNA replicative activity indicating 

enhanced mitotic activity. 

- KEGG analysis reveals downregulation of DNA repair mechanisms is found in the 

secondary and tertiary tumours, suggesting that TTFields exposure may be 

driving dysregulation of DNA repair mechanisms. Additionally, an upregulation of 

neurodegenerative pathways in the tertiary tumour aligns with previous invitro 

work and may identify new biomarkers for GBM.  

2) In vivo exposure to TTFields results in a down regulation of CLIC1 and CLIC4 and a 

unique ion channel signature compared to the primary tumour.  

- Pathways associated with ion channel functioning and control are significantly 

differentially expressed when comparing primary and recurrent tumours 

highlighting the imperative nature of ion channel function in tumour progression 

and response to TTFields.  

3) CLIC1 and CLIC4 staining is significantly reduced in the recurrent tumour GBM98(c) 

compared to the primary (GBM98(a)). 

- Spatial analyses via IHC reveals that CLIC1 is significantly overexpressed in the  

invasive region of the GBM98(c) 

4) Cell lines derived from GBM98(c) have significantly different morphologies and 

characteristics compared to pHGG. 

- GIN98 cells fail to form neurospheres and this is associated with an upregulation 

of ZEB1, suggestive of EMT. 

- rtPCR reveals that CLIC1 and CLIC4 mRNA expression is significantly lower in 

GCE98 and GIN98 compared to pHGG cells.  

- The invasive capacity of GIN98 is significantly lower than pHGG.  
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5) CLIC1 or CLIC4 knock down significantly reduces the capacity for GIN98 and GCE98 to 

proliferate and invade. 

6) Cells exposed to in vivo TTFields are significantly less sensitive to in vitro TTFields. 

- GCE98 is significantly more tolerant to TTFields than pHGG. 

- Long term treatment confers increased tolerance in GIN98 and GCE98 cells. 

- Tolerance to TTFields is associated with an increase of CLIC1 mRNA expression. 
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7 Discussion 
This thesis has identified CLIC1 and CLIC4 ion channels as prognostic indicators for survival 

in patients with high-grade gliomas. Through a combination of in vitro assays and clinical 

analyses, we have explored the expression profile of CLIC channels in pHGG glioma and the 

functional and clinicopathological implications associated with CLIC1 and CLIC4 expression 

in patient data sets and cell lines.  

We present evidence to suggest that CLIC1 and CLIC4 expression mediates the malignant 

response of pHGG, and that targeting these channels can reduce the capacity of pHGG to 

proliferate and invade. We have explored the role of bioelectricity in HGG tumorigenesis; 

confirming that CLIC and CLIC4 affect the bioelectrical properties of pHGG, and that 

inhibition of these channels alters chloride flux, membrane potential and cell cycling. We 

have interrogated in vitro TTFields treatment for pHGG, identifying that TTFields treatment 

exposure results in dysregulation of the expression of CLIC1 and CLIC4 ion channels and 

down regulation at mRNA and gene level. We find that, long term exposure to TTFields can 

lead to treatment tolerance, and that sensitivity to TTFields may be mediated by 

expression of CLIC1 and CLIC4. A combination of CLIC inhibition and TTFields has synergistic 

effects, sensitising cells to treatment. Patient derived cell lines from tumours exposed to in 

vivo TTFields are inherently more tolerant to in vitro TTFields, and exhibit reduced invasive 

and proliferative capacity.  

We present a unique case study into the genome wide effects of TTFields in recurrent 

glioblastoma tissue. Cell lines from the core region and invasive zone derived from an adult 

patient exposed to in vivo TTFields were assessed for expression of CLIC proteins, invasive 

capacity and sensitivity to TTFields. We find that CLIC1 and CLIC4 are down regulated, 

suggesting that cell data is recapitulated in the patient setting. We interrogated the effect 
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of in vitro TTFields following previous in vivo exposure of the native tissue, finding that cell 

lines derived from said tissue are significantly less sensitive to TTFields than pHGG cells. 

Using 3’ mRNA sequencing we have identified that tumour progression is associated with a 

down regulation of cell-of-origin features such as neurogenesis and synaptogenesis. 

Furthermore, recurrent tumours and exposure to TTFields therapy confers a reduced 

expression of DNA-repair associated genes, that is associated with an upregulation of 

neurodegenerative pathways associated with mitochondrial function. We have identified 

potential therapeutic vulnerabilities in recurrent glioblastoma that may hold promise as 

future targets for HGG treatment alone, or in combination with TTFields.  

 

7.1 The structure and function of chloride intracellular channels  
The primary aim of this research project was to identify ion channels that held prognostic 

significance in HGG, and to perform expression profiling to confirm the promise of exploiting 

these channels therapeutically. Following assessment of the literature and publicly available 

datasets, as well as in-house 3’ mRNA sequencing data from adult glioma tissue, CLIC1 and 

CLIC4 were determined as valuable and interesting targets to pursue throughout this study.  

Chloride intracellular channels are a family of structurally and functionally diverse channels 

that can act as monomeric soluble proteins, or integral membrane proteins (180). The 

channels are uniquely distinguished from other chloride channel types by their dimorphic 

existence. Whilst the crystal structure of CLIC channels has yet to be fully elucidated, the 

cystolic structure of most of the CLIC family of proteins is known. Cromer et al found that 

the cystolic form of CLIC channels is identical to the glutathione S-transferase super family 

(236) giving rise to metabolic isoenzyme function. Furthermore, CLIC1 has been noted to 

possess latrotoxin-like enzymatic activity, possessing a key role in redox signalling across 



354 
 

cells (237). As previously discussed, reactive oxygen species are crucial in controlling cellular 

stability, bearing regulatory roles on a multitude of signalling pathways.  Under homeostatic 

conditions, redox systems prevent cellular oxidative damage; however, in gliomagenesis, 

redox mechanisms may give rise to drug resistance and metabolic adaption (238). 

Electrophysiological studies have revealed CLIC proteins are associated with Cl- selective 

channel activity with single-channel conductance that ranges from ∼6–120 pS for CLIC1 and 

∼1–86 pS for CLIC4 with consistent Cl–-selective channel activity which was sensitive to IAA-

94 (239,240). 

A key outstanding question in understanding the structure of the CLIC family of proteins is 

assessing by which mechanism soluble protein unfolds and inserts into the membrane to 

form a functional ion channel (179), and as such further research will reveal mechanistic 

insight into the physiological function, and guide future research into the malignant capacity 

of CLIC channels. Indeed, recent studies have provided insight into this, suggesting that pH is 

a central mediator of CLIC membrane insertion, whereby acidic conditions such as 

encountered in HGG, prime the transmembrane region in the N-domain, lowering the 

energy barrier for the conversion of soluble CLICs to their membrane-inserted forms (241). 

As such, this reveals noteworthy considerations into the microenvironmental influence in 

the tumorigenic capacity of CLIC1 and CLIC4. The chloride intracellular family of proteins are 

known to interact with cytoskeletal filaments, and other intracellular proteins, sharing 

regulatory roles. The CLIC family of proteins localise to various organelles throughout the 

cell, with CLIC1 and CLIC4 favouring endosomes and the plasma membrane (figure 7.1). All 

six family members localise to the cytoplasm with high abundance (179). Furthermore, 

intracellular chloride channels have been implicated in a myriad of diseases and disorders. 

Namely, the role of CLICs is well established in both tubulogenesis and angiogenesis (176). 
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Removal of CLIC4 in mice gave rise to stunted vascular development, additionally CLIC4 is 

implicated in endothelial cell proliferation and regulation of morphogenesis (83). Data which 

suggests the important implications for the role of CLIC4 in angiogenesis of brain tumours. 

 

 

  

 

Figure 7.1 Schematic representing the localisation of CLIC proteins. All CLIC proteins localise to organelles, except for 
CLIC1 which localises to the plasma membrane upon overexpression. (179) 
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7.2 CLIC1 and CLIC4 ion channels have oncogenic implications in adult and 
paediatric high-grade glioma.  

 

High-grade gliomas are one of the most aggressive forms of brain tumours with high 

morbidity and mortality rates. Despite a myriad of research, this thesis has highlighted the 

dire need for new treatment options for high-grade gliomas. Ion channels have been 

implicated in several solid cancers (169–171), and have been found to play a crucial role in 

the growth and invasion of glioma cells (120). Despite the innate electrical capacity of the 

brain, ion channels are relatively under-studied in brain tumours. 

Chloride intracellular channels are ubiquitously expressed in different cell types, and have 

been reported to be overexpressed in adult glioblastoma and high-grade gliomas 

(142,242). Despite this, the role of CLIC4 in glioblastoma is poorly research in adult HGG 

with just two dedicated studies assessing CLIC4 in aHGG (243,244). 

Furthermore, less is known about the function of these ion channels in paediatric cohorts, 

with database searches revealing no relevant literature focussing on CLIC1 or CLIC4 

expression in paediatric patient tissues or cell lines, or any other CLIC channel for that 

matter. Further work beyond that presented in this thesis is needed to validate this 

interesting preliminary data into the functional significance of CLIC1 and CLIC4 in HGG. 

 

7.2.1 Gliomas overexpress CLIC1 and CLIC4 with increased cytoplasmic localisation. 
Assessment via both R2 genomic analysis and inhouse patient cohorts has found the 

expression of both CLIC1 and CLIC4 to be significantly higher in patient tissues and cell lines 

when compared to normal frontal lobe or astrocytes (chapter 3). We found that higher 

grade gliomas (grade IV) possessed the most significant increase in CLIC1 expression, which 

serves as an interesting result given the propensity for recurrence and aggressive disease. 
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This is found in agreement with Setti et al and Peretti et al whereby elevated levels of 

CLIC1 and CLIC4 are found across patient tissues and cell lines when comparing to 

anatomically relevant tissue (142,242).  

In this study universal expression of both CLIC1 and CLIC4 was observed across cell lines 

and patient tissue, with high and ubiquitous protein expression seen in both pHGG and 

aHGG tissues and cells alike. However, significant heterogeneity in CLIC1 expression across 

distinct patient derived 2D cell cultures has been observed, defining variable CLIC1 

expression across a cohort of GBM derived cell lines (245).  

The multi-organelle localisation of the CLIC family of proteins has been defined by multiple 

studies, finding that CLIC1 and CLIC4 accumulate in cytoplasm (202). 

We find a preferential expression pattern of CLIC1 and CLIC4 in the cytoplasmic region of 

SF188, KNS42 and GCE62; a novel study into the subcellular localisation of these proteins in 

primary paediatric TMAS. Furthermore, assessment via immunofluorescence indicated an 

accumulation of CLIC1 expression in the plasma membranous compartment of GCE62 cells. 

The cellular localisation of CLIC1 and CLIC4 is indicative of its functional state, with CLIC1 

being the predominant CLIC channel of the two that demonstrates membrane insertion 

(180). 

CLICs have been previously found to display ubiquitous expression, with each member 

exhibiting specific subcellular localisation; all CLICs except CLIC3, exhibit a highly conserved 

putative nuclear localisation sequence (246). Although not absent, immunohistochemistry 

staining in this study found minimal CLIC1 and CLIC4 expression in the nuclear 

compartment. These findings should be further interrogated via subcellular protein 

extraction and western blotting to further elucidate the compartmentalisation of CLIC1 

and CLIC4. Preliminary data in this study indicates both membrane insertion and 
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cytoplasmic accumulation of CLIC1 and as such, a bi-functional capacity between 

monomeric soluble protein and integral membrane protein can be concluded. 

 

7.2.2 High expression of CLIC1 and CLIC4 correlates with poor overall survival in adult and 
paediatric cohorts. 

 

Studies have previously identified CLIC4 as a prognostic marker for other solid cancers 

(TCGA), but little research has assessed the prognostic significance of CLIC4 in brain 

cancers. However, we have shown for the first time, that CLIC4 has prognostic significance 

in HGG, whereby a high expression of CLIC4 confers poor overall survival in both adult and 

paediatric cohorts. Alongside this, we have confirmed results found by Wang et al finding 

that elevated CLIC1 expression is correlated with poor prognosis in glioma patients, with a 

significant reduction in overall survival of adult and paediatric glioma patients reported in 

this work (247). These data align with interrogation into the prognostic significant of CLIC1 

in other solid cancers, CLIC1 expression in pancreatic cancer patients have a worse overall 

survival compared to the CLIC1 null group (248), additionally CLIC1 upregulation is 

correlated with treatment resistance and reduced survival in epithelial ovarian cancers 

(167).  

CLIC1 and CLIC4 expression did not have a significant influence on the prognosis of low-

grade gliomas, potentially indicating a lesser role of these channels in the less aggressive 

disease. These data signify that CLIC1 is an emerging biomarker for survival and treatment 

response in several solid cancers, including high grade gliomas. Furthermore, we have 

identified CLIC1 and CLIC4 as a novel marker of prognosis in pHGG.  
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7.2.3 CLIC1 and CLIC4 expression is heterogenous in adult HGG tissue. 
 

The exploration of intra-tumour heterogeneity is a developing and imperative factor in 

understanding glioma pathophysiology. The fundamental importance of this research is 

highlighted by the lack of successful glioma treatment strategies. 

As such, we sought to assess the expression patterns of CLIC1 and CLIC4 protein and mRNA 

across spatially distinct patient tumour regions. In this study we find that there is a 

preferential accumulation of both CLIC1 and CLIC4 in the core region compared to the 

invasive front of the patient tumour tissue when assessed by both rtPCR and IHC. Studies 

confirm that gliomas are highly heterogenous tumours, with spatial and temporal analyses 

revealing significant molecular differences, histopathological subtypes, and dynamic spatial 

transcriptomic signatures across tumours (151,249,250).  

Despite this emerging foundation in glioma biology, the spatial expression of ion channels 

is yet to be defined. For the first time, we explore the spatial temporal expression of 

chloride channels in glioma patient tissues, defining a signature of protein and mRNA 

accumulation in the core of adult GBM tissues. This heterogeneity may be a major limiting 

factor in glioma treatment efficacy, with populations of treatment resistant and treatment 

sensitive cells residing throughout the tumour and therefore drive glioma recurrence, thus 

rendering CLIC1 and CLIC4 valuable in exposing therapeutic windows.  

Recent studies have identified that tumour cells originating from the invasive front of the 

tumour, are biologically distinct from those in the core region of the tumour; instead, 

closely resembling the molecular biology of recurrent tumours. As such, exploring the 

invasive front of glioma cells may reveal a signature of infiltrative disease, and mechanisms 

for recurrence that provide therapeutic vulnerabilities (251). Therefore, the reduction of 
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CLIC1 and CLIC4 expression that we observe in this invasive region may reveal a marker for 

recurrence, despite an increase expression being associated with aggressive primary 

disease. 

Intriguingly the accumulation of CLIC1 in the core region was unexpected due to the 

association between chloride channels and glioma invasion, as such we would expect an 

overexpression of CLIC1 and CLIC4 on the invasive front (252). In support of this, there is 

mounting evidence supporting the role of CLIC1 in cancer cell proliferation, Thus, these 

data may be indicative of an accumulation of CLIC1 acting in combination with other 

signalling pathways to promote the active proliferation of cells into the invasive margin 

(170). Although it may be expected that the cells residing in the invasive margin would 

have the higher expression of CLIC proteins as they are actively invading, it may be the case 

that the functional protein is not being cycled as the initial drive towards resources has 

been complete, thus resulting in higher overall expression in the core region. The invasive 

zone may be less acidotic and therefore, may lead to less membrane accumulation of CLIC 

proteins. 

Assessment of spatially distinct transcriptional programs and subclonal architecture is to 

forward glioma research and this study aids in elucidating part of the molecular ion 

channel landscape of gliomas. Additionally, single cell sequencing methodologies may help 

to resolve this further. 
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7.2.4 Tumour microenvironmental factors affect CLIC expression. 
 

Interactions between the components of the HGG microenvironment enhance the well 

know diversity observed in these tumours, presenting as a challenging and interesting 

therapeutic avenue. The microenvironment of HGG is, like the molecular landscape, 

heterogenous, and in certain areas is significantly hypoxic, with a rich supply of growth 

stimulating factors in the invasive front (253). 

We report that SF188 cells exposed to hypoxia harboured a significant reduction in the 

relative CLIC1 expression. However, despite the overall reduction in staining intensity, 

image analysis found a significantly higher accumulation of CLIC1 in the membranous 

region of the cells. Similarly, we note that acidosis appears to be associated with re-

localisation of CLIC1 and CLIC4, with an accumulation in the nuclear region post exposure 

to acidotic media. Conversely, the induction of hypoxia in KNS42 resulted in a significant 

increase in CLIC1 expression and granular accumulation in the cytoplasm. In support of 

these findings, CLIC1 membrane insertion is well established to be regulated by pH (242), 

with its unfolding reliant on acidic conditions (241). Studies into other solid cancers 

confirm that CLIC1 is upregulated with significant membrane insertion in gastric cancer 

(GC) cells under hypoxic stress (254), and that CLIC1 participates in the metastasis and 

invasion of GC cells by regulating hypoxia-reoxygenation-induced intracellular ROS (255) 

with this regulation being reliant on overexpression. Furthermore, CLIC1 deficient cell lines 

show excessive ROS production, confirming the role of CLIC1 in the maintenance of the 

tumour microenvironment (256). Although there is limited literature into the association 

between CLIC channels and hypoxia in brain cancers. Chloride channels are shown to be 
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essential for brain tumour cells to undergo regulatory volume decrease as a survival 

mechanism in response to exposure to hypoxia (257).  

As such, in this study we demonstrate a network of associations owing to a pro-malignant 

phenotype perpetrated by CLIC1 and CLIC4. The very nature of the insertion of CLIC 

proteins into the membrane is reliant on an acidic microenvironment (258), this along with 

the accumulation of CLIC1 and CLIC4 in the hypoxic and necrotic core of the tumour 

highlights the association of CLIC function and tumour microenvironment. Furthermore, 

this central role of pH in the dimorphic nature of CLIC1 and CLIC4 further perpetuates the 

theory that chloride channels are critical in glioma cell invasion. As discussed, glioma cell 

invasion occurs concomitantly with microenvironmental changes associated with pH and 

hypoxia(259); driving the migratory and invasive phenotype observed in HGG. Here we 

have shown that exposure to hypoxia significantly upregulates CLIC1 expression, rendering 

cells primed for invasion, with functionally active membrane accumulation of CLIC1 and 

CLIC4 in acidic and hypoxic environments. As such, this concomitant occurrence of CLIC 

elevation and hypoxia results in an increased invasive capacity and malignant phenotype.  

7.2.5 CLIC expression is associated with an increase in stem markers in 3D culture. 
 

Section 4.2 assessed the capacity of pHGG to form neurospheres to better recapitulate a 

physiologically appropriate setting and to assess the inherent malignant capacity of the cell 

lines. Glioma stem cells (GSCs) refer to a population of tumour originating cells that 

harness the capacity to undergo self-renewal and differentiation. Evidence suggests that 

these GSCs are linked to resistance to treatment, a debated and controversial across the 

literature. A stem-like cell enriched population is associated extended capacity for 

proliferation and self-renewal, giving rise to an aggressive phenotype (191,260).  
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This study confirms that commercial cell lines SF188 and KNS42 as well as primary cell line 

GCE62 readily form neurospheres that can be maintained over several passages. The ability 

of KNS42 and SF188 cells to form neurospheres has been shown across several other 

studies, confirming the ability to generate a stem-like precursor population in these 

commercial lines (261–263). GCE62 formed the largest neurospheres, which was to be 

expected due to its status as an early passage primary cell line as primary cell lines are 

associated with an increased capacity for stemness and ability to form free forming 

neurospheres (264). 

 

Chloride intracellular channel expression levels have previously been linked to a pro-stem 

phenotype (198) therefore, the expression of CLIC1 and CLIC4 along with stem markers 

SOX2 and NESTIN were assessed. We report that the mRNA expression of CLIC1 and CLIC4 

is significantly increased in 3D cell culture compared to 2D monolayer culture, and this 

upregulation is associated with a dual increase in stem-cell markers.  

Setti et al found that the expression of CLIC is variable in patient derived neurospheres, 

however there was a significant increase in expression in the stem compartment (142). 

Furthermore, agreement comes from characterisation of CLIC1 levels via RNA-seq, 

whereby the progenitor cells derived from GBM neurospheres reflect an overall increased 

expression than 2D monolayer culture. Heterogeneity across distinct patient derived 

cultures has also been observed (245).  

Despite rtPCR linking CLIC1 and CLIC4 expression to the glioma stem cell population in the 

culture, the results observed via IF were variable in the present study. This may be a result 

of several factors, firstly although the spheres were assessed for a necrotic core, merely 

using light microscopy is not sufficient for this, and a live dead stain would have provided 
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more accurate data(264). As such, the lack of staining in the core areas of the 

neurospheres may be due to a higher percentage of non-viable cells leading to poor 

antibody penetrance. On the other hand, this may be an indication of increasing 

expression of CLIC1 and CLIC4 in the actively recruiting areas of the sphere. A possible 

explanation could be that the margins of the neurospheres consist of the cells that have 

most recently migrated to join the sphere, and as such, maintain high CLIC protein 

expression levels needed for this.  

Figure 7.2 highlights the key findings from the chapter 3 of this thesis. 

 

 

Figure 7.2 Graphical summary of the malignant associations of CLIC1 and CLIC4 in pHGG. Image created using bio 
render.  
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7.3 Targeting CLIC channels reduces malignant capacity of pHGG cells. 
 

In this study we sought to assess pharmacological and genetic targeting of pHGG to 

determine the viability of chloride intracellular channels as therapeutic targets. Ion channel 

inhibiting drugs make up one of the largest classes of drugs on the market to date (155), 

and as such their repurposing would be clinically feasible, with potentially fast translation 

to the clinic. 

 

7.3.1 Pharmacological inhibition of CLIC1 and CLIC4 is clinically feasible and results in 
significant reduction in viability and invasion of HGG cells. 

IAA94 is a potent and selective inhibitor of the chloride intracellular channel protein family 

of ion channels, including CLIC1 and CLIC4 (265) . In preclinical studies, IAA94 has been 

shown to have anticancer properties and to inhibit the proliferation, migration, and 

invasion of cancer cells, including glioblastoma cells (266). In this study, we were unable to 

produce a completely cytotoxic effect of either IAA94 or metformin, failing to reach 100% 

reduction in viability upon IC50 analyses for both 2D and 3D culture. As such, a 

combination of literature and experimental data were used to select inhibition 

concentrations. A concentration of 100µM was selected for IAA94 as this has been 

previously shown to abolish CLIC currents in electrophysiology experiments 

(142,203,267,268). The IC50 of metformin was found to fall within the range of 9-11mM, 

with incomplete cytotoxic effect observed up to 50mM. In contrast to our findings, other 

studies have identified the IC50 of metformin to be in the range of 2.1mM to 7.5mM in a 

glioblastoma stem cell population (269–271). The most likely cause of this difference is due 

to the sensitivity of an enriched stem cell cohort, and biological selection because of stem 
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cell media. However, agreement come from Sesen et al (271) finding that treatment with 

10mM of metformin significantly reduced cell viability and enhances therapeutic response 

to main stay therapies. It is very common to see a wide range of IC50s across different cell 

lines, methodologies, and laboratory settings, despite this disparity, IC50s in the millimolar 

range are not clinically feasible. 

Findings in this study revealed that both the treatment with 100µM IAA94 and 10mM 

metformin is sufficient to reduce the capacity of paediatric glioma to proliferate and 

invade, with a substantial decrease in cell viability, cell count and clonogenic capacity. 

SF188 and GCE62 cells were sensitive to CLIC inhibition via IAA94, however KNS42 has no 

significant reduction in overall viability. Furthermore, metformin treatment did not 

significantly affect GCE62 clonogenic capacity, but did reduce the viability and cell count of 

all cell lines. Importantly, there were no significant reductions in the viability of normal 

astrocyte cells when treated with either metformin or IAA94, suggesting that these drugs 

would be therapeutically viable in patients due to lack of toxicity to normal tissues. 

However, it would be of benefit to assess the toxicity on other native brain cells such as 

neurones. 

Despite promising results, treatment with metformin at 10mM is unfeasible within clinical 

range, therefore we assessed the feasibility of 100µM treatment. We only found a 

significant decrease viability in the SF188 cell line with an average decrease in viability and 

cell count of 15 and 20% respectively. These results indicate that metformin may not be 

suitable for a monotherapy in HGG as it fails to be effective in reducing viability in a 

clinically achievable range. Metformin has a less significant effect on the viability of cells at 

the same concentration of the CLIC1 specific inhibitor, IAA94, with mean reduction in 

viability of SF188 being significantly less when treated with metformin. This is not to say 
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that metformin is not still an attractive candidate in the treatment of gliomas, and it may 

hold promise as a dual therapy. Often brain tumours require prolonged exposure to 

chemotherapeutics for efficacy of treatment to be seen. Further analysis would look to 

explore the effect of long-term exposure to metformin on the viability of pHGG cells.  

Some pre-clinical studies have described the efficacy of IAA94 as a monotherapy 

(142,167,169,171,198,203,242,272)or as a combination therapy with standard of care TMZ 

or mTOR inhibitor everolimus in solid tumours. The studies found that showed that the 

combination therapy had clinical activity, however the off-target effects were not fully 

elucidated (263). Furthermore, the possible promise of metformin in a combination 

therapy is supported by its ability to act synergistically with temozolomide in glioma 

neurospheres (273). 

 

Gritti et al have shown that CLIC1 is a direct target for metformin, and that exposure to the 

drug can induce antiproliferative effects in an enriched human glioblastoma stem cell 

population (198). Furthermore, Barbieri et al find that CLIC1 channel activity is not 

required for glioblastoma development but its inhibition dictates glioma stem cell 

responsivity to novel biguanide derivatives (265). Although studies are identifying CLIC1 as 

a mechanistic target for Metformin, its functional mechanism has not yet been elucidated, 

with a broad chloride ion channel inhibiting effect noted, as well as glucose transporter 

(GLUT4) targeting. Furthermore, the success of CLIC1 channel inhibition has been 

demonstrated in other brain tumours (274), finding that CLIC1 promotes medulloblastoma 

growth and that selective inhibition via metformin or IAA94 significantly reduced the 

growth capacity of these cells.  
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As far as novel HGG treatments are concerned, time to translation from bench to bedside 

is essential. Metformin is a widely used, FDA approved drug with well-known safety 

profiles, thus is a strong candidate for drug repurposing for the treatment of HGGs.  

 

IAA94 has shown promising results in preclinical studies, but despite this there is limited 

evidence on the potential for using IAA94 in vivo. Despite these promising results the use 

of IAA94 in clinical trials is limited by a lack of well-defined treatment window, and 

potential toxicity. Studies report off target effects and some significant cardia 

toxicities(194). Further research is needed to fully understand the potential for clinical 

used of IAA94, including safety profiles, optimal dosage, and off target effects such as 

cardiac toxicity. The development of selective CLIC inhibitors will fully exploit the potential 

for targeting these channels to prevent glioma progression. This study provides a proof of 

concept that developing these inhibitors is worthwhile and may provide major 

contributions to brain tumour treatment. On the other hand, metformin is clinically well 

tolerated and has a known safety profile. This study has found that metformin does not act 

significantly on pHGG cells in a clinically tolerable range, however, gives justification for the 

use of other novel, more potent biguanide derivatives. Several clinical studies are already 

assessing the effects of metformin, or other biguanide derivatives in the treatment of 

HGGs. One open label trial (NCT02780024) is currently assessing the combination of 

metformin with TMZ with the aim of assessing toxicity of the dual therapy, another phase 

II trial (NCT02496741) is assessing the combination of metformin and chloroquine in IDH 

mutated gliomas (275). Table 7.1 represents all of the current clinical trials assessing 

metformin in brain cancer treatment. Adeberg et al found that in a cohort of 276 GBM 

patients, longer PFS (Progression Free Survival) was found in diabetic patients treated with 

https://bmjopen.bmj.com/lookup/external-ref?link_type=CLINTRIALGOV&access_num=NCT02496741&atom=%2Fbmjopen%2F7%2F6%2Fe014961.atom
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metformin (276). Similarly, Seliger et al assessed 1093 HGG patients, finding that 

metformin treatment was associated with increased OS (Overall Survival) and PFS. 

However, there are significant methodological issues occurring with studies such as these, 

due to the co-morbidities of the patient, and lack of true control. Interestingly, a significant 

relationship was only observed in WHO IV tumours (277), confirming the relationship 

between CLIC1 expression and increased tumour grade that we have previously reported 

in this study.  
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Table 7.1 Current clinical trials assessing metformin in brain tumour treatment. 

NCT Number Title of the 
study 

Disease Interventions Clinical 
Phase 

NCT02780024 Metformin, 
Neo-adjuvant 
Temozolomide 
and Hypo- 
Accelerated 
Radiotherapy 
Followed by 
Adjuvant TMZ 
in Patients 
With GBM 

GBM •Drug: Metformin Phase 2 

NCT03151772 Bioavailability 
of Disulfiram 
and Metformin 
in 
Glioblastomas 

GBM •Drug: Disulfiram 
•Drug: Metformin 

Early Phase 
1 

NCT01430351 Phase I 
Factorial Trial 
of 
Temozolomide, 
Memantine, 
Mefloquine, 
and Metformin 
for Post-
Radiation 
Therapy (RT) 
Glioblastoma 
Multiforme 
(GBM) 

Brain 
Cancer 

•Drug: Temozolomide 
•Drug: Memantine 
•Drug: Mefloquine 
•Drug: Metformin 

Phase 1 

NCT02149459 Treatment of 
Recurrent Brain 
Tumors: 
Metabolic 
Manipulation 
Combined with 
Radiotherapy 

Brain 
Neoplasms 

•Radiation: Partial 
brain reirradiation. 
•Drug: 
Metformin•Behavioral: 
low carbohydrate diet 

Phase 1 

NCT03151772 Bioavailability 
of Disulfiram 
and Metformin 
in 
Glioblastomas 

GBM •Drug: Disulfiram 
•Drug: Metformin 

Early Phase 
1 
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7.3.2 CLIC1 and CLIC4 deficiency reduces pHGG invasion.  
 

One of the pathological hallmarks of any cancer is the ability for malignant cells to invade 

outside of the local tumour environment. Brain tumours are unique in that they are 

anatomically constrained by the CNS; tumours such as HGG rarely metastasise outside of 

the brain. Instead, HGG harbour a diffuse phenotype, with projections of cells invading the 

surrounding brain parenchyma. To do this, CLIC channels endow glioma cells with an 

enhanced capacity to alter their morphology, promoting the dual efflux of water and 

chloride ions to reduce cell volume (257).  

This study reports that KNS42, SF188, GCE62, GIN98 and GCE98 all have an inherent 

invasive capacity, allowing for invasion across transwell coated with collagen IV. This 

invasion is successfully inhibited by siRNA knock down of either CLIC1 or CLIC4, resulting in 

up to 45% reduction in the invasive capacity in all of these cell lines. Furthermore, 

treatment with IAA94 found a significant reduction in invasive capacity of SF188 and KNS42 

cells. Interestingly GCE62 invasion was not significantly inhibited by IAA94, despite the 

primary nature of the cell line. This may be a direct consequence of the cell line retaining 

inherent characteristic associated with the primary tumour, and as such, overcoming CLIC 

inhibition and maintaining invasive capacity. Here we report novel findings on the 

association of CLIC1 and CLIC4 in the ability of pHGG cells to invade through ECM like 

coating. These findings indicate that CLIC1 or CLIC4 may contribute to the invasive ability of 

pHGG cells. 

Previous studies into adult HGG cell lines confirm our findings, noting that CLIC1 deficient 

(shRNA or siRNA KD) cells had reduced invasion (142,266) linked to reduction in cell 
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viability. Furthermore, treatment with both metformin and IAA94 have previously been 

shown to reduce invasive capacity in glioma cells (142,198,242,252,265). 

CLIC4 overexpression is associated with an increase in the expression of matrix 

metallopeptidase MMP9, and therefore potentiated invasion (278). One of the ways in 

which CLIC1 and CLIC4 promote glioma progression is by modulating the tumour 

microenvironment (186). CLIC1 and CLIC4 can regulate the pH of the extracellular 

environment, which affects the activity of different enzymes and proteins involved in 

tumour invasion and migration (259). Local hypoxia triggers cell migration and invasion 

throughout the parenchyma, with HIF1A induced production of invasive molecules and 

degradation of the surrounding extracellular matrix (279). Through this process astrocytes 

and microglia become tumour associated, further promoting invasion, with interacting 

factors actively promoting infiltration (259). Similarly, another mechanism associated with 

glioma progression is the CLIC1 mediated regulation of signalling pathways. CLIC1 has been 

found to associate with epidermal growth factor receptor (EGFR), activating proliferation 

and invasive capacity of glioma cells (67,280). Additionally, CLIC1 and CLIC4 have been 

implicated in the MAPK/ERK pathway; regulating cellular survival and proliferation, thus 

contributing to malignancy in glioma cells (170). Similarly, CLIC1 recruits PIP5K1A/C to 

induce cell-matrix adhesions for tumour metastasis in hepatocellular carcinoma cells (196), 

clearly defining a role for CLIC1 in cancer cell invasion.  

The outcome of this study confirms that CLIC1 has a fundamental role in the invasive 

capacity of HGG cells, and as such may reveal a mechanism of glioma pathogenesis. This is 

supported by a myriad of literature sources confirming several pathway links between 

glioma cell invasion and CLIC1 expression, implicating several well-known cancer 

associated pathways. 
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7.3.3 Targeting CLIC channels causes aberrant cell cycling. 
 

We have identified the effect of CLIC1 inhibition via IAA94 on the cell cycle of paediatric 

HGG cells. We show that treatment with IAA94 results in aberrant cell cycling associated 

with accumulation in G1 and reduction in S-phase. Furthermore, we find that CLIC1 

deficiency via siRNA KD is associated with a significant increase in the percentage of cells 

present in G1 phase accompanied by a significant decrease in S phase. Both CLIC1 and 

CLIC4 KD results in a higher percentage of cells present in G2/M. The results for the cell 

cycle experiments were variable, demonstrating a multitude of changes associated with s-

phase, G2/M and G1 (sections 4.3.6 and 4.4.2.3). 

 

Pharmacological targeting of CLIC1 has been shown to induce G1 arrest in a time 

dependent manner (281). Conversely, CLIC1 and CLIC4 have also been implicated in G2/M 

phase progression associated with chloride-mediated depolarisation of the cell (258). 

However, other studies have shown that CLIC1 and CLIC4 are not necessary for cell cycle 

progression at all (270,282). Peretti et al find that CLIC1 inhibition has a pronounced effect 

on G1 transition time, resulting in an accumulation in G1 phase. With CLIC1 inhibition 

resulting in cells needing around 8 more hours to reach the same percentage of cells in S-

phase as control conditions (242). Furthermore, CLIC1 had been found to interact with 

cyclin dependent kinase 4 (CDK4), a key regulator of the cell cycle. CDK4 regulates the 

transition from G1 to S phase, promoting DNA synthesis (283) . What this demonstrates is 

that although the role of CLIC proteins in the cell cycle have been explored, the literature is 

controversial, and a conclusive answer has not been found.  
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CLIC4 has also been shown to play a role in the G2/M transition, which is the point in the 

cell cycle when the cell prepares to divide. CLIC4 has been shown to interact with and 

regulate the activity of the checkpoint kinase 1 (Chk1), which is a key regulator of the 

G2/M transition. Knockdown of CLIC4 has been shown to cause defects in the G2/M 

transition and to lead to cell cycle arrest in cancer cells (112,132). 

The precise mechanisms by which CLIC1 and CLIC4 regulate the cell cycle are not fully 

understood and require further investigation. However, these findings suggest that CLIC1 

and CLIC4 may be important targets for the development of cancer therapies that target 

the cell cycle. To further assess the effect of CLIC1 inhibition on the cell cycle, cells should 

be subject to cell cycle synchronisation by inhibition of CDK4, arresting cells in G1 phase for 

a 24-hour period, and then released prior to treatment with either IAA94 or metformin. 

Figure 7.3 provides a graphical summary of the findings of chapter 4. 

 

 

Figure 7.3 Graphical summary of targeting CLIC channels in pHGG.  
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7.4 Bioelectricity: a novel avenue for pHGG treatment? 
7.4.1 CLIC1 and CLIC4 are electrically active targets in pHGG. 
In the present work, we have interrogated the functional bioelectric role of CLIC1 and CLIC4 

ion channels. We find that inhibiting CLIC channels via metformin, IAA94 or siRNA resulted in 

aberrant chloride efflux and changes to membrane potential. As with other work presented 

in this thesis, this presents as a unique study into the movement of Cl- ions across the 

membranes of pHGG cells. As discussed previously, CLIC channels have been assessed in a 

limited number of adult glioma studies, but are yet to be explored in paediatric HGG.  

By inhibiting chloride channels, we have shown that there are significant changes in the flux 

of chloride ions across the cell. 

Although we find no significant difference in the chloride efflux across astrocyte membranes 

when compared to pHGG, we do see significant changes in Cl- efflux when targeting CLIC 

channels. siRNA knock down of CLIC1 significantly inhibits the movement of chloride ions 

across KNS42, GCE62 and SF188 cells. However, the effects of both metformin and IAA94 

treatment were variable across cell lines.  

 

7.4.2 Exploring the membrane potential in pHGG malignancy  
To further assess the role of ion channels in glioma malignancy, we sought to interrogate the 

resting membrane potential of glioma cells compared to normal human astrocytes. As 

previously discusses, membrane potential is instructive for the functional nature of cells, 

including cell replication and invasion, and as such presents as an interesting therapeutic 

target.  

A high throughput voltage dye-based assay was used to measure membrane potential. This 

study revealed that astrocytes are significantly more hyperpolarised than pHGG cell lines 

(SF188, KNS42 and GCE62) by on average ~-20mV. This is found in agreement with studies 
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noting that astrocytes have a highly negative membrane potential of around -90mV 

(104,208). 

However, this method lacks the sensitivity and specificity needed to define the exact 

membrane potential of these cells. To address this, we employed whole cell patch clamping 

to measure resting membrane potential across GCE62, SF188 and astrocytes. 

Electrophysiology experiments demonstrate that the membrane potential of astrocytes and 

pHGG cells lines are comparable, an unexpected result as cancers cells have been shown, on 

average a more depolarised membrane potential when compared to their somatic 

counterparts (104). However, this may be due to the fact that the astrocytes used in this 

study were not terminally differentiated, and as such possess mitotic and replicative 

capacity, and are therefore more representative of tumour cells than normal post mitotic 

astrocytes. The present study found the average resting membrane potential of GCE62 cells 

to be -35mV and -37mV for SF188. Here we see high levels of variability in the average 

membrane potential reading of astrocytes, with a range of -18mV to -59mV, with no 

significant difference between astrocytes and HGG cells.  

GCE62 is a primary in-house cell line and as such recording the membrane potential of these 

cells presents a novel finding, similarly, although the mitochondrial membrane potential has 

been measured in SF188 cells, there appears to be no assessment into the resting 

membrane potential of these paediatric HGG cells. Our data is consistent with the 

assessment of adult glioma cells, which have been characterised in vitro and in situ by a 

resting membrane potential of -20mV to -40mV (102). 
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7.4.3 IAA94 successfully blocks Cl- currents in GCE62 cells. 
In the present study, we find that treatment with 100µM of IAA94 does not significantly 

affect the membrane potential of SF188 cells. However, IAA94 has a pronounced effect of 

the resting membrane potential of GCE62 cells, resulting in an overall depolarisation of Vm. 

This confirms CLIC1 activity in the membranes of GCE62 cells, and as such, these chloride 

channels may be acting as key drivers of membrane potential in the primary cell line.  

Interestingly, electrophysiology studies report wide-ranging success in using IAA94 to disrupt 

Vm via CLIC1 mediated currents. Setti et al were able to isolate CLIC1 specific currents via 

perforated patch clamp techniques in GBM cells using IAA94 (142) with a significant 

depolarisation in membrane potential in IAA94 treated cells.  

CLIC1 is known to have a role in modulating membrane potential when acting as a 

membrane protein, and this is suggested to be via regulating the activity of voltage gated 

potassium and chloride channels. CLIC1 conductance during ROS overproduction is key in 

mediating the resting membrane potential, allowing electrogenic activity of enzymes and 

ensuring further ROS production (177). Importantly we have measured the resting 

membrane potential of normal human astrocytes. Here we see that the Vm is not 

significantly more hyperpolarised than the pHGG, despite defined hyperpolarisation 

observed in high through put voltage dye-based assay measuring Vm. Studies were not 

carried out to assess the electrophysiological effect of IAA94 on normal human astrocytes, 

but will be part of ongoing work in this project. 

 

7.4.4 CLIC proteins may reveal mechanistic insight into TTFields.  
In this thesis, we present novel data on the expression profiling of ion channels following 

TTFields treatment. Gene array analysis demonstrated that TTFields treatment confers a 

unique ion channel signature, significantly down regulating the expression of CLIC1 and 
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CLIC4. We validated this using rtPCR across pHGG cell lines. Further to this we found 

differential expression of other ion channel targets, namely epithelial sodium channels 

(ENaC/SCNN channels), purine receptors and aquaporin. Interestingly aquaporins AQP1 and 

AQP4 were found to be upregulated following TTFields exposure. These channels have been 

implicated in the invasive capacity of glioma cells (284) with an upregulation of AQP1 

promoting a pro-invasive phenotype. The working model of the ‘go or grow’ hypothesis 

denotes that tumour cells fall into one of two phenotypes: invasive, or proliferative. These 

data may indicate that although TTFields significantly reduced the proliferative capacity of 

cells (as demonstrated in chapter 5), there may be a drive towards an invasive phenotype. 

Additional research should be carried out to assess the invasive capacity of HGG cells 

following TTFields exposure. Only one other study reports the association between TTFields 

and ion channel expression, identifying CaV1.2 calcium channels as targets for TTFields 

(285).  

 

Interestingly, voltage dye-based assays reveal that TTFields produces a significant 

dysregulation of the membrane potential of cells, potentiating a significant depolarisation of 

membrane potential. This significant decrease in negative state of the cell membrane 

suggests that there is an accumulation of positive ions in the membrane; which may be 

reflected via a prevention of the movement of Cl- ions. Additionally, when assessing chloride 

efflux, we found that TTFields significantly reduced the movement of chloride ions across 

the membrane of KNS42 and GCE62 cells. These data further support our findings that the 

success of TTFields may be mediated by ion channel specific changes at the plasma 

membrane level, more specifically by aberrant CLIC1 and CLIC4 function. Unfortunately, due 

to time and technical constraints we were unable to use patch clamping to measure the 
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membrane potential of cells exposed to TTFields. To further pursue the role of CLIC proteins 

in TTFields, electrophysiological techniques should be used to further elucidate the 

functional significance of these channels. It would be of interest to assess the membrane 

potential changes associated with TTFields treatment; and as such, this may reveal other 

mechanistic targets to pursue.  

 

7.4.4.1 Combination CLIC inhibition is synergistic with TTFields. 
It is now widely understood that one of the main mechanisms of TTFields is the interaction 

of the electric fields with highly polar molecules known as dipoles. When a cancer cell is 

exposed to TTFields, these dipoles, such as tubulin subunits, fail to align correctly, instead 

aligning with the alternating electrical fields causing aberrant tubulin alignment and 

metaphase arrest (286).  

To elucidate the role of chloride channels in TTFields success and to understand if CLIC 

channels are viable targets in combination with TTFields, the present study assessed CLIC 

inhibition and TTFields as a combination therapy. Here we report novel findings on the 

combination of ion channel inhibition and TTFields as a dual therapeutic approach.  

Combination of IAA94 and TTFields results in a significant reduction in the cell viability and 

colony forming capacity of SF188 cells, and a significant reduction in the viability of GCE62 

cells. Similarly, treatment with metformin and TTFields significantly reduced the cell count of 

SF188, KNS42 and GCE62 cells, with a reduction in viability of SF188 and KNS42 when 

compared to either treatment as a monotherapy. Furthermore, these results were repeated 

when using siRNA targeting of CLIC1 and CLIC4 in SF188 and KNS42 cells whereby knock 

down significantly sensitised cells to TTFields.  
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We report that chloride intracellular channel inhibition can successfully sensitise pHGG 

cells to TTFields, and as such may open a clinical avenue for increasing life years gained, 

and thus bring this non-invasive therapy to children. 

The clinical benefit of TTFields and TMZ has already been well-explored (287–289) with 

multiple clinical trials demonstrating the efficacy of TTFields in combination with TMZ. 

Other studies have explored augmenting TTFields with drugs such as anti-angiogenics 

(290), alkylating agents (288), mitotic inhibitors (291) and immune therapeutics (153) 

giving a clear foundation of evidence in using TTFields in combination with 

chemotherapeutics.  

It is important to note that the apparent synergy observed when using IAA94/metformin in 

combination with TTFields may in fact be due to an increased drug uptake caused by the 

alternating electric fields. There is evidence that suggests TTFields can affect the drug 

uptake in HGG cells, with one study finding that TTFields significantly increased uptake of 

membrane penetrating compounds such as dextran-FITC (292). Furthermore, TTFields can 

increase the levels of 5-aminolevulinic acid uptake by GBM cells (293). 

 

7.4.4.2 TTFields tolerance is associated with CLIC expression recovery.  
As it stands, no ion channels have been implicated in the potential mechanism to resistance 

of TTFields therapy. As previously discussed, the calcium ion channels Cav1.2 and Cav1.3 

have been implicated in the mechanism of TTFields. rtPCR data (294) and transcriptome 

(295) data reveal an overexpression of these channels associated with TTFields treatment, 

but no link to resistance has been found. 

In this thesis we report that KNS42 cells can become tolerant to TTFields following extended 

treatment; with an increase in both cell viability and cell count following 13-day exposure. 
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Additionally, this tolerance was associated with a recovery of CLIC1 and CLIC4 expression, 

that was previously seen to be downregulated at day 3 of treatment. Interestingly, siRNA 

knock down of CLIC1 was sufficient to reverse tolerance to TTFields, re-sensitising KNS42 

cells to TTFields treatment. The link between CLIC channels has not been previously 

explored, and as such, there is little previous evidence to suggest why there is an apparent 

synergy and mechanistic link between CLIC channels and TTFields. 

A study by Wang et al has suggested that TTFields resistance may be mediated by AMPK 

activation leading to an induction of autophagy or alternatively through mutations of 

CDK2NA and mTOR (292). This may provide some insight into the results found in the 

present study. CLIC1 is a known interactor of CDK2 (283) and mTOR (296), with CLIC1 knock 

down resulting in a reduction of mTOR protein , with further studies finding that CLIC1 

inhibition prevents mTOR downstream signalling (297). Further to this, CLIC1 can interact 

with AMPK, further inhibiting mTOR (265).  

 

These data have very important implications, not only for the mechanistic properties of CLIC 

channels in TTFields, but also on avenues to treatment resistance, suggesting CLIC1 as a key 

target for TTFields.  

7.5 RNA sequencing of recurrent GBM patient tissue reveals key pathways 
associated with GBM recurrence and TTFields treatment. 

To build a comprehensive picture of the global genomic status of patient tissues exposed 

to TTFields, we employed 3’ mRNA sequencing across three recurrent tumours from one 

patient. Although a case study of an individual patient, as far as the authors are aware, 

there are no similar studies documenting the effect of TTFields and tumour recurrence 

across the primary, secondary, and tertiary tumours of a patient. As such, we present novel 

findings into the genetic alterations associated with TTFields treatment in recurrent 
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tumours. A wide scale assessment of the effect of TTFields in GBM cell lines has been 

previously carried out using whole transcriptome and proteome analysis (211) and within 

the group we have assessed the genome wide expression of in vitro TTFields using gene 

microarrays (152), however little work has been carried out in recurrent patient tissues. 

 

As expected, the 2018, 2020 and 2021 tumours all cluster independently, with clear 

stratification and differential gene expression apparent between groups. Previous 

assessment into cell lines exposed to TTFields reflect a very similar genetic pattern of 

significantly altered genes when compared to untreated cells (298). Furthermore, it is well 

understood that glioblastomas evolve over their lifespan, acquiring significant mutational 

burdens, differing greatly from the primary tumour; with clonal evolution following therapy 

(299–301). 

In this study we find a host of genetic alterations across the life span of the tumour, with 

over 3,000 DEGs in the 2018 vs 2020 comparison, over 7,000 DEGS in the 2020 vs 20201 

comparison, and over 12,000 significantly differentially expressed genes between 2018 and 

2021 tumour. Indeed, this increasing number of differentially expressed genes across the 

comparisons, with the highest number in the 2018 vs 2021 comparison, highlights the 

additional mutational load and evolutionary landscape of genetic aberrations following 

TTFields and recurrence.  

Interestingly, assessment of dysregulated cellular functions revealed that there was a 

significant downregulation of functions associated with neurogenesis as the tumour 

recurred. 
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7.5.1 TTFields treatment leads to dysregulation of ion channel regulated cellular processes 
and pathways. 

It is noteworthy that of the significantly DEGs, several were associated with cellular 

functions such as synaptogenesis and solute transport. Assessment of cellular function 

reveals that the primary tumour is significantly enriched for functions related to 

neurogenesis, neuronal function, synaptic control, and brain development. This translates 

to a down regulation of these functions upon tumour progression and recurrence. As 

cancer progresses, the cells because more primitive, losing their primary function and glial 

features. Undoubtedly there is a significant mutational burden across the life span of the 

tumour, altering the genetic landscape and promoting the malignant state. This primitive 

undifferentiated state appears to coincide with tumour recurrence, and may provide 

valuable insight into disease resistance. Further to this, there was a signature of increased 

protein biosynthesis in the recurrent samples. 

KEGG pathway enrichment highlighted that pathways with heavy ion channel involvement 

such as addiction, development of synapses; dopamine and pain pathways were implicated 

following TTFields treatment. Ion channels are notably prominent in the development of 

addiction pathways; drugs bind to ionotropic receptors and ion channels, with ion channels 

in turn regulating neuronal activity (302). Studies have previously identified links between 

gliomagenesis and addiction pathways, with drugs such a disulfiram (a drug used in alcohol 

addiction) being explored in clinical trials (303).  

This upregulation of ion channel associated pathways, and synaptic formation supports the 

role of ion channels in glioma development, and the emerging field of cancer neuroscience 

(200). Landmark research by the Monje group found that gliomas can integrate into the 

neural circuitry, forming synapses with the surrounding healthy brain (199). As such, these 



384 
 

data provide further evidence to support the expanding field of bioelectric in HGG and 

cancer neuroscience.  

 

7.5.1.1 CLIC1 and CLIC4 are down regulated following in vivo TTFields exposure. 
To validate in vitro findings, we enriched our analysis to look at an ion channel specific 

subset. Here we recapitulate the unique ion channel signature seen in HGG cell lines 

following in vitro exposure to TTFields. Importantly, we find that both CLIC1 and CLIC4 are 

significantly down regulated in the 2020 and 2021 tumour when compared to 2018. 

Furthermore, this down regulation occurs in a time dependent manner, with expression in 

the 2021 tumour markedly reduced compared to the 2020 tumour. This study is the first of 

its kind to assess the in vivo association between ion channel expression and TTFields 

treatment in a recurrent patient sample. This data combined with in vitro experiments 

confirms previous findings in this study identifying CLIC1 and CLIC4 as biomarkers for HGG; 

CLIC channels may be prognostic indicators for the success of TTFields, as well as revealing 

insight into its mechanism of action. We confirm via in vivo and in vitro assessment that 

TTFields treatment is associated with a down regulation of CLIC1 and CLIC4 as shown by 

RNA sequencing, rtPCR and IHC.  
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7.5.2 In vivo TTFields exposure is associated with a reduction in DNA repair associated 
genes.  

Our NGS studies reveal that recurrent glioblastoma is associated with a downregulation in 

pathways associated with DNA repair. Of note, the Fanconi anaemia and homologous 

recombination pathways were highlighted in all three comparisons.  

DNA damage has been long recognised as causal factor for cancer development. Erroneous 

DNA repair can lead to mutations or chromosomal aberrations affecting oncogenes and 

tumour suppressor genes, leading to malignant transformation (304). DNA damage not 

only comprises a root cause for cancer development but also continues to provide an 

important avenue for chemo- and radiotherapy (304,305). Whilst inefficient DNA repair 

may be a driver for cancers, an enhanced capacity to perform DNA repair is actually 

protective for cancer cells; allowing them to repair DNA insults from targeted chemo or 

radiotherapy (306).  

Multiple studies have cited the significance of DNA repair in cancer. Importantly, the pan 

cancer atlas identified that DNA damage repair alterations were found across 33 human 

cancer types. It found that multiple genes across multiple DDR pathways aberrantly 

expressed and linked to malignancy. Importantly 48 of these DDR genes were identified as 

cancer drivers (65). 

Indeed, it is interesting that the tumour appears to lose its capacity to repair damage DNA 

across recurrent samples, suggesting a hypermutated phenotype and an enhanced DNA 

repair network present in the primary tumour. Multiple studies have cited the significance 

of DNA repair in glioblastoma/HGG (307–309). It is well known that the main stay 

treatment for GBM is temozolomide, an alkylating agent that forms alkyl adducts on the 

DNA via the addition of methyl groups at N7 and O6 sites on guanines and the N3 site on 

adenines (310). TMZ-induced DNA damage is efficiently repaired by the BER repair 



386 
 

pathway or by the MGMT pathway. Therefore, it has been hypothesized that combining 

TMZ with novel small molecule inhibitors of these pathways may improve patient survival. 

Studies have found that combining PARP inhibitors with TMZ can enhance the latter’s 

anticancer effects (310), sensitising GBM to TMZ treatment (311). Other than surgery, 

radiotherapy is the main predictor of glioma prognosis. Radiotherapy exerts cellular 

damage by inducing a wide range of DNA lesions, but it is particularly associated with the 

generation of large amounts of SSBs and DSBs. Poly (ADP-ribose) polymerase-1 (PARP1) 

plays a pivotal role in detection of SSBs, facilitating the colocalisation of the single-strand 

break repair mechanisms. Studies have identified that PARP inhibition can lead to radio-

sensitisation in resistant GBM (312).  

A study by Gobin et al found a 27 DDR gene signature associated with recurrent 

glioblastoma implicating BER, NHEJ and NER in glioma recurrence (313). There are several 

on-going clinical trials at various phases assessing targeted DDR therapies. These studies 

primarily focus on targeting ATM/ATR, CHK1 and 2 and DNA-PK and PARP pathways (314), 

highlighting the emerging focus on DNA repair in HGG and clinical feasibility.  

Studies such as the GLASS consortium have sought to use wide scale cohorts to define 

glioma tumour evolution and to expose its therapeutic vulnerabilities, they have found 

that the DNA in GBM recurrent samples is hyper-mutated across many repair pathways 

(315). And as such these patient tissue directed studies of recurrent are the key future in 

glioma research and may further help to elucidate DDR mechanism in a wide scale manner.  

As well as elucidating the genetic changes associated with tumour recurrence, this study 

also reveals mechanistic insight into the genetic changes occurring following TTFields 

exposure. The Fanconi anaemia pathway is assumed to be a key mediator in the co-

ordination of enlisting DNA repair pathways: nucleotide excision repair, homologous 
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recombination, and mutagenic translesion synthesis (316). The Fanconi anaemia pathway 

has been found contribute to gliomagenesis and radio-resistance (317), agreeing with the 

data found in the present NGS study, but has also been implicated in the mechanism of 

TTFields response (87). Data has shown that TTFields regulates DNA damage repair 

mechanisms and drug resistance via the Fanconi-anaemia-BRCA pathway (318). An 

increasing level of genomic instability is observed, with the FA-BRCA pathway being a key 

mediator in the repair of DSBs and interstrand cross-links via the homologous 

recombination repair pathway (319). BRCA1, TP53 and GADD45 were observed to increase 

following TTFields treatment, associated with G2/M phase cell cycle arrest (320) 

implicating FA-BRCA associated proteins in TTFields response.  

TTFields have been found to enhance chemo-sensitivity in GBM cells via the down 

regulation of the FA-BRCA pathway (88) and increased replication stress via impaired 

replication fork dynamics. Karanam et al found that when combining TTFields with 

radiotherapy, BRCA1 expression was significantly down regulated, inhibiting the repair of 

DSBs and sufficiently sensitising cells to radiotherapy (89).  

Additionally, TTFields has been shown to downregulate the Fanconi Anaemia-BRCA 

pathway and increase the efficacy of chemotherapy in malignant pleural mesothelioma 

preclinical models (321). Differential gene expression analysis in NSCLC (Non-Small Cell 

Lung Carcinoma) finds that TTFields is associated with a down regulation of MRE11A, 

FANCM, FANCD2 and BRCA1, with downregulation correlation with TTFields sensitivity.  

In this study, we provide in vivo evidence to support cell-based studies, demonstrating that 

TTFields leads to a reduction in DNA repair genes, with dysregulation in the FA and HR 

pathways. These findings validate the significant of DNA repair proteins as therapeutic 

targets alone, or in combination with TTFields.  
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7.5.3 Neurodegenerative pathways associated with mitochondrial function are upregulated 
in recurrent GBM.  

KEGG analysis revealed that recurrent tumours significantly upregulate pathways 

associated with neurodegeneration. Interestingly, the neurodegenerative actions of 

gliomas resemble the mechanisms that are also found in many neurodegenerative diseases 

such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis (322), 

with autophagy being highly implicated in both processes (323). Interestingly, the disease 

pathways were consistently differentially upregulated in recurrent samples across all 

comparisons. These in vivo findings support previous work performed by the group, where 

Branter et al show that in vitro TTFields results in the upregulation of DEGs associated with 

neurodegeneration pathways (152).  

Emerging research has stated that the age-associated changes such as chronic neuro-

inflammation are potential contributors to the reduced overall survival observed in adult 

GBM patients aged 65+ years (324). Recent data has shown that glioma’s take advantage 

of neuronal glutamate signalling, using them to potentiate their own growth. This is 

associated with an excessive glutamate release that produces a microenvironment that is 

toxic for neurones, leading to a neuro degenerative effect (325). Interestingly, ion channels 

are crucial in this process, providing additional evidence for the role of ion channels in 

glioma progression. The WNT pathway has also been implicated in glioma-associated 

neurodegeneration. Glioma cells can leach WNT from surrounding neurons, triggering and 

JNK/MMP signalling loop, causing neurodegenerative effects (326). Alternatively, Jarabo et 

al have shown that insulin signalling is a key mediator of the neurodegenerative effects 

observed in glioma (327) .  



389 
 

The major contributor to the over expression of the neurodegenerative pathways was the 

subunits of MTND; genes of the mitochondrial genome coding for the NADH-ubiquinone 

oxidoreductase chain proteins. This indicates a dysfunction of mitochondrial bioenergetics 

in recurrent GBM. Importantly, metabolic mapping has shown that NADH fluxes are 

associated with glioblastoma phenotype, with elevation of NADH associated with 

decreased overall survival (328). Inhibition of the NADH complex 5 significantly reduces 

glioma cell proliferation, and sensitised radio-resistant u87 cells (329). These genes have 

been previously found to be aberrantly expressed following TTFields, with MTND5 showing 

differential upregulation following TTFields (152). Additionally, MTND5 has previously been 

implicated in gastric cancer, with SNV and point mutations across patient tissue (330).  

These data provide evidence for a novel research avenue into mitochondrial bioenergetics 

in glioma, which may provide exciting insights for further therapeutic targets. 
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7.6 In vitro assessment of TTFields treated recurrent patient derived GBM cell 
lines. 

 

Following a wealth of data produced via NGS analysis of recurrent GBM tissues we sought 

to validate our findings. As the primary focus of this research was to assess the importance 

of CLIC1 and CLIC4 in HGG, we pursued validation of these targets, following the promising 

in vivo data confirming our previous in vitro TTFields experiments. The primary, secondary, 

and tertiary tumours were stained for both CLIC1 and CLIC4, whereby a marked down-

regulation of these proteins was seen in the recurrent tumour when compared to the 

primary tumour, supporting DEG (differentially expressed genes) analysis shown in section 

6.5. Furthermore, rt-PCR was performed on cell lines derived from the 2021 tumour 

(GIN98 and GCE98), we found that these cell lines exhibited a significantly reduced 

expression of CLIC1 and CLIC4 when compared to pHGG. Further analysis revealed that the 

cell lines were significantly less sensitive to in vitro TTFields, suggesting a developing 

inherent resistance to TTFields therapy. Very few studies have assessed TTFields 

resistance; largely due to the difficulty with data stratification as patients often receive a 

myriad of treatments, all of which instigate genetic alterations in the tumour. Excitingly, 

together these data support our hypothesis that CLIC channels are implicated in the 

mechanism of TTFields treatment, proving as viable and attractive targets, and are pivotal 

in glioma progression. Figure 7.4 provides a graphical summary of the findings associated 

with TTFields treatment presented in chapters 5 and 6 of this thesis. 
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Figure 7.4 Graphical summary of the in vitro and in vivo findings from TTFields experiments. 

 

7.7 Future work 
The next steps in this research would be two-fold. Firstly, electrophysiological techniques 

such as whole cell and cell attached patch clamping to further assess the functionality of 

CLIC channels in glioblastoma cells. This would include the screening of a range of chloride 

channel inhibitors and CLIC deficient cells to assess changes in Vm, with single channel 

recordings to isolate CLIC channels. Furthermore, generation of a stable knock out of CLIC1 

in pHGG cells and further NGS analysis would reveal further mechanistic insight into the 

role that CLIC1 and CLIC4 hold in gliomagenesis. Electrophysiology should be exploited to 

explore the functional bioelectric effects of TTFields, and further interrogate the 

dysregulation of membrane potential associated with alternating electric field exposure.  

 Secondly, validation of 3’ mRNA sequencing data would provide important information 

and insights into GBM recurrence associated with TTFields therapy. These data should be 

validated across the original patient tissue, which unfortunately due to time constraints 

was not feasible within the time frame of this project. DNA repair in response to TTFields 
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treatment in HGG is currently being explored, however, novel insight may be offered by 

assessing some lesser-explored candidates highlighted in this study. It would be interesting 

to establish whether this signature of increased neurodegenerative pathways holds any 

bearing on the development of a wider cohort of GBM samples, as such, publicly available 

datasets could be used to assess this. The investigation of how perturbation of the TTFields 

treatment signature impacts HGG cell viability and response to mainstay therapies will also 

be vital in expanding our knowledge. Rather than targeting individual genes that are 

differentially expressed following TTFields, it may be of benefit to target the pathway 

signatures as a whole. To do this a screening approach may be of benefit, whereby publicly 

available platforms can be used to assess genetic signatures alongside compound libraries. 

This will be essential in identifying novel inhibitors of glioma recurrence and treatment 

resistance.  
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8 Concluding statement  
 

Brain tumours are the biggest killer of children and adults under the age of 40, with the 

survival statistics being dismal in most patient cohorts. Our research programme focussed 

on paediatric high-grade gliomas (WHO grade IV) and IDH wild type adult glioblastoma, for 

which patient prognosis remains invariably poor worldwide, despite multimodal 

treatment.  

Importantly, there are no curative treatment for these high-grade gliomas. No therapies, 

other than TTFields have shown efficacy in significantly prolonging overall survival in phase 

3 clinical trials since the landmark trials on TMZ; which we know, for many patients, has no 

clinical effect. We are faced with a significant unmet clinical need and as such, we sought 

to identify therapeutically actionable signatures of ion channel expression in HGG.  

In this thesis, we have presented a feasibility study assessing whether ion channels are 

viable targets in paediatric high-grade gliomas. Here we provide proof of concept that 

targeting CLIC1 and CLIC4 in vitro will significantly reduce the capacity for pHGG to 

proliferate and invade. Furthermore, we have characterised the bioelectrical properties of 

CLIC1 and CLIC4 in SF188, KNS42 and GCE62 cells, finding that disrupting the innate 

bioelectricity of these cell causes aberrant cell cycling and altered chloride flux. 

Additionally, we have shown that TTFields shows efficacy in pHGG, identifying that chloride 

intracellular channels may reveal mechanistic insight into the success of TTFields. We have 

identified that treatment with TTFields confers a down regulation of CLIC1 and CLIC4 

mRNA expression, and further targeting of CLIC1 and CLIC4 via siRNA or pharmacologically 

targeting significantly sensitised pHGG cells to TTFields. We explore tolerance to TTFields, 

finding that KNS42 cells harness an enhanced capacity to withstand TTFields anti-
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proliferative effects following long-term treatment when compared to short-term 

treatment. Further to this, tolerance was associated with a recovery of CLIC1 and CLIC4 

expression, that with induce deficiency via siRNA knock down, re-sensitised cells to 

TTFields. 

The wealth of data provided by 3’mRNA sequencing has provided a multitude of additional 

research avenues to follow,  further implicating CLIC channels in the biological response to 

TTFields and validating out in vitro findings. DNA repair and neurodegenerative pathways 

have been highlighted as significantly altered in response to TTFields and GBM recurrence, 

and present as particularly interesting pathway targets for future work.  

The studies provide valuable insight into the role that chloride intracellular channels play in 

pHGG, and the sensitivity to TTFields. Thus, unlocking a potential mechanism for TTFields 

success, and providing a defined targetable ion channel signature that is highly 

translational and feasible for clinical pursuit. This project has identified new therapeutic 

targets for HGG, a disease with a high mortality rate and few treatment options. By 

investigating the role of ion channels in HGG tumorigenesis and response to therapy, we 

share new therapeutic strategies that can improve patient outcomes. Feasibility studies 

such as this are essential in the common goal to improve clinical practice by advancing our 

understanding of the processes and mechanisms involved in the formation and spread of 

aggressive, treatment-resistant brain cancers.  
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10 Appendix 
10.1 A1 – Growth curves 
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Figure 10.1 Growth curves for SF188, KNS42 and GCE62 cells. Cell growth curves give the % of confluency 
(surface of plate covered) measured across three flasks at three independent time points as a function of 
time in days.  
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10.2 A2- IHC controls 
 

 

Figure 10.2 Control tissue used for IHC staining. Duodenum was used as appositive control for both CLIC1 and 
CLIC4 staining. Representative images shown include a -ve antibody control where tissues sections were 
incubated without antibody, and a temporal lobe normal brain control. 20x magnification. 
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10.3 A3- Clonogenic optimisation  
 

Figure 10.3 Representative images of colony forming units pre and post optimisation. 

 

Figure 10.4 Representative images of colony formation following CLIC inhibition. A) Representative whole 
images of CLIC1 and CLIC4 knock down clonogenic. B) representative image of IAA94 treatment of KNS42 
and GCE62 cells. C) Colony forming units following metformin treatment.  
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10.4 A4 – Invasion assay optimisation  

 

 
 
 
 
 
 

Figure 10.5 Optimisation of invasion assay. Example optimisation figure of SF188, KNS42 and GCE62 cells. Cell seeding density was 
pre-determined via assessment of growth curves and previous work in the group. Invasion was optimised across a 10% FBS gradient. 
A 24hour invasion period was selected as the data gained at the 48 hours’ time point was uninterpretable due to too many cells 
invading.  
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10.5 A6 - RNA sequencing  
10.5.1 A6.1 Quality control 

 

Figure 10.6 A) Electronic gel image generated by Agilent 4200 TapeStation showing the RNA profile of each 
sample. B). Bar chart comparing number of reads filtered and aligned uniquely to reference genome for each 
sample.  

 

Table 10.1 Input reads for library prep.  

Parameter MIN MEDIAN MAX  
Number of input 
reads [Million] 

3.39 
98.3_2021_1 

7.43 
 

10.63 
P98_2018_1 

 

Number of 
uniquely mapped 
reads [Million] 

2.00 
98.3_2021_1 

5.70 
 

8.93 
P98_2018_2 

 

 

Table 10.2 Basic statistics for alignment reads. The STAR aligner (Spliced Transcripts Alignment to a Reference) is 
Lexogens aligner of choice for aligning reads which were generated in a Corall experiment. 

 

Sample Number of 
input 
reads 

Uniquely mapped 
reads number 

Uniquely mapped 
reads % 

Average input 
read length 

98.3_2021_1 3393817 2000566 58.95 55 

98.3_2021_2 3775613 2003979 53.08 52 

98.3_2021_3 4722328 2371650 50.22 51 

P98_2018_1 10628080 8780668 82.62 69 

P98_2018_2 10548371 8930057 84.66 69 

P98_2018_3 9542186 7994843 83.78 69 

P98_2020_1 7426595 5699591 76.75 62 

P98_2020_2 7012600 5329573 76.00 62 

P98_2020_3 7948217 6101800 76.77 63 
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Table 10.3 Summary of the FASTQC numerical results for all sample reads. 

Sample Read Duplicates % GC Content % Average 
Sequence 
Length 

Total Sequences Fails % 

98.3_2021_1_R1 71.67 38.0 76.00 4293790 18.18 

98.3_2021_2_R1 65.64 41.0 76.00 5270924 18.18 

98.3_2021_3_R1 66.79 38.0 76.00 6228026 18.18 

P98_2018_1_R1 38.83 41.0 76.00 10804348 9.09 

P98_2018_2_R1 30.73 41.0 76.00 10682816 9.09 

P98_2018_3_R1 29.94 41.0 76.00 9717756 9.09 

P98_2020_1_R1 74.06 37.0 76.00 7900493 18.18 

P98_2020_2_R1 62.44 36.0 76.00 7494811 18.18 

P98_2020_3_R1 64.29 37.0 76.00 8377157 18.18 

 

 

Figure 10.7 Per-sequence GC content plot (counts) 

 

Figure 10.8 Per base sequence quality plot.  
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Figure 10.9 Per-sequence GC content plot (percentages) 

 

Figure 10.10 Per-sequence Quality scores plot 

 

Figure 10.11 Per-base N content plot 
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10.5.2 A6.2 Differential gene expression analysis summary  
 

Table 10.4 Summary of differential gene analysis performed. 

Gene Expression Gene Count % of Total Comment 
Total 29124 100.00 nonzero total read count 

LFC > 0 (up) 723 2.48 adjusted p-value < 0.10 

LFC < 0 (down) 740 2.54 adjusted p-value < 0.10  

Outliers  2072 7.11  

Low counts 10092 34.65 mean count < 1 

  

Table 10.5 Contrast of 2018 vs 2021. DESeq2 provides a summary of the results of the differential expression 
analysis for all genes and all samples 

Gene Expression Gene Count % of Total Comment 
Total 29124 100.00 nonzero total read count 

LFC > 0 (up) 7678 26.36 adjusted p-value < 0.10 

LFC < 0 (down) 1005 3.45 adjusted p-value < 0.10  

Outliers  2072 7.11  

Low counts 11155 38.30 mean count < 1 

 

Table 10.6 Contrast of 2020 vs 2021. DESeq2 provides a summary of the results of the differential expression 
analysis for all genes and all samples 

Gene Expression Gene Count % of Total Comment 
Total 29124 100.00 nonzero total read count 

LFC > 0 (up) 7155 24.57 adjusted p-value < 0.10 

LFC < 0 (down) 713 2.45 adjusted p-value < 0.10  

Outliers  2072 7.11  

Low counts 11155 38.30 mean count < 1 
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