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Abstract 
 

Glioblastoma multiforme is an invariably terminal cancer, with 5-year survival rates as 

low as 1.9% in some patient groups. The current treatment for glioblastoma is surgery, 

external beam radiotherapy and adjuvant and concomitant temozolomide 

chemotherapy. Treatment will fail due to an inherent treatment resistance, and as a 

result, current treatment for glioblastoma has been designated as an unmet clinical need, 

meaning that new and more efficacious treatment options are needed. Dimethyl 

fumarate is a clinically available immunomodulatory drug, currently used to treat multiple 

sclerosis. One of the targets of dimethyl fumarate is glutathione, a potent chemo- and 

radio-resistance factor. We hypothesised that the use of dimethyl fumarate as an 

adjuvant to standard of care chemo-radiotherapy would increase the efficacy of 

treatment via glutathione inhibition and subsequent amplification of chemo-radiotherapy 

effects on a molecular level. We have shown, using bespoke combinations of 

temozolomide and dimethyl fumarate in two glioblastoma cell lines, that our hypothesis 

was correct. Cell line specific combinations of temozolomide and dimethyl fumarate 

significantly increased cell kill in a dose dependent manner. Unfortunately, a precise 

mechanism for this combination was unable to be elucidated. There was no significant 

increase in DNA double strand breaks, cell cycle arrest or apoptotic induction when 

temozolomide treatment and X-irradiation was combined with dimethyl fumarate. We 

were able to positively identify glutathione as a chemoresistance factor in these cell lines, 

as well as rule out the role of reactive oxygen species. We have also shown however, 

that dimethyl fumarate is capable of activating the chemo- and radioresistance factor 

NRF2. We believe that this is the first mechanistic interrogation of dimethyl fumarate 

being used to potentiate combined chemo-radiotherapy, however future work is needed 

before potential clinical deployment of dimethyl fumarate as an anti-neoplastic agent. 
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Chapter 1 
Introduction 
 

1.1 Cancer 

 

Cancer is a leading global killer, responsible for over 8 million deaths worldwide in 2012 

(Torre et al., 2015). The incidence of cancer is increasing, and it is now estimated that 1 

in 2 people will be diagnosed with at least one type of over 200 cancers at some point 

during their lifetime (Torre et al., 2015). Fortunately for many cancers, this high incidence 

rate  is matched by high survival rates including breast, testicular, prostate cancers and 

malignant melanoma, all of which have 5-year survival rates of greater than 85% (Bray 

et al., 2018; CRUK, 2015; Torre et al., 2015). 

 

Conversely, a number of cancers have 5-year survival rates of significantly lower than 

20%. These cancers include lung, stomach, pancreatic and brain cancers (CRUK, 2015). 

The low survival rates for these cancers can in part be attributed to a lack of effective 

treatment options, as well as fewer effective diagnostic markers, meaning these cancers 

are often diagnosed at a later stage. Treatment for these high-grade cancers (WHO 

Grade III-IV) is often considered palliative, meaning that only symptoms that the cancer 

are treated, with no curative intent.  

 

1.1.1 Brain, Central Nervous System and Intracranial tumours 

 

There are a large number of different brain and central nervous system malignancies, 

and these cancers account for 2.8% of the total number of cancer diagnoses in the 

United Kingdom in 2011, and 3.2% of all cancer deaths (CRUK, 2015).  The incidence 

of brain cancer has increased consistently between 1979 and 2010 (CRUK, 2015), 

however this increase can be partly attributed to advances in diagnostic imaging, which 

can allow for more accurate  detection  and diagnosis (McKinney, 2004). The same trend 

can be observed when comparing overall incidence of all CNS tumours diagnosed 

between 1975-1979 and 1996-1999 (Hoffman et al., 2006;  Legler et al., 1999). There is 

increased worldwide mortality and incidence of CNS cancers in both males and females 

in more developed compared to less developed areas (Torre et al., 2015), suggesting 
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that a westernised lifestyle may play a role in the development of these cancers. 

Alternatively, the fact that CNS cancers tend to be diagnosed in older patients may play 

a role in these statistics as these more developed areas tend to have populations with a 

longer lifespan. It is also possible that less developed areas lack the equipment, 

resources and clinical expertise to accurately diagnoses these cancers, potentially 

skewing the data.  

 

Very few CNS cancers are preventable, with statistics in the UK indicating that less than 

1% of all diagnosed brain, CNS and intracranial tumours are preventable (CRUK, 2015). 

The only indicated causative factors are high dose X-rays, such as those used in 

radiotherapy and chemicals used in the petrochemical industry, however these factors 

can only be attributed to a very small number of cases (Adamson et al., 2009). There is 

no evidence that mobile phones, smoking, alcohol or infection from specific pathogens 

can cause brain or CNS cancers (McKinney, 2004). 

 

A limited number of genetic factors have been implicated to be causative of brain and 

CNS cancers. Exemplar  genetic conditions  which are associated with an increased rate 

of brain and CNS tumours include neurofibromatosis (NF1 gene), tuberous sclerosis 

(TSC1/2 gene), Von-Hippel Landau disease (VHL gene), Li-Frauman syndrome (p53 or 

CHK2 gene) and Turcot syndrome, also known as mismatch repair cancer syndrome 

(MLH1, MSH2, MSH6 or PMS2 genes) (Goodenberger and Jenkins, 2012). These 

conditions all result in oncogenesis due to a loss of tumour suppressor gene function, 

an increase in oncogene activity, or a failure to repair mutagenic DNA damage. 

 

Despite considerable research and clinical advancements, the survival rates for brain 

and CNS tumours have remained low, with overall 5-year survival rising from 7% to only 

19% over the past 40-years (Cancer Research, 2014), this low survival is matched with 

an increasing incidence. 

 

1.1.1.1 Glioma incidence and survival 

 

The most common brain or CNS cancer is glioma, accounting for 80% of all malignant 

brain tumours (Omuro and DeAngelis, 2013). Glioma can arise from a number of glial 

cells, such as astrocytes, oligodendrocytes or ependymal cells. Astrocyte derived 

cancers – astrocytomas – make up 75% of all gliomas and 34% of all brain or CNS 
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cancers (Ostrom et al., 2014). Gliomas are most commonly found in the frontal, temporal, 

parietal and occipital lobes (Larjavaara et al., 2007) 

 

The World Health Organization grades glioma based on aggressiveness and the level 

of differentiation of the cells within the tumour. Grade I and II tumours can be viewed as 

benign (Dolecek et al., 2012), but if left unchecked they will invariably progress to an 

aggressive, malignant growth (Omuro and DeAngelis, 2013). Grade III and IV gliomas 

are highly differentiated and aggressive cancers with poor survival rates (Ostrom et al., 

2014). 

 

Grade III gliomas are either anaplastic astrocyotmas, oligodendrogliomas or 

oligoastrocytomas, with astrocytomas featuring the lowest survival of these, showing a 

5-year survival of between only  22 and 25.6% (Omuro and DeAngelis, 2013; Smoll and 

Hamilton, 2014). Grade IV glioma is commonly known as Glioblastoma Multiforme or 

simply Glioblastoma. Glioblastoma multiforme originates and presents through two 

distinct pathways which result in either a primary or secondary glioblastoma. Both 

primary and secondary glioblastoma, as the two distinct tumours are described, are 

WHO grade IV and are treated identically. Secondary glioblastoma can develop directly 

from WHO grade II astrocytoma or from grade II astrocytoma that has progressed to 

grade III anaplastic astrocytoma before further progression to glioblastoma. (Louis et al., 

2016; Ohgaki and Kleihues, 2013) 

 

Due to the aggressiveness of this cancer, glioblastoma is considered terminal, with 5-

year survival historically being as low as 1.9% in some patient groups, (Perry et al., 

2012). However, 5-year survival has increased to between 8-10% with the introduction 

of more effective treatment options (Perry et al., 2012; Preusser et al., 2011).  

 

Median survival from high-grade glioma diagnosis is typically less than 4 months, and 

this pattern of increasing glioma incidence and continued low survival rates has 

precipitated a need for new and effective treatment options, and a deeper understanding 

of the molecular biology of glioma has given rise to a number of exploitable targets. 
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Table 1.1: The age adjusted survival and incidence of glioma, highlighting the difference 

between survival in high grade and low-grade glioma, as well as the higher incidence of 

astrocytomas and glioblastoma multiform (Adapted from Ostrom et al., 2014). 
 
1.2.Biology of glioblastoma  

 

There are a number of features common to glioma that combine to make these cancers 

aggressive and difficult to treat, including aberrant gene expression, hypoxia and a highly 

invasive phenotype. An increased knowledge of the cellular and molecular basis of 

glioma has raised expectation that these traits can be exploited to deliver tumour 

targeted treatment options (Omuro and DeAngelis, 2013; Parsons et al., 2008; Perry et 

al., 2012). 

 

1.2.1 Primary and secondary glioblastoma 
 

Glioblastoma multiforme originates and presents through two distinct pathways which 

result in either a primary or secondary glioblastoma. Both primary and secondary 

glioblastoma, as the two distinct tumours are described, are WHO grade IV and are 

treated identically, but display distinct genetic, transcriptomic and molecular patterns 

(Kim et al., 2015; Ohgaki and Kleihues, 2013; Tso et al., 2006).  

 

Primary glioblastoma is a de novo tumour that typically presents in the older population 

with no prior clinical manifestation, whereas secondary glioblastoma is a progression 

from previously diagnosed glioma. Secondary glioblastoma can develop directly from 

WHO grade II astrocytoma or from grade II astrocytoma that has progressed to grade III 

	

Diagnosis WHO Grade Anaplastic 5-year Survival (%) Incidence/100,000 

Pilocytic Astrocytoma I 

No 

86.6 0.36 

Oligoastrocytoma 

II 

50 0.19 

Oligodendroglioma 68.5 0.19 

Astrocytoma 

 

III 

Yes 

18.5 0.31 

Oligoastrocytoma 

 
49.4 0.15 

Oligodendroglioma 35.4 0.08 

Glioblastoma Multiforme IV 3.4 2.58 
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anaplastic astrocytoma before further progression to glioblastoma (Agnihotri et al., 2013; 

Louis et al., 2016). This process is illustrated in Figure 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Development of primary and secondary glioblastoma from an undefined cell 

of origin. Mutations associated with each cancer are also shown. Adapted from 

(Agnihotri et al., 2013; Louis et al., 2016). 

 

The cell of origin in Figure 1.1 is left undefined as there is no common consensus from 

which cell brain cancers such as glioma develop from. Recent work, however, has 

identified oligodendrocyte precursor-cells as the putative cell of origin in glioma (Liu et 

al., 2011). This work also indicated that although oligodendrocyte precursor cells appear 

to be the cell of origin for glial cancers, the mutation that induces these malignancies 

can occur in neural stem cells, the precursor to oligodendrocyte precursor-cells. 

Furthermore, Mutations in p53, NF1 and TERT have been identified as drivers of this 

malignant divergence (Lee et al., 2018; Liu et al., 2011). This is illustrated in Figure 1.2.  

 

 

 

Primary Glioblastoma

EGF signaling amplified (∼40%)

EGFR overexpressed (∼60%)

EGFR mutated (∼25%)

MDM2 amplified (∼10%)

PTEN mutated (∼40%)

RB mutated (∼15%)

VEGF overexpressed 

Low Grade Astrocytoma
p53 mutation (>65%)

PDGFA & PDGFR overexpressed (~60%)

Anaplastic Astrocytoma
RB mutated (~25%)

CDK4 amplification (~15%)

MDM2 overexpression (~10%)

LOH 11p (~30%) 

Secondary Glioblastoma
PTEN mutated (~10%)

P13K amplification (~10%)

VEGF overexpression 

PDGFR amplification (~10%)

p53 deletions (~65%)

IDH1 mutated (~70%)

Cell of Origin

W
H

O
 G

ra
de

 II
W

H
O

 G
ra

de
 II

I
W

H
O

 G
ra

de
 IV

W
H

O
 G

rade IV



 6 

 

 

 

 

 

 

 

 

 

Figure 1.2: Current paradigm for the origin of glioma as a divergence from typical 

neurodevelopment. Adapted from (Liu et al., 2011). 

 

Secondary glioblastoma generally has a more favourable prognosis than primary 

glioblastoma (7.8 vs 4.7 months) (Louis et al., 2016; Ohgaki and Kleihues, 2013). This 

is partially due to secondary glioblastoma presenting in younger patients who are more 

resilient to a more robust treatment regimen than the older population in which primary 

glioblastoma typically presents. As secondary glioblastoma is a progression from a WHO 

grade II or III astrocytoma, there is a clinical history attached to each patient. A more 

detailed clinical history will allow clinicians to make a more informed decisions based 

around treatment deployment in secondary glioblastoma than in de novo primary 

glioblastoma. Unfortunately, although secondary glioblastoma has significantly better 

prognosis, primary glioblastoma makes up the bulk of glioblastoma multiforme diagnosis. 

94.7% of cases of glioblastoma multiforme fulfil the clinical conditions required for 

diagnoses of primary glioblastoma.  

 

More so than clinical history and tumour grade at diagnosis, there is a distinct mutational, 

transcriptomic and metabolomic profile associated with primary and secondary 

glioblastoma. This is observed more so on the transcriptomic level (Tso et al., 2006), 

with neural, classical (described as proliferative by (Phillips et al., 2006)), mesenchymal 

and proneural profiles being well defined and described in the literature (Lottaz et al., 

2010; Phillips et al., 2006; Verhaak et al., 2010). However, there is now evidence the 

neural subtype is not a true glioma subtype, but is in fact contamination by healthy brain 

tissue (Li et al., 2017; Sidaway, 2017; Wang et al., 2017) as highlighted by the lack of 

genetic abnormalities in this grouping (Brennan et al., 2013). 
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These three profiles have now been validated in a number of patient samples, and further 

analysis has shown that median survival differs between each subtype. The classical, 

mesenchymal and proneural subtypes have median survival of 14.7, 11.5 and 17 months 

respectively (Wang et al., 2017). Increased survival in the proneural subtype is likely due 

to the virtually exclusive presence of mutant IDH within this group (Aldape et al., 2015). 

Characteristic differential gene signatures are shown in Table 1.2. The classical subtype 

(described by Phillips as proliferative) was described in this way due to the typical 

glioblastoma presentation of chromosome 7 amplification and chromosome 10 deletion 

(Phillips et al., 2006). 

 

All of these profiles have been associated with primary glioblastoma, with a proneural 

profile being seen in both primary and secondary glioblastoma. Unique to secondary 

glioblastoma, a DNA hypermethylation phenotype, known as the glioma-CpG island 

methylator phenotype (G-CIMP), has been identified. This group is seen more commonly 

in proneural tumours. This population was first identified by Noushmehr and the 

population in which this phenotype was first identified is consistent with the secondary 

glioblastoma patient population (Noushmehr et al., 2010).  

 
Table 1.2: Table showing the differences between the 4 main glioblastoma subtypes. 

The neural subtype is separated to highlight the differences, or lack thereof, that 

distinguish this group from typical brain tissue. Adapted from (Agnihotri et al., 2013; 

Behnan et al., 2019; Ludwig and Kornblum, 2017; Noushmehr et al., 2010; Phillips et al., 

2006; Verhaak et al., 2010). 

 

It has now been evidenced that transition between these subtypes is a feature of glioma 

progression and development (Wang et al., 2017), and in some cases progression 

appears to be strongly influenced by the tumour microenvironment, particularly the 

immune response to, and the immune infiltrates within, the tumour (Wang et al., 2017). 

 
 
 

Neural Classical Mesenchymal Proneural 

 EGFR VIII mutation NF1 mutation 
IDH1 mutation 
p53 mutation 

 EGFR amplification  PDGFRA amplification 

 
INK4A/ARF loss 

PTEN loss 

CDKN2A loss 
p53 loss 

PTEN loss 

INK4A/ARF loss 
PTEN loss 

EGFR overexpression 
Elevated neural marker expression 

HER2 overexpression 
Nestin overexpression 

CD44 overexpression 
CHI3L1 overexpression 

MET overexpression 
VEGF overexpression 

 

 
Notch activation 
SHH activation 

NFkB activation 
TNF family activation 

HIF-1a activation 
PDGFRA activation 

PI3K activation 

Brain tissue gene signature 
 

Chromosome 7 amplification & 
chromosome 10 deletion 

Mesenchymal tissue gene signature Proneural cell gene signature 
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Glioblastoma has a remarkable level of genetic heterogeneity on an intratumoral level, 

meaning that a case of glioblastoma is likely present with molecular features of more 

than of the groups described above (Sottoriva et al., 2013). This is likely to occur through 

one of two mechanisms; early divergent mutations from the cell of origin of glioblastoma 

or clonal evolution from stem cells, giving rise to genetically diverse populations within 

the tumour mass (Parker et al., 2015). Due to evolutionary divergence occurring early in 

the development of glioblastoma, heterogeneity on a genetic level is a common feature 

of glioblastoma. By developing mutations early in the oncogenic process, either through 

stem cell differentiation and expansion or through germ line cell mutation, glioblastoma 

develops as a genetically diverse cancer, with unique subpopulations throughout the 

tumour mass (Brennan et al., 2013; Wang et al., 2017). These subpopulations can 

feature genetic overlap, or remain distinct, however it is common for a tumour to have 

the characteristics of more than one glioblastoma subtype as seen in Table 1.2.  

  

A point of interest around primary and secondary glioblastoma is the ‘storm, form and 

norm’ of the cancer stem cell hypothesis; the controversial proposition of the concept of 

glioma stem cells, the re-evaluation of clinical and lab findings to incorporate the 

paradigm of cancerous stem cells and then finally the normalisation of glioma stem cells 

as an established scientific phenomenon.  

 

1.2.2 Physiological, molecular and genetic aspects of glioblastoma 

 

Cancer is a disease of the genes; accrual of genetic damage leads to alteration of gene 

activity in the form of mutations. Genetic damage can affect the way in which mutated 

genes are expressed, with genes commonly being epigenetically modified, constitutively 

expressed, or silenced (Stratton et al., 2009). This often results in uncontrolled cellular 

proliferation. However, there is not one single genetic alteration that gives rise to a 

malignancy. There are often more than 5 mutations leading to dysplasia and hyperplasia, 

before a tissue becomes cancerous (Yokota, 2000). Mutations can be caused by a 

number of factors, such as exposure to ionising radiation, ultraviolet-light or toxic 

chemicals; mutations can also occur organically as a part of the DNA synthesis and 

replication process.  

 

The mutations that lead to cancer are often found in genes associated with control of cell 

growth, for example genes involved in regulation of the cell cycle. Therefore, cell cycle 
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dysfunction is a common motif of almost every cancer. Due to the importance of the cell 

cycle, it is tightly regulated by a series of phosphorylation cascades, underpinned by a 

complex interplay of cyclin-dependent kinases, DNA damage repair proteins and other 

gene families, such as tumour suppressor genes and proto-oncogenes (Collins et al., 

1997; Kastan and Bartek, 2004; Zhivotovsky and Orrenius, 2010). Checkpoints at each 

phase of the cell cycle ensure that the synthesis and fidelity of DNA is conserved to 

prevent introduction of oncogenic or fatal mutations. These checkpoints prevent cells 

with incorrectly replicated DNA from proceeding through the cycle until the damage has 

been repaired, or forces the cell to undergo apoptosis (Kastan & Bartek, 2004). 

 

Tumour suppressor genes act to maintain and regulate the normal proliferation of the 

cell by controlling the cell cycle. These genes include p53, p16, MGMT and BRCA1, 

which act as cell cycle regulators, cyclin-dependent kinase inhibitors, and DNA damage 

repair genes respectively (Garinis et al., 2002). For a tumour suppressor gene to fail, an 

individual must be homozygous for the mutant gene, and an inherited mutation can pre-

dispose an individual to certain types of cancer. These mutations are almost always loss-

of-function mutations (Lee & Muller, 2010; Sherr, 2004). 

 

Proto-oncogenes are drivers of cellular proliferation, and commonly mutate to 

oncogenes; these are typically gain of function mutations that stimulate cell growth, 

division and survival (Lee and Muller, 2010). These mutations push the cell through the 

cell cycle, forcing rapid cell division, which can lead to tumour formation. Ras is the most 

commonly mutated oncogene in cancer, with the K-Ras isoform mutated in up to 30% of 

all cancers (Fernandez-Medarde & Santos, 2011). The mutated Ras gene has a large 

number of functions in cancers, but one of its main roles is to promote constitutive cell 

cycling by constitutive Ras signalling through ERK, P13K/AKT and PKC pathways. 

 

As with many cancers, there are a number of genes that are commonly mutated or 

overexpressed in glioma. These include the DNA damage repair protein MGMT, the pro-

inflammatory transcription factor NF-kB and the isocitrate dehydrogenase gene family. 

This section aims to describe several of these genetic, molecular and physiological 

features of high-grade glioma and their role in treatment outcome. However, this is not 

exhaustive, as there are a large number of other genetic, molecular and physiological 

markers associated with glioblastoma. 
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1.2.2.1 MGMT  

 

There are a plethora of DNA repair mechanism that aim to repair DNA damage which 

accumulates in glioma cells. One of these DNA damage repair proteins is MGMT (O6-

methylguanine DNA methyltransferase). Under normal conditions, MGMT acts to 

primarily to prevent genes, such as tumour suppressor genes, from being epigenetically 

silenced via methylation (Christmann et al., 2011; Nakamura et al., 2001). MGMT acts 

specifically to undo methylation in the O6 position of the base guanine by transferring the 

unwanted methyl group to a nearby cysteine base. Removal of the methyl group form 

the O6-position of guanine by MGMT is an irreversible reaction, meaning that the active 

site of the enzyme is irreversibly poisoned.  

 

The methylation of guanine to O6-methylguanine is rare, accounting for less than 8% of 

all DNA alkylation events (Fan et al., 2013; Kaina et al., 2007). Although rare, O6 

methylation of guanine is incredibly toxic due to the inability of the cell to successfully 

pair the methylated guanine with a complementary base pair. This leads to induction of 

the mismatch repair pathway. Sustained inability of the cell to successfully pair the 

methylated guanine base leads to aborted mismatch repair cycles, which generates DNA 

double strand breaks.  

 

Methylation of the O6-position of guanine is the main mechanism of the alkylating agent 

temozolomide. Because of this, expression of the DNA damage repair protein O6-

methylguanine DNA methyltransferase (MGMT) is used clinically to predict response to 

the standard of care for glioblastoma, temozolomide (Section 1.3.3.1). Patient survival 

in MGMT positive tumours is discussed in Section 1.3.3.1.  

 

However, in high grade glioma, epigenetic methylation of the MGMT promoter occurs 

Promoter methylation prevents expression of the MGMT protein, and therefore increases 

response to temozolomide therapy. Promoter methylation and therefore null expression 

occurs more commonly in low-grade astrocytoma (48%) and in 75% of secondary 

glioblastomas (WHO grade IV) that have progressed from low-grade astrocytoma. The 

frequency of MGMT promoter methylation has been found to significantly lower in 

primary glioblastomas (36%) (Nakamura et al., 2001). This indicates that methylation of 

the MGMT promoter may be an early event in the development of these cancers, and 

null activity of MGMT in secondary glioblastoma may explain why these cancers have a 
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significantly better response to temozolomide therapy (Ohgaki and Kleihues, 2013).  

 

1.2.2.2 Isocitrate dehydrogenase 

 

Isocitrate dehydrogenase (IDH) 1 and 2 are metabolic enzymes that produce the Kreb’s 

Cycle intermediate a-ketoglutarate (Reitman et al., 2011). Mutated IDH1 is more often 

found in secondary glioblastoma than primary glioblastoma and these mutations are 

believed to occur early in the development of these cancers (Frezza et al., 2010). As 

discussed, secondary glioblastoma occurs as a progression from lower grade glioma, 

typically anaplastic astrocytoma (Louis et al., 2016; Ohgaki and Kleihues, 2013). IDH 

mutations are more commonly found in secondary glioblastoma than primary 

glioblastoma. Expression of mutant IDH in secondary glioblastoma is likely an artefact 

of progression from anaplastic astrocytoma as IDH mutation at codon 132 has been 

found in 60% of anaplastic astrocytoma but only 7.2% of primary glioblastoma cases 

(Hartmann et al., 2010; Sanson et al., 2009). 

 

IDH normally exists as a homodimer, but following mutation it will exist as a heterodimer, 

composed of one wild-type and one mutant subunit (Zhao et al., 2009). Atypically for a 

tumour suppressor gene, only one allele needs to mutate for loss of function to occur. 

This mutation decreases intracellular levels of a-ketoglutarate, which increases the 

intracellular levels of  the hypoxia marker, hypoxia inducible factor 1-a (HIF1-a), as a-

ketoglutarate is involved in the oxygen-dependent degradation of HIF (Fu et al., 2010). 

Despite mutation in a tumour suppressor gene, patients displaying an IDH mutation have 

significantly higher survival rates, and this is believed to be due to mutant IDH 

consuming, rather than producing NADPH. This will prevent appropriate reduction of the 

free-radical scavenger glutathione occurring, resulting in chemo- and radiosensitisation 

(Christensen et al., 2010; Fu et al., 2010; Houillier et al., 2010). This is illustrated in 

Figure 1.3. 

 

Overall survival for secondary glioblastoma patients with mutant IDH1/2 was found to be 

4.3 months longer than with IDH1/2 wild type (8.4 months vs 12.7 months) (SongTao et 

al., 2012) and 2.7 years longer (1.1 years vs 3.8 years) in patients with IDH1 mutation 

(Parsons et al., 2008). Overall, patients with both mutant IDH and MGMT promotor 

methylation perform better than patients with either MGMT promoter methylation or IDH 

mutation (1311 days mean survival vs 331 days mean survival) (Hartmann et al., 2010; 
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Molenaar et al., 2014) 

 

 

 

 

 

 

 
Figure 1.3: Function of isocitrate dehydrogenase in glioma. a. shows normal metabolism 

of isocitrate by the wild type isocitrate dehydrogenase with associated reduction of 

glutathione. b. shows dysfunctional metabolism of isocitrate by the mutant isocitrate 

dehydrogenase with no associated reduction of glutathione, resulting in chemo and 

radiosensitisation.  

 

1.2.2.3 p53, PTEN and monosomy of chromosomes 10 & 17  

 

p53 is the most commonly mutated tumour suppressor gene in human cancers (Lai et 

al., 2012). In healthy cells p53 acts as cell cycle checkpoint protein as part of the 

ARF/MDM2/p53 pathway, holding the cell at the G1 and G2/M checkpoint, where 

damaged DNA can be repaired by DNA damage repair proteins, which can also be 

induced by p53 (Sherr and McCormick, 2002). If the damage is too severe, and the DNA 

cannot be repaired, apoptosis will be induced. However, in p53 mutant cancer, the cell 

can still divide with damaged DNA, resulting in cells that will have unstable genetic 

content. If there is a high degree of instability, then these cells will eventually die. Cells 

with lower levels of instability may continue to grow aberrantly, and develop further 

mutations (Vakifahmetoglu et al., 2008). This also allows cells which have had DNA 

damaged by chemotherapy or radiotherapy to continue to replicate instead of initiating 

apoptosis, resulting in many chemotherapeutic drugs operating in a p53 dependent 

manner. 

 

As reported by The Cancer Genome Atlas, the ARF/MDM2/p53 pathway is dysregulated 

in 84% of glioblastoma cases, with TP53 dysregulation observed in 22% of glioblastoma 

(Parsons et al., 2008; The Cancer Genome Atlas Research Network, 2008). The majority 

of these mutations are missense mutations in the DNA binding domain of the TP53 gene 

which leads to inhibition of transcription factor activity and therefore lower levels of 

a. b. 
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oncogenic gene transcription (Labussière et al., 2016). Mutant p53 has been shown to 

be more oncogenic than the more common loss of wild type p53 (Bastien et al., 2015; 

Khani et al., 2019). This is due to mutant p53 acting as a gain of function mutation that 

is capable of interacting with p63, p73 and VDR (Vitamin D receptor) (Zhang et al., 2018), 

which are associated with malignant progression, resulting in an increase in cellular 

proliferation, migration and invasion.  

 

The TP53 gene is found on chromosome 17, and 60% of WHO grade II and III 

astrocytomas have a loss of heterozygosity of chromosome 17, and this is commonly 

associated with mutant p53 activity (Fults et al., 1992), and has been suggested to be a 

mediator of malignant progression (Deimling et al., 1992; Watanabe et al., 1997). As 

mutant p53 is found more commonly in grade II-III glioma, p53 is more commonly seen 

in secondary glioblastoma, with over 70% of secondary glioblastoma displaying mutant 

p53 (Crespo et al., 2011; Zawlik et al., 2009). p53 has been shown to be mutated in 

response to chemotherapy, with 37.5% and 58% of untreated and treated  glioblastomas 

showing mutant p53 (Parsons et al., 2008; The Cancer Genome Atlas Research 

Network, 2008), this is likely due to positive selection of mutant cells due to the reliance 

of competent p53 for many chemotherapeutic drugs to elicit cytotoxicity (Hirose et al., 

2001).  

 

Due to the increase oncogenic activity associated with mutant p53, wild type p53 

expression in high-grade glioma is correlated with higher 5-year survival than mutant 

p53 (46% vs. 21%). Mutant p53 is associated with poor response to temozolomide 

therapy. This is believed to occur as the length of the G2/M arrest induced by 

temozolomide is dependent on wild type p53 (Hirose et al., 2001), and arrest at the G2/M 

checkpoint is needed for the temozolomide treated cells to induce apoptosis (Hermisson 

et al., 2006; Roos et al., 2007). Interestingly, mutant p53 is associated with methylation 

of the MGMT promoter, which confers temozolomide sensitivity (Hermisson et al., 2006; 

Nakamura et al., 2001).  

 

p53 mutation has been associated with dysfunction of another tumour suppressor gene, 

Phosphatase and tensin homolog (PTEN). PTEN acts as a tumour suppressor by 

negatively regulating PI3K which forms an intrinsic part of the PI3K/AKT pathway 

(Endersby and Baker, 2008). In glioma, activation of receptor tyrosine kinases has been 

shown to signal through the PI3K/AKT axis to increase cell growth and prevent induction 
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of apoptosis (Fan and Weiss, 2010). The PTEN gene is found on chromosome 10, and 

monosomy of chromosome 10 is commonly seen in primary glioblastoma (Lopez-Gines 

et al., 2005), with between 60 and 90% of glioblastoma cases showing whole 

chromosome loss of chromosome 10. In secondary glioblastoma loss of chromosome 

10q is more common than deletion (Fujisawa et al., 2000). As a result of this, deletion of 

PTEN is more common than mutation.  

 

Loss of PTEN results in increased or constitutive PI3K/AKT signalling and is commonly 

associated with an increase in EGFR (epidermal growth factor receptor) signalling 

(Parsons et al., 2008; Smith et al., 2001; Stichel et al., 2018; The Cancer Genome Atlas 

Research Network, 2008). Mutations or deletions with in the EGFR/PTEN/PI3K/AKT 

pathway have been demonstrated in 88% of glioblastoma diagnoses (The Cancer 

Genome Atlas Research Network, 2008). Furthermore, PTEN mutation or deficiency is 

correlated with a significantly worse outcome for glioblastoma multiforme and anaplastic 

astrocytoma patients (Chakravarti et al., 2004; Smith et al., 2001).  

 

As mentioned, PTEN is a negative regulator of PI3K and AKT. Activation of AKT and 

PI3K is associated with apoptotic resistance following treatment (Duronio, 2008; Franke 

et al., 2003; Li et al., 2016). This occurs through up regulation of anti-apoptotic factors 

such as NF-κB and BCL-2, and inhibition of pro-apoptotic factors such as Caspases 3 & 

8, Bad and Bax (Hay and Sonenberg, 2004; Hu et al., 2005; Malla et al., 2010; Nan et 

al., 2017; Zhang et al., 2012). Evasion of programmed cell death pathways leads to 

increased tumour growth, and it is believed that the loss of PTEN as a positive regulator 

of apoptosis is responsible for the poor outcome in PTEN deficient patient groups 

(Chakravarti et al., 2004; Han et al., 2016; Smith et al., 2001).  

 

Downstream targets of PI3K and AKT include mammalian target of rapamycin 1 & 2 

(mTOR1&2). mTOR is a highly conserved serine/threonine kinase that controls cell 

growth and metabolism in response to nutrients, growth factors, cellular energy, and 

stress. mTOR acts downstream of AKT to facilitate signal transduction. Due to the 

constitutive activation of AKT/PI3K signalling in PTEN negative cancers, mTOR 

mediated signal transduction is highly active. mTOR is also highly druggable, with 

everolimus, sirolimus and rapamycin showing strong inhibitory properties. Everolimus, 

an immunosuppressive mTOR inhibitor, has been approved for WHO grade I 

subependymal giant cell astrocytoma (SEGA) which is associated with tuberous 
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sclerosis (Krueger et al., 2010) and mTOR inhibitors have shown promise in in vivo 

models of glioblastoma with constitutive AKT signalling (Hu et al., 2005) as well as 

showing synergy with temozolomide in both in vivo and in vitro models of glioblastoma 

(Luchman et al., 2014). However, this has not translated clinically. Initial studies using 

rapamycin in PTEN deficient glioblastoma showed promising results (Cloughesy et al., 

2008), but larger studies combining everolimus with the standard of care showed an 

increase in toxicity with no associated survival benefit (Ma et al., 2015a). Careful patient 

selection must be performed in order to determine if mTOR inhibitors can be of use in 

select patient groups (Don and Zheng, 2011).  

 

1.2.2.4 EGFR VIII expression and chromosome 7 trisomy   

 

A common feature of high-grade glioma is trisomy of chromosome 7. Chromosome 7 

contains the EGFR gene and gain of chromosome 7 is associated with over expression 

of the epidermal growth factor receptor (EGFR) in glioblastoma patients. EGFR 

signalling has been shown to be amplified primarily in primary glioblastoma (Parsons et 

al., 2008; Stichel et al., 2018; The Cancer Genome Atlas Research Network, 2008; 

Verhaak et al., 2010), with 55-70% of primary glioblastomas overexpressing EGRF 

(Ohgaki and Kleihues, 2013; Ohgaki et al., 2004). This is not seen in lower grade 

astrocytoma (Agosti et al., 1992).  

 

As well as overexpression of EFGR, a mutant EGFR variant is commonly expressed in 

glioblastoma (Nishikawa et al., 1994; Szerlip et al., 2012). EGFR vIII features deletion of 

a sequence of 267 amino acids in the extracellular ligand-binding domain, resulting in 

constitutive low level EGF signalling even in the absence of ligand binding (Ekstrand et 

al., 1992). EGFR activation results in a cacophony of signal transduction, including 

RAS/ERK/MAPK, PI3K/AKT, NF-kB and STAT3 signalling. Stimulation of these 

pathways results in suppression of apoptosis and sustained growth as well as an 

increase in angiogenesis and invasion (An et al., 2018; Normanno et al., 2006; 

Sigismund et al., 2019).  

 

As a result of the activation of oncogenic targets amplification of EGFR and presence of 

EGFR vIII is associated with poor patient outcome (Bieńkowski et al., 2013; Smith et al., 

2001) and poor response to radiotherapy (Barker et al., 2001) and chemotherapy 

(Montano et al., 2011). However, a number of studies have shown that EGFR vIII is not 
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a prognostic indicator in glioblastoma multiforme (Donato et al., 2007; Felsberg et al., 

2017; Heimberger et al., 2005). The use of EGFR vIII as a prognostic factor has not been 

validated in large scale trials.  

 

Due to the high level of EGFR activation in glioblastoma multiforme, targeting EGFR has 

become been an attractive therapeutic option (Raymond et al., 2000). EGFR has shown 

itself to be an attractive and highly druggable treatment option, with small molecule 

EGFR inhibitors such as erlotinib (Shepherd et al., 2005; Tsao et al., 2005) and gefitinib 

(Maemondo et al., 2010; Mok et al., 2009), and monoclonal antibodies such as 

cetuximab (Cunningham et al., 2004; Van Cutsem et al., 2009) being approved for a 

number of cancers. However, despite the level of efficacy seen in other tumour types, 

EGFR inhibition has largely failed as a treatment option for glioblastoma (Westphal et 

al., 2017).  

 

Erlotinib has been shown to cross the blood brain barrier in an orthotopic model of 

glioblastoma (Liu et al., 2013), but numerous studies have shown to show no 

improvement in overall or progression free survival when the standard of care for 

glioblastoma is supplemented with erlotinib (van den Bent et al., 2009; Peereboom et 

al., 2010; Prados et al., 2009; Raizer et al., 2010). The use of erlotinib has been 

associated with an increase in unacceptable side effects (Peereboom et al., 2010). 

Unfortunately, in a study using the small molecule EGFR inhibitor gefitinib, there was no 

significant increase in overall or progression free survival compared to the standard of 

care (Chakravarti et al., 2013; Uhm et al., 2011). Interestingly, patients who had a 

gefitinib associated adverse events did see an increase in overall survival (Uhm et al., 

2011). The lack of response of glioblastoma to EGFR targeted therapies and incidence 

of adverse events associated with therapy has prevented deployment of these therapies 

in glioblastoma.  

 

1.2.2.5 Hypoxia, vascularisation and the invasive phenotype of glioblastoma  

 

As described in The Hallmarks of Cancer (Hanahan and Weinberg, 2000, 2011), tumour 

vascularisation, hypoxia and sustained angiogenesis are prominent features of high-

grade glioma, and all are closely linked. Over expression of vascular endothelial growth 

factor (VEGF) is associated with an increase in angiogenesis as well as increasing 

vascular permeability of the blood brain barrier. Hypoxia and angiogenesis are closely 
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linked in glioblastoma. Glioma tends to be highly vascularized, likely through the 

differentiation of glioma stem cells to endothelial-like cells and increased levels of VEGF 

found in the largely hypoxic tumour (Bristow and Hill, 2008; Ricci-Vitiani et al., 2010). 
Large quantities of VEGF are produced in response to hypoxia and the production of 

Hypoxia Inducible Factor (HIF), this leads to increased tumour vascularisation, as well 

as an increase in tumour growth (Jensen et al., 2006).  

 

Hypoxia is a feature of many solid tumours, and is characterized by an oxygen level 

lower than 10mmHg, compared to normal tissue, which has  typical oxygen levels of 40-

60mmHg (Brown, 2000). The induction and accumulation of the transcription factors 

Hypoxia Inducible Factor (HIF) 1a and HIF-2a occurs in hypoxic tissue, as HIF-1 and 2 

both degrade in an oxygen dependent manner (Semenza, 2012). This results in 

increased binding of HIFs to hypoxia specific promoter regions, known as hypoxic 

response elements on the DNA, and increased translation of a number of genes which 

contribute to tumour growth, therapy resistance and angiogenesis (Kaur et al., 2005). 

Hypoxic response elements are found upstream of a large number of genes including; 

the vascular endothelial growth factor (VEGFA) gene, which promotes angiogenesis, the 

GLUT1 gene, which increases growth and glycolytic metabolism, and the carbonic 

anhydrase IX  (CA9) gene, which regulates intracellular pH (Bristow and Hill, 2008). 

 

Resistance to treatment is commonly associated with hypoxia. HIF mediated 

overexpression of the xenobiotic efflux pump p-glycoprotein (p-GP) results in broad-

spectrum chemotherapy resistance (Wartenberg et al., 2003), and the pH regulating 

carbonic anhydrase IX results in resistance to alkylating agents (Bristow and Hill, 2008; 

Shannon et al., 2003). HIF-1a has also been shown to induce MGMT expression, 

resulting in a temozolomide resistant cell population (Persano et al., 2012). These 

factors combine to make chemotherapy largely ineffective against the hypoxic core of 

the tumour. This hypoxic region is also 2-3 times more resistant to radiation than 

normoxic tumour cells (Harrison, 2002) .This is due to the absence of oxygen, which is 

converted to free radicals by ionising radiation (Cooke et al., 2003). However, the free-

radical scavenger glutathione is known to inhibit HIF activity, but reduced glutathione, as 

found in cells following radiotherapy, has no effect on HIF binding to hypoxic response 

elements (Tajima et al., 2009), meaning that radiation may indirectly promote HIF 

binding and activity.  
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As the tumour progresses, the hypoxic fraction of the tumour will also increase in size, 

leading to further VEGF synthesis and action. In solid tumours, increased vascularisation 

and vascular permeability is associated with metastasis (Arvelo et al., 2016). Instead of 

metastasising, glioma is highly invasive along white matter tracts. There are four steps 

to invasion; detachment of cells from the tumour mass, adhesion to the extracellular 

matrix, degradation of the extracellular matrix through the action of matrix 

metalloproteinases and invasion by increased cell motility (Tate and Aghi, 2009). The 

production of VEGF in glioma is associated with growth and invasion through CXCR4 

signalling (Hong et al., 2006; Zagzag et al., 2006). Anti-VEGF therapies have been 

shown to increase survival (Section 1.3.3.3), but have also been shown to induce a 

compensatory increase in glioma cell invasion (Keunen et al., 2011). This invasive 

phenotype can render both surgical resection and radiotherapy ineffective, and it 

believed that recurrence is partly due to these deeply infiltrating cells (Demuth and 

Berens, 2004; Tate and Aghi, 2009).  

 

1.2.2.6 Cancer stem cells  

 

As chemotherapy is highly toxic, it will often kill non-cancerous cells. This off-target effect 

is most commonly associated with cells with a high mitotic index, such as hematopoietic 

cells, gametocytes and epithelial cells. There is also emerging evidence that cells that 

do not rapidly divide can also be adversely affected by chemotherapy. This is seen in 

particular with neural tissue, with so-called “chemo-fog” affecting healthy brain tissue 

(Wefel and Schagen, 2012). One of the main problems with treating brain cancers is that 

neural tissue has limited self-renewal, despite having a high degree of plasticity 

(Antonelli et al., 2012). This means that non-cancerous cells that are killed or damaged 

by chemotherapy are incapable of regrowth, which can have immediate or delayed 

effects on cognition, motor skills, or speech, limiting the overall acceptable toxicity of the 

chemotherapy regime (Vives and Piepmeier, 1999; Wefel and Schagen, 2012).  

 

However, the cancer stem cell population reported to be present in glioma contains a 

high level of self-renewal potential, and this contributes to the development and 

resurgence of the tumour mass (Peitzsch et al., 2017). Cancer stem cells are now a 

widely accepted phenomenon, with properties similar to the healthy stem cell population. 

These cells are particularly long lived and have a high replicative ability and are therapy 

resistant. Glioma stems cells have the ability to self-renew and the potential to 
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differentiate widely, which may explain the heterogeneity of glioma (Vescovi et al., 2006).  

 

Due to the high  proliferative capacity and self-renewal potential  exhibited by these cells, 

they are often highly treatment resistant and failure to destroy the cancer stem cell 

population will result in regrowth of the tumour mass (Bao et al., 2006; Jordan et al., 

2006; Lathia et al., 2015). The known stem cell marker CD133 evidences this; CD133+ 

cells have been shown to be able to generate tumours in in vivo models (Singh et al., 

2004) and recurrent gliomas also have much higher levels of CD133+ cells, suggesting 

that the glioma stem cell population is responsible for recurrence of the tumour mass 

(Rich, 2007).It has been suggested that this occurs due to the stem cell population 

evading chemo- and radiotherapy by cycling slowly, and then increasing growth in 

response to treatment (Bao et al., 2006; Rich, 2007)  

 

The detoxification enzyme aldehyde dehydrogenase 1 (ALDH1A1) is another common 

stem cell marker in a number of cancers (Ginestier et al., 2007), and is associated with 

poor prognosis and resistance to temozolomide and radiation (Croker and Allan, 2012; 

Schäfer et al., 2012).  ALDH removes oxidized and peroxidised membrane lipids that 

have the potential to bind and react with DNA and protein structures within the cell, 

resulting in cell death (Schäfer et al., 2012). Expression of ALDH is associated with poor 

treatment outcome, and the over expression of ALDH in glioma stem cells is likely to 

contribute to the treatment refractory nature of this population (Croker and Allan, 2012; 

Schäfer et al., 2012) 

 

The development, maintenance and differentiation of the glioma stem cell population is 

strongly influenced by hypoxia (Heddleston et al., 2009). Hypoxia inducible factor (HIF) 

-2a is preferentially upregulated by glioma stem cells, and it believed to be vital for the 

survival of this cell population (Li et al., 2009). The undifferentiated phenotype of these 

cells is also maintained by hypoxia (Mohyeldin et al., 2010), and hypoxia increases stem 

cell numbers, as well as the expression of CD133 and a separate stem cell marker, SOX-

2 (Bar et al., 2010). This corresponds with the invasive nature of glioma, as SOX-2 is 

involved in matrix-metalloproteinase-9 mediated invasion of surrounding brain tissue 

(Park et al., 2006), and stem cells are highly involved in invasion and treatment 

resistance (Yan et al., 2013). 

 

Glioma stem cells are highly treatment refractory, with both chemotherapy and 
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radiotherapy having little effect on cancer stem cell survival (Sakariassen et al., 2007). 

A number of stem cell markers are associated with treatment resistance and 

understanding these resistance mechanisms may enable the development of more 

effective treatment options. The stem cell population is inherently radioresistant, and this 

is believed to be due to a preferential activation of the ATM/CHK1/CHK2 DNA damage 

response pathway following radiotherapy, rather than an induction of apoptosis (Bao et 

al., 2006; Rich, 2007). Another of these resistance mechanisms is the overexpression of 

the DNA damage repair protein MGMT, which has been reported to be driven by 

hypoxia-mediated CD133 expression (Liu, 2006; Pistollato et al., 2010).This results in 

resistance to the alkylating agents carmustine and temozolomide (Esteller et al., 2000), 

which are the gold standard treatments used in the majority of glioma patients.  

 

1.3 Current Treatment of Glioma 

 

The three main treatment options for glioma are surgery, radiotherapy and 

chemotherapy, most usually delivered in combination. Due to the delicate nature of the 

brain, glioma can cause severely life limiting side effects, such as seizures, vision 

problems and migraines, and these symptoms are treated as they emerge on an 

individual basis. The current standard of care for glioma is surgery, radiotherapy with 

concomitant and adjuvant temozolomide as seen in Figure 1.4. This has improved 

overall survival from 12.1 months to 14.6 months compared to patients who received 

radiotherapy only (Stupp et al., 2005). 

 

Figure 1.4: The standard of care for high-grade glioblastoma as suggested by the 

EORTC. 60Gy of hyperfractionated stereotactic radiotherapy (HFSRT) is given in 6 

rounds of 10Gy in 2Gy fractions (light grey boxes) Concomitant temozolomide is given 

at a dose of 75mg/m2 daily. Adjuvant temozolomide is given in 6 rounds of either 150 or 

200mg/m2 for 5 days every 4 weeks (dark grey boxes). Adapted from (Omuro et al., 

2014; Stupp et al., 2005, 2007, 2009, 2010).  
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1.3.1 Surgery 

 

Surgery is used only when appropriate and safe to do so, but still remains the first course 

of action for every suitable glioma patient. Follow-up treatment of radiotherapy and 

chemotherapy can be used to destroy residual cancer cells, which have the potential to 

reform a tumour. Conversely, chemotherapy and radiotherapy can be used before 

surgery to reduce tumour mass (Reed, 2009).  This is not always a valid treatment 

option, for example in brain stem gliomas located deep within the brain or diffuse tumours 

such as diffuse intrinsic pontine glioma (DIPG).  

 

One of the main limiting factors of surgery is the location of the tumour mass. Glioma is 

predominantly found in the eloquent cortexes of the brain, and surgeons will err on the 

side of caution when debulking the tumour mass, as damaging these areas could 

massively affect a persons motor control and speech (Vives and Piepmeier, 1999). 

However, resection is often needed in these areas, as the tumour exerts a mass effect, 

which can affect the quality of life of a patient (Mikuni and Miyamoto, 2010). 

 

The sensitive areas within which glioma develops, and the invasive nature of glioma 

makes the tumour margins difficult to determine and fully resect. Glioma has a high 

affinity for myelinated tracts, and is able to cross the corpus callosum to invade the 

contralateral hemisphere using these tracts (Giese et al., 2003). Glioma is so invasive 

that even extreme surgical procedures such as radical hemispherectomy have not been 

curative (Dandy, 1928). Surgery has been improved by the use of 5-aminolevulinic (5-

ALA), a fluorescent dye is metabolised by the haem pathway. As glioblastoma has 

altered expression and activity of haem pathway enzymes that increase the conversion 

of 5-ALA to the fluorescent protoporphyrin IX, 5-ALA accumulates in glioblastoma more 

so than normal brain tissue (Colditz et al., 2012). Use of 5-ALA has significantly 

increases the extent of surgical resection and the time to tumour progression compared 

to non-fluorescent guided surgery (Eljamel, 2015; Ishizuka et al., 2011) 

 

Peripheral, established ‘invader’ glioma cells have the ability to regrow and reform the 

tumour mass, this is invariably a terminal, treatment refractory cancer (Sneed et al., 

1994). This recurrence typically occurs within 7-9 months, and in over 90% of cases this 

recurrence is located within 2cm of the tumour margins (De Bonis et al., 2013). This 

study also showed that following extended resection of the tumour mass, recurrence was 
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seen in over 65% of cases, and following a basic resection, recurrence was seen in over 

85% of cases of high grade glioma and glioblastoma multiforme (De Bonis et al., 2013). 

Interestingly, recurrence distant from the initial tumour site has significant genomic 

divergence from the initial tumour. This genomic divergence is not seen to the same 

extent in local recurrence (Kim et al., 2015). 

 

In low-grade glioma, where patients have a significantly improved prognosis, patients 

whose cancer is less than 70% resected will see a significantly lower 5-year survival rate 

(41%) compared to patients who had greater-than 70% tumour resection (84%) (Ius et 

al., 2012). However, this surgery can delay malignant progression and reduce the risk 

of anaplastic transformation (Keles et al., 2006). This highlights the need for maximal 

resection in glioma. However, In high-grade glioma, there is some controversy regarding 

the efficacy of surgery as a treatment option. It is accepted that tumour debulking can 

increase survival rates (Pang et al., 2007), but it is controversial as whether aggressive 

debulking is an appropriate treatment option (Mitchell et al., 2005). However, removing 

the tumour mass can increase the efficacy of chemotherapy (Ng et al., 2007) and this 

itself may be a valid reason for surgery.  

 

1.3.2 Radiotherapy 

 

Radiotherapy is used in almost every glioma patient when safe to do so, and 

radiotherapy following surgery is the current standard of care and has been since the 

1970s. This is almost always external beam radiation from an X-ray source which is 

given in 1.8-2Gy increments up to 60Gy (Weller, 2011). However, there is increasing 

interest in the use of stereotactic radiotherapy, which provides very high doses of 

radiation to a very specific area of the brain in fewer exposures (Baskar et al., 2012; 

Fogh et al., 2010). 

 

Intensity-modulated radiation therapy (IMRT) has been available since the late 1990s. 

IMRT is a newer form of external beam radiotherapy that uses extremely precise X-rays 

to deliver radiation to the tumour. This has been shown to spare critical structures such 

as the brain stem from being unduly exposed to ionising radiation, while preventing the 

dose reaching the target from being lowered (Hermanto et al., 2007). However, studies 

suggest that there is no significant improvement in survival when IMRT is used to treat 

high-grade glioma, and that the costly nature of IMRT may not merit its usage in all cases 
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(Fuller et al., 2007). 

 

Proton beam therapy is an emerging treatment option for glioma but is more commonly 

used to treat paediatric neurological malignancies. Proton beam therapy deposits high-

energy protons to a highly localised area (Loeffler and Durante, 2013). If this area 

includes the area glioma is likely to invade, high-grade glioma can be contained by 

ionising radiation with follow up proton beam therapy (Mizumoto et al., 2015).  However, 

in the United Kingdom, proton beam therapy is not routinely available for the treatment 

of glioma (As of 09/19). Proton beam therapy is reserved for small tumours with well-

defined margins, such as; ependymoma, base of skull chondrosarcoma and base of skull 

and spinal chordoma (Brada et al., 2007; Crellin, 2018) 

 

Proton beam therapy has also been shown to target glioma stem cells in vitro, generating 

high levels of oxidative stress, which causes irreversible DNA damage (Mitteer et al., 

2015). However, proton beam therapy has also been shown to increase invasion of 

glioma cells in vitro, likely through SOX-2 mediated MMP-9 (Matrix metalloproteinase) 

upregulation (Park et al., 2006; Zaboronok et al., 2014). This is not unique to proton 

beam therapy as external beam X-irradiation has also been shown to increase glioma 

invasion through MMP-9 (Park et al., 2006). 

 

1.3.2.1 Radiobiology   

 

External beam radiotherapy is a treatment that uses a form of ionising radiation, such as 

X-rays to damage cells. X-rays are bundles of photons, between 0.1 and 10 nanometres 

in wavelength, which are absorbed by water within tissue, and it is through this 

absorption that the X-rays mediate damage. The majority of this damage is indirect DNA 

damage caused by the radiation absorbed by tissue interacting with water molecules. 

Ionisation of water molecules by the Compton Effect occurs in tissue where the radiation 

is absorbed. This is the process by which photons interact with a comparatively low 

energy or ‘free’ electron. The photon is then diverted and loses a significant portion of 

its energy, and the free electron becomes a fast-moving electron, which has the ability 

to generate free radicals by ionising other molecules, this is a form of indirect damage, 

and cleaving bonds in vital molecules, which is a form of direct damage (Dunne-Daly, 

1999; Hall, 2000). This process is illustrated in Figure 1.5. 
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Figure 1.5: A simplified schematic of how radiation exerts damage on a strand of DNA. 

Radiation ionises intracellular molecules, particularly oxygen or water molecules, which 

results in free, fast moving electrons, which can damage DNA. 

 

The Compton Effect tends to generate high or low energy electrons, which have different 

energy transfer values. About a third of these electrons are high energy, and as such 

feature a high linear energy transfer (LET) value, which means that the electrons travel 

for a further distance through the cell. These electrons tend to directly ionise DNA, and 

this form of damage can be difficult for the cell to repair as these electrons cause highly 

localised ionisation. Lower energy Compton electrons make up the remaining two thirds 

of the electrons generated by irradiation. These electrons generate more damage as 

they have a low LET, and ionise only sparsely on their path, which creates a high level 

of ionization throughout the cell. This is how the majority of free radicals are generated 

(Hall and Giaccia, 2012; Niemantsverdriet et al., 2012) 

 

The highly reactive hydroxyl (OH-) radical is the most toxic to DNA, as it scavenges 

hydrogen from the base thymine, and reacts with the double bonds of the bases and the 

deoxyribose that forms the backbone of the DNA helix (Cooke et al., 2003). This can 

result in both single and double stranded breaks in DNA. Following a standard single 

dose of 1-2Gy of radiation, there can be up to 1,000 single strand breaks, 40 double 

stranded breaks and many locally damaged sites in the DNA of an individual cell 

(McMillan et al., 2001; Vignard et al., 2013). These DNA breaks induce a DNA damage 

response preceding DNA replication during the cell cycle. Involving DNA damage repair 

proteins such as ATM, MGMT and BRCA (Jackson and Bartek, 2009). ATM-mediates 
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phosphorylation of p53 in response to irradiation causing arrest at the G1, S and G2 

phases of the cell cycle, prior to the mitotic phase (Banin, 1998; Saito et al., 2002). At 

these checkpoints the cell attempts to repair the radiation induced damage. Single-

stranded breaks can often be repaired, however DNA double stranded breaks are more 

problematic to repair, due to the lack of an intact template strand, which often to leads 

to the cell inducing p53 mediated apoptosis (Nelson and Kastan, 1994)  

 

However, in cancer cells that have dysfunctional cell cycle checkpoints, aberrant cell 

cycle arrest takes place following irradiation leads to a form of cell death known as mitotic 

catastrophe. These cells enter a brief G2 arrest, and prematurely enter mitosis, even 

though there is significant unrepaired damage to DNA (Vakifahmetoglu et al., 2008). 

Following mitosis, the cells will fail to divide, and re-enter G1 phase with a tetraploid DNA 

level (Weaver and Cleveland, 2005). This results in large, multinucleated cells, which 

survive for several days, but eventually die through delayed apoptosis, necrosis or 

senescence (Eriksson and Stigbrand, 2010).  

 

1.3.3 Chemotherapy 

 

There are a large number of chemical agents that are designed specifically to target and 

kill cancer cells. These chemotherapeutic drugs target rapidly dividing cells, which 

provides the therapeutic differential for the majority of anti-cancer cytotoxic, as cancer 

cells divide at an accelerated rate compared to normal tissue.  

 

There are many different classes of anti-cancer compounds, each with different 

mechanisms of action, including the DNA-damaging alkylating agents, the spindle 

poisoning taxols, and the growth-arresting anti-metabolites (McKnight, 2003). These 

drugs are almost always given in combination to increase their efficacy, which can 

enable a lower dose of each drug being prescribed reducing the total side effect profile 

and reducing the risk of resistance developing.  

 

There is no established chemotherapy regime for glioma, but a regime comprising of 

procarbazine, lomustine and vincristine (PCV) being adopted, however this was never 

widely adopted as the gold standard therapy (Kappelle et al., 2001). Before the 

widespread usage of temozolomide, PCV therapy was used as a front-line treatment 

option, with temozolomide only being introduced following failure of that regime (Brandes 
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et al., 2001). This PCV therapy was shown to have an advantage over carmustine 

therapy (Newton et al., 1993). However, carmustine has been re-introduced to the clinic 

following development of local delivery systems (Perry et al., 2007). 

 

1.3.3.1 Temozolomide 

 

Temozolomide is the first line treatment for glioma, which has the added benefit of 

efficacy against the typically treatment refractory cancer stem cell population (Beier et 

al., 2008), and has significantly improved survival rates since its introduction (Perry et 

al., 2012). Temozolomide is an alkylating agent, and preferentially alkylates the N7 or O6 

position of the base guanine, as well as the O3 position of adenine (Friedman et al.). 

Methylation of these bases causes DNA aggregation, which may contribute to the 

cytotoxicity of temozolomide, as it does with other alkylating agents, but the main 

cytotoxic effects of temozolomide are believed to be caused by a failure of the DNA 

mismatch repair mechanism to find an appropriate complementary base for the 

methylated guanine.   

 

During these mismatch repair attempts, methylated guanine can be paired incorrectly 

with thymine, which forces a re-entry of the cell into the mismatch repair system. This 

induces double stranded breaks (Sarkaria et al., 2008). These nicks in the DNA induce 

cell cycle arrest at the G2/M stage (Barciszewska et al., 2015; D’Atri et al., 1998; 

Friedman et al.; Li, 2008). Following prolonged cell cycle arrest, and failure to repair the 

damaged DNA, the cell will then induce p53-mediated apoptosis (Hirose et al., 2001; 

Roos et al., 2007). This suggested mechanism is shown in Figure 1.6. Due to the need 

for a competent mismatch repair pathway, Deficiency in mismatch repair has been 

shown to contribute to temozolomide resistance (von Bueren et al., 2012; Cahill et al., 

2007; Hunter et al., 2006).   

 

The MSH6 gene encodes the Guanine/Thymine binding protein, and is one of the 

mediators of mismatch repair, and mutations or hypermethylation of this gene has been 

shown to be a temozolomide resistance factor (Hunter et al., 2006; Xie et al., 2016). 

There is some evidence that the recurrence of treatment resistant glioblastoma is 

through clonal expansion of temozolomide treated cells, particularly through mismatch 

repair deficient cells (Hunter et al., 2006). 
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Figure 1.6: The suggested mechanism of action of temozolomide. a. the metabolism of 

temozolomide and subsequent O6-methylation of guanine. b. the cellular response to 

temozolomide mediated damage. Mismatch repair attempts to incorrectly pair the O6-

methylated guanine (O6-MeG) with the base thymine. This results in failure to 

successfully replicate DNA, leading to genomic stress and the induction of apoptosis 

inducing double strand breaks (Hirose et al., 2001; Roos et al., 2007) 

 

It has been shown that in recurrent glioblastoma there is a significant loss of mismatch 

repair proficient cells, this indicates that first line treatment with temozolomide is 

positively selecting sensitive cells, and may lead to the recurrent tumour being treatment 

refractory (Felsberg et al., 2011) 

 

One of the drawbacks of alkylating chemotherapy agents such as temozolomide is the 

induction of a DNA hypermethylation phenotype (Hunter et al., 2006; Kim et al., 2015). 

Increased mutagenicity following temozolomide treatment has been observed (Bodell et 

al., 2003), as well as increased silencing of MSH6, conferring increased 

chemoresistance. This is seen in approximately 25% of temozolomide treated patients 

(Hunter et al., 2006; Johannessen and Bjerkvig, 2012).   
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As well as mismatch repair deficiency, MGMT expression confers resistance to 

temozolomide in glioma, where MGMT status is used clinically to determine response of 

a patient to temozolomide therapy (Hermisson et al., 2006; Paz and Yaya-Tur, 2004). 

However in glioma, the MGMT promoter can be epigenetically silenced as discussed in 

Section 1.2.2.1, resulting in no expression of the protein, which results in a temozolomide 

sensitive tumour (Cabrini et al., 2015; Hegi et al., 2004).  This translates to the clinic, 

where trials have shown that MGMT promoter methylation correlates to treatment 

efficacy (Hegi et al., 2005).  

 

Due to MGMT mediated temozolomide resistance, there has been interest in developing 

an inhibitor of MGMT, and O6-benzylguanine has been used clinically to increase the 

efficacy of temozolomide. However, in clinical trials O6-benzylguanine was found to lower 

the levels of MGMT systemically, which resulted in a need for the dose of temozolomide 

to be lowered (Koch et al., 2007), which reduced response to temozolomide. A further 

separate clinical trial however demonstrated that there was no increase in sensitivity to 

temozolomide in resistant gliomas following administration of O6-benzylguanine (Quinn 

et al., 2009). Before the introduction of temozolomide, O6-benzylguanine was used in 

conjunction with the alkylating agent carmustine. This resulted in increased cytotoxicity 

of carmustine (Dolan et al., 1991). 

 

Despite the prevalence of MGMT mediated chemoresistance, one of the major benefits 

of temozolomide is that it also can act as a radiosensitiser; significantly increasing the 

efficacy of radiotherapy, an effect which has been substantiated in the clinic as well as 

in in vitro studies (Grossman et al., 2010). It is believed that this increased cytotoxicity is 

caused by an increase in double strand breaks, or a failure in effective double strand 

break repair, which in turn causes an increase in the number of cells undergoing mitotic 

catastrophe (Kil et al., 2008). temozolomide is therefore given concomitantly and as an 

adjuvant to radiation as seen in Figure 1.4. This regime has significantly increased 

overall survival in glioblastoma patients (Stupp et al., 2005, 2007, 2009, 2010). 

 

There is contradictory evidence as to whether MGMT status affects radiosensitisation, 

as different groups have published opposing result from studies using temozolomide as 

a radiosensitiser. One report demonstrated radiosensitising effects only in an orthotropic 

tumour model in mice when the MGMT gene was epigenetically silenced (Carlson et al., 

2009). Others suggest that MGMT is not a dependent factor for radiosensitisation 
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(Bobola et al., 2010; van Nifterik et al., 2007). However, neither of the studies 

demonstrating that radiosensitisation is not dependent on MGMT used an in vivo model, 

which may limit their validity. 

 

1.3.3.2 Carmustine  

 

One of the treatment options for glioma utilised following surgical resection, is the local 

delivery of intracranial carmustine wafers (Perry et al., 2007). Similarly to temozolomide, 

the alkylating agent carmustine has been used as a front line glioma treatment 

(Engelhard, 2000).  

 

Carmustine, also known as bis-chloroethylnitrosourea (BCNU), is an alkylating agent, 

which interferes with DNA repair and synthesis by forming inter-strand links on the DNA 

chain. Chloroethyl adducts at the O6 position of guanine are formed, similarly to the mode 

of action of temozolomide. A chloride ion on the opposing DNA strand  is displaced, and 

the combination of this chloroethylation and chlorine displacement causes the formation 

of an ethyl bridge across the DNA strand (Bota et al., 2007). This will prevent the DNA 

strands from unravelling which inhibits DNA replication, inducing apoptosis (Dronkert 

and Kanaar, 2001). 

 

 

 

 

 
Figure 1.7: The chloroethylation of the O6 position of the base guanine by BCNU 

(carmustine) this results in ethyl bridges being formed between DNA strands, preventing 

DNA helicase from unravelling the DNA helix, and apoptosis will be induced. 

 

Carmustine mediated apoptosis occurs due to a collapse of the replicative fork, which 

causes double stranded breaks, resulting in a G2/M cell cycle arrest (Roos and Kaina, 

2006). Chloroethylating compounds such as carmustine are significantly more toxic to 

p53-mutated cells which have limited cell cycle arrest capability, meaning that there can 

be no repair of the double stranded breaks caused by the intrastrand links (Batista et al., 

2007). Similarly to temozolomide, resistance to carmustine is mediated by MGMT 

(Friedman et al., 1998), and operates in an identical way, with MGMT removing the 
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chloroethyl adducts from the O6-position of guanine (Esteller et al., 2000). As a result, 

silencing of the MGMT gene results in enhanced efficacy of carmustine, and inhibitors 

such as O6-benzylguanine can be used to artificially deplete MGMT (Wedge and 

Newlands, 1996). 

 

An attractive treatment option has been combining temozolomide and carmustine. This 

combination has been reported to be safe and efficacious (Barrié et al., 2005), and with 

increased use of carmustine implants, this combination was suggested to become the 

new first line treatment for glioma (McGirt and Brem, 2010). This has not been realised, 

and implant of carmustine wafers still occurs on a patient to patient basis (Bregy et al., 

2013). The use of carmustine is predicated on careful selection of patient groups due to 

outcome depending on genes such as TP53 and MGMT influencing treatment outcome 

(Batista et al., 2007; Hegi et al., 2005; Hirose et al., 2001). 

 

1.3.3.3 Bevacizumab 

 

As discussed in section 1.2.2.5, tumour vascularisation and sustained angiogenesis is a 

prominent feature of glioma. Over expression of vascular endothelial growth factor 

(VEGF) is associated with an increase in angiogenesis as well as increasing vascular 

permeability of the blood brain barrier. There is a level of cause and effect that exists in 

glioma regarding angiogenesis. In response to hypoxia and the production of HIF-1, 

large quantities of VEGF are produced, this leads to increased tumour vascularisation, 

as well as an increase in tumour growth (Jensen et al., 2006). However, as the tumour 

grows, the hypoxic fraction of the tumour will also increase in size, leading to further 

VEGF synthesis and action. In typical cancers, this increased vascularisation and 

vascular permeability is associated with metastasis, however, the production of VEGF 

in glioma is associated with growth and invasion through CXCR4 (C-X-C chemokine 

receptor type 4) signalling (Hong et al., 2006; Zagzag et al., 2006).  

 

Vascular endothelial growth factor is viewed as the most potent mediator of 

angiogenesis in glioma, there are several strategies that have been deployed to target 

and inhibit VEGF. These include; VEGF-receptor inhibitors, VEGF trapping, inhibition of 

VEGF downstream signalling using multiple tyrosine kinase inhibitors (mTKIs) and direct 

inhibition of VEGF (Weathers and De Groot, 2015). Bevacizumab is a humanized 

monoclonal antibody that is targeted against vascular endothelial growth factor (VEGF), 
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and was the first anti-VEGF therapy to be approved by the European medical association 

(EMA) in 2005 for the treatment of breast, colorectal and lung cancers. In America, the 

FDA approved the use of bevacizumab for the treatment of glioblastoma multiforme in 

2009 (Cohen et al., 2009) but has not been approved in Europe as of yet (08/2019).  

 

However, Bevacizumab has not been reported to improve overall survival when 

combined with temozolomide and radiotherapy, but has shown an increased progression 

free survival in high grade glioma, albeit with a higher incidence of adverse events 

(Chinot et al., 2014; Gilbert et al., 2014). Interestingly, meta-analysis of 15 clinical trials 

has shown no dose escalating effect on survival benefit  between administered doses of 

5, 10 & 15 mg/kg of bevacizumab (Wong et al., 2011), potentially indicating that 

bevacizumab has a threshold effect on glioblastoma, and increasing concentration offers 

no significant survival benefit. It has also been shown that following bevacizumab 

treatment it is common to see a non-enhancing pattern on contrast-weighted MRI 

(Iwamoto et al., 2009; Norden et al., 2008), which is usually indicative of a lack of tumour 

invasion, a low grade cancer or, most likely, a decrease in tumour vascularisation (White 

et al., 2007). This decrease or lack of tumour enhancement has been seen using other 

anti-VEGF therapies (Batchelor et al., 2007), indicating that a decrease in enhancement 

may be due to a decrease in angiogenesis and vascularisation.  

 

1.4 Repurposing of drugs for glioma 

 

Due to a failure in the current treatment and the traditional drug discovery process, 

repurposing drugs for cancer is becoming an increasingly attractive prospect. The low 

output, time intensive drug discovery process is highly cost-inefficient and leads to very 

few pipeline compounds reaching clinical trials, and even fewer reaching the clinic 

setting (Moreno and Pearson, 2013; Neidle, 2011; Rishton, 2005; Slater, 2001; Waring 

et al., 2015).  

 

Due to a lack of novel compounds reaching the clinic, there has been an influx of existing 

drugs that are being used in novel ways to increase the effect of existing therapies. In 

high-grade gliomas, this has been seen with the anti-malarial dihydroartemisinin and the 

anti-epileptic valproic acid, which have both been shown to increase the efficacy of 

temozolomide therapy (Chen et al., 2011; Huang et al., 2008). Existing compounds, 

including the alcohol-aversion compound disulfiram and the diabetes medication 
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metformin have also been demonstrated to target the treatment refractory cancer stem 

cell population (Hothi et al., 2012; Würth et al., 2014).  

 

 

 

 

 

 

 

 

 

Figure 1.8: The differences in time and complexity between the drug repurposing 

process (top) and the de novo drug discovery process (bottom) (adapted from Ashburn 

and Thor, 2004). 

 

1.4.1 Dimethyl fumarate  

 

The thiol glutathione is the most common non-protein intracellular molecule and is found 

in virtually every cell, where it acts as a free radical and xenobiotic scavenger. 

Glutathione binds to potential toxins via its reactive sulfyhydryl moiety (Balendiran et al., 

2004; Sies, 1999). Glutathione synthesis and recycling is accelerated in many cancers, 

conferring chemo- and radio-resistance by binding both reactive oxygen species and 

chemotherapeutic agents (Traverso et al., 2013). Expression of many of the enzymes 

related to glutathione metabolism are increased in glioma, and overexpression of these 

genes is correlated with poor response to treatment (Ali-Osman et al., 1997; Kogias et 

al., 2012; Townsend and Tew, 2003).  

 

Dimethyl fumarate is used in the treatment of the autoimmune diseases multiple 

sclerosis and psoriasis, where it is has been demonstrated to reduce pro-inflammatory 

Th1 cytokine expression, and reduce the number of T-cells (Meissner et al., 2012). 

Fumaric acid derivatives such as dimethyl fumarate have also been shown to deplete 

intracellular glutathione (Schmidt and Dringen, 2010), the mechanism of which is shown 

in Figure 1.9. The depletion of intracellular glutathione is particularly important as 

glutathione is a free radical scavenger, and as discussed, the majority of the damage 

caused by clinical radiation can be attributed to free radicals (Bump et al., 1982; Sun et 
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al., 1998). Dimethyl fumarate has therefore been used as a radiosensitiser for hypoxic 

cells in vitro, which makes it a possible adjuvant to radiotherapy for glioma  (Bump et al., 

1982; Held et al., 1988). As a radiosensitiser, high concentrations of dimethyl fumarate 

were suggested to deplete intracellular glutathione levels, allowing for increased 

radiation induced reactive oxygen species levels which were able to interact with the 

DNA structure (Bump et al., 1982; Held and Hopcia, 1993; Held et al., 1988, 1991). 

 

As well as acting as a potent radiosensitiser, dimethyl fumarate has been shown to be 

cytotoxic against glioma (Ghods et al., 2013). Furthermore, dimethyl fumarate has been 

demonstrated to prevent the expression and translocation of CD133 and NF-kB, which 

are both associated with poor patient outcome in glioma (Ghods et al., 2013; Kastrati et 

al., 2016). Inhibition of NF-kB is thought to occur due to direct interaction of dimethyl 

fumarate with p65 (Kastrati et al., 2016). p65 is necessary for nuclear translocation and 

transcription of NF-kB target genes (Pradère et al., 2016), and inhibition by dimethyl 

fumarate has been shown to decrease the ability of p65 to bind DNA and to reduce 

transcriptional activity by preventing nuclear translocation (Kastrati et al., 2016). This is 

likely to confer a therapeutic advantage in glioblastoma, where NF-kB signalling is 

frequently amplified due to EGFRvIII and AKT/PI3K signalling (An et al., 2018; Gray et 

al., 2014). NF-kB has been suggested to confer resistance to O6-guanine alkylating 

agents such as temozolomide (Bredel et al., 2006) this likely occurs through an increase 

in anti-apoptotic signals such as Bcl-2 and p21 (Dolcet et al., 2005; Saile et al., 2001). 

In non-malignant cells, induction of the tumour suppressor gene p21 and cell cycle arrest 

by dimethyl fumarate has been reported (Valesky et al., 2016), and this may contribute 

to the growth inhibiting effects of dimethyl fumarate. This again should be of benefit in 

glioblastoma as p21 is known to inhibit apoptosis (Karimian et al., 2016) and p21 

transfection has been shown to reduce tumorigenesis in in vivo models of glioblastoma 

(Hung et al., 2000; Wang et al., 2001). Temozolomide has been shown to induce 

senescence in a p21 dependent manner (Aasland et al., 2019), which was associated 

with repression of mismatch repair genes and increased temozolomide resistance 

(Aasland et al., 2019) 

 

Dimethyl fumarate also has a number of indirect actions that make it attractive for glioma 

therapy. Glutathione depletion has been shown to increase the sensitivity of glioma cells 

to both temozolomide and cisplatin, which occurs through inhibition of glutathione 

binding and inactivation of the drugs (Rocha et al., 2014). The hypoxic associated 
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transcription factor, HIF-1a, is known to be a target that is inhibited by dimethyl fumarate  

(Koivunen et al., 2007; Zhao et al., 2014). Inhibition of HIF by dimethyl fumarate may 

translate to a decrease in hypoxia related genes such as MDR1 (Comerford et al., 2002). 

which may help overcome the p-glycoprotein mediated chemoresistance associated with 

hypoxia (Wartenberg et al., 2003). It has also been hypothesized that inhibition of HIF 

by dimethyl fumarate may also decrease the tumorigenic capability of glioma stem cells 

(Bar et al., 2010; Li et al., 2009), and a decrease in breast cancer stemness has been 

shown using dimethyl fumarate (Kastrati et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: The inhibition of the sulfhydryl moiety of glutathione (left) by dimethyl 

fumarate (right) to form a thiosuccinic acid ester, dimethyl-2-(S-glutathionyl)-succinate 

(bottom). Glutathione conjugation to the electrophilic centre of dimethyl fumarate under 

normal cellular conditions would be further metabolised and detoxified by g-

glutamyltransferase, dipepdidase and cysteine-acetyltransferase leading to the final 

product, mercapturic acid derivatives (Schmidt et al., 2007). 

 

1.4.1.1 NRF2 

 

One of the suggested targets of dimethyl fumarate is the antioxidant transcription factor 

NRF2. Dimethyl fumarate is such a potent activator of NRF2 that it can be used as a 

biomarker for successful dimethyl fumarate treatment in relapsing-remitting multiple 

sclerosis (Hammer et al., 2018). 
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NRF2 is an essential anti-oxidant transcription factor, responsible for activation of over 

15 target genes, including IDH1, glutathione-s-transferases (GST), and haem-

oxygenase 1 (HMOX1) (Kensler et al., 2007). In normal cells, NRF2 is bound to the 

regulatory protein KEAP-1, preventing continuous antioxidant gene transcription 

(Kansanen et al., 2013). Activation of NRF2 occurs through protein kinase-C mediated 

phosphorylation of the serine 40 residue of NRF2 which facilitates nuclear translocation 

(Chen et al., 2016; Huang et al., 2002; Jaiswal, 2004), although activation through 

different residue modification has also been reported (Bloom et al., 2002; He and Ma, 

2009).  

 

Structurally, KEAP-1 is cysteine rich, with 27 cysteine residues. Three of these residues, 

cysteines 151, 273 and 288, have a functional role by inducing a conformational change 

in Keap1 structure leading to the release and nuclear translocation of NRF2 (Kobayashi 

et al., 2006; Li et al., 2012a; Taguchi et al., 2011; Zhang, 2006). Release may instead 

occur through direct action of dimethyl fumarate with these cysteine residues. This has 

been shown by Brennan et al., (2015) with direct modifications of cysteine 151, 257 and 

273 in response to dimethyl fumarate treatment (Brennan et al., 2015). All three of these 

cysteine residues have been shown to be amongst the most reactive residues in the 

KEAP-1 structure (Eggler et al., 2005; Kobayashi et al., 2006; Taguchi et al., 2011; 

Zhang, 2006). 

 

As cancer cells have higher basal levels of oxidative stress (Pelicano et al., 2004), NRF2 

is activated more frequently, or is constitutively active through KEAP-1 mutation (Hayes 

and McMahon, 2009) in some cancer cells. Due to the induction of the antioxidant 

response, NRF2 is known to be both chemo and radioprotective (Brennan et al., 2015; 

Hammer et al., 2018; Rocha et al., 2016; Saidu et al., 2017).  

 

Dimethyl fumarate mediated activation of NRF2 has been shown to result in the 

constitutive transcription of antioxidant genes. This is detrimental to many treatment 

strategies such as radiotherapy (McDonald et al., 2010) and chemotherapy (Rocha et 

al., 2016; Sukumari-Ramesh et al., 2015), which generate reactive oxygen species as a 

key aspect of their mechanism of action. As a result, many anti-cancer therapies can 

also inadvertently upregulate NRF2, resulting in therapy resistance. Treatment-mediated 

NRF2 activation is a critical factor for cells surviving treatment-induced oxidative stress 

(Harvey et al., 2009). NRF2 is also associated with upregulation of HIF (Kim et al., 2011), 
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promoting the invasive phenotype of glioma, and maintaining the stem-cell population 

(Zhu et al., 2013). As a result of this, NRF2 expression strongly correlates to the grade 

of glioma, and is correlated with poor survival (Tsai et al., 2016). 

 

1.5 Hypothesis 

 

We hypothesis that dimethyl fumarate will deplete intracellular glutathione in human 

glioblastoma cells. When combined with temozolomide and external beam X-irradiation, 

we believe that dimethyl fumarate will allow for an increase in the anti-glioblastoma 

effects of these therapies. Our hypothesis states that an increase in the effects of both 

temozolomide and external beam X-irradiation will occur due to the depletion of 

glutathione by dimethyl fumarate. Depletion of glutathione will allow for higher intra-

cellular concentrations of temozolomide or irradiation induced reactive oxygen stress, as 

well as allow for temozolomide to remain active within the cell for a sustained period of 

time. This will result in an increase in DNA damage, cell cycle arrest and subsequent 

induction of apoptosis compared to temozolomide or X-irradiation as a single agent. We 

aim to show that glutathione is a key chemoresistance factor in human glioblastoma 

cells, and that dimethyl fumarate mediated depletion of glutathione is a valid treatment 

modality for glioblastoma.   
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1.6 Aims and Objectives 

 

This project aims to 

 

- Determine combinations of temozolomide and dimethyl fumarate can exploit the 

distinctive changes seen in glioblastoma physiology, which will allow for greater 

anti-cancer activity while maintaining a low side effect profile.  

 

- Show that the interaction between temozolomide and dimethyl fumarate 

increases cell kill, DNA damage, cell cycle arrest and subsequent induction of 

apoptosis compared to temozolomide as a single agent.  

 

- Show that external beam X-irradiation interacts with the temozolomide-dimethyl 

fumarate combination in a synergistic manner. 

 

- Investigate the use of the temozolomide-dimethyl fumarate combination and 

external beam X-irradiation in three-dimensional models of human glioblastoma. 

 

- Investigate potential novel targets of dimethyl fumarate and how these novel 

targets influence temozolomide treatment. 
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Chapter 2:   
Materials and Methods  
 

2.1 Cell lines and routine cell maintenance  

 

For the purpose of these studies two human glioblastoma cell lines were used. 

UVW human glioblastoma cells (Developed in house) (Mairs et al., 2007) and T98g 

human glioblastoma cells (Sigma-Aldrich, UK) were cultured in MEM supplemented with 

10% foetal bovine serum, 100µg/ml penicillin-streptomycin, 200mmol/L L-glutamine and 

2µg/ml Fungizone. T98g cells were maintained with additional 1% (v/v) sodium pyruvate 

and 1% (v/v) non-essential amino acids (all Gibco, UK). Cells were incubated at 37°C in 

a 5% CO2 environment.  

 

Cells were sub-cultured as required 1-3 times per week when ~80% confluency had 

been reached. 80% confluent cells were washed in PBS to remove traces of serum and 

detached from the flask by addition of 0.05% (v/v) trypsin-ethylenediaminetetracetic acid 

(Gibco, UK). The cell suspension was neutralised by inactivation of trypsin in complete 

media and, if needed, disaggregated to a single cell suspension by passage through a 

21-gauge needle. The cell suspension was then distributed between 75cm2 flasks 

(ThermoFisher, UK), each containing 20ml of media.   

 

2.2 Drug preparation and treatment 

 

Temozolomide and dimethyl fumarate (Sigma-Aldrich, UK) were dissolved in 100% 

DMSO (Sigma-Aldrich, UK) to give a master stock, and stored at -20°C and freeze-thaw 

cycles avoided. Working stocks of each drug were prepared from each master stock and 

aliquoted to reduce freeze-thaw cycles and prevent contamination of the master stock. 

Working stocks were aliquoted and stored at -20°C and were discarded after each 

freeze-thaw cycle.   

 

For drug treatment studies, UVW or T98g human glioblastoma cell lines were seeded at 

1.5x105 cells in 25cm2 flasks (ThermoFisher, UK) and incubated at 37°C in a 5% CO2 

environment for 24-72 hours until exponential growth phase was reached. Media was 
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removed from cells and replaced with fresh media containing appropriate concentrations 

of temozolomide or dimethyl fumarate.  

 

2.3 Treatment of cells with X-ray radiation 

 

For radiation treatment studies, UVW or T98g human glioblastoma cell lines were 

seeded at 1.5x105 cells in 25cm2 flasks and incubated at 37°C in a 5% CO2 environment 

for 24-72 hours until exponential growth phase was reached. Media was removed from 

cells and replaced with fresh media prior to X-ray exposure. X-ray exposure was 

performed with a X-RAD225KV X-ray cell irradiation cabinet (Precision X-ray, USA). 

Doses between 0-6Gy were delivered at a dose rate of 2.2Gy/min. 

 

2.4 Treatment of cells with combination therapies 

 

For studies using combinations of drugs and radiation, UVW or T98g human 

glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks incubated at 37°C 

in a 5% CO2 environment for 24-72 hours until exponential growth phase was reached. 

Media was removed from cells and replaced with fresh media containing temozolomide, 

dimethyl fumarate or, the combination of these drugs. Cells were incubated for 2 hours 

with drug before X-ray exposure as described in Section 2.3.   

 

IC50 values were calculated using non-linear regression analysis of single agent curves 

using GraphPad prism 8 software (version 8.12, Graphpad Software inc, USA). The 

doses for each combination used were determined by calculating the ratio of the IC50 of 

each drug. This ratio was then used to construct a dosing schedule, with the IC50 of each 

drug being the highest concentration used, with subsequent doses being constructed 

with the same ratio. 

 

2.5 Clonogenic assay 

 

Clonogenic assays were performed on both UVW and T98g cell lines to measure the 

clonogenic capacity of individual cells, a proxy for cell survival, following exposure to 

drugs, radiation or a combination of both as described above (Franken et al., 2006).   
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UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated as described in Section 2.2-

2.4 and then incubated for 24 hours. Following 24-hour exposure, media containing drug 

was removed and the cells washed in PBS and detached from the flask using 0.05% 

(v/v) trypsin-ethylenediaminetetraacetic acid. The cell suspension was neutralised in 

complete media and disaggregated to a single cell suspension by passage through a 

21-gauge needle. Cells were then counted using a haemocytometer (Jencons, UK). 200 

UVW cells or 300 T98g cells were then seeded in triplicate in 60mm petri dishes 

(ThermoFisher, UK) with 5ml of complete media and incubated for 8-14 days until 

colonies of more than 50 cells were visible to the eye.  

 

After 8-14 days, cell media was removed and colonies were washed in PBS and fixed in 

100% methanol (ThermoFisher, UK) for 10-20 minutes. Fixed colonies were then stained 

with 10% (V/V) Giemsa solution (VWR, Germany) and washed with water. Visible 

colonies were counted by eye. Survival fraction was calculated as: 

 

Survival	Fraction = 	
(Number	of colonies number⁄ of	colonies	seeded)

(Number	of	control colonies number⁄ of	colonies	seeded)
 

 

Data reported was an average of three independent experiments.  

 

2.6 Combination Index Analysis  

 

In order to determine if combinations as described in section 2.4, were supra-additive or 

synergistic, a mathematical modelling approach known as combination index (CI) 

analysis was performed using Calcusyn software (Biosoft, UK) (Chou, 2006, 2010; Chou 

and Talalay, 1984). The median effect equation (below) was used to characterise the 

behaviour of biological systems in terms of the proportion of a population affected by 

treatment, and was calculated individually for each drug used in combination and the 

combination itself: 

 

𝐹! 𝐹"⁄ = (𝐷 𝐼𝐶50⁄ )# 
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Where Fa is the fraction of the population affected, Fu is the fraction of the population 

unaffected by the dose; D. m is a Hill-equation type co-efficient which signifies the 

sigmoidicity of the curve.  The median effect equation was linearised by transforming 

each side of the equation to the log to give the median effect plot: 

 

log 𝐹! 𝐹" = 𝑚 log(𝐷) −𝑚 log(𝐼𝐶50)⁄  

 

From this equation, the dose of constituent drugs and the combination required to 

produce a set amount of toxicity was determined using: 

 

𝐷 = 𝐼𝐶50(𝐹! 𝐹"⁄ )
$
# 

 

The median effect plot gives the slope of each line, the m value, and the intercept of the 

dose effect axis and the median-effect axis, which allows for an accurate IC50 

measurement to be taken. The linear regression co-efficient of the median effect plot for 

each drug or combination determines the suitability of the use of combination index 

analysis, as if the median effect plot of the constituent drugs is parallel, it is assumed 

that the modes of action of the constituent drugs are mutually exclusive and the effect of 

the combination can be described using: 

 

CI=
(D)1
(Dx)1

+
(D)2
(Dx)2

 

 

Where D is the dose of each constituent drug used in combination required to inhibit x 

percentage of cells, and Dx is the dose of each constituent drug required to inhibit x 

percentage of cells as a single agent and CI is the combination index, a value that 

describes the nature of the combination. A CI value of >1 indicates infra-additivity, a 

value of 1 indicates additivity and a CI value < 1 indicates supra-additivity. 

 

2.7 Cell cycle analysis 

 

Cell cycle analysis was performed to determine the distribution of UVW or T98g cells 

exposed to various single or combination treatments throughout the phases of the cell 

cycle (Darzynkiewicz et al., 2017). 
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UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated as described in Section 2.2-

2.4 for 4 or 24 hours. Following exposure, drug containing media was removed and the 

cells washed in PBS and detached from the flask using 0.05% (V/V) trypsin-

ethylenediaminetetraacetic acid. The cell suspension was pelleted by centrifugation at 

1400 rpm for 5 minutes and fixed in 70% (V/V) ice-cold ethanol. Following fixation, pellets 

were washed by resuspension in PBS and centrifugation at 1400rpm for 5 minutes prior 

to removal of supernatant.  

 

Fixed pellets were incubated with 50µg/ml bovine ribonuclease A (Sigma-Aldrich, UK) to 

degrade and prevent unwanted staining of intracellular RNA. DNA content was stained 

with 10µg/ml propidium iodide (Sigma-Aldrich, UK). Stained samples were incubated at 

4°C for at least an hour in a light-free environment prior to analysis. 

 

Flow cytometry analysis of samples was performed using the BD FACSCanto analyser 

(Becton Dickinson Systems, UK), with 10,000 events per sample measured. Flow 

cytometry data was analysed using BD FACSDiva, V6.13 software. Data reported was 

an average of three independent experiments.  

 

2.8 g-H2a.X detection 

  

DNA damage and repair was quantified through detection of Ser139 phosphorylated 

H2a.X, a histone phosphorylated in response to DNA damage (Burma et al., 2001; Zhao 

et al., 2019).  

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated as described in Sections 2.2-

2.4 and incubated for 4 or 24 hours. Following exposure, drug containing media was 

removed and the cells washed in PBS and detached from the flask using 0.05% (v/v) 

trypsin-ethylenediaminetetraacetic acid. 

 

The cell suspension was pelleted by centrifugation at 1400rpm for 5 minutes prior to 

removal of supernatant. Pellets were washed twice in PBS and fixed in 4% (V/V) 



 43 

paraformaldehyde (ThermoFisher, UK) for 20 minutes. Fixed pellets were washed by 

resuspension in PBS and centrifugation at 1400rpm for 5 minutes. Samples were 

washed twice to remove fixative. Pellets were resuspended in 2ml of PBS and counted 

using a haemocytometer. Pellets were then permeabilised by resuspension at a density 

of 2x106 cells/ml in 0.3% (V/V) Triton-X (Sigma-Aldrich, UK).  

 

50µl of each sample was resuspended in a wash buffer containing 0.1% Triton (Sigma-

Aldrich, UK) and 0.5% BSA (Sigma-Aldrich, UK) before addition of 100µg/ml FITC-

conjugated anti-phospho-histone H2a.X (Ser139) (Millipore, UK). Stained samples were 

incubated on ice for 20 minutes. Excess antibody was removed by resuspension of the 

pellet in wash buffer and centrifugation at 1400rpm for 5 minutes and removal of the 

supernatant.  

 

Samples were resuspended in 150µl of FACs buffer (1% bovine serum albumin in PBS) 

and flow cytometric analysis of samples was performed using the BD FACSCanto 

analyser (Becton Dickinson Systems, UK), with 10,000 events per sample measured. 

Flow cytometry data was analysed using BD FACSDiva, V6.13 software. Data reported 

was an average of three independent experiments.  

 

2.9 Western blot analysis 

 

Protein expression in UVW and T98g human glioblastoma cell lines was investigated 

using Western blot analysis. 

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Media was then removed and the cells washed 

in PBS. Cells were lysed in Laemmli’s sample buffer (63mM Tris-HCl pH6.8, 2mM 

Na4P2O7, 5mM EDTA, 10% glycerol, 2% SDS, 50mM DTT, 0.007% bromophenol blue) 

(all Sigma-Aldrich, UK). 

 

SDS-Polyacrylamide Gel Electrophoresis was performed using resolving gels containing 

0.1% SDS, 0.375M Tris base (pH8.8), 3% glycerol, distilled water and the appropriate 

amount of 30% acrylamide/bisacrylamide stock depending on the size of the protein of 

interest, 10% ammonium persulfate and 0.05% TEMED (all Sigma-Aldrich, UK). Whole 
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cell lysates were ran in a tris-glycine gel at 135 volts for 90 minutes. Proteins were then 

transferred to a nitrocellulose membrane (GE healthcare, UK) at 300 milliamps for 105 

minutes under wet conditions.  

 

The membrane was the blocked in 5% Marvel-Tween for 60 minutes at room 

temperature. The membrane was then incubated in mouse anti-MGMT primary antibody 

(Millipore, UK) diluted 1:3000 in tween tris-buffered saline (TTBS) containing 3% BSA 

for 24-hours at 4oC.  

 

The membrane was then washed 3 times in TTBS and incubated with anti-mouse 

secondary HRP-conjugated antibody (Millipore, UK) 90 minutes at room temperature. 

The membrane was then washed 3 times in TTBS and developed using ECL (1:1 mixture 

of solution 1 [1M Tris pH8.5, 250mM luminol, 250mM p-cymuric acid and water] and 

solution 2 [1M Tris pH8.5, 0.19% H2O2 and water]) system (all Sigma-Aldrich, UK). 

 

2.10 Apoptosis detection 

 

Detection of the expression of apoptotic markers on UVW and T98g human glioblastoma 

cell lines was detected using an anti-annexin V FITC conjugate and propidium iodide, 

with each stain identifying the cellular population at different stages of the apoptotic cell 

death pathway. Early apoptotic cells were characterised as having an intact membrane 

and stained positively for annexin V which associates with membrane bound 

phosphatidylserine moieties, late apoptotic cells, which have a compromised membrane, 

were annexin V & propidium iodide positive. Necrotic cells were singly positive for 

propidium iodide and had a severely compromised membrane (Genderen et al., 2006). 

Time points 24-72 hours post-treatment cessation were chosen in order for cells to arrest 

and induce apoptosis (Ochs and Kaina, 2000; Roos et al., 2004, 2007).  

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated as described in Section 2.2-

2.4. Following 24 hours of treatment, cells were washed in PBS and 1.5ml of drug free 

media was added. Cells were incubated for a further 24, 48 or 72 hours, after which the 

cells were washed in PBS and disassociated using accutase solution (Sigma Aldrich, 

UK) to prevent cleavage of membrane bound phosphatidylserine moieties. 
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Cells were then pelleted by centrifugation at 1400rpm for 5 minutes, washed in PBS and 

resuspended at a concentration of 2x106 cells/ml in annexin V staining buffer (0.1M 

Hepes/NaOH (pH 7.4), 1.4M NaCl, 25mM CaCl2). 100µl of each sample was transferred 

to a FACs tube (BD bioscience, UK) and incubated for at least 15 minutes at room 

temperature with 5µl of annexin V stain, 5µl of propidium iodide or both (all BD 

bioscience, UK).  

 

Immediately before flow cytometry was performed, 400µl of annexin V staining buffer 

was added to each sample. FACs analysis of samples was performed using the BD 

FACSCanto analyser (Becton Dickinson Systems, UK), with 10,000 events per sample 

measured. Flow cytometry data was analysed using BD FACSDiva, V6.13 software. 

Data reported was an average of three independent experiments. 

 

2.11 Measurement of intracellular glutathione contents  

 

In order to assess the effects of dimethyl fumarate on intracellular glutathione levels, the 

reduction of DTNB to TNB was measured spectrophotometrically to give a quantifiable 

level of glutathione (Brennan et al., 2015). 

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated with increasing doses of 

dimethyl fumarate between 0.3 and 25µM, as described in Section 2.2 for 30 minutes, 

2, 4, 6, or 24-hours.  

 

Following the designated treatment time, drug containing media was removed and the 

cells washed in PBS and detached from the flask using 0.05% (v/v) trypsin-

ethylenediaminetetraacetic acid. The cell suspension was pelleted by centrifugation at 

1400rpm for 5 minutes. Pellets were washed twice in PBS before being resuspended in 

PBS at a density of 108 cells/ml. Cells were then centrifuged at 600g for 5 minutes and 

pellets were washed in 3 volumes of 5% sulfosalicylic acid (Sigma-Aldrich, UK) and 

resuspended. The suspension was deproteinated by freeze-thawing using liquid nitrogen 

and water bath at 37°C three times before being incubated for 5-minutes at 4oC and then 

centrifuged at 10,000g for 10-minutes.  
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10µl of each sample was added in duplicate to a 96-well plate (TPP, Switzerland) with 

150µl of working mixture (glutathione reductase (6 units/ml), DTNB (1.5mg/ml) and 

assay buffer (100mM potassium phosphate buffer, pH 7.0, with 1mM EDTA)) (All Sigma-

Aldrich, UK). The reaction was started by addition of 50µl of 0.16 mg/ml NADPH to each 

well and read at 412nm using a FlexStation 3 (Molecular Devices, UK). Data reported 

was an average of three independent experiments.  

 

2.12 Measurement of intracellular reactive oxygen species levels 

 

To assess the effects of temozolomide on intracellular reactive oxygen species levels, 

temozolomide treated cells were stained with the fluorescent stain 2′,7′-

dichlorodihydrofluorescein diacetate (DCFDA). Oxidative stress was then measured by 

the oxidation of DCFDA to the fluorescent molecule 2′,7′-dichlorofluorescein. Increasing 

fluorescent signal is indicative of increased intracellular oxidative stress (Eruslanov and 

Kusmartsev, 2010). Two known ROS scavengers, N-acetylcysteine and 4-hydroxy-

tempo (Sigma-Aldrich, UK) were used in conjunction with temozolomide to measure 

ablation of temozolomide induced reactive oxygen species.    

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated with either 1mM N-

acetylcysteine or 1mM 4-hydroxy-tempo (tempol) (both Sigma-Aldrich, UK) for 2 hours 

before addition of increasing doses of temozolomide as described in Section 2.2. After 

24 hours of treatment, drug containing media was removed, and the cells washed in PBS 

and detached from the flask using 0.05% (v/v) trypsin-ethylenediaminetetraacetic acid. 

The cell suspension was pelleted by centrifugation at 1400rpm for 5 minutes prior to 

removal of supernatant. 

 

The pellet was washed twice in PBS before being stained in 100µl of 50µM DCFDA 

(Sigma-Aldrich, UK) for 30 minutes at 37°C. Excess stain was washed off by 

resuspension of the pellet in FACs buffer (1% BSA in PBS) and centrifugation at 

1400rpm for 5 minutes prior to removal of supernatant. Samples were resuspended in 

150µl of FACs buffer (1% BSA in PBS) and flow cytometric analysis of samples was 

performed using the BD FACSCanto analyser (Becton Dickinson Systems, UK), with 

10,000 events per sample measured. Flow cytometry data was analysed using BD 
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FACSDiva, V6.13 software. Data reported was an average of three independent 

experiments.  

 

2.13 Fast activated cell-based ELISA for pNRF2 

 

To quantify the phosphorylation of the anti-oxidant transcription factor NRF2 in response 

to dimethyl fumarate treatment, fast activated cell-based ELISAs (FACE) assays 

(Egorina et al., 2006) were performed using an anti-phospho-NRF2 (Ser-40) antibody 

(Boveia and Schutz-Geschwender, 2015).  

 

5,000 UVW or T98g cells were seeded in each well of a 96 well plate (TPP, Switzerland) 

and incubated at 37°C in a 5% CO2 environment for 24-48 hours until exponential growth 

phase was reached (~70% confluency). 

 

Cells were treated with increasing doses of dimethyl fumarate, CDDO-imidazolide 

(Tocris, UK) or ML385 (Sigma-Aldrich, UK) for between 30 minutes and 24-hours. 

Following treatment, cells were washed twice in PBS and fixed in 4% paraformaldehyde 

for 20 minutes. Post-fixation, cells were washed three times in wash buffer (0.1% Tween 

in PBS) and permeabilised for 20 minutes with 0.3% triton. Cells were then washed twice 

in wash buffer before being blocked for 30 minutes with blocking buffer (0.1% Tween, 

1% w/v BSA, 22.5mg/ml glycine in PBS) to prevent non-specific antibody binding. 20µl 

of antibody (detailed in Table 2.1) was added to each well in staining buffer (1% BSA, 

0.1% triton in PBS) and the plate was incubated at 4°C overnight.  

 

 

 

 

 

 

Table 2.1: Primary antibodies and dilutions used for detection of NRF2 and pNRF2 

(Abcam, UK). 

 

Primary antibody was removed and cells were washed twice in wash buffer before 

addition of secondary antibodies (Table 2.2) for 1 hour at room temperature. Cells were 

then washed twice in wash buffer and counterstained with 1µg/ml DAPI (Sigma-Aldrich, 

Antibody Dilution Source 

Anti-NRF2 1:100 Abcam, UK 

Anti-pSer40 NRF2 1:150 Abcam, UK 
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UK) for 5 minutes. Cells were then washed, and the plate was read immediately at 355, 

488 and 647nm using a FlexStation 3 (Molecular Devices, UK). 

 

 

 

 

 

 

Table 2.2: Secondary antibodies and dilutions used for detection of NRF2 and pNRF2 

(Abcam, UK). 

 

Data was reported as normalised to absolute cell number as measured by DAPI. Data 

reported was an average of three independent experiments. 

 

2.14 RNA extraction  

 

To validate the results of FACE assays, RT-qPCR was performed on RNA extracted 

from cells treated with dimethyl fumarate to detect transcription of downstream targets 

of NRF2. RNA extraction was performed using the Qiagen RNeasy Mini kit (Qiagen, UK). 

 

UVW or T98g human glioblastoma cell lines were seeded at 1.5x105 cells in 25cm2 flasks 

and incubated at 37°C in a 5% CO2 environment for 24-72 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated with increasing doses of 

dimethyl fumarate, ML385 (Sigma-Aldrich, UK) or CDDO-imidazolide (Tocris, UK) for 2, 

4 or 24-hours.  

 

Following treatment, media was removed and the cells washed in PBS and detached 

from the flask using 0.05% (v/v) trypsin-ethylenediaminetetraacetic acid. The cell 

suspension was pelleted by centrifugation at 1400rpm for 5 min. The pellet was then 

resuspended in RNAlater (Sigma-Aldrich, UK). Samples were kept at 4ºC until RNA 

extraction could be performed. RNA extraction was performed using the Qiagen RNeasy 

Mini kit (Qiagen, UK).  

 

The RNAlater cell suspension was pelleted by centrifugation at 1400rpm for 5 min. 

RNAlater was removed and cells were lysed by the addition of 350µL RLT buffer 

Antibody Dilution Source 

Anti-Mouse Alexa Fluor 647 1:1000 Abcam, UK 

Anti-Rabbit Alexa Fluor 488 1:1000 Abcam, UK 
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containing 1% v/v β-mecarptoethanol (Sigma-Aldrich, UK) and agitation using a 21-

gauge needle. 350µl of 70% ethanol was added to each lysed sample. 700µl of each 

sample was added to a spin column before the tube was centrifuged at >8000g for 15 

seconds. Flow through from the spin column was discarded before addition of RW1 

buffer to the spin column.  

 

Samples were then centrifuged at >8000g for 15 seconds before the flow through was 

then again discarded. 500µl RPE buffer was added to the spin column before 

centrifugation at >8000g for 15 seconds. 500µl RPE buffer was added to the spin column 

before 500µl RPE buffer was added to the spin column before centrifugation at >8000g 

for 2 minutes. RNA was collected by addition of 50µl RNAase free water to the spin 

column membrane before centrifugation at >8000g for 1 minute. Samples were stored 

at -20oC until qPCR could be performed.  

 

2.14.1 RNA quantification 

 

Prior to RT-qPCR being performed, RNA was quantified using a BioTek Epoch 

spectrophotometer (BioTek Instruments, USA). 1.5µl of each sample was added to each 

well of a 6-well microplate immediately prior to reading. The microplate was read at 260 

and 280nm, and the ratio of each wavelength was analysed using BioTek Gen5 software 

(BioTek Industries, USA). A ratio of 2±0.1 was taken to indicate high fidelity RNA 

(Dell’Anno et al., 1998). The Beer-Lambert law allowed RNA to be quantified from the 

light absorbed by the RNA sample, with an absorbance of 1 at 260nm correlating to 

40µg/ml (Peirson and Butler, 2007). 

 

2.15 RT-qPCR 

 

In order to validate the results of the FACE assays, reverse transcription real time 

polymerase chain reactions (RT-qPCR) for downstream targets of NRF2 was performed 

using a QuantiTect SYBR Green RT-PCR kit (Qiagen UK). RNA was extracted as 

described in Section 2.14.  

 

A reaction mixture containing 25µl of 2x master mix (Qiagen, UK), 0.25µl of 100mM 

forward primer, 0.25µl of 100mM reverse primer (Sigma-Aldrich, UK), 0.5µl reverse 
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transcriptase mix (Qiagen, UK) and 24.25µl of RNAase free water (Qiagen, UK) was 

prepared for each individual primer pair and kept on ice.  

  

 

 

 

 

 

 

Table 2.3: Predesigned forward (top) and reverse (bottom) primers for each gene used 

in the reactions described (all Sigma Aldrich, UK) (Brennan et al., 2015).  

 

25µl of reaction mix was added to each well before addition of 200ng of template RNA. 

RNA was quantified as described above. Reactions were carried out in a Step-one plus 

(Applied biosystems, UK) under the conditions seem in Table 2.4, with 40 cycles being 

performed. 

 

 

 

 

 

 

 

 

Table 2.4: Reaction conditions used in the Applied biosystems Step-one plus.  

 

Data was reported using the 2-ΔΔCT method (Livak and Schmittgen, 2001; Schmittgen 

and Livak, 2008). Data reported was an average of three independent experiments. 

 

2.16 Measurement of cellular nitrite production 

 

Dimethyl fumarate has been shown to be able to modulate nitrite levels in a number of 

systems (Wilms et al., 2010). Griess assays were performed on supernatant from cells 

treated with increasing concentrations of dimethyl fumarate for 2, 4 or 24 hours to 

determine the level of intracellular nitrites (Hensley et al., 2003).  

 

Gene Primer pair (5’-3’) 

HMOX1 CAACAAAGTGCAAGATTCTG 
TGCATTCACATGGCATAAAG 

NQO1 AGTATCCACAATAGCTGACG 
TTTGTGGGTCTGTAGAAATG 

ACTB GACGACATGGAGAAAATCTG 
ATGATCTGGGTCATCTTCTC 

Step Time Temperature (oC) 

Reverse transcription 30 minutes 50 

Activation 15 minutes 95 

Denaturation 15 seconds 94 

Annealing 30 seconds 50-60 

Extension 30 seconds 72 
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5,000 UVW or T98g cells were seeded in each well of a 96 well plate (TPP, Switzerland) 

and incubated at 37°C in a 5% CO2 environment for 24-48 hours until exponential growth 

phase was reached (~70% confluency). Cells were treated with increasing doses of 

dimethyl fumarate or S-nitrosoglutathione for between 30 minutes and 24-hours before 

the supernatant was removed and stored at -20°C until the assay could be performed. 

 

0.1% napthylethylenediamine in deionised water and 1% sulphanilamide in 5% 

phosphoric acid (all Sigma-Aldrich, UK) were mixed in a 1:1 ratio to give the reaction 

mixture. To quantify nitrites levels, 100mM standard solution was prepared by dissolving 

sodium nitrite (Sigma-Aldrich, UK) in deionised water. The stock solution was serially 

diluted 1:2 in culture media. 50µl of each sample and 50µl of each concentration of 

standard solution was added in duplicate to a 96 well plate before addition of 50µl of the 

reaction mixture. 

 

Nitrites in the supernatant or the sodium nitrite standard reacted with sulphanilamide to 

form a diazonium salt. The diazonium salt reacted with napthylethylenediamine to form 

an azo dye that could be quantified spectrophotometrically. The plate was then read at 

540nm using a FlexStation 3 (Molecular Devices, UK). Data reported was an average of 

three independent experiments. 

 

2.17 Spheroid formation and treatment  

 

Spheroid models were established in order to assess the effects of both single agents 

and combination treatments as described in Section 2.2-2.4 on three-dimensional 

models of glioblastoma (Nath and Devi, 2016). 300 UVW or T98g cells were seeded in 

each well of a round-bottomed ultra-low attachment 96-well plate (Corning, USA) in 

200µl of media. Plates were incubated at 37oC in a 5% CO2 environment for 48-72 hours 

until spheroids formed. Spheroids were treated with combinations as described in 

Section 2.4.  

 

Media was removed from each well, with care taken not to disrupt the spheroid, and 

200µl media containing drug was added to each well. Each treatment was repeated in 

sextuplicate. Following 24 hours of treatment, media was removed and spheroids were 

washed in PBS before addition of 200µl of fresh media.  
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Spheroids were imaged immediately before treatment and subsequently imaged every 

3-4 days for a period of three weeks using an EVOS FL auto system (Life Technologies, 

UK). 

 

2.17.1 Spheroid analysis  

 

Spheroid images were analysed using FIJI software (Version 2.0) (Schindelin et al., 

2012). Image analysis was performed blind. For each spheroid, two orthogonal 

diameters, dmax and dmin (µm), were measured using FIJI. Spheroid volume (V) was 

calculated as described by Jensen (Jensen et al., 2008) using the equation: 

 

V =
1
2
(d%&' × (d%())*) 

 

Change in spheroid volume (V/V0) was calculated by dividing the spheroid volume (V) at 

each time point by the initial spheroid volume (V0). Data was reported as V/V0, as an 

average of three independent experiments ± standard error of the mean. 

 

2.17.2 Determination of growth delay, doubling time and area under the curve 

 

Growth kinetics of UVW and T98g human glioblastoma multicellular tumour spheroids 

were quantified following the growth delay assays described above. Treatment induced 

growth delay was quantified by tx, the time required for an x-fold increase in spheroid 

volume (Boyd et al., 2002).  

 

Change in spheroid volume (V/V0) was logarithmically transformed and linear regression 

analysis of Log(V/V0) against time (t) was performed using Graphpad prism (version 8) 

to give the equation: 

 

log(V/V+) = mt + c 

 

Where m is the slope and c is the point at which the line intercepts the y-axis. These 

values were then used to calculate the growth delay (t2) for each treatment using the 

equation: 
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t* =
log 2 − c

m
 

 

The doubling time (DT), was defined as the time required for a two-fold increase in 

spheroid volume within the exponential growth phase of the spheroid growth curve. DT 

was calculated for each treatment using the equation: 

 

DT = log
2
m

 

 

The area under the curve was calculated for Log(V/V0) against time using trapezoidal 

approximation using Graphpad prism (version 8) to evaluate the overall change in 

spheroid volume following each treatment.  

 

2.18 Statistical analysis  

 

All data reported was an average of at least three independent experiments. All data 

was analysed and graphed using GraphPad prism 8 software (version 8.12, Graphpad 

Software inc, USA). 

 

One-way analysis of variance with Bonferroni post-tests were employed to control for 

evaluation of the degree of significance in groups measuring a single variable. p-values 

of less than 0.05 were taken as statistically significant.  

 

Combination treatments and experiments with multiple groups were analysed using a 

two-way ANOVA with Bonferroni post-testing to allow for multiple comparisons between 

combination groups with single agents and controls. p-values of less than 0.05 were 

taken as statistically significant. 

 

Data that was not normally distributed was analysed using Kruskal-Wallis analysis with 

Dunn’s post hoc testing for multiple comparisons. p-values of less than 0.05 were taken 

as statistically significant. 
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Chapter 3 

The effects of temozolomide and dimethyl 

fumarate in combination on human glioblastoma 

cells 
 

3.1 Introduction 

 

Glutathione is the most common intracellular non-peptide molecule, functioning 

to maintain genomic integrity by binding potential DNA-damaging xenobiotics and 

neutralising oxidative stress through a highly reactive thiol group that is capable of 

donating H+ ions (Dringen et al., 2000; Forman et al., 2009). These ions are responsible 

for the neutralisation of reactive oxygen species and the reduction of disulphide bonds 

within potentially xenobiotic molecules. This thiol moiety can also bind DNA damaging 

xenobiotics to maintain genomic integrity (Balendiran et al., 2004; Held and Hopcia, 

1993). Via this function, glutathione has been shown to be chemoprotective by binding 

chemotherapeutic agents and therefore lowering the intracellular concentration of active 

drug. 

 

Depletion of glutathione has been demonstrated to be chemosensitising in a number of 

glioma cell lines, but these studies have been performed using the glutathione-s-

transferase inhibitor BSO (Allalunis-Turner et al., 1991; Rocha et al., 2014; Townsend 

and Tew, 2003). To our knowledge, there has only been one study published using 

dimethyl fumarate to chemosensitise cancer cells to temozolomide (Booth et al., 2014) 

but with no mechanistic interrogation of how dimethyl fumarate elicited these effects. We 

believe that this is the first mechanistic investigation into dimethyl fumarate induced 

temozolomide chemosensitisation.       

 

We hypothesis that dimethyl fumarate will potentiate the effects of temozolomide, and 

hypothesis the most likely mechanism is via inhibition of glutathione.  We further 

hypothesise that this potentiation will occur via a bimodal mechanism; the inhibition will 
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allow for higher intra-cellular concentrations of temozolomide, as well as allow for 

temozolomide to remain active within the cell for a sustained period of time.   
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3.2 Aims 

 

The aims of this study were: 

 

- To characterise the response of UVW and T98g human glioblastoma cells to a 

novel combination of temozolomide and dimethyl fumarate 

 

- To elucidate potential mechanisms of action and targets for the combination of 

temozolomide and dimethyl fumarate 
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3.3 Materials and Methods  

 

3.3.1 Cell lines and routine cell maintenance 

 

All routine maintenance of cell lines was performed as described in Section 2.1.  

 

3.3.2 Cell treatment 

 

Temozolomide and dimethyl fumarate were prepared as described and treatment was 

performed as described in Section 2.2. The combination of temozolomide and dimethyl 

fumarate used were calculated as described in Sections 2.4 and 3.4.5.1 and seen below 

in Table 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1: The combinations of temozolomide and dimethyl fumarate used throughout 

Chapter 3. 

 

3.3.3 Clonogenic assay 

 

Clonogenic assays were performed as described in Section 2.5.  

 

3.3.4 Combination index analysis 

 

Combination index analysis was performed using Calcusyn software as described as in 

Section 2.6. 

UVW 
Dimethyl fumarate (µM) Temozolomide (µM) 

0.3 0.5 
1 1.6 
3 5 
6 10 
9 15 

	

	

T98g 
Dimethyl fumarate (µM) Temozolomide (µM) 

3.125 50 
6.25 100 
12.5 200 

18.75 300 
25 400 
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3.3.5 Cell cycle analysis 

 

Cell cycle analysis was performed as described in Section 2.7. 

 

3.3.6 g-H2Aa.X assays  

 

g-H2Aa.X assays were performed as described in Section 2.8.  

 

3.3.7 Western blotting for MGMT  

 

Western blotting was performed using an anti-MGMT mouse antibody (Millipore, UK) 

diluted at 1:3000 in TTBS as described in Section 2.9. 

 

3.3.8 Apoptosis detection through annexin-V staining  

 

Annexin V staining and detection was performed as described in Section 2.10. 
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3.4 Results 

 

3.4.1 Design of the temozolomide-dimethyl fumarate combination based on single agent 

curves 

 

When designing a drug-drug combination, a number of factors were required to be taken 

into consideration, such as the shape of each individual curve, the mechanism of action 

for each drug and how each drug would interact with any other drug in combination on a 

pharmacokinetic and pharmacodynamic level (Chou, 2006; Straetemans et al., 2005). In 

this study, each combination was designed to cover as broad a concentration range as 

possible for each drug, and also to take into account the unique shape of each curve. 

These factors were identified through the use of cell survival data derived from single 

agent clonogenic assays and literature searches to examine known or likely 

pharmacokinetic or pharmacodynamic issues arising from administering both 

temozolomide and dimethyl fumarate.  
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3.4.1.1 Cytotoxic effects of temozolomide treatment on UVW and T98g human 

glioblastoma cells  

 

Figure 3.1 shows the response of UVW and T98g human glioblastoma cells to incubation 

with increasing concentrations of the alkylating agent temozolomide, as measured by 

assessing the clonogenic capacity of temozolomide treated cells.  

 

As seen in Figure 3.1a, UVW cells were highly sensitive to the cytotoxic effects of 

temozolomide, showing statistically significant cytotoxicity following incubation with 5µM 

(p-value <0.05), relative to an untreated control, corresponding to approximately 

25±9.11% cell kill. Temozolomide mediated cytotoxicity increased in a concentration-

dependent manner, with 50% cell kill achieved after incubation with 15µM. At a 

concentration of 50µM, over 98±0.34% cell kill was achieved. Beyond this concentration 

100% cell kill was achieved.  

 

In contrast to the UVW cell line, T98g human glioblastoma cells were highly resistant to 

temozolomide, as demonstrated in Figure 3.1a. Incubation with 50µM of temozolomide 

resulted in 7±1.70% cell kill compared to UVW cells, where over 98% cell kill was 

achieved at this concentration. Significant cytotoxicity was induced from incubation with 

200µM of temozolomide relative to an untreated control (p-value <0.001) where 32±2.4% 

cell kill was achieved. 50±8.79% cell kill occurred after incubation with 400µM of 

temozolomide and 78±8.43% cell kill was achieved at 800µM, the highest concentration 

of temozolomide used.  

 

In order to examine this variable response to temozolomide between the T98g and UVW 

cell lines, Western blot analysis for the temozolomide resistance factor MGMT was 

performed. Figure 3.1b shows basal expression of MGMT protein in two separate T98g 

lysates as indicated by the distinct band at 21kDa, and no basal expression in two 

separate UVW lysates at the same molecular weight.  

 

Using Graphpad Prism 8, a line of best fit of the data seen in Figure 3.1 was fitted to 

determine the IC50 of temozolomide in each cell line. The IC50 in UVW cells was 15.2µM 

(R2 >0.9), and the IC50 in T98g cells was 400µM (R2 >0.94) demonstrating that UVW 

cells are significantly more sensitive to temozolomide than the T98g cell line and that 

this increased resistance is likely due to expression of MGMT as seen in the T98g cell 
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line, but not the UVW cell line (Chalmers et al., 2009; Hegi et al., 2005; Montaldi and 

Sakamoto-Hojo, 2013).   
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Figure 3.1: The impact of 24-hour temozolomide (0-800µM) exposure on the clonogenic 

capacity of UVW (a.) and T98g (b.) human glioblastoma cell lines, and Western blot 

analysis of UVW and T98g protein lysates showing MGMT expression (c.). Data shown 

is an average of at least three independent experiments ± standard deviation. A 1-way 

ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 software, 

with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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3.4.1.2 Cytotoxicity of dimethyl fumarate on UVW and T98g human glioblastoma cell 

lines 

 

In order to assess the cytotoxicity of dimethyl fumarate on UVW and T98g cells, both cell 

lines were incubated with increasing concentrations of dimethyl fumarate for 24 hours.  

Figure 3.2 shows the response of UVW and T98g cells to incubation with increasing 

concentrations of dimethyl fumarate, as measured by the clonogenic capacity of these 

cells following 24-hour exposure to the drug.  

 

Both UVW and T98g cells displayed a distinct response to increasing concentrations of 

dimethyl fumarate as seen in Figure 3.2. Treatment of cells with concentrations of 

between 0-10µM of dimethyl fumarate causes a statistically significant increase in cell 

kill relative to an untreated control in both cell lines, with administration of 10µM dimethyl 

fumarate causing 55±10.42% cell kill (p-value <0.001) in the UVW cell line and 

30±7.66% cell kill (p-value <0.001) in the T98g cell line.  

 

As the concentration of drug administered was increased to 25µM, there was a decline 

in the steepness of the slope, and beyond this point there was a distinct plateau effect, 

with no significant changes in cytotoxicity in either cell line when drug concentration is 

increased from 10µM to 100µM as measured using the Bonferroni post-test. Due to this 

plateau effect, the maximum level of cell kill achieved with dimethyl fumarate was 

approximately 65±6.50% in the UVW cell line and 47±4.97% in the T98g cell line. 

 

Using Graphpad Prism 8, line of best fit of the data seen in Figure 3.2 gave an IC50 of 

9.1µM for the UW cell line (R2 >0.9), but as the level of cell kill of dimethyl fumarate in 

the T98g cell line remained below 50%, it was not possible to calculate an IC50 based on 

the data generated.   
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Figure 3.2: The impact of 24-hour dimethyl fumarate (0-100µM) exposure on the 

clonogenic capacity of UVW and T98g human glioblastoma cell lines. Data shown is an 

average of at least three independent experiments ± standard deviation. A 1-way 

ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 software, 

with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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3.4.1.3 Design of the temozolomide-dimethyl fumarate combination 

 

As demonstrated in Figures 3.1 and 3.2, the IC50 of temozolomide and dimethyl fumarate 

in the UVW cell line was determined to be 15µM and 9µM respectively. The ratio of the 

IC50 of dimethyl fumarate to temozolomide was simplified to 3:5, with the combinations 

of temozolomide and dimethyl fumarate used following this ratio, as seen in Table 3.1. 

 

In the T98g line, the IC50 of temozolomide was 30 times higher than in the UVW cell line, 

at 400µM. However, as identified in Section 3.4.1.2, an IC50 for dimethyl fumarate was 

not calculable. Due to the distinct plateau of the curve seen in Figure 3.4, the highest 

concentration of dimethyl fumarate used was 25µM, the first point on the curve after 

which there was no further statistically significant increase in cell kill as determined using 

the Bonferroni post-test. This resulted in a ratio of 1:16 (dimethyl fumarate to 

temozolomide) being used, as seen in Table 3.1.  
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3.4.2 Effects of temozolomide and dimethyl fumarate in combination in UVW and T98g 

human glioblastoma cells 

 

As discussed in Section 3.4.1, cell line specific combinations of temozolomide and 

dimethyl fumarate were generated based on the response of each cell line to each drug. 

This allowed for a combination unique to each cell line to be generated. For the purpose 

of these experiments, the MGMT positive T98g cell line and the MGMT negative UVW 

cell line were utilised in order to account for the clinical perspective, where up to 70% of 

patients present with MGMT mediated temozolomide resistance (Hegi et al., 2005). 

3.4.2.1 Cytotoxicity of temozolomide and dimethyl fumarate as single agents and in 

combination in UVW and T98g human glioblastoma cells 

 

In the temozolomide sensitive UVW cell line, administration of increasing concentration 

of temozolomide or dimethyl fumarate corresponded to a significant increase in 

cytotoxicity, as demonstrated in Figure 3.3a & b respectively. A statistically significant 

increase in cytotoxicity was observed at all concentrations of dimethyl fumarate (Figure 

3.3b) compared to an untreated control (p-value <0.001), and at concentrations greater 

than 5µM of temozolomide (p-value <0.001) (Figure 3.3a). As these concentrations were 

determined from the IC50 of each drug, the highest concentration of each drug was 

expected to correspond to 50% toxicity, as predicted by the non-linear fit of data seen in 

Figures 3.1 & 3.2. The experimental data corresponds closely to this, with exposure to 

15µM temozolomide and 9µM dimethyl fumarate resulting in 45±1.25% and 47±1.14% 

cytotoxicity respectively (Figure 3.3a & b).  

 

When utilised in combination 0.5µM temozolomide and 0.3µM dimethyl fumarate 

resulted in  25±2.63% cell kill, which is significantly higher than either agent when used 

as monotherapy at the same concentrations (Figure 3.3c & d). This trend continued in a 

concentration-dependent fashion, with over 65±5.10% cell kill found at the highest 

concentration combination, compared to less than 50% cell kill observed at the 

corresponding concentrations of either single agent. The combination of temozolomide 

and dimethyl fumarate induced a significantly higher level of cytotoxicity compared to 

equivalent concentrations of temozolomide (p-value <0.001), however there was a 

lesser increase in cytotoxicity when comparing combinations to the equivalent 

concentrations of dimethyl fumarate, with a significant increase in cell kill observed at 

only combinations 1,2,4 & 5 (Figure 3.3d).  
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Figure 3.3: concentration response curves of the UVW cell line following 24-hour 

exposure to increasing concentrations of temozolomide (a), dimethyl fumarate (b) and a 

combination of temozolomide and dimethyl fumarate (c). The comparison between 

temozolomide and dimethyl fumarate and the combination of both drugs (d). Data shown 

is the average of three independent experiments ± standard deviation. A 1-Way ANOVA 

with Bonferroni post-test was performed on single agent curves, and a 2-Way ANOVA 

Bonferroni post-test was performed to compare single agents to the combination, with 

p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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In the temozolomide resistant T98g cell line, temozolomide induced cytotoxicity in a 

concentration dependent manner (Figure 3.4a), with a statistically significant increase in 

cell kill observed from 200µM compared to an untreated control (p-value <0.001). 

400µM, the highest concentration of temozolomide used, was expected to induce 50% 

cytotoxicity, as calculated from Figure 3.1b. Experimental data correlated closely with 

the predicted IC50, as 400µM temozolomide exposure induced 49±0.99% cell kill. 

Dimethyl fumarate induced concentration-dependent cytotoxicity in the T98g cell line, 

with a statistically significant increase in cell kill compared to an untreated control 

observed from 6µM (p-value <0.05). As discussed in Section 3.4.1.3, it was not possible 

to generate an IC50 from data presented in Figure 3.2. However, exposure of the T98g 

cell line to 25µM dimethyl fumarate induced similar cytotoxicity in Figure 3.4b as in Figure 

3.2, with 45±6.55% and 41±5.51% cell kill respectively. The temozolomide-dimethyl 

fumarate combination induced cytotoxicity in a concentration-dependent manner, with a 

significant increase in cell kill observed from the second concentration of the 

temozolomide-dimethyl fumarate combination, 100µM+5.25µM. At the highest 

concentration combination used, 400µM+25µM, 65±9.62% cell kill was observed. 

 

When compared to each single agent, the temozolomide-dimethyl fumarate combination 

induced significantly increased cytotoxicity at some, but not all concentrations. The 

lowest combination used, 50µM+3.125µM, induced no significant increase in cytotoxicity 

compared to corresponding concentrations of single agent. A statistically significant 

increase in cell kill was observed compared to 100µM of temozolomide (p-value <0.001), 

but 6.25µM, the concentration of dimethyl fumarate that makes up this combination does 

not induce significantly more cytotoxicity as a single agent compared to the combination. 

As the concentrations of the combination increased, a significant increase in cytotoxicity 

compared to each single agent was observed at the 200µM+12.5µM combination (p-

value <0.01 & 0.05 respectively). Significant increase in cytotoxicity compared to each 

single agent was observed at the 300µM+17.5µM combination (p-value <0.001 & 0.01 

respectively). However, at the highest concentration of the combination used, 

400µM+25µM, there was no increase in cytotoxicity compared to either single agent 

(Figure 3.4d).     

 

This suggests that our hypothesis is correct, and that dimethyl fumarate appears to 

potentiate the effects of temozolomide in UVW and T98g human glioblastoma cell lines. 
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Figure 3.4: concentration response curves of the T98g cell line following 24-hour 

exposure to increasing concentrations of temozolomide (a), dimethyl fumarate (b) and a 

combination of temozolomide and dimethyl fumarate (c). The comparison between 

temozolomide and dimethyl fumarate and the combination of both drugs (d). Data shown 

is the average of three independent experiments ± standard deviation. A 1-Way ANOVA 

with Bonferroni post-test was performed on single agent curves, and a 2-Way ANOVA 

Bonferroni post-test was performed to compare single agents to the combination, with 

p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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3.4.3 Combination index analysis of the temozolomide-dimethyl fumarate combination 

in UVW and T98g human glioblastoma cells 

 

The use of combination index analysis allows for the relationship between two or more 

agents within a system to be defined in terms of their cytotoxicity. The relationship is 

defined as being either infra-additive (antagonistic), additive (neither antagonistic or 

synergistic) or supra-additive (synergistic, or better than the sum effect of each agent). 

Terms used throughout this section are taken from combination index analysis but have 

been contextualised to the results.   

 

Combination index analysis modelling is highly dependent on the goodness of fit values 

(R2 values) for the lines of best fit applied to the dose effect and median effect plots, as 

the model does not interpret generated data, but will interpolate data from the lines which 

the program fits. Due to the nature of combination index analysis, experimental data is 

shown (marked as symbols) as well as the line of fit calculated by Calcusyn software. 

 

Combination index analysis of the temozolomide-dimethyl fumarate combination in UVW 

human glioblastoma cells was performed using Calcusyn software.  

 

Figure 3.5 graphically represents the data shown in Figure 3.3 that has been analysed 

via combination index analysis using Calcusyn software (Section 2.6). Figure 3.5a shows 

the median effect plot (MEP). The MEP demonstrates that treatment with increasing 

dose of temozolomide, dimethyl fumarate or the temozolomide-dimethyl fumarate 

combination, increases the ratio of affected to unaffected cells (fa/fu). This is 

representative of the proportion of cells that have been affected by treatment, the effect 

measured and reported here is cell survival . R2 values of the lines of best for are shown 

in Figure 3.5d, with the single agents having the highest R2 values. Unfortunately, the 

temozolomide-dimethyl fumarate combination had a low R2 value, meaning that the line 

fitted to the data was poor, which may limit the application of combination index analysis 

as a model.  

 

Figure 3.5b shows the dose effect plot, showing that increasing doses of each single 

agent or the temozolomide-dimethyl fumarate combination increases the effect 

measured – in this case cell kill. 
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Figure 3.5c shows the combination index plot of the temozolomide-dimethyl fumarate 

combination, with each point representing the additivity of each fraction affected by 

increasing doses of the temozolomide-dimethyl fumarate combination. This data shows 

that all combinations are supra additive, meaning that there is a synergistic effect on cell 

kill when the temozolomide-dimethyl fumarate combination if used, except  when cells 

were incubated with 5µM+3µM of the temozolomide-dimethyl fumarate combination, 

which is additive, meaning there is no synergy, but also no antagonism when the agents 

are used in combination. These CI values and corresponding fractions affected by each 

combination are seen in Figure 3.5e.  

 

 

 

 

 

 



 73 

 
  
 
 
Figure 3.5: Combination index analysis of the temozolomide-dimethyl fumarate 

combination in UVW human glioblastoma cells a. increasing doses of temozolomide (●), 

dimethyl fumarate (▲) and the temozolomide-dimethyl fumarate combination (■) against 

the logarithmic ratio of the affected fraction to unaffected fraction with associated lines 

of best fit. b. the effects of increasing dose of temozolomide, dimethyl fumarate or the 

combination of temozolomide and dimethyl fumarate on the population analysed. c. the 

combination index value of each fraction affected for each dose of the temozolomide and 

dimethyl fumarate combination. d. the R2 values for each line of best fit in the dose effect 

plot (DEP) and median effect plot (MEP) shown in Figure 3.5a & b. respectively e. the 

combination index values and associated fraction affected for each dose in the 

temozolomide-dimethyl fumarate combination.  
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Combination index analysis of the temozolomide-dimethyl fumarate combination in the 

T98g human glioblastoma cell line was performed using Calcusyn software. Figure 3.6 

graphically represents the cytotoxicity data shown in Figure 3.4 following analysis via 

combination index analysis using Calcusyn software (Section 2.6).  

 

Figure 3.6a shows the median effect plot (MEP). The MEP demonstrates that treatment 

with increasing dose of temozolomide, dimethyl fumarate or the temozolomide-dimethyl 

fumarate combination correlates strongly with an increase in the ratio of affected to 

unaffected cells (fa/fu). This is representative of the proportion of cells that have been 

affected by treatment, the effect measured and reported here is cell kill. R2 values for the 

lines of best are shown in Figure 3.6d, showing that this correlation is strong (R2 >0.9). 

Strong correlation and therefore high R2 values are needed for high fidelity combination 

index analysis. This is due to the software used as the model does not interpret 

generated data, but will interpolate data from the lines which the program fits 

 

Figure 3.6b shows the dose effect plot, showing that increasing doses of each single 

agent or the temozolomide-dimethyl fumarate combination correlates strongly (R2 >0.9) 

with increase in the effect measured, in this case the effect measured was cell survival 

Figure 3.6c shows the combination index plot of the temozolomide-dimethyl fumarate 

combination, with each point representing the additivity of each fraction affected by 

increasing doses of the temozolomide-dimethyl fumarate combination of each fraction 

affected by the combination. These CI values and corresponding fractions affected by 

each combination are seen in Figure 3.6e.This data shows that two doses of the 

temozolomide-dimethyl fumarate combination, 50µM+3.125µM and 200µM+12.5µM, 

are infra-additive, with a combination index value greater than 1, which is indicative of 

an antagonistic effect at these doses. All other doses of the temozolomide-dimethyl 

fumarate combination in the T98g cell line are suggested to be synergistic as the CI 

value for fraction affected by these was concentrations of the temozolomide-dimethyl 

fumarate combination was less than 1.   
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Figure 3.6: Combination index analysis of the temozolomide-dimethyl fumarate 

combination in T98g human glioblastoma cells. a increasing doses of temozolomide (●), 

dimethyl fumarate (▲) and the temozolomide and dimethyl fumarate combination (■) 

against the logarithmic ratio of the affected fraction to unaffected fraction with associated 

lines of best fit. b the effects of increasing dose of temozolomide, dimethyl fumarate or 

the combination of temozolomide and dimethyl fumarate on the population analysed. c 
the combination index value of each fraction affected for each dose of the temozolomide 

and dimethyl fumarate combination. d. the R2 values for each line of best fit in the dose 

effect plot (DEP) and median effect plot (MEP) shown in Figure 3.6a & b. respectively. 

d. the combination index values and associated fraction affected for each dose in the 

temozolomide-dimethyl fumarate combination. 
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3.4.4 Quantification of DNA double stranded breaks in UVW and T98g human 

glioblastoma cells in response to treatment with temozolomide, dimethyl fumarate and 

the temozolomide-dimethyl fumarate combination  
 

In order to assess the dynamics of DNA damage and repair, phosphorylation of Ser139-

H2a.X was quantified by detection of a FITC-conjugated anti–Ser139 H2a.X antibody. 

H2a.X phosphorylation is a hallmark of double stranded breaks in DNA. Double stranded 

breaks recruit the ATM/ATR complex, which initiates a cascade that results in H2a.X 

phosphorylation and G2/M arrest.  

 

The temozolomide-dimethyl fumarate combination was hypothesised to induce a higher 

level of DNA damage, and therefore a greater level of gH2a.X than temozolomide or 

dimethyl fumarate as a single agent. It was further hypothesised that the level of gH2a.X 

induced by the temozolomide-dimethyl fumarate combination would persist due to 

temozolomide remaining active within the cell for an increased period of time. Cells were 

treated with combinations of temozolomide and dimethyl fumarate as previously 

described. Flow cytometric analysis was performed, with fold increase in gH2A.x levels 

compared to an untreated but stained control reported. Cells were treated for 4 or 24-

hours to assess the dynamics of DNA damage and repair over time.  

 

In UVW cells there was no significant increase in gH2a.X levels following 4 or 24-hours 

of dimethyl fumarate exposure, with a maximum 1.86±0.54-fold increase seen following 

4-hour treatment (Figure 3.7a). This was not significant compared to the gH2a.X levels 

found in untreated cells (p-value >0.05) indicating that, as expected, dimethyl fumarate 

does not induce DNA damage. In contrast, 4-hour treatment with temozolomide induced 

a statistically significant 2.7±0.60-fold increase in gH2a.X levels (p-value <0.05), and 24-

hour treatment induced a 3.8±0.51-fold increase in gH2a.X levels compared to an 

untreated control (p-value <0.05). This is suggestive that temozolomide induces DNA 

damage in the UVW cell line, in a manner that was dependent on treatment time, with 

24-hour treatment inducing significantly higher levels of gH2a.X than 4-hour treatment 

(p-value <0.05).  

 

The combination of temozolomide and dimethyl fumarate resulted in a statistically 

significant increase in gH2a.X levels relative to an untreated control following 4 and 24-

hour treatment, with a 3.3±0.74 and 3.5±0.36-fold increase observed respectively (p-
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value <0.01). Contrary to our hypothesis, the temozolomide-dimethyl fumarate 

combination did not increase the levels of DNA damage compared to temozolomide 

alone, although a trend of increased gH2a.X levels was seen in combination treated cells 

compared to cells treated with temozolomide alone, this was not statistically significant 

(p-value >0.05).  

 

In the MGMT positive T98g cell line, no significant increase in gH2a.X levels was 

observed following 4 or 24-hours of dimethyl fumarate treatment, indicating no increase 

in the amount of double stranded breaks compared to an untreated control (p-value 

>0.05).  

 

4-hour temozolomide treatment of T98g cells did not significantly increase gH2a.X levels, 

while 24-hour treatment induced a 3.5±1.02-fold increase in gH2a.X detection compared 

to an untreated control (p-value <0.05) (Figure 3.7b). This is suggestive that the 

temozolomide induced DNA damage is a time dependent event. This is in keeping with 

our knowledge of temozolomide. We believe that the expression of MGMT in the T98g 

cell line, but not the UVW cell line is responsible for the slower induction of gH2a.X in the 

T98g cell line.      

 

Treatment for 4 hours with temozolomide and dimethyl fumarate resulted in a 2.9±1.17-

fold increase in gH2a.X levels, however, following 24-hour treatment this increased to a 

3.6±0.98-fold increase compared to an untreated control. This is not significantly higher 

than the levels of gH2a.X seen when equivalent concentrations of temozolomide were 

used as a single agent (p-value >0.05). This was contrary to our hypothesis that the 

temozolomide-dimethyl fumarate combination would increase levels of gH2a.X 

compared to temozolomide as a single agent. 
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Figure 3.7: gH2a.X levels in UVW and T98g human glioblastoma cells. The fold change 

in gH2a.X levels in a. UVW or b. T98g cells in response to 4 or 24-hour treatment with 

temozolomide (15 or 400µM), dimethyl fumarate (9 or 25µM) or the equivalent 

concentrations that constitute the temozolomide-dimethyl fumarate combination. Data 

shown is an average of at least 3 independent experiments ± standard deviation. A 2-

Way ANOVA with Bonferroni post-test was performed with p-values of <0.05 = *, 
<0.01=** and <0.001 = *** reported as significant.  
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3.4.5 Effects of temozolomide and dimethyl fumarate on cell cycle progression in UVW 

and T98g human glioblastoma cells 

 

Cells were treated with combinations of temozolomide and dimethyl fumarate for 4 or 

24-hours in order to examine effects of drug treatment on cell cycle distribution. 

Treatment for 4 or 24-hours was performed in order to examine when arrest and recovery 

was observed. In order to determine the distribution of a population of cells throughout 

the cell cycle, cellular DNA was stained with propidium iodide and flow cytometric 

analysis was performed, with distinction between the G1, S, G2 and M phases of the cell 

cycle made by assessing intracellular DNA content. 

 

Following 4-hour exposure to 0.5 and 5µM of temozolomide there was no phase 

redistribution in UVW cells compared to an untreated control. Following treatment with 

15µM of temozolomide, there was an accumulation of cells in the G2 phase of the cell 

cycle, which is indicative of DNA damage. However, this was not found to be statistically 

significantly larger than the G2 population of untreated cells (p-value >0.05). After 24-

hour exposure, all concentrations of temozolomide induced a significant accumulation of 

cells in the G2 phase of the cell cycle compared to an treated control (p-value <0.01), 

with 45.38±6.9% 15µM treated cells being found in the G2 phase following compared to 

23.74±3.63% in an untreated control. 24-hour treatment with all concentrations of 

temozolomide induced a significantly larger G2 arrest than 4-hour treatment (p-value 

<0.001).  

 

Accumulation in the G2 phase of the cell cycle after 24-hour incubation with 

temozolomide compared to 4-hour indicates DNA damage, as cells arrest at this phase 

to repair DNA damage. This is in line with out gH2a.X data, which shows an increase in 

temozolomide mediated DNA damage after 4 and 24-hours. We believe we see 

accumulation after 24-hours, but not 4-hours as the cells have completed, or attempted 

to complete a full cycle by 24, but not 4-hours.   

 

Exposure to increasing concentration of dimethyl fumarate for either 4 or 24 hours had 

no significant effect on the distribution of UVW cells throughout the cell cycle (p-value 

>0.05). 
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4-hour exposure to the temozolomide-dimethyl fumarate combination increased G2 

accumulation in a concentration dependent manner, however, this was not found to be 

statistically significantly larger than the G2 population of untreated cells or cells treated 

with equivalent concentrationss of temozolomide or dimethyl fumarate as single agents 

(p-value >0.05).  

 

Similarly to temozolomide as a single agent, following 24-hour exposure to the 

temozolomide-dimethyl fumarate combination there was a significant accumulation in 

cells in the G2 phase of the cell cycle compared to an untreated control (p-value <0.01). 

This resulted in 42.96±2.3% of 15µM+9µM treated cells being found in the G2 phase 

compared to 23.74±3.63% in an untreated control. 24-hour treatment with all 

concentrations of the temozolomide-dimethyl fumarate combination induced a 

significantly larger G2 arrest than 4-hour treatment (p-value <0.001). The temozolomide-

dimethyl fumarate combination did not induce cell cycle redistribution compared to 

temozolomide or dimethyl fumarate as single agents (p-value >0.05). 

 

A larger G2 accumulation was expected in cells treated with the temozolomide-dimethyl 

fumarate combination compared to temozolomide alone due to an increase in DNA 

damage. This was not realised, but is in keeping with our gH2a.X results.   
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Figure 3.8: Cell cycle progression in UVW cells treated with temozolomide, dimethyl 

fumarate or the temozolomide-dimethyl fumarate combination. The cell cycle distribution 

of UVW cells in response to 4 or 24-hour exposure to increasing concentrations of 

temozolomide (a.) dimethyl fumarate (b.) or the temozolomide-dimethyl fumarate 

combination (c.). Data shown is an average of at least 3 independent experiments ± 

standard deviation. A 2-Way ANOVA with Bonferroni post-test was performed with p-

values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. Statistics are 

reported in Appendix A1. 
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In T98g cells, there was no significant redistribution of cells following 4-hours of 

temozolomide treatment (p-value >0.05). Following 24-hour exposure to 400µM 

temozolomide, T98g cells accumulated in the G2 phase of the cell cycle compared to an 

untreated, however this was not significant (p-value >0.05). No cell cycle redistribution 

was seen following 24-hour exposure to lower concentrations of temozolomide (p-value 

>0.05). This indicates that temozolomide does not induce a level of DNA damage that 

results in T98g cell cycle arrest.  

 

Similarly to UVW cells, T98g cells showed no changes in cell cycle distribution following 

either 4 or 24-hour exposure to dimethyl fumarate compared to an untreated control (p-

value >0.05).  

 

Following 4-hour exposure, combinations of temozolomide and dimethyl fumarate 

caused cells to accumulate in the G2/M phase in a concentration-dependent manner. 

Post 4-hour exposure to 400µM of temozolomide and 25µM of dimethyl fumarate, 

45.43±8.54% of the population were found to be in the G2/M phase of the cell cycle, 

significantly higher than the same population in untreated cells, 22.94±6.77% (p-value 

<0.05). a trend of increased G2 accumulation was seen in combination treated cells 

compared to cells treated with temozolomide alone, however this was not statistically 

significant (p-value >0.05). 24-hour exposure to the temozolomide-dimethyl fumarate 

combination induced a concentration-dependent accumulation of cells in the G2 phase 

of the cell cycle compared to an untreated control. only the arrest at the G2 phase 

induced by 400µM+25µM of the temozolomide-dimethyl fumarate combination was 

significant compared to an untreated control (p-value <0.001). Again, this accumulation 

was larger, but not statistically significantly more so, than the accumulation induced by 

equivalent concentrations of temozolomide as a single agent (p-value >0.05). 

 

Lack of G2/M arrest indicates that a lack of DNA damage. This is likely due to the 

resistance to temozolomide in the T98g cell line.   
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Figure 3.9: Cell cycle progression in T98g cells treated with temozolomide, dimethyl 

fumarate or the temozolomide-dimethyl fumarate combination. The cell cycle distribution 

of UVW cells in response to 4 or 24-hour exposure to increasing concentrations of 

temozolomide (a.) dimethyl fumarate (b.) or the temozolomide-dimethyl fumarate 

combination (c.). Data shown is an average of at least 3 independent experiments ± 

standard deviation. A 2-Way ANOVA with Bonferroni post-test was performed with p-

values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. Statistics are 

reported in Appendix A2. 
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3.4.6 Apoptotic induction by temozolomide and dimethyl fumarate on UVW and T98g 

human glioblastoma cells 

 

Apoptosis was detected using an anti-annexin V FITC conjugate and propidium iodide, 

with each stain identifying the cellular population at different stages of the apoptotic cell 

death pathway. Early apoptotic cells were characterised as having an intact membrane 

and stained positively for annexin V which associates with membrane bound 

phosphatidyl serine moieties, late apoptotic cells, which have a compromised 

membrane, were annexin V & propidium iodide positive. Necrotic cells were singly 

positive for propidium iodide and had a severely compromised membrane. Time points 

24-72 hours post-treatment cessation were chosen in order for cells to arrest and induce 

apoptosis.   

 

Time points 24-72 hours post-treatment cessation were chosen in order for cells to arrest 

and induce apoptosis following treatment. We believe that we have shown that DNA 

damage and cell cycle arrest in UVW cells treated with temozolomide do not occur until 

24-hours of treatment. Following this mismatch repair cycles take place. Failed cycles of 

mismatch repair leads to DNA damage in the form of double stranded breaks (Kaina, 

2003; Roos and Kaina, 2006; Roos et al., 2007), inductions of double stranded breaks 

has been shown to be necessary for induction of apoptosis (Ochs and Kaina, 2000), and 

induction of apoptosis as late as 120-hours post treatment has been shown to take place. 

 

In UVW cells 12.9±0.99% of the population were found to basally express apoptotic 

markers. This population was broken down to show that 8.9±0.62% of this population 

were early apoptotic, meaning they were singly annexin V positive, and 4.9±0.38% of 

the population were late apoptotic, meaning they were doubly positive for propidium 

iodide and annexin V.  

 

As seen in Figure 3.10a, treatment with temozolomide induced apoptosis in a 

concentration independent manner. 24-hours post-treatment cessation there was no 

significant increase in the size of the apoptotic population compared to an untreated 

control, and there was no significant difference in the size of the apoptotic population 

between each treatment group (p-value >0.05). The size of these populations increased, 

again in a concentration independent manner, 48-hours post-treatment cessation. This 

population was found to be approximately double that of an untreated control, with all 
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concentrations of temozolomide inducing apoptosis in approximately 25% of the 

analysed population (p-value >0.05). Between 48 and 72 hours, there was a significant 

increase in the size of the apoptotic population compared to 24 or 48-hour time points 

(p-value <0.01). This increase was found to correlate inversely with concentration. 

Following treatment with 0.5µM, 5µM or 15µM temozolomide, 79.9±5.41%, 72.6±11.50% 

and 66.9±6.67% of each population was found to be apoptotic respectively.  

 

Figure 3.10b shows that there was no significant redistribution of cells between apoptotic 

phases following 24 or 48hr incubation post temozolomide treatment (p-value >0.05). 

72-hours post-treatment there was a significant increase in the size of the late apoptotic 

(p-value <0.01) and necrotic (p-value <0.05) population, compared to an untreated 

control or cells incubated for 24 or 48-hours post-treatment. The increase in the size of 

the late apoptotic population was found to be inversely correlated with concentration, 

likely through cells cycling undergoing late apoptosis between 48 and 72-hours, resulting 

in the increased necrotic population at this time point. This increase in the size of the 

necrotic population was found to be concentration dependent, with the highest 

concentration of temozolomide inducing the highest level of necrosis. However, 

increasing temozolomide concentration appeared to have no effect on the size of the 

apoptotic population, with no significant difference at any time points (p-value >0.05).  

 

Dimethyl fumarate induced apoptosis in a concentration dependent manner as seen in 

Figure 3.10c & d. 24-hours post treatment cessation there was no significant increase in 

the size of the apoptotic population at any concentration compared to an untreated 

control. The size of the apoptotic population increased in a concentration dependent 

manner 48 hours post-treatment cessation, with a statistically significant increase 

compared to 24-hour incubation observed at all concentrations (p-value <0.01). 

Treatment with 9µM dimethyl fumarate resulted in apoptosis being induced in 

78.1±8.42% of the population, which is significantly higher than the size of the apoptotic 

population in cells treated with either 0.3µM (47.1±3.59% apoptotic) or 3µM 

(55.6±10.45% apoptotic) dimethyl fumarate (p-value <0.05). 72-hours post treatment 

cessation there was no significant difference between the size of the apoptotic 

population following treatment with any of the designated concentrations of dimethyl 

fumarate (p-value >0.05). The apoptotic population was significantly larger at 72-hours-

post treatment compared to 24 or 48-hours following treatment with either 0.3µM or 3µM 

of dimethyl fumarate (p-value <0.05).  
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As seen in Figure 3.10d, there was no significant phase redistribution of the apoptotic 

population following 24-hour incubation after dimethyl fumarate treatment compared to 

an untreated control. Following 48-hour incubation there was a significant increase in 

the size of both the early (p-value <0.001) and late (p-value <0.05) apoptotic populations 

compared  cells incubated for 24-hours. After 72-hour incubation there was further 

significant redistribution of the apoptotic population. At all concentrations of dimethyl 

fumarate there was a significant decrease in the early apoptotic population (p-value 

<0.01) and a significant increase in the late apoptotic population compared to 48-hour 

incubation (p-value <0.05). There was a significant increase in the size of the necrotic 

population at all concentrations of dimethyl fumarate used (p-value <0.05) compared to 

the same concentrations at 48-hours post treatment cessation.  

 

The temozolomide-dimethyl fumarate combination induced apoptosis in a similar pattern 

to temozolomide as a single agent (Figure 3.10e & a respectively). There was no 

significant induction of apoptosis above basal levels 24-hours after treatment cessation, 

and no significant difference between each concentration of the temozolomide-dimethyl 

fumarate combination. There was also no statistically significant difference between the 

combination and corresponding concentration of each single agent. Similarly to 

temozolomide as a single agent, there was an increase in the size of the apoptotic 

population 48-hours post treatment cessation, which appeared to be concentration-

dependent. There was no significant apoptotic induction at this time point compared to 

an untreated control (p-value >0.05), or compared to temozolomide as a single agent (p-

value >0.05). The size of this population was significantly lower than the corresponding 

concentrations of dimethyl fumarate as a single agent (p-value <0.01). 72-hours post 

treatment cessation there was a significant increase in the size of the apoptotic 

population, with all concentrations of the temozolomide-dimethyl fumarate combination 

compared to the same concentrations at the 48-hour time point (p-value <0.01).   

 

As seen in Figure 3.10f, there was no significant redistribution of apoptotic cells 24-hours 

post treatment cessation compared to the basal population or the congruent 

concentrations of each single agent. At the 48-hour time point, there was a significant 

increase in the proportion of early apoptotic cells compared to an untreated control (p-

value <0.05), but this population was not significantly different from the correlating 

concentrations of temozolomide (Figure 3.10f & b). The early and late apoptotic  
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population detected following combination treatments were significantly smaller than the 

corresponding populations detected following treatment with dimethyl fumarate as a 

single agent (p-value <0.01 and <0.05 for early and late populations respectively) (Figure 

3.10f & d). There was a significant, concentration-dependent increase in the size of the 

necrotic population in cells treated with the temozolomide-dimethyl fumarate 

combination compared to equivalent doses of temozolomide as a single agent 72-hours 

post treatment cessation (p-value <0.01).  
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Figure 3.10: Induction of apoptosis in UVW cells by temozolomide, dimethyl fumarate  

and the temozolomide-dimethyl fumarate combination.  Apoptotic induction in UVW cells 

in response to increasing concentrations of temozolomide (a.) dimethyl fumarate (c.) or 

the temozolomide-dimethyl fumarate combination (e.) and apoptotic phase redistribution 

in response to increasing concentrations of temozolomide (b.) dimethyl fumarate (d.) or 

the temozolomide-dimethyl fumarate combination (f.). Data shown is an average of at 

least 3 independent experiments ± standard deviation. A 2-Way ANOVA with Bonferroni 

post-test was performed with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported 

as significant. Statistics are reported in Appendix B1. 
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As seen in Figure 3.11a, treatment with temozolomide induced expression of apoptotic 

markers in a concentration independent manner at concentrations greater than 50µM. 

24-hours post-treatment cessation there was a significant increase in the size of the 

apoptotic population compared to an untreated control following treatment with 200 and 

400µM of temozolomide (p-value <0.05). The size of these populations did significantly 

increase 48 or 72-hours post-treatment cessation. Treatment with 50µM of 

temozolomide induced significant expression of apoptotic markers at 72-hours post-

treatment cessation compared to 24 or 48-hour time points (p-value <0.05) 

 

Figure 3.11b shows that there was no significant redistribution of cells between apoptotic 

phases following 24 or 48-hour incubation post temozolomide treatment. 72-hours post-

treatment there was a significant increase in the size of the late apoptotic population, 

compared to cells incubated for 24 or 48-hours post-treatment (p-value <0.05). This 

increase in the size of the late apoptotic population was found to be concentration 

independent. 

 

Dimethyl fumarate induced apoptosis in a concentration independent manner as seen in 

Figure 3.11c & d. 24 and 48-hours post treatment cessation there was no significant 

increase in the size of the apoptotic population at any concentration compared to an 

untreated control. The size of the apoptotic population increased in a concentration 

independent manner 72-hours post-treatment cessation, with a statistically significant 

increase compared to 24 and 48-hour time points observed at all concentrations (p-value 

<0.01). 72-hours post treatment cessation there was no significant difference between 

the size of the apoptotic population following treatment with any of the designated 

concentrations of dimethyl fumarate, with all concentrations inducing apoptosis in ~70% 

of treated cells.  

 

As seen in Figure 3.11d, there was no significant phase redistribution of the apoptotic 

population following 24 or 48-hour incubation after dimethyl fumarate treatment 

compared to an untreated control. Following 72-hour incubation there was a significant 

increase in the size of the late apoptotic populations compared to cells incubated for 24 

or 48-hours (p-value <0.01). This increase correlated positively with concentration.  

 

The temozolomide-dimethyl fumarate combination induced apoptosis in a similar pattern 

to temozolomide as a single agent (Figure 3.11e & a respectively). There was no 
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significant induction of apoptosis above basal levels 24 or 48-hours after treatment 

cessation, and no significant difference between each concentration of the 

temozolomide-dimethyl fumarate combination (p-value >0.05). The apoptotic population 

detected after treatment with the temozolomide-dimethyl fumarate combination was 

significantly smaller than the corresponding concentrations of dimethyl fumarate as a 

single agent at the 72-hour time point (p-value <0.05) (Figure 3.11c & e) but was not 

significantly different than anytime point or concentration of temozolomide (p-value 

>0.05) (Figure 3.11a & f). 

 

As seen in Figure 3.11f, there was no significant redistribution of apoptotic cells 24 or 

48-hours post treatment cessation compared to the basal population or the 

correspondent concentrations of each single agent (p-value >0.05). The late apoptotic 

population detected following combination treatment were significantly smaller than the 

corresponding populations detected following treatment with dimethyl fumarate as a 

single agent at the 72-hour timepoint (p-value <0.05) (Figure 3.11f & d). There was a no 

significant difference between apoptotic phases following treatment with the 

temozolomide-dimethyl fumarate combination and temozolomide as a single agent (p-

value >0.05) (Figure 3.11b & f).
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Figure 3.11: Induction of apoptosis in T98g cells by temozolomide, dimethyl fumarate  

and the temozolomide-dimethyl fumarate combination.  Apoptotic induction in UVW cells 

in response to increasing concentrations of temozolomide (a.) dimethyl fumarate (c.) or 

the temozolomide-dimethyl fumarate combination (e.) and apoptotic phase redistribution 

in response to increasing concentrations of temozolomide (b.) dimethyl fumarate (d.) or 

the temozolomide-dimethyl fumarate combination (f.). Data shown is an average of at 

least 3 independent experiments ± standard deviation. A 2-Way ANOVA with Bonferroni 

post-test was performed with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported 

as significant. Statistics are reported in Appendix B2. 
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3.5 Discussion  

 

3.5.1 Generation and rationale of therapeutic combinations 

 

Combining chemotherapeutic agents with radiotherapy and surgery is the current 

standard of curative care for the majority of cancers. These combinations tend to consist 

of two or more cytotoxic chemotherapeutic agents as well as adjuvant or concomitant 

radiotherapy for solid tumours, which can cause systemic side effects and can result in 

poor patient compliance and possible treatment withdrawal if side effects begin to 

outweigh potential benefit (Bassan et al., 2014; Clarke et al., 2015; DeSantis et al., 2014) 

 

Combinations of drugs that target different cellular pathways are particularly important 

in cancers such as high-grade glioma where acquired drug resistance is frequently seen. 

By targeting different pathways, the cell is found to be under greater stress as the cancer 

cannot rely on a single pathway for metabolism, DNA damage repair or cell division. This 

also allows for a potential lowering of doses of each agent in a regimen as there should 

be synergistic effects between each agent (Doroshow and Simon, 2017; Makin, 2018; 

Pritchard et al., 2013; Yardley, 2013). These combinations described below were 

designed with the aim of increasing anti-glioblastoma activity, with each designed to 

target a specific aspect of the specific biology unique to the cancer, dimethyl fumarate 

should have a greater tumour specificity as astrocytes, the cells that glioblastoma is 

composed of (Louis et al., 2016), have a higher level of both glutathione (Dringen et al., 

2000) and glutathione synthesis enzymes (Ali-Osman et al., 1997; Okcu et al., 2004) 

than neurons.  

 

Glutathione acts as a major chemoresistance factor, capable of binding and inhibiting a 

huge variety of chemotherapeutic agents, including alkylating agents, spindle poisons 

and platinum based agents (Rocha et al., 2014, 2016; Townsend and Tew, 2003). The 

large number of chemotherapy agents that can be inactivated by glutathione, makes 

glutathione depletion an attractive therapeutic strategy for increasing cancer cell 

chemosensitivity. Upregulation and overexpression of enzymes involved in glutathione 

metabolism and catabolism is a common feature of a number of cancers. The difference 

in expression levels of glutathione and its precursor enzymes between healthy and 

malignant tissues should allow for a significant therapeutic differential to be achieved. In 

order for glutathione to successfully eliminate xenobiotic threats against DNA integrity, 
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the enzyme glutathione-s-transferase (GST) catalyses the nucleophilic attack of 

glutathione against reactive centres of these xenobiotics (Zhang et al., 2014). These 

xenobiotic threats can include chemotherapeutic agents, meaning that GST expression 

and activity can increase chemoresistance (Allalunis-Turner et al., 1991; Townsend and 

Tew, 2003). 

 

GST is overexpressed in a large proportion of cancers, with approximately 40% of all 

brain cancers overexpressing the GSTπ isoform (Hayat, 2014). High basal expression 

of GSTπ in patients with glioma correlates with worse overall survival compared to low 

or moderate expression levels. When examined by grade, overall survival was worse in 

grade IV glioma patients who also had higher GSTπ levels. Interestingly, there was also 

significantly poorer survival in glioma patients whose biopsies showed the presence of 

nuclear GSTπ rather than only cytoplasmic GSTπ. This is likely due to increased 

glutathione activity in the nucleus preventing expected levels of DNA damage by agents 

such as temozolomide, which elicit the majority of their effects in the nucleus (Ali-Osman 

et al., 1997; Okcu et al., 2004). 

 

Treatment with DNA damaging agents has also been shown to increase expression 

levels of GSTπ, and this is believed to confer acquired drug resistance to a number of 

cancers.  For example, elevated levels of GSTs are associated  with increased 

resistance to apoptosis in response to DNA damaging agents (Balendiran et al., 2004; 

Townsend and Tew, 2003) in vitro in colon, pancreatic and breast cancer as well as 

leukaemia, glioma and myeloma (Dorr et al., 1986; Schnelldorfer et al., 2000). This is 

hypothesised to be due to the higher intracellular levels of glutathione preventing the 

action of these DNA damage agents, as well as the GST family inhibiting the pro-

apoptotic MAP-K pathway through the suppression of apoptosis signal-regulating kinase 

1 (ASK1), a protein involved in both TNF-a/FAS-mediated and apoptotic cell death via 

JNK & p38 signalling (Cho et al., 2001).   

 

Glutathione depletion using buthionine sulphoximine (BSO) has been shown to be an 

effective chemosensitisation strategy using a number of alkylating agents in a number 

of cancers; this includes the glioma cell lines U87, U138MG & U251MG which were 

sensitised to temozolomide and cisplatin, patient derived high-grade glioma cells (WHO 

Grade III-IV) being sensitised to nitrogen mustard and carmustine, and neuroblastoma 
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being sensitised to melphalan (Allalunis-Turner et al.,1991; Rocha et al., 2014; 

Balendiran et al., 2004).  

 

We believe that dimethyl fumarate is a more appropriate option for depleting glutathione 

over BSO. Dimethyl fumarate is already clinically available as Tecfidera, and has known 

safety, toxicity and pharmacokinetic profiles. When utilised clinically, dimethyl fumarate 

has a low toxicity profile, showing immunomodulatory effects, as seen when used 

against psoriasis and multiple sclerosis (Bomprezzi, 2015), but is not 

immunosuppressive which is beneficial as alkylating agents such as temozolomide often 

cause immunosuppression as a side effect (Grossman et al., 2011; Longbrake et al., 

2018). Concentrations of dimethyl fumarate used in this combination are well tolerated 

across the population, as seen in those suffering from multiple sclerosis and psoriasis. 

These doses are easily clinically achievable and should be well tolerated as they are 

below what is widely regarded as a therapeutic dose (100µM) (Wilms et al., 2010). Doses 

of BSO used to deplete glutathione in vitro are between 50µM and 100mM. Doses in the 

millimolar range, when administered in vivo, proved toxic through the intraperitoneal 

route, but not the perioral route (Dorr et al., 1986). At comparable doses of BSO notable 

side effects were observed in mice, which include potentially mutagenic deletions of up 

to 70kB in foetal mouse DNA (Reliene and Schiestl, 2006). 

 

As far as we are aware, there is only one published study using dimethyl fumarate to 

sensitise cancerous cells to alkylating agents (Booth et al., 2014). This study used a 

single concentration of temozolomide and dimethyl fumarate in combination and 

featured no mechanistic interrogation of the action of these two drugs when used in 

combination. There is currently an ongoing clinical trial, scheduled to finish in November 

2018 examining the effects of dimethyl fumarate in conjunction with temozolomide and 

radiotherapy (Shafer et al., 2017; Trial NCT02337426). Recently published phase I 

results show that the addition of dimethyl fumarate to the current standard of care 

regimen yielded no increase in side-effects and no adverse reactions or safety concerns, 

allowing this trial to continue to phase II (Shafer et al., 2017).  

 

As discussed in Section 3.4.1.3, combinations of temozolomide and dimethyl fumarate 

were designed with temozolomide in excess. This allowed for a clinically achievable 

dose of dimethyl fumarate being used at all concentrations of temozolomide – even 

doses of temozolomide greater than the accepted achievable plasma concentration of 
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~105µM (Patel et al., 2003). The low toxicity of theses doses of dimethyl fumarate should 

allow for the full effects of glutathione depletion on temozolomide treated cells to be fully 

interrogated.  

 

We hypothesised that a depletion in intracellular glutathione levels prior to temozolomide 

treatment would result in a temozolomide mediated increase in DNA damage, and 

through a cell cycle dependent mechanism, cell death will be induced (Rocha et al., 

2014). Furthermore, there is substantial evidence that both of these agents are potent 

radiosensitisers (Held et al.,1988; Kil et al., 2008), and addition of radiation treatment to 

this combination is expected to enhance the hypothesised effects by increasing the 

overall amount of DNA damage induced, and also by dimethyl fumarate preventing 

glutathione mediated inhibition of reactive oxygen species, the major DNA damaging 

component of radiation. 

 

3.5.2 Response of UVW and T98g human glioblastoma cells to single agents  

 

Clonogenic assays were performed on the UVW and T98g cell lines treated with 

temozolomide and dimethyl fumarate to determine the effects of each of these agents 

on the sustained replicative ability and survival of each cell line. By examining the 

response of these cell lines to these agents, the experimental IC50 values of these agents 

could be compared to the literature IC50, allowing us to validate future work using these 

cell lines. These values are also vital when designing combinations; ensuring 

appropriate concentrations of each drug are used. As the IC50 is a constant, responses 

to each drug in each cell line can be measured and compared, even when the values 

are massively different, this is of particular use when comparing two cell lines that have 

a different response to the same agent.  

 

3.5.2.1 Temozolomide 

 

The importance of the introduction of temozolomide as a treatment for glioma cannot be 

understated, the impact of the addition of temozolomide to the standard of care has led 

to an increase in 5-year survival from 1.9% to 9.8% in some patient groups (Perry et al., 

2012). MGMT is the single biggest resistance factor to temozolomide, and MGMT 

promoter methylation is used clinically as a prognostic marker to predict the outcome of 

patient outcome to temozolomide therapy (Hegi et al., 2005; Perry et al., 2012). 
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There is a pronounced difference between UVW and T98g cells in response to treatment 

with temozolomide as seen in Figure 3.2a & b. UVW cells were highly sensitive to 

temozolomide, with just under 100% cell kill achieved after administration of 50µM of 

temozolomide. This is considerably lower than the average plasma concentration of 

temozolomide, measured at 104µM (Patel et al., 2003) in the cerebrospinal fluid of non-

human primates. We have also shown that UVW cells do not basally express the 

temozolomide resistance factor MGMT, explaining the sensitivity of these cells to 

temozolomide therapy (Figure 3.2c), this has been demonstrated previously (Chalmers 

et al., 2009). The IC50 of temozolomide in UVW cells was also similar to other 

temozolomide sensitive cell lines, where the IC50 which typically ranged from between 

10 - 100µM (Hermisson et al., 2006), although IC50 values of less than 10µm have been 

reported (van Nifterik et al., 2007). It is likely that the UVW cell line has an epigenetically 

silenced MGMT promoter, resulting in the high level of temozolomide sensitivity we 

demonstrated in this cell line.  

 

In contrast to the UVW cell line, T98g cells are highly resistant to temozolomide, with 

50µM of temozolomide resulting in less than 7% cell kill, while the same concentration 

prevented virtually all colony formation in the UVW cell line.  In agreement with other 

studies in the literature, we have shown that, that T98g cells basally express MGMT 

(Figure 3.2c), accounting for the high level of temozolomide resistance demonstrated in 

Figure 3.2b. The IC50 of temozolomide in the T98g cell of 400µM is significantly higher 

than an achievable intracranial concentration of temozolomide (Patel et al., 2003), 

meaning that temozolomide is ineffective in these cells, which translates to poor clinical 

outcome in these resistant patient groups (Dunn et al., 2009; Hegi et al., 2005). The 

literature IC50 for temozolomide in the T98g cell line varies hugely, with values from 

250µM to concentrations greater than 3.5mM (Kislin et al., 2009; Lan et al., 2016; Lee, 

2016; Montaldi and Sakamoto-Hojo, 2013; Zhang et al., 2015). Our experimental IC50 

value of 400µM closely matched work performed by Yoshino et al., (Yoshino et al., 2010).  

 

This difference in temozolomide induced cytotoxicity between the UVW and T98g cell 

lines in response to temozolomide is likely due to the ability of each cell line to repair 

DNA damage through MGMT (Hegi et al., 2005). Temozolomide is known to induce DNA 

damage in the form of O6-methylguanine lesions (Friedman et al., 1998), and a failure to 

repair these lesions via activation of  mismatch repair pathways leads to the formation 
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of double-stranded breaks (Li, 2008; Roos and Kaina, 2006). We have shown that T98g 

cells basally express MGMT, the protein that repairs these lesions, and that UVW cells 

do not. When the level of DNA damage was measured by detection of gH2a.X, a 

significant increase in damage was observed in UVW cells after 4 and 24 hours of 

treatment, but this was only observed after 24-hour treatment in the T98g cell line (Figure 

3.8).  

 

This level of DNA damage was expected to cause a G2/M cell cycle arrest (Fragkos et 

al., 2009; Hirose et al., 2001) to prevent the cells from dividing with damaged or low-

fidelity DNA (Friedman et al., 1998; Li, 2008). Consistent with the level of DNA damage, 

a concentration-dependent G2/M arrest was seen following 4-hour temozolomide 

exposure in UVW cells and following 24-hour exposure there was no concentration 

dependency on the magnitude of the G2/M arrest, indicating an accumulation of cells 

with damaged DNA. There was no significant arrest in the T98g cell line after 4-hour 

treatment in keeping with the non-significant increase in DNA damage levels seen at this 

time point. Following 24-hour exposure to temozolomide, there was only G2/M arrest at 

the highest concentration used, 400µM. Again, this correlates to the level of DNA 

damage seen following the same exposure to temozolomide. This evidence leads us to 

suggest that temozolomide induced DNA damage is an important factor in the induction 

of G2/M cell cycle arrest, as the presence of DNA damage can be correlated with G2/M 

arrest following exposures to temozolomide.  

 

Furthermore, induction of apoptosis following temozolomide exposure was significantly 

greater in the UVW cell line than in the T98g cell line. There was no significant apoptotic 

induction in UVW cells until 48-hours post-temozolomide exposure. This effect was 

concentration-independent, and by 72-hours post-treatment induction, ~70% of the 

population was found to express apoptotic markers. Between 48-72 hours there was 

also a significant increase in the size of the late apoptotic population, indicating that cells 

are still actively undergoing apoptosis.  

 

There was a lower level of apoptotic induction following temozolomide exposure in the 

T98g cell line, but the size of the apoptotic population appeared to be concentration 

dependent, with 50µM temozolomide inducing significantly lower expression of apoptotic 

markers than 200 or 400µM at the 24 and 48-hour time points. However, when compared 

to the UVW cell line, there was a more rapid induction of apoptosis, with apoptotic cells 
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detected 24-hours after temozolomide exposure was halted. However, the size of this 

population did not significantly increase between 24-72 hours post-treatment cessation. 

By 72-hours post treatment cessation, the last time point measured, there was no 

significant difference in the size of the apoptotic population between the three 

concentrations of temozolomide used. When the composition of each apoptotic 

population was analysed, there was no significant necrotic population found, and even 

at 72-hours, the majority of apoptotic cells were in the early apoptotic phase. This in 

indicative of apoptosis resistance and may explain the smaller than expected apoptotic 

population.  

 

Induction of apoptosis between 24-48 hours is in keeping with our knowledge of 

temozolomide, where apoptosis is induced following several aborted cycle of mismatch 

repair (Ochs and Kaina, 2000; Roos and Kaina, 2006; Roos et al., 2007; Sarkaria et al., 

2008). Studies have shown that apoptosis can occur at time points earlier than 24-hours 

post-treatment. We believe that as we have shown that DNA damage and cell cycle 

arrest do not occur until 24-hours of treatment has been completed. Following this 

mismatch repair (MMR) cycles take place. These cycles take a significant amount of 

time to complete, and it is likely that between exposure and 48-hours post exposure, 

aborted MMR cycles are occurring, explaining the lack of apoptotic cells (Cahill et al., 

2007; Friedman et al., 1998; Hunter et al., 2006; Roos and Kaina, 2006; Roos et al., 

2007). Failed cycles of mismatch repair leads to DNA damage in the form of double 

stranded breaks (Kaina, 2003; Roos and Kaina, 2006; Roos et al., 2007), induction of 

double stranded breaks has been shown to be necessary for induction of temozolomide 

mediated apoptosis (Ochs and Kaina, 2000). This has been shown to take up to 120-

hours (Ochs and Kaina, 2000). We believe that this indicates we have chosen 

appropriate time points for measuring induction of apoptosis. It has been suggested that 

both these cell lines have a high level of apoptotic resistance, likely through evasion of 

pro-apoptotic signals, a common motif in many cancers. This may go some way to 

explain how there is not an as large as expected apoptotic population, but significant cell 

kill is observed, these cells may be undergoing a different mode of cell death such as 

mitotic catastrophe or autophagy (Kanzawa et al., 2004). In an expansion of this, it may 

be a subpopulation of the UVW and T98g cell lines are apoptosis sensitive, and 

temozolomide may be targeting this population.  
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Temozolomide resistance is seen across the assays that have been performed, with 

T98g cells showing consistently less DNA damage, G2/M cell cycle arrest and induction 

of apoptosis at significantly higher concentrations than the UVW cell line. This is 

consistent with our knowledge of the MGMT status of T98g and the formation of O6-

methylguanine lesions by temozolomide (Roos & Kaina, 2006). These assays combine 

to show how harmful MGMT is for high-grade glioma patients treated with temozolomide, 

as temozolomide has a negligible effect while the patients will still be open to the 

significant side effect profile of temozolomide. 

 

3.5.2.2 Dimethyl fumarate  

 

Glutathione is a hugely important intracellular peptide, protecting the cell from oxidative 

stress and xenobiotics (Forman et al., 2009). In cancer, the role of glutathione is often 

more harmful, contributing to both chemo and radioresistance (Balendiran et al., 2004). 

Dimethyl fumarate is a known inhibitor of glutathione (Lin et al., 2011), which has the 

potential to make dimethyl fumarate a potent radio and chemosensitiser (Rocha et al., 

2014). 

 

In both UVW and T98g cells dimethyl fumarate induces a biphasic response, with an 

initial increase in toxicity, before a distinct plateau phase. This may be due to a number 

of factors. Dimethyl fumarate may be binding intracellular glutathione, allowing for the 

higher levels of intracellular ROS associated with malignant tissue to damage the DNA 

beyond repair, resulting in toxicity (Schumacker, 2015; Sullivan et al., 2013). There is 

also the possibility that dimethyl fumarate is saturating the cell and binding all available 

glutathione. This may result in a stress response, during which the cell induces cell death 

as a result of the glutathione depletion (De Nicola and Ghibelli, 2014). 

 

A combination of these two proposed mechanisms has been shown using high 

concentrations of buthionine sulphoximine (BSO) in the PW B-cell lymphoma cell line 

(Armstrong et al., 2002). In this study, 1mM BSO treatment for between 24-72 hours 

critically depleted glutathione, causing an increase in intra-cellular reactive oxygen 

species (ROS). This intracellular ROS caused a translocation in cytochrome-C from the 

mitochondria, resulting in the cleavage of caspase-3, and the induction of apoptosis 

(Armstrong et al., 2002). 
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In the context of Figure 3.3, we hypothesise that there is dimethyl fumarate mediated 

glutathione depletion at all concentrations between 0-100µM, but maximal glutathione 

depletion is observed after administration of  25µM of dimethyl fumarate, explaining why 

there is no significant increase in cytotoxicity beyond 25µM in either cell line.   

 

Another possible mechanism is through dimethyl fumarate mediated NRF2 activation. 

NRF2 is an antioxidant transcription factor, which induces the expression of a large 

number of chemo- and radioprotective target genes. It may be that concentrations of 

less than 10µM are able to bind glutathione, allowing for intracellular ROS to damage 

DNA and induce apoptosis, but at concentrations greater than 25µM, NRF2 is activated 

by dimethyl fumarate, resulting in a cascade of anti-oxidant genes being transcribed, and 

quenching the intracellular ROS (Brennan et al., 2015; Wang et al., 2008).  

 

 In our study there was no measurable DNA damage following 4 or 24-hour exposure to 

dimethyl fumarate in either UVW or T98g cell lines and no significant cell cycle arrest at 

the same time points in either cell line. This is in keeping with our limited knowledge of 

dimethyl fumarates mode of action, as no effects on the cell cycle or DNA damage have 

been reported in the literature. Dimethyl fumarate is, however, a potent inducer of 

apoptosis in both UVW and T98g cells. This effect appears to be concentration 

independent in both cell lines with ~80% and ~75% of all UVW and T98g cells expressing 

apoptotic markers 72-hours after treatment was halted. In UVW cells apoptosis was 

induced by 48-hours post treatment cessation, with the majority of the apoptotic 

population being in the early apoptotic phase. T98g cells demonstrated increased 

resistance to dimethyl fumarate induced apoptosis compared to UVW cells, with 

apoptotic induction occurring later following treatment cessation.  

 

During previously reported studies, glutathione depletion induced apoptosis via 

cytochrome-C translocation and subsequent caspase-3 induction without DNA damage 

or cell cycle arrest (Armstrong et al., 2002; De Nicola and Ghibelli, 2014). As we were 

unable to detect any changes in cell cycle progression or any DNA damage, we propose 

that dimethyl fumarate is inducing apoptosis directly through glutathione depletion, 

independently of p53. This is supported by the lack of G2/M arrest seen when UVW and 

T98g cells were treated with dimethyl fumarate, as p53 induced apoptosis is strongly 

correlated with a DNA damage induced G2/M arrest (Agarwal et al., 1995; Hirose et al., 
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2001; Kaina, 2003; Pietenpol and Stewart, 2002; Roos and Kaina, 2006). However 

further assays are needed to fully verify this hypothesis.  

 

3.5.3 Response of UVW and T98g human glioblastoma cells to the temozolomide-

dimethyl fumarate combination 

 

It was hypothesised that the combination of temozolomide and dimethyl fumarate would 

potentiate the effects of temozolomide therapy UVW and T98g human glioblastoma 

cells. Assays were chosen to interrogate the hypothesised mechanism of action of 

temozolomide and show how dimethyl fumarate influenced these mechanisms. These 

assays were also chosen to observe the effects of dimethyl fumarate as a single agent, 

as the literature is lacking in information on dimethyl fumarate as an anti-cancer agent.  

 

As discussed, the principle of glutathione depletion to sensitise cancer to chemotherapy 

has been well documented (Allalunis-Turner et al., 1991; Rocha et al., 2014). The single 

study using dimethyl fumarate in combination with temozolomide shows a significant 

increase in cell kill, but features no mechanistic interrogation of how this cell kill is 

occurring and no mention of glutathione as a target (Booth et al., 2014) .  

 

We have shown that by combining temozolomide and dimethyl fumarate in a fixed ratio, 

we can significantly increase the level of cell kill compared to either single agent, and 

using a mathematical modelling approach, we can describe this combination in terms of 

both single agents at one time. Our data demonstrated that the combination of 

temozolomide and dimethyl fumarate is supra-additive in the UVW cell line, and supra-

additive at the majority of combinations in the T98g cell line. We believe that this supports 

our hypothesis that the addition of dimethyl fumarate to temozolomide therapy increases 

cell kill in both temozolomide sensitive and temozolomide resistant cell lines.  

 

However, our hypothesis that dimethyl fumarate will potentiate the effects of 

temozolomide has not been validated. It has previously been demonstrated by Rocha 

(2014) demonstrated that depleting glutathione in glioma cells prior to addition of a DNA 

damaging agent – either cisplatin or temozolomide – significantly increased the level of 

DNA damage inflicted by either drug as measured gH2a.X levels (Rocha et al., 2014). 

Congruently with our results, this study has shown that the addition of a glutathione 

inhibitor had no effect on DNA damage (Rocha et al., 2014). Our results also show no 
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significant increase in the level of DNA damage when glutathione depletion was 

combined with a DNA damaging agent. This increase was expected but not observed, 

perhaps due to a threshold in the detection of FITC-gH2a.X. by flow cytometry, or there 

may not have been an increase in DNA damage at all. Further assays using confocal 

microscopy for gH2a.X detection may be more sensitive and allow us to distinguish a 

difference between the level of gH2a.X between temozolomide and the temozolomide-

dimethyl fumarate combination. Time constraints prevented these assays being 

performed during the course of this study.   

 

An increase in the size of the temozolomide mediated G2/M arrest was expected, as our 

hypothesis stated that there would be an increase in the intra-cellular concentrations of 

temozolomide, and temozolomide is known to induce a G2/M arrest (Hirose et al., 2001). 

Similarly to our reported gH2a.X data, there was no significant increase in the size of the 

G2/M population between the temozolomide and temozolomide-dimethyl fumarate 

combination treated groups. This agrees with our gH2a.X data, as a significant increase 

in DNA damage would induce a G2/M arrest (Fragkos et al., 2009). 

 

An increase in the size of the apoptotic population between the single agent and 

combination treated cells was also expected. Temozolomide and the temozolomide-

dimethyl fumarate combination induced apoptosis in very similar patterns, with no 

discernible difference between these two groups. Dimethyl fumarate induced apoptosis 

in a distinct pattern from the combination. This is likely through dimethyl fumarate 

inducing apoptosis directly through glutathione depletion, which triggers apoptosis 

through the mitochondrial pathway (Armstrong et al., 2002; De Nicola and Ghibelli, 

2014). Temozolomide induces apoptosis through p53 which is activated by O6-

methylguanine lesions (Roos and Kaina, 2006). This supports our hypothesis that 

dimethyl fumarate is potentiating the effects of temozolomide, as we believe the 

combination would be inducing apoptosis through p53, rather than through mitochondrial 

depolarisation. Although we see no significant difference between the size of the 

apoptotic population in temozolomide or temozolomide-dimethyl fumarate combination 

treated cells, there was a significantly larger necrotic population following combination 

treatment, indicating that these cells are undergoing cell death at a faster rate. This could 

be indicative of greater p53 activation caused by a greater number of O6-methylguanine 

lesions in these cells. There is a discrepancy between the size of the apoptotic 

population and the level of cell kill achieved by equivalent concentrations of 
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temozolomide. This is likely due to differences in the sensitivity of the methods used, 

and presence of apoptotic markers is not always directly correspondent to the level of 

cell kill achieved by treatment. Further assays are needed to further explore if and how 

dimethyl fumarate mediated glutathione depletion can influence the standard of care 

therapy for high-grade glioma.   
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3.6 Conclusions  

 

Temozolomide is a DNA damaging agent. This DNA damage takes the form of double 

stranded breaks in the DNA helix, which results in a G2/M cell cycle arrest. Following 

several failed or aborted cycles of MMR, apoptosis will be induced.  

 

It was hypothesised that adding the immunomodulatory drug dimethyl fumarate to 

systems treated with temozolomide would increase the effects of temozolomide, as 

dimethyl fumarate has been shown to decrease intracellular concentrations of the 

temozolomide resistance factor glutathione. 

 

We have shown that addition of dimethyl fumarate to temozolomide therapy significantly 

increases cytotoxicity compared to cells treated with either drug as a single agent in a 

supra-additive manner. However, we have been unable to demonstrate an increase in 

the effects of temozolomide when cells were treated with the temozolomide-dimethyl 

fumarate combination. We believe that this is the first investigation into the mechanistics 

of dimethyl fumarate as an adjuvant therapy in glioma, and although we were unable to 

pinpoint a precise mechanism of action, our core hypothesis that the combination 

treatment would increase cell kill has been validated.  
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Chapter 4 
The effects of temozolomide and dimethyl 

fumarate in combination with external beam X-

irradiation on human glioblastoma cells  
 

4.1 Introduction 

 

Every patient diagnosed with high-grade glioma is treated with radiotherapy 

when appropriate to do so. On average, a patient will receive a total of 60Gy of external 

beam radiotherapy in fractions of 1.8-2Gy (Weller, 2011). The current standard of care 

for high-grade glioma is temozolomide therapy and radiotherapy (Dressler et al., 2019; 

Preusser et al., 2011; Stupp et al., 2009, 2010). Temozolomide is given as an adjuvant 

to radiotherapy (Stupp et al., 2005, 2010), but there is contradictory evidence as to 

whether or not temozolomide acts as a radiosensitiser (Kil et al., 2008; van Nifterik et al., 

2007). There is also contradiction in the literature as to whether MGMT status effects 

potential temozolomide mediated radiosensitisation (Bobola et al., 2010; van Nifterik et 

al., 2007; Rivera et al., 2010; Sarkaria et al., 2006).  MGMT status is also highly relevant 

as it has been suggested that methylation of the MGMT promoter results in improved 

response to radiation treatment (Bobola et al., 2010; Carlson et al., 2009; van Nifterik et 

al., 2007).  

 

Temozolomide has been shown to radiosensitise primary glioblastoma cells and 

xenografts of the U87 glioma cell line by increasing DNA double strand breaks, 

overwhelming the capabilities of normal DNA damage repair mechanisms (Chakravarti 

et al., 2006). This has been shown to result in an increase in induction of mitotic 

catastrophe instead of induction of apoptotic pathways (Kil et al., 2008). The addition of 

bulky methyl groups to the DNA helix can also prevent DNA damage repair mechanisms 

from successfully interacting with the damaged site, leading to sustained DNA damage 

that cells struggle to repair. 

 



 

 

106 

Historically, there has been interest in the use of dimethyl fumarate as a radiosensitiser. 

Several studies have shown that dimethyl fumarate can act as potent hypoxic cell 

radiosensitiser (Held and Hopcia, 1993; Held et al., 1988). As external beam 

radiotherapy elicits the majority of its effects through generation of reactive oxygen 

species, hypoxic cells are known to be radioresistant due to the absence of ionisable 

oxygen, preventing DNA damage induced by reactive oxygen species (Dunne-Daly, 

1999; Hall and Giaccia, 2012).  

 

The precise mechanism of dimethyl fumarate mediated radiosensitisation has not been 

fully elucidated, but as it has been demonstrated that dimethyl fumarate inhibits 

glutathione, another acknowledged radioresistance factor, it is possible that dimethyl 

fumarate mediated inhibition of glutathione results in hypoxic cell radiosensitisation (Held 

et al., 1988). Glutathione elicits radiosensitisation by quenching free radical species 

(Dringen et al., 2000; Vos et al., 1986). It is therefore likely that in hypoxic tissue, which 

has lower levels of radiation-induced reactive oxygen species, glutathione will be able to 

more easily quench radiation induced oxidative stress, resulting in radioresistance 

(Harrison, 2002). We hypothesise that when dimethyl fumarate is added as an adjuvant 

to X-irradiation, glutathione is inhibited, there will be an increase in free reactive oxygen 

species (Xie et al., 2015), resulting in increased DNA damage and therefore increased 

radiosensitisation.  

 

We further hypothesise that the combination of temozolomide and dimethyl fumarate will 

synergise with external beam X-irradiation. We believe that this will occur through 

dimethyl fumarate inhibiting intracellular glutathione resulting in higher intracellular 

temozolomide concentrations and higher ROS levels. This will increase DNA damage to 

a level greater than DNA damage response pathways could repair, resulting in increased 

cell death.   
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4.2 Aims and Objectives 

 

The aims of this study were: 

 

- To characterise the response of UVW and T98g human glioblastoma cells to 

external beam radiation delivered with the temozolomide-dimethyl fumarate 

combination  

 

- To elucidate potential mechanisms of action and potential mechanisms of action 

and targets for the X-irradiated temozolomide-dimethyl fumarate combination  
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4.3 Materials and Methods 

 

4.3.1 Cell lines and routine cell maintenance 

 

All routine maintenance of cell lines was performed as described in Section 2.1.  

 

4.3.2 Cell treatment 

 

Temozolomide and dimethyl fumarate were prepared and treatment was performed as 

described in Section 2.2.  The combination of temozolomide and dimethyl fumarate used 

was calculated as described in Sections 2.4 and 3.4.5.1 and seen below in Table 4.1. 

Experiments combining drug and radiation treatment were performed as described in 

Sections 2.3 and 2.4.  

 

 

 

 

 

 

 

 

 

 

Table 4.1: The combinations of temozolomide and dimethyl fumarate used throughout 

Chapter 4. Design of this combination is described in Section 3.4.5.1 

 

4.3.3 Clonogenic assay 

 

Clonogenic assays were performed as described in Section 2.5.  

 

4.3.4 Combination index analysis 

 

Combination index analysis was performed using Calcusyn software as described as in 

Section 2.6. 

 

UVW 
Dimethyl fumarate (µM) Temozolomide (µM) 

0.3 0.5 
3 5 
9 15 

	
T98g 

Dimethyl fumarate (µM) Temozolomide (µM) 
3.125 50 
12.5 200 
25 400 
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4.3.5 Cell cycle analysis 

 

Cell cycle analysis was performed as described in Section 2.7. 

 

4.3.6 gH2a.X assays  

 

gH2a.X assays were performed as described in Section 2.8.  

 

4.3.7 Apoptosis detection through Annexin-V staining  

 

Annexin V staining and detection was performed as described in Section 2.10 
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4.4 Results 

 

4.4.1 Cytotoxicity of temozolomide and dimethyl fumarate as single agents in conjunction 

with external beam X-irradiation  

 

Before assessing the effects of external beam X-irradiation in combination with the 

temozolomide-dimethyl fumarate combination, UVW and T98g cells were treated with 

temozolomide or dimethyl fumarate for 24-hours with exposure to either 1 or 3Gy of 

radiation occurring 2-hours after drug was added. This was undertaken to examine the 

response of each cell line to each single agent when combined with external beam 

radiotherapy.     
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4.4.1.1 Cytotoxic effects of X-irradiation as a single agent in UVW and T98g human 

glioblastoma cells  

 

In order to assess the effects of external beam radiation on the survival of UVW and 

T98g cells, clonogenic assays were performed on each cell line following treatment with 

increasing doses of external beam X-irradiation. Figure 4.1 shows the response of UVW 

and T98g human glioblastoma cell lines to exposure to increasing doses of external 

beam X-irradiation, as measured by the clonogenic capacity of irradiated versus non-

irradiated cells. 

 

In response to exposure to increasing doses of external beam X-irradiation, UVW cells 

displayed a dose response relationship, best characterised using a linear quadratic 

model (R2 >0.99). Statistically significant cytotoxicity, relative to an unirradiated control, 

was observed after exposure to 2Gy of external beam X-irradiation (p-value <0.05), 

corresponding to approximately 32±18.59% cell kill. Cell kill increased in a dose 

dependent manner, reaching 93±4.09% cell kill following exposure to 6Gy.  

 

The T98g cell line also displayed a dose response relationship that is best characterised 

using a linear quadratic model in response to treatment with external beam radiation (R2 

>0.99). There was a statistically significantly increase in radiation induced cell kill after 

exposure of cells to 2Gy of external beam X-irradiation compared to an unirradiated 

control (p-value <0.05), corresponding to approximately 37±15.57% cell kill. Cell kill 

increased in a dose dependent manner, reaching approximately 72±9.52% cell kill at 

6Gy. This is statistically significantly higher than the level of cell kill achieved by 

administration of the same radiation dose in the UVW cell line, showing that the T98g 

cell line displays increased radioresistance at higher radiation doses compared to the 

UVW cell line (p-value <0.05).  

 

A line of best fit was applied using Graphpad Prism 8 Software to determine the IC50 of 

each cell line (UVW R2 >0.9, T98g R2 >0.9). The IC50 of UVW and T98g cell lines were 

3.1 and 3.2Gy respectively.  
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Figure 4.1: The effect of increasing doses of X-irradiation on the clonogenic capacity of 

UVW and T98g human glioblastoma cell lines. Data shown is an average of at least 

three independent experiments ± standard deviation. A 1-way ANOVA with Bonferroni 

post testing was performed using Graphpad Prism 8 software, with p-values of <0.05 = 

*, <0.01=** and <0.001 = *** reported as significant 
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4.4.1.2 Cytotoxicity of temozolomide and dimethyl fumarate in combination with external 

beam X-irradiation 

 

In order to assess the effects of external beam X-irradiation in combination with 

temozolomide and dimethyl fumarate as single agents on the survival of UVW and T98g 

cells, clonogenic assays were performed on each cell line following treatment with 

increasing doses of temozolomide or dimethyl fumarate and exposure to 1 or 3Gy of 

external beam X-irradiation.  

 

When compared to temozolomide as a single agent, temozolomide and external beam 

X-irradiation induced a significant increase in cell kill at all administered concentrations 

of temozolomide (significance represented by *).  

 

Temozolomide mediated cell kill was significantly improved by addition of external beam 

X-irradiation from the lowest dose of temozolomide used, 0.5µM. Exposure to 1Gy of 

radiation induced a 30% increase in cell kill, with 37.5±6.03% cell kill being achieved (p-

value <0.001) and 3Gy induced a 50% improvement in cell kill in 0.5µM treated cells, 

achieving 58.1±9.46% cell kill (p-value <0.001). As temozolomide concentration 

increased to 5µM, exposure to 1Gy of radiation induced cell kill in 53±4.29% of the 

population(p-value <0.001) and 3Gy induced cell kill in 65±14.8% of the population (p-

value <0.001), compared to the cell kill induced by the same dose of temozolomide in 

non-irradiated cells. 

 

At the highest concentration of temozolomide administered, 15µM, there was a similar 

increase in cytotoxicity following exposure to 1 or 3Gy of external beam X-irradiation, 

with cell kill increasing to 67±15.31% (p-value <0.01) and 86±3.87% (p-value <0.001) 

cell kill being achieved respectively compared to the cell kill induced by the same dose 

of temozolomide in non-irradiated cells.  

 

As the administered concentration of temozolomide increased, X-irradiation appeared to 

have less radiosensitising effect as measured by percentage increase in cell kill (Figure 

4.2a). However, the percentage change in cell kill compared to temozolomide treated 

but non-irradiated cells increased in a dose dependent manner, with a 32, 39 and 40% 

percentage increase in cell kill following 1Gy X-irradiation and a 55, 56 and 74% 

percentage increase following 3Gy of X-irradiation for each dose of temozolomide 
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respectively. This indicates that dose of both temozolomide and external beam X-

irradiation are important for increased radiosensitisation. 

 

When comparing X-irradiated cells to X-irradiated and temozolomide treated cells 

(significance represented by #), it was found that temozolomide and 1Gy induced 

significantly higher cell kill than 1Gy alone in a temozolomide dose dependent manner 

(p-value <0.05, <0.001, <0.001 respectively). However, temozolomide and 3Gy 

treatment did not induce significantly higher cell kill than 3Gy as a single agent at 0.5µM, 

the lowest dose of temozolomide administered (p-value >0.05). However 5µM and 15µM 

of temozolomide and 3Gy induced significantly higher cell kill than 3Gy alone (p-value 

<0.05 and <0.0001 respectively).   

 

Figure 4.2c shows a summation of combination index analysis performed on data shown 

in Figure 4.2a. The data demonstrates that all concentrations of temozolomide in 

combination with 1 or 3Gy of external beam X-irradiation were supra-additive, indicating 

synergy between the two agents as the CI value was lower than 1. Taken together with 

the increase in cell kill when temozolomide was combined with external beam X-

irradiation, we believe that this indicates that temozolomide is a radiosensitiser in the 

UVW cell line. 

 

Dimethyl fumarate demonstrated less radiosensitising potential compared to 

temozolomide in the UVW cell line (Figure 4.2c). Increased cell kill appeared to be 

dependent on the administered dose of X-irradiation. Only concentrations of 3 and 9µM 

of dimethyl fumarate significantly increased the level of cell kill when combined with 1Gy 

of external beam radiation (p-value <0.01), but all concentrations of dimethyl fumarate 

significantly increased cell kill with 3Gy of X-irradiation compared to an untreated control.  

 

When compared to dimethyl fumarate as a single agent, dimethyl fumarate in 

combination with 1Gy of external beam radiation only induced a significant increase in 

cytotoxicity after administration of 3µM of dimethyl fumarate (p-value <0.01). 3Gy in 

combination with dimethyl fumarate induced a greater level of cell kill compared to 

dimethyl fumarate as a single agent, with significance observed at each dose of dimethyl 

fumarate (p-value <0.001). At the highest concentration of dimethyl fumarate used, 9µM, 

there was an increase in cytotoxicity of only 9% when combined with 1Gy, but an 

increase of 19% was seen when combined with 3Gy.  
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Figure 4.2d shows a summation of combination index analysis performed on data shown 

in Figure 4.2b. Data shows that only the highest two concentrations of dimethyl fumarate 

in combination with 1Gy external beam X-irradiation were supra-additive and only 9µM 

of dimethyl fumarate in in combination with 3Gy external beam X-irradiation was supra-

additive, indicating a lack of synergy between the two agents as the CI value was greater 

than 1. Taken with the lack of increase in cell kill when dimethyl fumarate was combined 

with external beam X-irradiation, we believe that this indicates that dimethyl fumarate is 

not capable of radiosensitisation in the UVW cell line 
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Figure 4.2: Dose response curves of the UVW human glioblastoma cell line to increasing 

doses of a. temozolomide or b. dimethyl fumarate with or without 1 or 3Gy external beam 

X-irradiation. Data shown is an average of at least three independent experiments ± 

standard deviation. The effects of X-irradiation on temozolomide and dimethyl fumarate 

as single agents was reported with p-values of <0.05 = *, <0.01=** and <0.001 = *** 

reported as significant. The effects of X-irradiation as a single agent compared to 

irradiated and drug treated cells was reported with p-values of <0.05 = #, <0.01=## and 

<0.001 = ### reported as significant. 
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In the MGMT positive T98g cell line, compared to temozolomide as a single agent, 

temozolomide in combination with 1Gy showed a significant improvement in cell kill from 

50µM, with 73±6.83% cell kill being achieved (p-value <0.01). At 200µM there was a 

significant improvement in cell kill (p-value <0.01), with 40±2.65% cell kill being 

achieved. At 400µM+1Gy, there was no significant increase in cell kill compared to 

treatment with 400µM temozolomide alone (p-value >0.05) (Figure 4.3a).  

 

In combination with 3Gy, temozolomide induced a significant improvement in cell kill at 

all doses used. At 50µM+3Gy, there was an improvement in cell kill compared to 3Gy 

alone (p-value <0.01). The largest increase in cell kill was seen after administration of 

200µM of temozolomide, with treatment with this combination resulting in 49±12.86% 

cell kill (p-value <0.001). At 400µM, there was a significant increase in cell kill to 65±8.36  

(p-value <0.05). This indicates that temozolomide can interact with external beam X-

irradiation to improve cell kill. 

 

In the T98g cell line, the combination of temozolomide and external beam X-irradiation 

induced no significant increase in cell kill compared to 1 or 3Gy of external beam X-

irradiation as a single agent at the lowest concentration of temozolomide used, 50µM (p-

value >0.05). Conversely, 200µM of temozolomide in combination with 1Gy significantly 

improved cell kill compared to 1Gy alone, (p-value <0.01). 200µM of temozolomide in 

combination with 3Gy of external beam X-irradiation offered no significant improvement 

in cell kill compared to 3Gy alone (p-value >0.05). In combination with external beam X-

irradiation, 400µM of temozolomide showed a significant improvement in cell kill 

compared to 1 or 3Gy as single agents, with a 40±8.63 and 30±11.01% increase in cell 

kill respectively (p-value <0.001). 

 

Figure 4.3c shows a summation of combination index analysis performed on data shown 

in Figure 4.3a. In combination with 1Gy of external beam X-irradiation, only 50 and 

400µM of temozolomide resulted in a combination index value of less than 1, indicating 

synergy. Data shows that all concentrations of temozolomide in combination with 3Gy of 

external beam X-irradiation were not supra-additive, indicating a lack of synergy between 

the two agents as the CI value was greater than 1. Taken with the lack of increase in cell 

kill when temozolomide was combined with external beam X-irradiation, this indicates 

that temozolomide does not act as a radiosensitiser in the MGMT positive T98g cell line. 
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Compared to dimethyl fumarate as a single agent, the combination of dimethyl fumarate 

and 1Gy of external beam X-irradiation induced significantly higher cell kill only at 

12.5µM, with a 20±3.21% increase in cell kill (p-value <0.01). All doses of dimethyl 

fumarate in combination with 3Gy induced significantly higher cell kill than dimethyl 

fumarate as a single agent, with an improvement in cell kill at 3.125, 12.5 and 25µM 

respectively (p-value <0.05, <0.001, <0.05), leading to 63±13.92% cell kill at the highest 

dose used (Figure 4.3b).  

 

Dimethyl fumarate in combination with 1Gy induced significantly improved cell kill at 

concentrations of 12.5 and 25µM compared to 1Gy as a single agent (p-value <0.001). 

In combination with 3Gy, only 25µM dimethyl fumarate induced significantly higher cell 

kill than X-irradiation as a single agent, with an increase to 63±13.92% cell kill (p-value 

<0.01). 

 

Figure 4.3d shows a summary of combination index analysis performed on data shown 

in Figure 4.3b. Data shows that only the highest two concentrations of dimethyl fumarate 

in combination with 1Gy external beam X-irradiation were supra-additive and no 

concentrations of dimethyl fumarate used in combination with 3Gy external beam X-

irradiation were supra-additive, indicating a lack of synergy between the two agents as 

the CI value was greater than 1. Taken together with the lack of increase in cell kill when 

dimethyl fumarate was combined with external beam X-irradiation, we believe that this 

indicates that dimethyl fumarate does not act as a radiosensitiser in the T98g cell line. 

 

Our data indicates that dimethyl fumarate does not act as a radiosensitiser in UVW or 

T98g human glioblastoma cell lines. Our data also indicates that MGMT status is a key 

factor that needs to be considered for temozolomide mediated radiosensitisation, as we 

have demonstrated temozolomide mediated radiosensitisation in only the MGMT 

negative UVW cell line.  
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Figure 4.3: Dose response curves of the T98g human glioblastoma cell line to increasing 

doses of a. temozolomide or b. dimethyl fumarate with or without 1 or 3Gy external beam 

X-irradiation. Data shown is an average of at least three independent experiments ± 

standard deviation. The effects of X-irradiation on temozolomide and dimethyl fumarate 

as single agents was reported with p-values of <0.05 = *, <0.01=** and <0.001 = *** 

reported as significant. The effects of X-irradiation as a single agent compared to 

irradiated and drug treated cells was reported with p-values of <0.05 = #, <0.01=## and 

<0.001 = ### reported as significant. 
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4.4.2 Cytotoxic effects of the temozolomide-dimethyl fumarate combination in 

conjunction with external beam X-irradiation 

 

Based on the results of combination index analysis in Figures 4.2 and 4.3, the 

temozolomide-dimethyl fumarate combination was taken forward to be used in 

combination with external beam X-irradiation. The effects of 1 or 3Gy of external beam 

X-irradiation in combination with the temozolomide-dimethyl fumarate combination on 

UVW and T98g human glioblastoma cell lines was investigated using clonogenic assays.  
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4.4.2.1 Cytotoxicity of the temozolomide-dimethyl fumarate combination with external 

beam X-irradiation 

 

As seen in Figure 4.4a, the temozolomide-dimethyl fumarate combination significantly 

increased cell kill compared to X-irradiation as single agent (significance reported as #).  

 

When temozolomide-dimethyl fumarate combination treated UVW cells were exposed to 

external beam X-irradiation, cell kill increased in a dose dependent manner. Following 1 

or 3Gy X-irradiation, cell kill increased significantly compared to 1 or 3Gy as a single 

agent at all doses of temozolomide-dimethyl fumarate (p-value <0.001). There was no 

significant difference between 1 or 3Gy treated groups (p-value >0.05).  

 

At the lowest dose of the temozolomide-dimethyl fumarate combination, which induced 

only 14±2.63% cell kill, 1Gy X-irradiation increased cell kill by 31% and 3Gy increased 

cell kill by 53%, with cell kill of 45±4.40% and 67±1.07% respectively compared to non-

irradiated but temozolomide-dimethyl fumarate treated cells (p-value <0.01).  

 

As the concentration of the temozolomide-dimethyl fumarate combination increased, cell 

kill also increased, with a 35 and 42% increase in cell kill following 1 or 3Gy X-irradiation, 

resulting in 65±2.26 and 72±1.03% cell kill respectively (p-value <0.001). The highest 

dose of the temozolomide-dimethyl fumarate combination increased cell kill by 33% and 

46% following exposure with 1 and 3Gy respectively (p-value <0.001). This resulted in 

80±7.39 and 93±3.90% cell kill being achieved with the temozolomide-dimethyl fumarate 

combination in combination with 1 or 3Gy of external beam X-irradiation. 

 

Following exposure to 1Gy of external beam X-irradiation, all doses of the temozolomide-

dimethyl fumarate induced higher levels of cell kill than the constitutive doses of 

temozolomide and dimethyl fumarate, however this increase was not significant (p-value 

>0.05) (Figure 4.4b). After exposure to 3Gy, the temozolomide-dimethyl fumarate 

combination induced significantly higher cell kill than 3 and 9µM dimethyl fumarate plus 

3Gy (p-value <0.001). The temozolomide-dimethyl fumarate combination did not induce 

significantly higher cell kill compared to temozolomide following exposure to 3Gy of 

external beam X-irradiation (p-value >0.05).  
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This indicates that although the temozolomide-dimethyl fumarate combination appears 

to radiosensitise the UVW human glioblastoma cell, this radiosensitisation does not 

significantly improve cell kill compared to the combination of temozolomide and external 

beam X-irradiation.  
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Figure 4.4: Dose response of the UVW human glioblastoma cell line to a. increasing 

doses of the temozolomide-dimethyl fumarate combination ± 1 or 3Gy external beam X-

irradiation and b. the temozolomide-dimethyl fumarate combination ± 1 or 3Gy compared 

to temozolomide or dimethyl fumarate ± 1 or 3Gy of external beam X-irradiation. Data 

shown is an average of at least three independent experiments ± standard deviation. A 

2-way ANOVA with Bonferroni multiple comparison was performed. The effects of X-

irradiation on the temozolomide-dimethyl fumarate combination was reported with p-

values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. The effects of X-

irradiation as a single agent compared to irradiated and drug treated cells was reported 

with p-values of <0.05 = #, <0.01=## and <0.001 = ### reported as significant. 
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As seen in Figure 4.5a, the X-irradiated temozolomide-dimethyl fumarate combination 

displayed a significant increase in cell kill compared to X-irradiation as single agent 

(significance reported as #) in T98 human glioblastoma cells. Cell kill mediated by the X-

irradiated temozolomide-dimethyl fumarate combination increased in a dose-dependent 

manner, but there was no significant difference in cell kill between 1Gy and 3Gy X-

irradiated groups (p-value >0.05).  

 

Cell kill in X-irradiated temozolomide-dimethyl fumarate combination treated groups was 

significantly higher than in non-irradiated temozolomide-dimethyl fumarate combination 

treated cells, with a 40% improvement in cell kill at the lowest combination used, 

50µM+3.125µM, resulting in 55±3.99% cell kill when combined with 1Gy (p-value 

<0.001) and a 47% improvement in cell kill when the temozolomide-dimethyl fumarate 

combination was exposed to 3Gy of X-irradiation (p-value <0.001), giving 64±11.40% 

cell kill. This was significantly higher than the cell kill induced by 1Gy or 3Gy (p-value 

<0.001) as a single agent. All doses of the temozolomide-dimethyl fumarate combination 

induced significantly higher cell kill than X-irradiation as a single treatment (p-value 

<0.001).  

 

The mesial dose of the temozolomide-dimethyl fumarate combination, 200µM+12.5µM, 

gave a 35% improvement in cell kill when combined with 1 or 3Gy external beam X-

irradiation, resulting in 72±3.57 and 72±8.21% cell kill respectively (p-value <0.001)  

compared to the non-X-irradiated temozolomide-dimethyl fumarate combination. This 

level of cell kill was again higher than the cell kill induced by 1 or 3Gy of external beam 

X-irradiation as single agents (p-value <0.001). At the highest concentration of the 

temozolomide-dimethyl fumarate combination used, 400µM+25µM, there was a 32% 

and 37% increase in cell kill when drug treated cells were exposed to 1 or 3Gy of external 

beam x-irradiation respectively, resulting in 88±3.79 and 93±5.54% cell kill (p-value 

<0.01 & <0.001 respectively) compared to the non-X-irradiated temozolomide-dimethyl 

fumarate combination. This level of cell kill was again higher than the cell kill induced by 

1 or 3Gy of external beam X-irradiation as single agents (p-value <0.001). This indicates 

that the temozolomide-dimethyl fumarate combination is capable of interacting with 

external beam X-irradiation in a synergistic manner. 

 

As seen in Figure 4.5b, the X-irradiated temozolomide-dimethyl fumarate combination 

significantly improved cell kill compared to each single agent in combination with 1 or 
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3Gy of external beam X-irradiation. In combination with 1Gy, all doses of the 

temozolomide-dimethyl fumarate combination induced significantly higher cell kill than 

the constitutive doses temozolomide or dimethyl fumarate in combination with 1Gy (p-

value <0.001). This trend was seen again with 3Gy. The temozolomide-dimethyl 

fumarate combination increased cell kill compared to 3Gy irradiated temozolomide or 

3Gy irradiated dimethyl fumarate groups (p-value <0.001, <0.01 and <0.001 for each 

dose of the temozolomide-dimethyl fumarate combination respectively). 

 

This data indicates that the temozolomide-dimethyl fumarate combination acts as a 

radiosensitiser in the T98g human glioblastoma cells despite neither temozolomide or 

dimethyl fumarate appearing to act as a radiosensitiser as single agents in this cell line. 
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Figure 4.5: Dose response of the T98g human glioblastoma cell line to a. increasing 

doses of the temozolomide-dimethyl fumarate combination ± 1 or 3Gy external beam 

radiation and b. the temozolomide-dimethyl fumarate combination ± 1 or 3Gy compared 

to temozolomide or dimethyl fumarate ± 1 or 3Gy of external beam X-irradiation. Data 

shown is an average of at least three independent experiments ± standard deviation. A 

2-way ANOVA with Bonferroni multiple comparison was performed. The effects of X-

irradiation on the temozolomide-dimethyl fumarate combination was reported with p-

values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. The effects of X-

irradiation as a single agent compared to irradiated and drug treated cells was reported 

with p-values of <0.05 = #, <0.01=## and <0.001 = ### reported as significant. 
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4.4.3 Combination index analysis of the temozolomide-dimethyl fumarate combination 

and external beam radiation in UVW and T98g human glioblastoma cells 

 

The use of combination index analysis allows for the relationship between two or more 

agents within a system to be defined in terms of infra-additivity, additivity or supra-

additivity. Combination index analysis also allows for a combination that is considered 

supra-additive to be treated as a single agent. This allowed for the temozolomide-

dimethyl fumarate combination to be considered a single agent. External beam X-

irradiation was then used as a single agent, and combination index analysis performed 

defining the interaction between the temozolomide-dimethyl fumarate combination, 

external beam X-irradiation and the combination of both “single agents”. Due to the 

nature of combination index analysis, experimental data is shown (marked as symbols) 

as well as the line of fit calculated by calcusyn software. this is good 

 

Combination index analysis of the X-irradiated temozolomide-dimethyl fumarate 

combination in UVW human glioblastoma cells was performed using Calcusyn software.  

 

Figure 4.6 graphically represents the data shown in Figures 4.1 and Figure 4.4a that has 

been analysed using Caclusyn software (Section 2.6). Figure 4.6a shows the median 

effect plot (MEP). Data shows that increasing doses of the temozolomide-dimethyl 

fumarate combination increases the ratio of affected to unaffected cells. This is 

representative of the proportion of cells that have been affected by treatment, the effect 

measured and reported here is cell kill. The ratio, and therefore cell kill, increases when 

the temozolomide-dimethyl fumarate combination was irradiated, in a radiation-dose 

dose dependent manner. Radiation alone induced a dose-dependent increase on the 

ratio of affected to unaffected cells. R2 values of the lines of best fit are shown in 4.6d. 

 

Figure 4.6b shows the dose effect plot, showing that increasing dose of radiation, 

temozolomide-dimethyl fumarate combination or the temozolomide-dimethyl fumarate-

radiation combination increases the effect measured – in this case cell kill. Due to the 

nature of combination index analysis, experimental data is shown (marked as symbols) 

as well as the line of fit calculated by calcusyn software. Increasing doses of radiation 

correlated linearly with effect, as did the temozolomide-dimethyl fumarate combination. 

When cells treated with the temozolomide-dimethyl fumarate combination were 

irradiated, there was a radiation dose dependent increase in the effect measured.  
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Figure 4.6c shows the combination index plot of the X-irradiated temozolomide-dimethyl 

fumarate combination, with each point representing the additivity of each fraction 

affected by the treatment This data shows that the effect of 1Gy of external beam X-

irradiation and all doses of the temozolomide-fumarate combination used can be 

described as synergistic, as the combination index (CI) value for the effect of each 

treatment is less than 1.  

 

Only 15µM+9µM, the highest dose of the temozolomide-dimethyl fumarate combination 

induced a synergistic effect when combined with 3Gy of X-irradiation as defined by the 

CI value being lower than 1. When exposed to 3Gy of X-irradiation the effect of the two 

lower doses of the temozolomide-dimethyl fumarate combination was infra-additive, 

having a CI value of greater than 1. However, the R2 values of the 3Gy irradiated 

temozolomide-dimethyl fumarate combination were lower than typically required for high 

fidelity combination index analysis (Figure 4.6d). This can be seen in Figure 4.6 and b, 

with the central point outlying the line of fit (pink). This means that the output of the 

combination index analysis performed may be negatively affected and may not be an 

accurate representative of the data.  

 

The CI values and corresponding fractions affected by each combination are seen in 

Figure 4.6e. This indicates the temozolomide-dimethyl fumarate combination is capable 

of radiosensitising UVW human glioblastoma cells to 1, but not 3Gy of external beam X-

irradiation 
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Figure 4.6: Combination Index analysis of the X-irradiated temozolomide-dimethyl 

fumarate combination in UVW human glioblastoma cells. a. increasing doses of external 

beam X-irradiation (★), the temozolomide-dimethyl fumarate combination (▲), and the 

temozolomide-dimethyl fumarate combination +1Gy (●) or +3Gy (■) against the 

logarithmic ratio of the affected fraction to unaffected fraction with associated lines of 

best fit. b. the effects of increasing dose of external beam irradiation, the temozolomide-

dimethyl fumarate combination ± 1 or 3Gy of external beam radiotherapy on the 

population analysed. c the combination index value of each fraction affected for each 

dose of the temozolomide dimethyl fumarate combination plus 1 or 3Gy of X-irradiation. 

d. the R2 values for each line of best fit in Figure 4.6a & b. e. The combination index 

values and associated fraction affected for each dose in the temozolomide-dimethyl 

fumarate combination with 1 or 3Gy external beam X-irradiation. 
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Combination index analysis of the X-irradiated temozolomide-dimethyl fumarate 

combination in T98g human glioblastoma cells was performed using Calcusyn software.  

 

Figure 4.7 graphically represents the data shown in Figures 4.1 and Figure 4.4a that has 

been analysed using Caclusyn software (Section 2.6). Figure 4.7a shows the median 

effect plot (MEP). The data suggests that increasing doses of the temozolomide-dimethyl 

fumarate combination increases the ratio of affected to unaffected cells. The ratio 

increases when the temozolomide-dimethyl fumarate combination was irradiated, in a 

radiation-dose dose dependent manner. Radiation alone induced a dose-dependent 

effect on the ratio of affected to unaffected cells. R2 values of the lines of best fit are 

shown in 4.7d. 

 

Figure 4.7b shows the dose effect plot, showing that increasing dose of radiation, 

temozolomide-dimethyl fumarate combination or the temozolomide-dimethyl fumarate-

radiation combination increases the effect measured – in this case cell kill. Due to the 

nature of combination index analysis, experimental data is shown (marked as symbols) 

as well as the line of fit calculated by Calcusyn software. Increasing doses of radiation 

correlated linearly with effect, as did the temozolomide-dimethyl fumarate combination, 

indicating a strong dose response relationship. When the temozolomide-dimethyl 

fumarate combination was irradiated, there was a radiation dose dependent increase in 

the effect measured.  

 

Figure 4.7c shows the combination index plot of the X-irradiated temozolomide-dimethyl 

fumarate combination, with each point representing the additivity of each fraction 

affected by the treatment This data shows that the effect of 1Gy and 3Gy of external 

beam X-irradiation and all doses of the temozolomide-fumarate combination used can 

be described as synergistic, as the combination index (CI) value for the effect of each 

treatment is less than 1.  

 

The CI values and corresponding fractions affected by each combination are seen in 

Figure 4.7e. This indicates the temozolomide-dimethyl fumarate combination is capable 

of radiosensitising T98g human glioblastoma cells to 1 and 3Gy of external beam X-

irradiation 
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Figure 4.7: Combination Index analysis of the X-irradiated temozolomide-dimethyl 

fumarate combination in T98g human glioblastoma cells. a. increasing doses of external 

beam X-irradiation (★), the temozolomide-dimethyl fumarate combination (▲), and the 

temozolomide-dimethyl fumarate combination +1Gy (●) or +3Gy (■) against the 

logarithmic ratio of the affected fraction to unaffected fraction with associated lines of 

best fit. b. the effects of increasing dose of external beam irradiation, the temozolomide-

dimethyl fumarate combination ± 1 or 3Gy of external beam radiotherapy on the 

population analysed. c the combination index value of each fraction affected for each 

dose of the temozolomide dimethyl fumarate combination plus 1 or 3Gy of X-irradiation. 

d. the R2 values for each line of best fit in Figure 4.7a & b. e. The combination index 

values and associated fraction affected for each dose in the temozolomide-dimethyl 

fumarate combination with 1 or 3Gy external beam X-irradiation. 
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4.4.4 Quantification of DNA double stranded breaks in UVW and T98g human 

glioblastoma cells in response to treatment with the X-irradiated temozolomide-dimethyl 

fumarate combination  

 

In order to assess the dynamics of DNA damage and repair, phosphorylation of Ser139-

H2a.X was quantified by detection of a FITC-conjugated anti–Ser139 H2A.x antibody. 

H2a.X phosphorylation is a hallmark of double stranded breaks in DNA. Double stranded 

breaks recruit the ATM/ATR complex, which initiates a cascade that results in H2a.X 

phosphorylation and G2/M arrest.  

 

Phosphorylation of H2a.X was quantified by detection of a FITC-conjugated anti–Ser139 

gH2a.X antibody. Cells were treated with combinations of temozolomide and dimethyl 

fumarate with the addition of 1 or 3Gy of external beam x-irradiation. Flow cytometric 

analysis was performed, with fold increase in gH2a.X levels compared to untreated but 

stained control cells reported. Cells were treated for 4 or 24-hours to assess the 

dynamics of DNA damage and repair over time. An increase in double stranded breaks 

was expected to be seen with the X-irradiated temozolomide-dimethyl fumarate 

combination due to the increased cell kill seen in Figure 4.4 and 4.5 

 

In UVW cells external beam X-irradiation induced a significant 3.6±0.81 and 5.2±0.74-

fold increase in DNA damage 4 hours after treatment with 1 (p-value <0.01) or 3Gy (p-

value <0.001) respectively. This level of DNA damage almost doubled 24-hours post 

exposure with 1 or 3Gy of external beam X-irradiation, with a 6.9±1.30 (p-value <0.05) 

and 8.6±2.38-fold (p-value <0.001) increase respectively. However, there was no 

statistically significant difference in gH2a.X levels between 1 or 3Gy irradiated groups at 

either time point, and no statistically significant variation in DNA damage between time 

points. This indicates that external beam X-irradiation increases DNA double stranded 

breaks in a dose dependent manner, in keeping with our knowledge of external beam X-

irradiation and the DNA damage repair response, however, our data indicates that the 

expected resolution of DNA damage after 24-hours was not observed.  

 

Temozolomide increased DNA damage in UVW cells, with a 2.7±0.60 and 3.8±0.51-fold 

increase in gH2a.X levels following 4 or 24-hour exposure. Following 4-hour 

temozolomide treatment and X-irradiation, there was a 4.4±1.99-fold increase in DNA 

damage with 1Gy of external beam X-irradiation and a 6.3±1.96-fold increase when 
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temozolomide was combined with 3Gy of external beam X-irradiation (p-value <0.001). 

After 24-hour temozolomide exposure, DNA damage increased 8.2±1.00 and 10.1±2.22-

fold when combined with 1Gy or 3Gy of external beam X-irradiation respectively, 

however only the increase mediated by 15µM temozolomide and 3Gy was statistically 

significant (p-value <0.01) compared to 15µM of temozolomide alone. treated cells There 

was no statistically significant difference between 1 or 3Gy irradiated groups at either 

time point, and no statistically significant variation in DNA damage between time points. 

(p-value >0.05). This indicates that the combination of temozolomide and external beam 

X-irradiation increases DNA damage, but this is not greater than the level of DNA 

damage induced by external beam X-irradiation alone. 

 

Increased DNA damage was seen in UVW cells treated with dimethyl fumarate and 

external beam X-irradiation compared to drug treated but non-irradiated cells. This 

increase was significant following 4-hour dimethyl fumarate treatment and exposure to 

3Gy external beam X-irradiation, with a 5±0.62-fold increase in gH2a.X levels compared 

to dimethyl fumarate treated but non-irradiated cells (p-value <0.001). Following 24-hour 

treatment, there was a greater increase in gH2a.X levels with 1Gy and 3Gy increasing 

dimethyl fumarate induced gH2A.x levels 5.7±0.04-fold (p-value <0.05) and 7.1±0.07-

fold (p-value <0.01) respectively.  

 

Following 4-hour treatment, only the combination of dimethyl fumarate and 3Gy 

significantly increased gH2a.X levels compared to untreated cells (p-value <0.001). After 

24-hour treatment, both 1Gy and 3Gy groups demonstrated a significant increase in 

gH2a.X levels compared to an untreated control (p-value <0.05 & <0.01 respectively). All 

gH2a.X levels induced by the dimethyl fumarate X-irradiation combination were 

equivalent to or lower than X-irradiation induced gH2a.X levels (p-value >0.05). This 

pattern of DNA damage indicates that dimethyl fumarate had no DNA damaging effect 

and therefore no effect on the DNA damage repair response in UVW human 

glioblastoma cells.  

 

The temozolomide-dimethyl fumarate combination induced the highest level of DNA 

damage measured in the UVW cell line. When combined with external beam X-

irradiation, DNA damage increased in a radiation dose dependent manner. Following 4-

hour exposure to 15µM of temozolomide, 9µM of dimethyl fumarate and 1Gy of external 

beam X-irradiation, there was a 4.2±1.86-fold increase in gH2a.X levels. Unexpectedly, 
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this level of gH2a.X was not significantly higher than the level of gH2a.X that was induced 

by the non-irradiated temozolomide-dimethyl fumarate combination (p-value >0.05). 

Treatment with the temozolomide-dimethyl fumarate combination and 3Gy of external 

beam X-irradiation significantly increased the level of gH2a.X compared to the non-

irradiated temozolomide-dimethyl fumarate combination, with a 7.3±2.14-fold increase 

(p-value <0.001). The X-irradiated temozolomide-dimethyl fumarate combination did not 

induce a significantly higher level of gH2a.X compared to temozolomide or dimethyl 

fumarate in combination with external beam X-irradiation.  

 

Taken together, this data suggest that DNA damage was not significantly higher in 

temozolomide-dimethyl fumarate combination treated UVW cells than in UVW cells 

treated with temozolomide, dimethyl fumarate or X-irradiation as single agents. This was 

contrary to our hypothesis, as the increase in cell kill seen in Figures 4.4 and 4.5 was 

hypothesised to be due to an increase in DNA damage. 
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Figure 4.8: H2a.X phosphorylation in UVW human glioblastoma cells. The fold change 

in gH2a.X levels in response to treatment with temozolomide, dimethyl fumarate or the 

equivalent doses that constitute the temozolomide-dimethyl fumarate combination ± 1 or 

3Gy of external beam X-irradiation. Data shown is an average of at least 3 independent 

experiments ± standard deviation. A 2-Way ANOVA with Bonferroni post-test was 

performed with p-values of <0.05 = *, <0.01 = ** and <0.001 = *** reported as significant 

compared to an untreated control and p-values of <0.05 = #, <0.01 = ## and <0.001 = 

### reported as significant compared to drug treated, but non-irradiated treatment 

groups.  
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Conversely, in the T98g cell line, 4-hours after treatment with 1 or 3Gy of external beam 

X-irradiation as a single agent, there was an increase in gH2a.X levels of 3.3±0.59 and 

4±0.52-fold respectively, however, only the increase induced by 3Gy was significantly 

increased compared to basal levels (p-value <0.05). Unexpectedly, there was no 

significant difference in the level of gH2a.X between increasing doses of X-irradiation in 

the T98g cell line (p-value >0.05). 24-hours post irradiation, there was a further 

significant increase in the level of gH2a.X detected within treated cells, with a 4.1±0.79 

and 4.4±1.11-fold increase following treatment with 1 or 3Gy respectively compared to 

untreated cells (p-value <0.05 and <0.01), again there was no significant difference 

between treatments (p-value >0.05). There was no significant difference between the 

level of DNA damage induced by each dose of X-irradiation after 4 or 24-hour treatment. 

This suggests that the T98g cell line has increased DNA damage repair capacity 

compared to the UVW cell line, as the T98g cell line appears maintain DNA damage 

levels between 4 and 24-hour time points while the gH2a.X levels in the UVW cell line 

increased over the same time course. 

 
Following 4-hour treatment with temozolomide and 1Gy of external beam X-irradiation, 

there was a significant increase in the level of gH2a.X compared to an untreated control 

(p-value <0.01), but not compared to 1Gy or 400µM as single agents (p-value >0.05), 

with a 4.8±1.26-fold increase in gH2a.X levels. When temozolomide was combined with 

3Gy of external beam X-irradiation, there was a significant 6.1±1.16-fold increase in 

levels of gH2a.X. This was significant compared to an untreated control (p-value <0.01) 

and compared to 400µM temozolomide as a single agent (p-value <0.05), but not 

compared to 3Gy alone (p-value >0.05).  

 

This trend was also seen following 24-hour treatment. 400µM of temozolomide in 

combination with 1Gy induced a significant 5±0.62-fold increase in gH2a.X levels 

compared to an untreated control (p-value <0.001), but this was not significantly higher 

than the level of DNA damage induced when temozolomide was used as a single agent 

(p-value >0.05). When combined with 3Gy, 400µM of temozolomide induced significantly 

higher levels of DNA damage than an untreated control (p-value <0.001) and 

temozolomide as a single agent (p-value <0.05). However, this 6.2±0.55-fold increase 

was not significantly higher than the level of gH2a.X induced by 3Gy alone (p-value 

>0.05). There was no difference in the level of gH2a.X between temozolomide plus 1 or 



 

 

137 

3Gy of external beam X-irradiation, and no significant difference between 4 and 24-hour 

treatments (p-value >0.05). The combination of temozolomide and external beam X-

irradiation was expected to increase DNA damage levels in line with the level of DNA 

damage induced by temozolomide and external beam X-irradiation as single agents, as 

we have previously shown that temozolomide does not radiosensitise the MGMT positive 

T98g cell line.   

 

Unsurprisingly, treatment with 25µM dimethyl fumarate for 4 or 24 hours did not induce 

significantly increased levels of gH2a.X compared to an untreated control. 4 or 24-hour 

treatment with 25µM dimethyl fumarate and 1Gy of external beam X-irradiation did not 

result in significantly increased levels of gH2a.X compared to an untreated control or 

dimethyl fumarate as a single agent (p-value >0.05). After 4-hour treatment, dimethyl 

fumarate and 3Gy external beam X-irradiation significantly increased DNA damage 

compared to an untreated control (p-value <0.05), but not compared to dimethyl 

fumarate or external beam X-irradiation as a single agent (p-value >0.05). This also 

occurred following 24-hour treatment, with 25µM of dimethyl fumarate and 3Gy of 

external beam X-irradiation increasing gH2a.X levels 4.2±0.38-fold compared to an 

untreated control. This was not significantly higher than dimethyl fumarate or external 

beam X-irradiation as single agent treatment (p-value >0.05). All dimethyl fumarate X-

irradiation combination gH2a.X levels were equivalent to, or lower than X-irradiation 

induced gH2a.X levels (p-value >0.05). This was expected, as we have previously shown 

that there was no synergy between dimethyl fumarate and external beam X-irradiation 

in the T98g cell line and that dimethyl fumarate is not a DNA damaging agent (Figures 

3.7 and 4.3).  

 

Similarly to the UVW cell line, in T98g cells the temozolomide-dimethyl fumarate 

combination induced the highest level of gH2a.X foci. 4-hour treatment with the 

temozolomide-dimethyl fumarate combination and 1Gy of external beam X-irradiation 

increased gH2a.X levels 5.1±1.27-fold, however, this is not significantly higher than the 

level of gH2a.X induced by the temozolomide-dimethyl fumarate combination alone (p-

value >0.05). In combination with 3Gy, the temozolomide-dimethyl fumarate combination 

increased 6.7±0.90-fold compared to an untreated control (p-value <0.01). This was 

significantly higher than the level of gH2a.X induced by the temozolomide-dimethyl 
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fumarate combination alone (p-value <0.01), therefore the enhancement of DNA 

damage was dependent on the dose of radiation administered.  

     

Following 24-hour treatment, the temozolomide-dimethyl fumarate combination in 

combination with 1 and 3Gy significantly increased gH2a.X levels 6.6±1.28 and 6.6±0.74-

fold compared to an untreated control. This was significantly higher than the unirradiated 

temozolomide-dimethyl fumarate combination (p-value <0.05). The combination of 

temozolomide-dimethyl fumarate and external beam X-irradiation did not significantly 

increase levels of gH2a.X above those seen with either external beam X-irradiation as a 

single agent, or the combination of temozolomide and external beam X-irradiation. 

Taken together, this is indicative of an inability of the T98g cell line to repair DNA damage 

induced by the temozolomide-dimethyl fumarate combination, due to an increase in DNA 

damage over time points.   
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Figure 4.9: H2a.X phosphorylation in T98g human glioblastoma cells. The fold change 

in gH2a.X levels in response to treatment with temozolomide, dimethyl fumarate or the 

equivalent doses that constitute the temozolomide-dimethyl fumarate combination ± 1 or 

3Gy of external beam X-irradiation. Data shown is an average of at least 3 independent 

experiments ± standard deviation. A 2-Way ANOVA with Bonferroni post-test was 

performed with p-values of <0.05 = *, <0.01 = ** and <0.001 = *** reported as significant 

compared to an untreated control and p-values of <0.05 = #, <0.01 = ## and <0.001 = 

### reported as significant compared to drug treated, but non-irradiated treatment 

groups.  
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4.4.5 Cell cycle progression in UVW and T98g human glioblastoma cells exposed to the 

external beam X-irradiated temozolomide-dimethyl fumarate combination   

 

In order to determine the distribution of a population of cells throughout the cell cycle, 

intracellular DNA was stained with propidium iodide and analysed by flow cytometry. 

Cells were treated for 24-hours with increasing doses of temozolomide, dimethyl 

fumarate or the temozolomide-dimethyl fumarate combination. 2-hours after drug 

treatment, cells were exposed to 1 or 3Gy of external beam X-irradiation in order to 

examine how progression through the cell cycle was affected by exposure to X-irradiated 

temozolomide-dimethyl fumarate combination. Flow cytometric analysis was performed, 

with distinction between the G1, S, G2 and M phases of the cell cycle made by 

quantification of intracellular DNA content. Cell cycle analysis was performed on cells 

treated for 24-hours due to the lack of effects seen after 4-hour treatment.     

 

As a single agent, 1Gy and 3Gy of external beam X-irradiation induced a significant 

accumulation of UVW cells in the G2 phase of the cell cycle, with 40.95±5.40 and 

46.26±8.71% of the population accumulating in this phase (p-value <0.01). Accumulation 

in the G2 phase of the cell cycle is indicative of DNA damage, as cells with DNA damage 

cannot progress beyond the G2/M checkpoint with damaged DNA. This is in keeping with 

previous results, which show an increase in DNA damage as measured by gH2a.X 

levels.  

 

When combined with 1Gy of external beam X-irradiation, temozolomide induced no 

variation in cell cycle accumulation compared to temozolomide or 1Gy of external beam 

X-irradiation as a single agent (p-value >0.05). When combined with 3Gy of external 

beam X-irradiation, 0.5, 5 and 15µM of temozolomide induced a significant accumulation 

of cells in the G2/M phases of the cell cycle compared to each respective dose of 

temozolomide alone (p-value <0.05, <0.01 and <0.05 respectively).  

 

Temozolomide in combination with 3Gy of external beam X-irradiation induced a 

significant G2/M phase accumulation compared to temozolomide in combination with 

1Gy of external beam x-irradiation at all doses of temozolomide used (p-value <0.01). 

Only 15µM of temozolomide in combination with 3Gy of external beam X-irradiation 

induced a significantly larger G2/M accumulation than 3Gy as a single agent (p-value 
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<0.05). This G2/M accumulation indicates that temozolomide in combination with 3Gy of 

external beam X-irradiation increases DNA damage.  

 

Following treatment with increasing doses of dimethyl fumarate and external beam x-

irradiation, there was no significant redistribution of the population throughout the cell 

cycle compared to dimethyl fumarate or external beam x-irradiation as a single agent (p-

value >0.05).  

 

As a combination therapy, the temozolomide-dimethyl fumarate combination induced a 

G2/M phase arrest compared to an untreated control (p-value <0.01). This was not 

significantly higher than the arrest induced by temozolomide or dimethyl fumarate as 

single agents (p-value >0.05).  

 

In combination with 1Gy of external beam X-irradiation, the temozolomide-dimethyl 

fumarate combination did not induce a significantly larger G2/M phase arrest compared 

to 1Gy as a single agent or compared to the non-irradiated temozolomide-dimethyl 

fumarate combination (p-value >0.05). In combination with 3Gy of external beam X-

irradiation, the two highest doses of the temozolomide-dimethyl fumarate combination 

induced a significantly larger G2/M accumulation compared to 3Gy as a single agent, 

with 63.48±5.45 and 57.95±3.88% of the population accumulating at the G2/M threshold 

(p-value <0.05).  

 

As seen in Figure 4.10c, all doses of the 3Gy X-irradiated temozolomide-dimethyl 

fumarate combination induced a G2/M accumulation which was significantly higher than 

the arrest induced by the non-irradiated temozolomide-dimethyl fumarate combination 

and the temozolomide-dimethyl fumarate combination in combination with 1Gy (p-value 

<0.01). This indicates that the exposure of UVW cells to the X-irradiated temozolomide-

dimethyl fumarate combination increases DNA damage, as cells cannot progress 

beyond the G2/M checkpoint with damaged DNA. This was suggested by the increase in 

gH2a.X levels as seen in Figure 4.8.  
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Figure 4.10: Cell cycle progression in UVW cells treated with a. temozolomide, b. 
dimethyl fumarate or c. the temozolomide-dimethyl fumarate combination ± 1 or 3Gy of 

external beam X-irradiation.  Data shown is an average of at least 3 independent 

experiments ± standard deviation. A 2-Way ANOVA with Bonferroni post-test was 

performed with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 

Statistics are reported in Appendix C1. 
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In the MGMT positive T98g cell line, exposure to 3Gy of external beam X-irradiation 

induced a significant accumulation of cells in the G2 phases of the cell cycle compared 

to non-irradiated cells, with 46.25±15.04% of the population being found in this phase 

(p-value <0.05). No phase redistribution of T98g cells was seen following exposure to 

1Gy of external beam X-irradiation (p-value >0.05). This was expected due to the 

increase in gH2a.X seen following exposure to X-irradiation, as increased DNA damage 

is known to induce arrest at the G2/M checkpoint.  

 

Similarly to the UVW cell line, temozolomide induced a small G2/M arrest at the highest 

concentration used in the T98g cell line (p-value >0.05). When combined with external 

beam X-irradiation, there was a significant increase in the size of G2/M population 

following treatment with 400µM temozolomide and 1Gy or 3Gy of external beam X-

irradiation compared to temozolomide alone (p-value <0.001), but not external beam X-

irradiation as single agent. 50 and 200µM of temozolomide in combination with external 

beam X-irradiation had no significant effect on cell cycle phase distribution compared to 

temozolomide or external beam X-irradiation as single agents (p-value >0.05). This 

indicates that the T98g cell line, as hypothesised, has a greater ability to repair DNA 

damage than the UVW cell line, as only the highest dose of temozolomide is able to 

induce DNA damage associated arrest.  

 

Following dimethyl fumarate treatment there was no significant redistribution of the 

population throughout the cell cycle (p-value >0.05). When combined with external beam 

X-irradiation, dimethyl fumarate treated T98g cells showed no difference in cell cycle 

distribution compared to cells treated with dimethyl fumarate or external beam X-

irradiation as single agents (p-value >0.05).  

 

This indicates that the combination of dimethyl fumarate and external beam X-irradiation 

has no effect on cell cycle distribution in the T98g cell line. This was suggested by gH2a.X 

results, which showed no increase in DNA damage compared to external beam X-

irradiation as a single agent, and without this, no G2 or G1 accumulation was expected. 

 

The temozolomide-dimethyl fumarate combination induced a G2/M arrest when 

combined with external beam X-irradiation. This effect appeared to be independent of 

the dose of temozolomide-dimethyl fumarate. When combined with 1Gy, the 

temozolomide-dimethyl fumarate combination induced a significant increase in the G2/M 
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arrest compared to 1Gy, temozolomide and dimethyl fumarate as single agents and the 

non-irradiated temozolomide-dimethyl fumarate combination (p-value <0.01). This 

resulted in over 50% of the population arresting at G2/M phase. This was also seen with 

3Gy, where the size of the G2/M arrest increased by ~30% at all doses the 

temozolomide-dimethyl fumarate combination,, temozolomide and dimethyl fumarate as 

single agents (p-value <0.05), with over 70% of the population arresting at G2/M phase.  

 

This suggests a large amount of DNA damage is taking place across the T98g 

population, which was suggested by gH2a.X data, but was not found to be statistically 

significant. An arrest of this magnitude may suggest that the level of DNA damage is 

complex, and the population is overwhelmed in its repair capacity. We believe that this 

is particularly promising as we previously suggested that the T98g cell line has an 

increased DNA damage repair capacity. It was expected that an inability to repair the 

damage that resulted in this G2/M arrest would lead to induction of apoptosis.  
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Figure 4.11: Cell cycle progression in T98g cells treated with a. temozolomide, b. 
dimethyl fumarate or c. the temozolomide-dimethyl fumarate combination ± 1 or 3Gy of 

external beam X-irradiation.  Data shown is an average of at least 3 independent 

experiments ± standard deviation. A 2-Way ANOVA with Bonferroni post-test was 

performed with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 

Statistics are reported in Appendix C2. 
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4.4.6 Apoptotic induction by the temozolomide dimethyl combination and external beam 

X-irradiation in UVW and T98g human glioblastoma cells  

 

Detection of the expression of apoptotic markers on UVW and T98g human glioblastoma 

cell lines was detected using an anti-annexin V FITC conjugate and propidium iodide, 

with each stain identifying the cellular population at different stages of the apoptotic cell 

death pathway. Early apoptotic cells were characterised as having an intact membrane 

and stained positively for annexin V which associates with membrane bound 

phosphatidyl serine moieties, late apoptotic cells, which have a compromised 

membrane, were annexin V & propidium iodide positive Necrotic cells were singly 

positive for propidium iodide and had a severely compromised membrane (Genderen et 

al., 2006). Cells were treated for 24-hours with increasing doses of temozolomide, 

dimethyl fumarate or the temozolomide-dimethyl fumarate combination. 2-hours after 

drug treatment, cells were exposed to 1 or 3Gy of external beam X-irradiation in order 

to examine how X-irradiation and drug treatment affected the expression of apoptotic 

markers and the progression of cells through the programmed cell death pathway. Media 

replacement 24-hour post irradiation was considered treatment cessation in X-irradiated 

only groups.  

 

Time points 24-72 hours post-treatment cessation were chosen in order for cells to arrest 

and induce apoptosis following X-irradiation. We believe that we have shown that DNA 

damage and cell cycle arrest in UVW cells treated with temozolomide and external beam 

X-irradiation do not occur until 24-hours of treatment has been completed. Following this 

mismatch repair cycles take place. Failed cycles of mismatch repair leads to DNA 

damage in the form of double stranded breaks (Kaina, 2003; Roos and Kaina, 2006; 

Roos et al., 2007), inductions of double stranded breaks has been shown to be 

necessary for induction of apoptosis (Ochs and Kaina, 2000), and induction of apoptosis 

as late as 120-hours post treatment has been shown to take place. 
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4.4.6.1 Apoptotic induction by external beam X-irradiation 

 

As a monotherapy, external beam X-irradiation induced apoptosis in a time dependent 

manner in the UVW human glioblastoma cell line (Figure 4.12a). Treatment with 3Gy of 

external beam X-irradiation induced a significant increase in the size of the apoptotic 

population 24-hour post-treatment cessation, with 46.05±11.04% of the population 

staining positively for apoptotic markers compared to a non-irradiated control (p-value 

<0.05). Exposure to 1Gy of external beam X-irradiation increased the apoptotic 

population at the same time point, however this was not significant (p-value >0.05). 

There was also no significant difference between the 1 and 3Gy treated groups at this 

time point. The increase in the size of the apoptotic population at this time point 

correlated to a significant increase in the size of the early apoptotic population in both 

1Gy (25.03±8.54% positive, p-value <0.05) and 3Gy (41.36±2.65% positive, p-value 

<0.001) treatment groups. There was no significant increase in the size of the late 

apoptotic population, and no detectable necrotic population at this time point. This 

indicates that the times points chosen are appropriate as evidenced by the lack of cells 

that have progressed through the apoptotic cycle.  

 

48-hours post treatment cessation, there was a further increase in the size of the 

apoptotic population compared to an unirradiated control. At this time point 

51.70±17.99% of the 1Gy and 53.95±0.09% of the 3Gy exposed population was found 

to express apoptotic markers (p-value <0.05). There was no significant difference 

between these points (p-value >0.05). This correlated to an increase in the size of the 

early apoptotic population compared to a non-irradiated control (p-value <0.001), but not 

compared to the 24-hour population (p-value >0.05). This trend was seen at 72-hours 

post treatment cessation, with 54.94±12.79% of the 1Gy and 66.93±7.50% of the 3Gy 

exposed population was found to express apoptotic markers compared to an 

unirradiated control (p-value <0.01). Again, this correlated to an increase in the size of 

the early apoptotic population (p-value <0.001), but not the late or necrotic populations 

(p-value >0.05).  

 

This indicates that cells did express early apoptotic markers following treatment with 1 

or 3Gy of external beam X-irradiation, and expression of these moieties increased in a 

time dependent manner. However, cells exposed to external beam X-irradiation do not 

appear to be progressing through the programmed cell death pathway as expected. This 
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suggests that these cells may have initiated apoptosis but are resistant to progression 

through the programmed cell death pathway. 

 

In the T98g cell line, apoptosis following external beam X-irradiation was induced in a 

dose-dependent manner. Exposure to 1 or 3Gy of external beam X-irradiation induced 

no change in the expression of apoptotic markers 24-hours post exposure (p-value 

>0.05). At this time point there was no redistribution of the apoptotic population 

compared to a non-irradiated control (p-value >0.05) (Figure 4.12d).  

 

Treatment with 3Gy increased the apoptotic population to 47.05±5.57% 28-hours post 

treatment cessation, which was significantly larger than the basal apoptotic population 

(p-value <0.001). This correlated to a significantly larger early apoptotic population (p-

value <0.05). 1Gy induced no significant increase in the apoptotic population 48-hours 

post exposure (p-value >0.05). 

 

Both doses of external beam X-irradiation induced significant expression of apoptotic 

markers 72-hours post exposure compared to an unirradiated control. 1Gy increased the 

positively stained population to 44.29±3.54% (p-value <0.01) and 3Gy induced the 

positively stained population to 46.6±9.87% (p-value <0.001). This correlated to a 

significant increase in the size of the early apoptotic population compared to an untreated 

control (p-value <0.01). There was no significant difference between the size of the 

apoptotic population following treatment with 1 or 3Gy at any time point. 

 

Both cell lines showed an increase in DNA damage and correlated G2/M arrest in 

response to exposure to external beam X-irradiation. However, apoptosis is induced 

significantly smaller population in the T98g cell line than in the UVW cell line, we believe 

that that is indicative of the suggested ability of these cells to repair DNA damage.   
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Figure 4.12: Induction of apoptosis in a. UVW and c. T98g cells following exposure to 

external beam X-irradiation. Apoptotic phase redistribution in response to increasing 

doses of X-irradiation in b. UVW and d. T98g cells is also shown. Data shown is an 

average of at least 3 independent experiments ± standard deviation. A 2-way ANOVA 

with Bonferroni post-test was performed with p-values of <0.05 = *, <0.01=** and <0.001 

= *** reported as significant 
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4.4.6.2 Apoptotic induction by the temozolomide-dimethyl fumarate combination with 

external beam X-irradiation 

 

As a single agent, temozolomide induced apoptosis in a dose independent manner 48 

to 72-hours post treatment cessation (Section 3.4.6, Figure 3.11). By 72-hours after 

treatment cessation, ~75% of the UVW population were found to be stained positively 

for annexin V or propidium iodide, both of which are apoptotic markers. As seen in Figure 

4.13b & c combining temozolomide with external beam X-irradiation significantly 

increased the speed at which apoptosis was induced but did not influence the final size 

of the apoptotic population.  

 

When combined with 1Gy, 24-hours post treatment cessation temozolomide increased 

the size of the early apoptotic population following treatment with 0.5, 5 and 15µM of 

temozolomide, but not significantly (p-value >0.05) (Figure 5.13b). This increase was 

~16% at both doses of temozolomide and increased the size of the apoptotic population 

to 28.96±7.32 and 33.96±15.17% for 5 and 15µM respectively. When combined with 

temozolomide, 3Gy increased the size of the early apoptotic population by ~20% at all 3 

doses of temozolomide (p-value >0.05) (Figure 4.13c). 24-hours post treatment 

cessation there was no significant difference between increasing concentrations of 

temozolomide at either dose of X-irradiation, and no difference between either X-

irradiation treatment in terms of both the size of the apoptotic population and the phase 

distribution of apoptotic cells (p-value >0.05).  

 

48-hours after temozolomide treatment cessation, there was a further increase in the 

size of the early apoptotic population, but not the late or necrotic population when 

temozolomide was combined with both 1 or 3Gy of external beam X-irradiation. This was 

significantly larger than the apoptotic population induced by all concentrations of 

temozolomide as a single agent (p-value <0.05).   

 

The final time point examined showed that there was no significant difference in the size 

of the apoptotic population between treatment with temozolomide as a single agent and 

the combination of temozolomide and external beam X-irradiation (p-value >0.05), with 

all treatment groups inducing apoptotic markers in ~70% of the population. However, in 

temozolomide treated cells there was significant accumulation of late apoptotic (p-value 
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<0.01) and necrotic cells (p-value <0.001) compared to when cells were treated with 

temozolomide and 1 or 3Gy of external beam X-irradiation.  

 

No dose of temozolomide in combination with 1 or 3Gy of external beam X-irradiation 

induced a significant increase in the size of the apoptotic population greater than 1 or 

3Gy of external beam X-irradiation as a single agent (p-value >0.05).  

 

This data indicates the combination of temozolomide and external beam X-irradiation 

increases the speed at which cells enter into the apoptotic pathway, but the combination 

does not affect a larger population than temozolomide or external beam X-irradiation as 

single agents. The increased apoptotic marker expression at early time points is 

indicative of more severe DNA damage, as the cell has aborted or not attempted to repair 

the damage but has instead induced apoptosis. This was in keeping with our hypothesis, 

as well as all other data gathered showing synergy between temozolomide and external 

beam X-irradiation in the UVW cell line.  

 
In the UVW cell line, dimethyl fumarate in combination with external beam X-irradiation 

induced apoptosis in a dose independent manner. In combination with 1Gy or 3Gy of 

external beam X-irradiation, all concentrations of dimethyl fumarate induced the 

expression of early apoptotic markers from 24-hours post treatment cessation (Figure 

4.13e & f). Induction of apoptosis increased in a time dependent manner, but there was 

no significant difference in the expression of apoptotic markers between any treatments 

at any time points (p-value >0.05). There was no significant difference in the size of the 

apoptotic population between cells treated with dimethyl fumarate or external beam X-

irradiation as single agents and cells treated with dimethyl fumarate and 1 or 3Gy of 

external beam X-irradiation at any time points (p-value >0.05). However, in dimethyl 

fumarate treated cells there was significant accumulation of late apoptotic (p-value 

<0.01) and necrotic cells (p-value <0.001) compared to when cells were treated with 

dimethyl fumarate and 1 or 3Gy of external beam X-irradiation.  

 

All data taken together suggests that there is no benefit to external beam X-irradiation 

by the addition of dimethyl fumarate. We have shown no increase in DNA damage or 

cell cycle arrest when dimethyl fumarate is combined with external beam X-irradiation, 

and as such there is no increase in the rate or magnitude at which apoptosis is induced 

compared to external beam X-irradiation as a single agent.  
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When combined with 1Gy or 3Gy of external beam X-irradiation, all administered 

concentrations of the temozolomide-dimethyl fumarate combination significantly 

increased expression of markers compared to the temozolomide-dimethyl fumarate 

combination alone 24 (p-value <0.05) and 48-hours (p-value <0.01) post treatment 

cessation (Figure 4.13h & i). There was no significant difference in the size of the 

apoptotic population induced by the temozolomide-dimethyl fumarate combination and 

the 1Gy or 3Gy X-irradiated temozolomide-dimethyl fumarate combination 72-hours post 

treatment cessation (p-value >0.05). In X-irradiated temozolomide-dimethyl fumarate 

combination treated cells, there was significant accumulation of late apoptotic (p-value 

<0.05) 48-hours post treatment cessation.  

 

There was no significant difference the size of the apoptotic population between the X-

irradiated temozolomide-dimethyl fumarate combination and temozolomide or dimethyl 

fumarate in combination with external beam X-irradiation (p-value >0.05). However, in 

temozolomide-dimethyl fumarate combination treated cells, there was significant 

accumulation of late apoptotic (p-value <0.05) and necrotic cells (p-value <0.001) 

compared to when cells were treated with the temozolomide-dimethyl fumarate 

combination and 1 or 3Gy of external beam X-irradiation at 72-hours post-treatment 

cessation. 

  

This indicates that the X-irradiated temozolomide-dimethyl fumarate combination 

increases the speed at which cells enter the apoptotic pathway, but the combination 

does not affect a larger population than temozolomide, dimethyl fumarate or external 

beam X-irradiation as single agents. The increased apoptotic marker expression at early 

time points is indicative of more severe DNA damage, as the cell has aborted or not 

attempted to repair the damage but has instead induced apoptosis. This was in keeping 

with our hypothesis, as well as all other data gathered showing synergy between the 

temozolomide-dimethyl fumarate combination and external beam X-irradiation in the 

UVW cell line. 
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Figure 4.13 (Facing): Induction of apoptosis in UVW cells by temozolomide, dimethyl 

fumarate and the temozolomide-dimethyl fumarate combination in combination with 

external beam X-irradiation.  Apoptotic induction in UVW cells in response to increasing 

doses of a. temozolomide plus b. 1Gy and c. 3Gy of external beam X-irradiation, d. 
dimethyl fumarate temozolomide plus e. 1Gy and f. 3Gy of external beam X-irradiation, 

and g. the temozolomide-dimethyl fumarate combination plus h. 1Gy and i. 3Gy of 

external beam X-irradiation. Apoptotic phase distribution following each treatment is also 

shown. Data shown is an average of at least 3 independent experiments ± standard 

deviation. A 2-Way ANOVA with Bonferroni post-test was performed with p-values of 

<0.05 = *, <0.01=** and <0.001 = *** reported as significant. Statistics are reported in 

appendix D1. 
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In the T98g cell line, temozolomide in combination with external beam X-irradiation 

induced apoptosis in a dose dependent manner. In combination with 1Gy or 3Gy of 

external beam X-irradiation 200 and 400µM of temozolomide induced the expression of 

apoptotic markers from 24-hours post treatment cessation (p-value >0.05). This level 

increased at 48-hours, with a dose dependent increase in the expression of early 

apoptotic markers (Figure 4.14b & c,) indicating a failure of the T98g cell line to repair 

DNA damage induced by this combination and inducing apoptosis.  

 

The percentage of cells expressing apoptotic markers following treatment with 50 or 

200µM in combination of 1 or 3Gy of external beam X-irradiation increased at 72-hours 

post treatment exposure. At 72-hours post treatment, there was a decrease in the size 

of the apoptotic population following treatment with 400µM and external beam X-

irradiation compared to previous time points. This decrease correlated with an increase 

in the size of the late apoptotic population (p-value >0.05) (Figure 4.14b & c). This 

decrease in the apoptotic population may be due to cell loss induced by this treatment, 

as we know that the combination of temozolomide and external beam X-irradiation can 

induce significant cell kill (Figure 4.3a).  

 

There was no significant difference in the size of the apoptotic population or in apoptotic 

phase distribution between groups treated with temozolomide or cells treated with 

temozolomide and 1 or 3Gy of external beam X-irradiation (p-value >0.05). There was 

no significant difference between the size of the apoptotic population in cells treated with 

temozolomide and external beam X-irradiation and the apoptotic population in cells 

external beam X-irradiation as a single agent (p-value >0.05). This is indicative of a lack 

of synergy, which was expected, given the lack of synergy between these two agents as 

defined by combination index analysis presented in Figure 4.3b.  

 

In the T98g cell line, dimethyl fumarate in combination with external beam X-irradiation 

induced apoptosis in a dose dependent manner. In combination with 1 or 3Gy of external 

beam X-irradiation, 12.5 and 25µM of dimethyl fumarate induced the expression of 

apoptotic markers from 48-hours post treatment cessation (Figure 4.14e &f). There was 

no significant difference in the expression of apoptotic markers between 12.5 and 25µM 

treatment groups at any time points. There was no increase in the expression of 

apoptotic markers following treatment with 3.125µM dimethyl fumarate until 72-hours 

post treatment cessation.   
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The percentage of cells expressing apoptotic markers following treatment with 12.5 or 

25µM and 1 or 3Gy of external beam X-irradiation decreased at 72-hours post treatment 

exposure. At 72-hours, there was no difference in the size of the apoptotic population 

between treatment groups.  

 

The final apoptotic population was significantly smaller at all concentrations when 

dimethyl fumarate was combined with 1Gy or 3Gy of external beam X-irradiation than 

when cells were treated with dimethyl fumarate as a single agent (p-value <0.01 and 

<0.05). This is due to a significantly larger late apoptotic (p-value <0.05) (positive for 

both annexin V and propidium iodide staining) when T98g cells were treated with 

dimethyl fumarate but not dimethyl fumarate and X-irradiation. This may be due to 

apoptotic cell loss at earlier time points when dimethyl fumarate is combined with 

external beam X-irradiation compared to dimethyl fumarate alone (Figure 4.14f).  

 

There was no significant difference between the size of the apoptotic population in cells 

treated with dimethyl fumarate and external beam X-irradiation and the apoptotic 

population in cells exposed to external beam X-irradiation as a single agent (p-value 

>0.05). This indicates, as does all other data, that dimethyl fumarate has little effect when 

combined with external beam X-irradiation, and offers little benefit, with no synergistic 

increase in cell kill, no increase in DNA damage and no increase in cell cycle arrest. 

 

In combination with 1 or 3Gy of external beam X-irradiation, the temozolomide-dimethyl 

fumarate combination induced expression of apoptotic markers from 24-hours post 

treatment cessation in a dose dependent manner (Figure 4.14h & i). This expression 

increased at 48-hours post treatment cessation and was significantly higher than the 

expression seen in an untreated control (p-value <0.05). Again, the percentage of cells 

expressing these markers decreased at 72-hours post treatment cessation following 

treatment with all doses of the 1 or 3Gy irradiated temozolomide-dimethyl fumarate 

combination. There was no significant variation in the size of the apoptotic population 

compared to the non-irradiated temozolomide-dimethyl fumarate combination or 1 or 

3Gy as a single therapy (p-value >0.05).  

 

There was no significant difference in the size of the apoptotic population or apoptotic 

phase distribution between the X-irradiated temozolomide-dimethyl fumarate 
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combination and temozolomide or dimethyl fumarate in combination with external beam 

X-irradiation (p-value >0.05). 

 

Clonogenic data seen in Figure 4.5 had suggested that an increase in the size of the 

apoptotic population would be seen when T98g cells were treated with the X-irradiated 

temozolomide-dimethyl fumarate combination. An increase in cell kill, DNA damage and 

cell cycle arrest had previously been reported and led us to hypothesise that an increase 

in the size of the apoptotic population would be seen. This has not been realised. This 

may be due to the suggested increased DNA damage repair capacity of the T98g cell 

line.  
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Figure 4.14 (facing): Induction of apoptosis in T98g cells by temozolomide, dimethyl 

fumarate and the temozolomide-dimethyl fumarate combination in combination with 

external beam X-irradiation.  Apoptotic induction in UVW cells in response to increasing 

doses of a. temozolomide plus b. 1Gy and c. 3Gy of external beam X-irradiation, d. 
dimethyl fumarate temozolomide plus e. 1Gy and f. 3Gy of external beam X-irradiation, 

and g. the temozolomide-dimethyl fumarate combination plus h. 1Gy and i. 3Gy of 

external beam X-irradiation. Apoptotic phase distribution following each treatment is also 

shown. Data shown is an average of at least 3 independent experiments ± standard 

deviation. A 2-Way ANOVA with Bonferroni post-test was performed with p-values of 

<0.05 = *, <0.01=** and <0.001 = *** reported as significant. Statistics are reported in 

appendix D2. 
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4.5 Discussion 

 

4.5.1 Cytotoxicity of temozolomide and dimethyl fumarate in combination with external 

beam radiation 

 

Clonogenic assays were performed on the UVW and T98g cell lines treated with 

temozolomide and dimethyl fumarate to determine the effects of each of these agents 

on the sustained replicative ability and survival of each cell line. By examining the 

response of these cell lines to these treatments, the experimental IC50 values of these 

agents could be compared to the literature IC50, allowing us to validate future work using 

these cell lines. These values are also vital when designing combinations; ensuring 

appropriate concentrations of each drug are used. As the IC50 is a constant, responses 

to each drug in each cell line can be measured and compared, even when the values 

are significantly different, this is of particular value when comparing two cell lines that 

have a different response to the same agent.  

 

To fully examine the effects of external beam X-irradiation in combination with the 

previously described temozolomide-dimethyl fumarate combination in UVW and T98g 

human glioblastoma cells, the cytotoxic effects of external beam X-irradiation in 

combination with temozolomide and dimethyl fumarate as single agents were first 

examined.  

 

4.5.1.1 External beam X-irradiation 

 

Radiotherapy forms the backbone of the current standard of care for patients diagnosed 

with high grade glioma, with virtually every patient receiving radiotherapy (Grossman et 

al., 2010; Preusser et al., 2011). One of the main reasons for treatment failure for glioma 

is inherent radio-resistance (Kelley et al., 2016) . This is mediated by a number of 

different genetic and physiological factors, such as hypoxia (Bristow and Hill, 2008), the 

presence of radioresistant cancer stem cells (Rich, 2007) and ataxia telangiectasia 

mutated (ATM) activity (Bao et al., 2006). 

 

In our study, a differential response in cell survival in UVW and T98g cells external beam 

X-irradiation was only evident at 6Gy. This difference in survival is indicative of the 

increased repair capacity displayed by T98g cells compared to UVW cells, which is likely 
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a result of the basal expression of MGMT seen in T98g cells, but not the UVW cell line 

(Figure 3.2c) (Chalmers et al., 2009; He et al., 2011; Preusser et al., 2011; Rivera et al., 

2010).  

 

In both UVW and T98g human glioblastoma cell lines, 3Gy of external beam X-irradiation 

induced a significant level of DNA damage from 4-hours after exposure, rising 24-hours 

after exposure. In the UVW cell line, this increase in gH2A.x levels was almost double 

the level seen after 4-hours exposure to 1 or 3Gy, indicating that the damage caused by 

external beam X-irradiation is a continuous process or the affected population are failing 

to repair the damage or induce early apoptosis and are instead locked in cell cycle arrest 

while still failing to resolve the DNA damage that resulted in the arrest. This continued 

increase in DNA damage is also indicative that the UVW cell line does not have a high 

level of DNA damage repair capacity compared to the T98g cell line. The increase in 

gH2A.x levels between 4 and 24-hours was much more subtle in the T98g cell line, with 

less than a 1-fold increase across time points.  

 

We hypothesise that this data is suggestive of T98g cells displaying a high intrinsic 

capability for DNA damage repair. Taken with the basal expression of MGMT in T98g 

shown in Figure 3.2c, but not UVW cells, we believe that this can partly explain the 

difference in both DNA damage, and overall response to external beam X-irradiation. 

This effect has been well documented, with numerous studies validating the hypothesis 

that MGMT promoter methylation and therefore null MGMT activity increases 

radiosensitivity (Hermisson et al., 2006; Rivera et al., 2010; Roos et al., 2004).    

 

We have found increased levels of gH2A.x does not to translate to the level of G2/M cell 

cycle arrest seen in both UVW and T98g cell lines after exposure to external beam X-

irradiation. There was a dose dependent increase in the size of the G2/M arrest 4 or 24-

hours after exposure to 1 or 3Gy of external beam X-irradiation. However, there was no 

time dependent increase in G2/M arrest despite increase in gH2A.x levels. We believe 

that this indicates that there is a threshold effect occurring during the cellular response 

to external beam X-irradiation; DNA damage induced by exposure to external beam X-

irradiation appears to induce the same level of G2/M arrest 4 or 24-hours post-treatment. 

 

Our hypothesis that the T98g cell line displays a high DNA damage repair capacity is 

evident in the induction of apoptosis following X-irradiation. Both cell lines induced a 
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comparable G2/M arrest, which is indicative of DNA damage (Fragkos et al., 2009), 

however, only the UVW cell line showed a larger increase in apoptosis in response to X-

irradiation. We believe that during the G2/M arrest, the T98g cell line has the capacity to 

repair the X-irradiation induced damage or maintain cells in the cell cycle checkpoint but 

the UVW cell line does not. We believe that this may be due to the basal expression of 

MGMT in the T98g cell line (Figure 3.2c). Further work should be used to test this 

hypothesis using the MGMT inhibitor, O6-benyzlguanine (Quinn et al., 2009) 

 

4.5.1.2 Temozolomide  

 

The literature surrounding temozolomide as a radiosensitiser is broad and contradictory, 

however it is important to remember that concomitant temozolomide and external beam 

radiotherapy remains the standard of care for high-grade glioma (Preusser et al., 2011; 

Stupp et al., 2005, 2010). Therefore, the interaction between the two treatments must 

be beneficial, or at the very least, not detrimental. In this study, radiosensitisation was 

defined as supra-additivity using combination index analysis. We demonstrated that 

temozolomide radiosensitises only the MGMT negative UVW cell line. This is in line with 

other studies using cells with a methylated MGMT promoter and has been validated 

clinically (Hegi et al., 2004; Stupp et al., 2005, 2009).  

 

Radiosensitisation in MGMT negative glioblastoma has been demonstrated using patient 

derived samples stereotactically injected into mouse brains (Carlson et al., 2009; 

Sarkaria et al., 2006). These reported studies showed an increase in the survival ratio 

for MGMT negative, but not MGMT expressing samples, and suggests that 

temozolomide is a radiosensitiser due to an increased survival ratio when temozolomide 

is given concurrently with radiation compared to adjuvantly (Carlson et al., 2009). 

Radiosensitisation was also seen with concurrent, but not adjuvant temozolomide 

therapy in primary glioblastoma cells (Chakravarti et al., 2006), again this occurred in an 

MGMT dependent manner. Reversal of radioresistance in MGMT positive tumours was 

seen when the MGMT inhibitor O6-benzylguanine was used (Chakravarti et al., 2006). 

We have shown that the T98g cell line basally express MGMT (Figure 3.2c), and when 

treated with temozolomide and external beam X-irradiation, no radiosensitisation was 

seen (Figure 4.3a & c). 
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The precise mechanism of temozolomide mediated radiosensitisation is disputed. It is 

agreed that the combination of temozolomide and external beam X-irradiation increased 

DNA damage compared to each constituent agent (Carlson et al., 2009; Chakravarti et 

al., 2006; Kil et al., 2008), an effect we have successfully replicated.. Specifically, we 

have shown that the combination of temozolomide and external beam X-irradiation 

increases recruitment of gH2a.X, which associates exclusively with double stranded 

breaks (Burma et al., 2001; Fragkos et al., 2009; Momota et al., 2003). Double stranded 

breaks in the DNA helix are induced by temozolomide and X-radiation as single agents 

(Hirose et al., 2001; Roos et al., 2004; Vignard et al., 2013) and are the most challenging 

DNA lesion to repair. 

 

By using two agents that are capable of inducing double stranded breaks, the level of 

DNA damage is increased, leading to a higher level of cell kill (Chakravarti et al., 2006). 

We believe that the increase in DNA damage demonstrated in our study results in a G2/M 

cell cycle arrest. Our data suggest that the increased levels of DNA damage is 

irreparable, given the subsequent G2/M arrest and the induction of apoptosis (Hirose et 

al., 2001; Roos et al., 2004, 2007). Inhibition of MGMT using O6-benzylguanine has been 

shown to increase the induction of apoptosis following DNA damage, suggesting that 

MGMT is a key radioresistance factor in glioblastoma (Chakravarti et al., 2006). This is 

supported by our data from the MGMT expressing T98g cell line, which showed no 

significant increase in apoptosis when treated with temozolomide and external beam X-

irradiation compared to temozolomide alone. 

 

However, Kil et al., (2008) also reported no G2/M arrest, and no induction of apoptosis 

in vivo in the MGMT negative U251 human glioma cell line and in the brain seeking 

variant of the MDA-MB231 breast cancer cell line, instead suggesting that the 

combination of temozolomide and g-radiation induces mitotic catastrophe (Kil et al., 

2008). However, this is contradictory to what our data demonstrates. We have shown a 

dose dependent increase in the magnitude of the G2/M cell cycle arrest and an increase 

in apoptotic induction. The combination of temozolomide and external beam X-irradiation 

did not increase the expression of apoptotic markers compared to external beam X-

irradiation alone in the MGMT negative UVW cell line. Time points chosen for detection 

of apoptotic markers closely match previous work and were chosen due to the late G2/M 

arrest and the requirement for temozolomide treated cells to undergo cycle of mismatch 

repair before apoptosis is induced (Caporali et al., 2004; Chakravarti et al., 2006; D’Atri 



 

 

164 

et al., 1998). The mitotic catastrophe induced by temozolomide and g-irradiation in the 

Kil (2008) study may have occurred as there was no G2/M cell cycle arrest, and arrest at 

this time point is required for induction of apoptosis (Fragkos et al., 2009; Roos et al., 

2004) 

 

Interestingly, both UVW and T98g cells treated with the combination of temozolomide 

and X-irradiation did not appear to progress through the apoptotic cell death pathway as 

expected. Similarly to cell treated with radiation alone, temozolomide and X-irradiated 

cells appeared to only enter early apoptosis, characterised by expression of 

phosphatidylserine moieties only (Genderen et al., 2006). Radiation is suggested to 

induce mitotic catastrophe over apoptosis (Eriksson and Stigbrand, 2010; Firat et al., 

2011), a mode of cell death associated with aneuploidy following unsuccessful or 

aberrant mitosis (Castedo et al., 2004). Cells undergoing mitotic catastrophe can still die 

through caspase dependent mechanisms (Firat et al., 2011; Mansilla et al., 2006; 

Portugal et al., 2010), suggesting that expression of phosphatidylserine moieties may 

still occur during mitotic catastrophe (Firat et al., 2011; Mansilla et al., 2006). Our data 

is inconclusive to this fact; confirmation should be carried out using confocal imaging, 

with DAPI staining and scoring for mitotic catastrophe being correlated with expression 

of phosphatidylserine moieties (Genderen et al., 2006). There is also a possibility that 

cells exposed to temozolomide and external beam al-irradiation may be undergoing a 

prolonged cell cycle arrest. This would prevent induction of mitotic catastrophe, as 

mitotic catastrophe requires cell to continue to grow and divide (Castedo et al., 2004). 

This should be confirmed by a broad range of time points being used to examine cell 

cycle distribution of treated cells and should be correlated with expression of classical 

cell cycle arrest markers such as CHK2 and Wee1 (Bartek and Lukas, 2003; Matheson 

et al., 2016; Squatrito et al., 2010) . 

 

4.5.1.3 Dimethyl fumarate  

 

As mentioned, there has been significant interest in using dimethyl fumarate as a hypoxic 

cell radiosensitiser in a number of cancers (Held et al., 1988, 1991), as the 

radioresistance factor glutathione can be depleted by dimethyl fumarate (Held and 

Hopcia, 1993; Held et al., 1991). We hypothesise that there would be an increase in 

DNA damage, cell cycle arrest and cytotoxicity when dimethyl fumarate was used in 

combination with external beam X-irradiation.  
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However, contrary to out hypothesis we have not been able to increase the effects of 

external beam X-irradiation with dimethyl fumarate in the UVW and T98g human 

glioblastoma cell lines. However, the concentrations of dimethyl fumarate used in these 

studies were between 0.3 and 25µM, whereas the Held study, which demonstrated 

hypoxic and minimal normoxic cell radiosensitisation, used a significantly higher 

concentration of 5mM (Held et al., 1988).  

 

The hypothesis that glutathione is a radioresistance factor has been well discussed and 

is commonly accepted (Bump et al., 1982). It was hypothesised that dimethyl fumarate 

would deplete intracellular glutathione levels, allowing for increased intracellular 

oxidative stress, through which radiation elicits most cytotoxicity (Hall and Giaccia, 

2012). However in our studies, the combination of dimethyl fumarate and external beam 

X-irradiation did not increase levels of DNA damage above the level induced by X-

irradiation as a single agent as measured by gH2A.x. gH2A.x is needed for G1 and G2/M 

cell cycle arrest following DNA damage via p21 and p53 stabilisation (Fragkos et al., 

2009). Without increased DNA damage and therefore cell cycle arrest, we believe that 

dimethyl fumarate is unlikely to function as a radiosensitiser.  

 

The failure of dimethyl fumarate to induce the hypothesised increase in DNA damage 

and cell kill may occur due to the levels of intracellular ionisable oxygen. Normoxic cells 

or tissue may have excess oxygen species, so that the level of oxygen species quenched 

by glutathione is negligible, meaning that dimethyl fumarate has a minimal effect (Bump 

et al., 1982; Held and Hopcia, 1993; Held et al., 1988).  

 

Future studies should therefore be performed using a cell permeable dye that is capable 

of detecting reactive oxygen species, such as 2′,7′-dichlorodihydrofluorescein diacetate 

(DCFDA) (Eruslanov and Kusmartsev, 2010) to detect whether the concentrations of 

dimethyl fumarate in combination with external beam X-irradiation are capable of 

inducing the hypothesised increase in reactive oxygen species. This should be trialled 

in cells grown in both hypoxic and normoxic conditions, verification of hypoxia should be 

performed using markers such as hypoxia inducible factor-1 (HIF-1α).  
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4.5.2 Effects of the temozolomide-dimethyl fumarate combination in combination with 

external beam X-irradiation  

 

We have shown that the combination of temozolomide and dimethyl fumarate is 

synergistic in UVW and T98g human glioblastoma cell lines. As discussed, the standard 

of care for glioblastoma is radiotherapy with concomitant and adjuvant temozolomide 

(Stupp et al., 2005, 2009, 2010). In order to determine how radiotherapy could influence 

the temozolomide-dimethyl fumarate combination, an assay cascade similar to Chapter 

3 was performed with the addition of 1 or 3Gy of external beam X-irradiation – above 

and below a patient clinical fraction (Preusser et al., 2011). 

 

We believe that this is the first combination of temozolomide and external beam X-

irradiation in combination with any form of glutathione inhibition.  

 

It was hypothesised that the temozolomide-dimethyl fumarate combination would 

synergise with external beam X-irradiation through two mechanisms: dimethyl fumarate 

will inhibit intracellular glutathione resulting in both higher intracellular temozolomide 

concentrations and higher reactive oxygen species levels, resulting in an increase in 

DNA damage to a level greater than DNA damage response pathways can repair, 

resulting in increased cell death.  

 

Our hypothesis that the temozolomide-dimethyl fumarate combination will increase cell 

kill in combination with external beam X-irradiation has been validated. Unfortunately, 

we have not been able to discern a mechanism of action of this radiosensitisation. An 

increase in the DNA-damaging abilities of temozolomide and external beam X-irradiation 

was expected to occur, this was hypothesised to increase G2/M cell cycle arrest with a 

correspondent increase in apoptotic induction. However, these effects were not seen. 

 

Significantly increased cell kill was seen when the temozolomide-dimethyl fumarate 

combination was combined with 1 or 3Gy of external beam X-irradiation compared to the 

non-irradiated temozolomide-dimethyl fumarate combination. Based on the use of 

combination index analysis, synergy between X-irradiation and the temozolomide-

dimethyl fumarate combination was described. Disappointingly, only 1Gy of external 

beam of external beam X-irradiation showed a synergistic interaction with the 

temozolomide-dimethyl fumarate combination in the UVW cell line. Both doses of 
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external beam X-irradiation synergised with the temozolomide-dimethyl fumarate 

combination in the T98g cell line. This suggests that the temozolomide-dimethyl 

fumarate combination should have synergistic interaction with a patient clinical fraction 

of 2Gy (Weller, 2011), but also suggests that the same cell kill may be achieved using a 

lower radiation dose. We have shown no significant difference between the 1 or 3Gy X-

irradiated temozolomide-dimethyl fumarate combination, and clinically, a lower dose of 

X-irradiation which achieves the same level of cell kill is likely to be beneficial to the 

patient. 

 

The increase in cell kill was correlated with a significant increase in DNA damage 

compared to external beam X-irradiation as a single agent. However, the level of gH2A.x  

induced by the X-irradiated temozolomide-dimethyl fumarate combination was not 

significantly higher than the level induced by the combination of temozolomide and X-

irradiation. Although the same level of DNA damage was detected in temozolomide and 

temozolomide-dimethyl fumarate combination X-irradiated samples, the damage caused 

by the combination may be more complex, meaning the cell cannot effectively repair the 

damage. Further work should be performed using confocal microscopy to detect 

individual H2A.x foci within the nucleus. This will allow for more precise quantification of 

DNA lesions to quantified. Confocal microscopy should be coupled with a broader range 

of time points, as well as experiments in which drug is removed, and the resolution of 

DNA damage measured. 

 

Despite no significant increase in DNA damage, the X-irradiated temozolomide-dimethyl 

fumarate combination significantly increased the size of magnitude of the G2/M cell cycle 

arrest in both UVW and T98g cells. We believe that this arrest is suggestive of increased 

temozolomide activity  as dimethyl fumarate has no significant effect on the cell cycle 

alone or in combination with external beam X-irradiation. An increase in G2/M arrest 

could be indicative of increased DNA damage as arrest at the G2/M checkpoint occurs 

to prevent the cells from dividing with damaged or low-fidelity DNA (Friedman et al., 

1998; Li, 2008). Again, gH2Ax foci detection through confocal microscopy may give a 

more precise quantification of DNA damage that correlates more closely with cell cycle 

data.  

 

There was no significant increase in the size of the apoptotic population despite the 

increased G2/M arrest. Cells arrested at the G2/M checkpoint are faced with two options 
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following DNA damage; repair the damage or apoptosis will be induced (Kastan and 

Bartek, 2004). We have previously shown that the temozolomide-dimethyl fumarate 

combination induces apoptosis in a similar pattern to temozolomide as a single agent 

(Figure 3.11 & 3.12). Given that the X-irradiated temozolomide-dimethyl fumarate 

combination induced a larger cell cycle arrest than the combination of temozolomide and 

X-irradiation, it was expected that there would be a larger apoptotic population. This was 

not validated, with all apoptotic populations reaching the same final size.  

 

Recovery from G2/M arrest should be investigated using flow cytometry on cells that 

have been treated, and had drug removed at a time point at which cells are known to 

arrest. Significant decrease in the size of the G2/M arrest following treatment removal 

would indicate a reparable level of DNA damage. This should be correlated with confocal 

microscopy data examining gH2a.X resolution. This would potentially inform on how the 

X-irradiated temozolomide-dimethyl fumarate combination influences DNA damage, cell 

cycle progression and overall cell fate following treatment.     
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4.6 Conclusions 

 

Temozolomide and external beam radiotherapy remains the current standard of care for 

high-grade glioma. We have shown, for the first time, that dimethyl fumarate in 

combination with the standard of care for glioblastoma has the potential to significantly 

increase treatment efficacy. This synergy occurred in spite of either single agent being 

a strong radiosensitiser.   

 

We believe that this increase in cell kill occurs through an increase in DNA damage. This 

increase in DNA damage is matched with an increase in G2/M cell cycle arrest. Arrest at 

this stage of the cell cycle is associated with one of two options; DNA damage repair or 

induction of apoptosis. Our hypothesis states that the level of DNA damage that the X-

irradiated temozolomide-dimethyl fumarate combination induced is high enough as to 

that cells will be incapable of successful DNA damage repair, and as such, apoptosis 

will be induced. However, we have not been able to successfully validate this hypothesis. 

Our data suggets that our hypothesis may be correct, but without further experimentation 

we cannot definitively state how the X-irradiated temozolomide-dimethyl fumarate 

combination induces cell kill to a greater extent that temozolomide or dimethyl fumarate 

in combination with external beam X-irradiation.  

 

Our data suggests that dimethyl fumarate is a very promising drug repurposing 

candidate for high-grade glioma when combined with the current standard of care, 

however, more work is required to elucidate a precise mechanism of action 
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Chapter 5 
Interrogation of the molecular and genetic 

targets of dimethyl fumarate, and the influence 

on temozolomide therapy in human glioblastoma 

cells 
 

5.1 Introduction 

 

Dimethyl fumarate is commonly used as an immunomodulatory agent to treat the 

auto-immune diseases psoriasis and multiple sclerosis (MS) (Xu et al., 2015). There is 

very little known about the precise mechanism of action of dimethyl fumarate in these 

diseases, however a number of mechanistic targets have been suggested. These targets 

include inhibition of glutathione, nitric oxide, activation of the anti-oxidant transcription 

factor NRF2 and stimulation of a number of cytokines such as IL-1b, IL-6 and TNF-a 

(Wilms et al., 2010). Table 5.1 shows the role of these factors in cancer. (Apte et al., 

2006; Kumari et al., 2016; Li et al., 2012b; Wang and Lin, 2008; Wang et al., 2008; Zhu 

et al., 

2013) 

Table 5.1: Suggested targets for the effects of dimethyl fumarate taken from Wilms 

(Wilms et al., 2010), the effects of dimethyl fumarate on this target, and the link of the 

target to the cancer.  

	

Suggested dimethyl 
fumarate target 

Effect of dimethyl 
fumarate 

Effect of target on cancer Ref. 

IL-1b Inhibition 

Increased stemness 
 

Increased invasion and 
angiogenesis 

Li et al., 2012 
 

Apte et al., 
2006 

IL-6 Inhibition 

Pro-survival and anti-apoptotic 
effects 

 
Increased invasion, metastasis 

and angiogenesis 

Kumari et al., 
2016 

NRF2 Upregulation 

Increased chemoresistance 
 

Required for self-renewal of stem 
cells 

Wang et al., 
2008 

 
Zhu et al., 

2013 

TNF-a Inhibition 

Increased growth and proliferation 
 

Increased invasion, metastasis 
and angiogenesis 

Wang & Lin, 
2012 
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Many of the targets and pathways which dimethyl fumarate target overlap with pathways 

commonly overexpressed in cancer, and as such dimethyl fumarate may have potential 

as an anti-cancer agent beyond its suggested role as a glutathione inhibitor (Ghods et 

al., 2013; Rocha et al., 2016). As seen in Table 5.1, dimethyl fumarate inhibits the 

cytokines IL-1b, IL-6 and TNF-a (Wilms et al., 2010), all of which have are known to be 

found at high levels in the tumour micro-environment, and inhibition of all of which has 

been shown to have an anti-cancer effect. 

 

Dimethyl fumarate has been reported to be a potent activator of the antioxidant 

transcription factor NRF2 which is known to be both chemo and radioprotective (Brennan 

et al., 2015; Hammer et al., 2018; Rocha et al., 2016; Saidu et al., 2017). NRF2 

expression strongly correlates to the grade of glioma, and high expression appears to 

be correlated with poor survival (Tsai et al., 2016). Dimethyl fumarate is such a potent 

activator of NRF2 that it can be used as a biomarker for successful dimethyl fumarate 

treatment in relapsing-remitting multiple sclerosis (Hammer et al., 2018).  

 

We hypothesise that dimethyl fumarate will decrease glutathione levels and modulate 

intracellular levels of nitrites to increase glioblastoma cell chemosensitivity. We also 

hypothesise that the concentrations of dimethyl fumarate used will not influence the 

antioxidant transcription factor NRF2.  
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5.2 Aims and Objectives 

 

The aims of this study were: 

 

- To elucidate the underpinning mechanism molecular and genetic targets that 

dimethyl fumarate is capable of influencing in human glioblastoma cells 

 

- To understand how glutathione, nitrites and NRF2 affect temozolomide mediated 

cell kill in UVW and T98g human glioblastoma cells. 
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5.3 Materials and Methods 

 

5.3.1 Cell lines and routine cell maintenance 

 

All routine maintenance of cell lines was performed as described in Section 2.1.  

 

5.3.2 Drug preparation and treatment 

 

Temozolomide and dimethyl fumarate were prepared and treatment was performed as 

described in Section 2.2. The administered concentrations of temozolomide and 

dimethyl fumarate used were calculated as described in Sections 2.4 and 3.4.5.1.  

 

Pretreatment UVW and T98g human glioblastoma cells was carried out with 1mM of the 

antioxidants N-acetylcysteine and 5-hydroxy-tempo, 50µM of the nitric oxide donor S-

nitrosoglutathione, and 5µM of the NRF2 inhibitor ML385 (all Sigma Aldrich, UK), or 

100nM of the NRF2 stimulator CDDO-im (Tocris, UK) of the NRF2 modulators for 2 hours 

prior to addition of temozolomide.  

 

5.3.3 Clonogenic Assay 

 

Clonogenic assays were performed as described in Section 2.5  

 

5.3.4 Measurement of intracellular glutathione contents  

 

Glutathione assays were performed as described in Section 2.11. 

 

5.3.5 Measurement of intracellular reactive oxygen species levels 

 

Detection of intracellular oxidative stress was performed as described in Section 2.12. 

 

5.3.6 Fast activated cell-based ELISA  

 

Face assays were performed as described in Section 2.13 using primary anti-NRF and 

anti-serine 40 pNRF2 antibodies as described in Table 2.2 (Abcam, UK).  
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5.3.7 RNA extraction 

 

RNA extraction was performed as described in Section 2.14 using a Qiagen RNeasy 

Mini kit (Qiagen, UK) 

 

5.3.8 RT-qPCR  

 

RT-qPCR was performed as described in Section 2.15. Target gene transcription was 

performed using predesigned primers for ACTB, HMOX1 and NQO1 as described in 

Table 2.3 (Sigma Aldrich, UK) (Brennan et al., 2015) and a QuantiTect SYBR Green RT-

PCR kit (Qiagen UK). 

 

5.3.9 Griess assays   

 

Cellular nitrite production was performed by Griess assay as described in Section 2.16. 
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5.4 Results 

 

5.4.1 Modulation of intracellular glutathione levels by dimethyl fumarate and the impact 

on temozolomide mediated cell kill in UVW and T98g human glioblastoma cells 

 

An assay cascade was designed that allowed for the hypothesis that glutathione is a 

resistance factor in UVW and T98g human glioblastoma cell lines to be tested and for 

the examination of the effects of dimethyl fumarate on glutathione levels in these cell 

lines.  

 

Dimethyl fumarate was chosen for use in combination with temozolomide as it has been 

shown to modulate intracellular glutathione levels, an important chemoresistance factor 

in many cancers including glioblastoma (Rocha et al., 2014).  

 

The assay cascade designed allowed for quantification of intracellular glutathione levels 

following dimethyl fumarate treatment, the effect of increased glutathione levels on 

temozolomide induced cell kill as measured by clonogenic assay and the modulation 

and effect of reactive oxygen species by and on temozolomide therapy.  
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5.4.1.1 Inhibition of intracellular glutathione  by dimethyl fumarate 

   

In order to assess the effects of dimethyl fumarate on intracellular glutathione levels, the 

reduction of DTNB to TNB was measured spectrophotometrically to give a quantifiable 

level of glutathione. 

  

Dimethyl fumarate induced a rapid, dose independent decrease in intracellular 

glutathione levels in both UVW and T98g cells (Figure 5.1a and c respectively). In both 

cell lines this decrease occurred following 30-minute incubation with dimethyl fumarate 

and resulted in an approximately 50% decrease in intracellular glutathione levels in UVW 

cells (p-value <0.001) and a ~60% decrease in T98g cells (p-value <0.001) compared to 

an untreated control. There was a slight increase in glutathione levels following 2, 4 or 6 

hours of 3 or 9µM dimethyl fumarate treatment in UVW cells compared to 30-minute 

treatment (p-value >.05).  

 

There was a significant rebound in glutathione levels in both UVW and T98g cell lines 

following 24-hour dimethyl fumarate treatment, with glutathione levels returning to 

control levels in UVW cells and ~85% of control levels in T98g cell lines. Rebound levels 

of glutathione in both cell lines were not significantly lower than control levels (p-value 

>0.05), but were significantly higher than glutathione levels at all other time points (p-

value <0.0001). 

  

Increasing concentrations of dimethyl fumarate did not significantly affect glutathione 

levels. There was no significant difference in glutathione levels between each 

concentration of dimethyl fumarate used in either cell line (p-value >0.05). Area under 

the curve analysis shows this, with no significant difference in AUC for each 

concentration of dimethyl fumarate administered (p-value >0.05) (Figure 5.1b &d).  
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Figure 5.1: The impact of increasing concentrations of dimethyl fumarate on normalised 

intracellular glutathione content of a. UVW or c. T98g human glioblastoma cell lines over 

time. b. and d. show the area under the curve for each concentration of dimethyl 

fumarate. Data shown is an average of at least three independent experiments ± 

standard deviation. A 2-way ANOVA with Bonferroni post testing was performed using 

Graphpad Prism 8 software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** 

reported as significant. 
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5.4.1.2 Assessment of increased glutathione levels on temozolomide mediated cell kill 

 

N-acetylcysteine (NAC) is widely used as a reactive oxygen species scavenger. NAC is 

as prodrug, which spontaneously donates cysteine within the cytoplasm. Cysteine is 

then metabolised to increase intracellular glutathione levels, as the conjugation of 

cysteine is the rate limiting step of glutathione synthesis (Lu, 2013). Clonogenic assays 

were performed on cells pretreated with 1mM of NAC for two hours, and then treated 

with increasing doses of temozolomide to measure the effect of glutathione on 

temozolomide mediated cell kill. Glutathione assays were performed on NAC treated 

cells to confirm an increase in glutathione levels.  

 

There was  no significant decrease in temozolomide mediated cytotoxicity  in UVW cell  

cells after treatment with 0.5 or 5µM of temozolomide when pretreated with 1mM N-

acetylcysteine, however there was a significant decrease in cytotoxicity after 

administration of 15µM of temozolomide (p-value <0.001), with an increase in cell 

survival of 12%±0.04 in pretreated cells (Figure 5.2a) relative to cells treated with the 

same concentration of temozolomide, but not NAC. Furthermore, a 2-hour treatment of 

UVW cells with NAC significantly increased intracellular glutathione levels by 26%±0.02 

(p-value <0.001) (Figure 5.2b), indicating that increased glutathione levels is correlated 

with increase temozolomide resistance in the UVW cell line. 1mM of NAC induced no 

significant cytotoxicity as single agent (p-value >0.05) (Figure 5.2c). 
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Figure 5.2: The effects of the glutathione prodrug N-acetylcysteine (NAC) on a. 
temozolomide mediated cell kill and b. the effects of NAC on intracellular glutathione 

levels in UVW cells. The effect of NAC as a single agent on cell kill is also shown (c.). A 

1-way ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 

software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant.  
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Similarly to the UVW cell line, administration of 1mM of N-acetylcysteine to the T98g 

human glioblastoma cell line induced no significant cytotoxicity (p-value >0.05) (Figure 

5.3c).  Also similarly to the UVW cell line, NAC pretreatment did not significantly 

decrease the level of cell kill in temozolomide treated cells at the lowest two 

concentrations of temozolomide used, 50 and 200µM. N-acetylcysteine conferred 

significant  resistance to temozolomide after administration of  400µM of temozolomide 

(p-value <0.01), with a 21%±0.07 reduction in cell kill (Figure 5.3a) compared to cells 

treated with the same concentration of temozolomide.  2-hour treatment of T98g cells 

with NAC significantly increased intracellular glutathione levels by 12%±0.04 (p-value 

<0.01) (Figure 5.3b).  

 

We believe that this demonstrates that glutathione is a resistance factor to temozolomide 

in both UVW and T98g human glioblastoma cell lines as measured by the decrease in 

temozolomide mediated cell kill following N-acetylcysteine pretreatment, which we have 

shown significantly increases intracellular glutathione levels.  
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Figure 5.3: The effects of the glutathione prodrug N-acetylcysteine (NAC) on a. 
temozolomide mediated cell kill and b. the effects of NAC on intracellular glutathione 

levels in T98g cells. The effect of NAC as a single agent on cell kill is also shown (c.). A 

1-way ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 

software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant.  
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5.4.1.3 Assessment of dimethyl fumarate pretreatment on temozolomide mediated cell 

kill  

 

As dimethyl fumarate reduces intracellular glutathione levels, and glutathione has been 

shown to be a chemoresistance factor in UVW and T98g human glioblastoma cells, a 

time course study was performed. Cells were pretreated for between 30-minutes and 4-

hours with increasing concentrations of dimethyl fumarate to deplete intracellular 

glutathione levels before addition of temozolomide. Concentrations of temozolomide 

used were the same as described in Section 3.4.1.3.  

 

In UVW cells, increasing dimethyl fumarate pretreatment time correlated to increased 

cell kill at the lowest dose of dimethyl fumarate used, 0.3µM. This resulted in a 10±0.002, 

15±0.04 and 20±0.03% reduction in cell survival compared to simultaneous treatment 

following 30-minutes, 2-hour or 4-hour pretreatment respectively. This improvement in 

cell kill was significant following 2-hour pretreatment (p-value <0.05) and 4-hour 

pretreatment (p-value <0.01) compared to a simultaneous treatment. This trend of 

decreased cell survival in relation to dimethyl fumarate pretreatment was observed again 

after administration of 3µM dimethyl fumarate, with a 5±0.11, 10±0.04 and 18±0.05% 

reduction in cell survival in response to increasing pretreatment time. However, only the 

reduction in cell survival following 4-hour pretreatment was significant (p-value <0.01),  

 

At the highest dose of dimethyl fumarate administered, 9µM, no significant difference in 

cell kill between dimethyl fumarate pretreatment prior to addition of temozolomide and 

simultaneous treatment with the temozolomide-dimethyl fumarate combination was 

observed (Figure 5.3a). As seen in Figure 5.3b, there was a significant decrease in the 

area under the curve for the 2 and 4-hour pretreatment groups (p-value <0.05), indicating 

that dimethyl fumarate pretreatment does increase temozolomide mediated cell kill.  

 

Similarly to the UVW cell line, dimethyl fumarate pretreatment in the T98g cell line 

showed increased cell kill compared to simultaneous treatment with temozolomide and 

dimethyl fumarate. Compared to simultaneous temozolomide and dimethyl fumarate 

treatment, pretreatment with 3.125µM of dimethyl fumarate prior to addition of 

temozolomide significantly increased cell kill by 15±0.04, 20±0.01 and 25±0.03% 

following 30-minutes (p-value <0.05), 2-hour (p-value <0.01) or 4-hour (p-value <0.01) 

pretreatment respectively.   
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As the concentration of dimethyl fumarate used for pretreatment increased to 12.5 and 

25µM, there was no significant increase in cell compared to cells simultaneously with 

temozolomide and dimethyl fumarate (p-value >0.05).  

 

There was a significant decrease in the area under the curve for the 4-hour pretreatment 

group (p-value <0.05) (Figure 5.3d), indicating that dimethyl fumarate pretreatment may 

give an overall increase temozolomide mediated cell kill.  

 

Our hypothesis that dimethyl fumarate pretreatment would increase temozolomide 

mediated cell kill was not shown when cells were pretreated with dimethyl fumarate. 

Concentration of dimethyl fumarate did not appear to have an effect on the increase in 

cell kill.  
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Figure 5.4: The impact of increasing concentrations of the temozolomide-dimethyl 

fumarate combination on the clonogenic capacity of a. UVW and c. T98g human 

glioblastoma cell lines following dimethyl fumarate pretreatment for between 4-hours and 

30-minutes. The area under the curve for each data set is also shown in figures b. and 

d. for UVW and T98g human glioblastoma cell lines respectively. Data shown is an 

average of at least three independent experiments ± standard deviation. A 2-way 

ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 software, 

with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. Colours 

refer to significance compared to simultaneous treatment.  
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5.4.1.4 Assessment of reactive oxygen species scavengers on temozolomide mediated 

cell kill 

 

N-acetylcysteine is used primarily as a reactive oxygen species scavenger. To show that 

increase in glutathione levels, but not ROS scavenging was the mechanism of NAC 

mediated chemoresistance, a glutathione independent reactive oxygen species 

scavenger was used. 5-hydroxy-tempo or tempol, is a superoxide dismutase mimetic 

that is capable of reactive oxygen species scavenging without increasing glutathione 

levels (Bernardy et al., 2017; Yamada et al., 2003). Clonogenic assays were performed 

on cells pretreated with 1mM of tempol for two hours, and then treated with increasing 

doses of temozolomide to measure the effect of a glutathione independent ROS 

scavenger on temozolomide mediated cell kill. 

 

As demonstrated in Figure 5.5a, there was no significant alteration in UVW cell kill 

induced by temozolomide in UVW cells pretreated with 1mM tempol. Pretreatment with 

tempol prior to the addition of temozolomide has no significant effect on cell kill compared 

to treatment with temozolomide as a single agent (p-value >0.05). In the UVW cell line, 

tempol induced no significant increase in cytotoxicity compared to an untreated control, 

with a 5±0.008% decrease in cell survival respectively as seen in Figure 5.5c (p-value 

>0.05).  

 

Tempol is suggested to scavenge ROS by acting as a superoxide dismutase mimetic, 

independently of glutathione. In order to rule out the role of glutathione in tempol 

mediated ROS scavenging, glutathione assays were performed on cells treated with 

1mM tempol. In UVW cells there was a non-significant increase in glutathione levels (p-

value >0.05) (Figure 5.5b).  
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Figure 5.5: The effects of 1mM of the SOD mimetic tempol on a. temozolomide mediated 

cell kill and b. intracellular glutathione levels in UVW cells.  The effect of tempol as a 

single agent on cell kill in UVW human glioblastoma cell is also shown (c.). A 1-way 

ANOVA with Bonferroni post testing was performed using Graphpad Prism 8 software, 

with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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Similarly to UVW cells, Figure 5.6a shows that there was no significant alteration in cell 

kill induced by temozolomide in T98g cells pretreated with 1mM tempol. Pretreatment 

with tempol prior to the addition of temozolomide has no significant effect on cell kill 

compared to treatment with temozolomide as a single agent (p-value >0.05) (Figure 

5.6a). In the T98g cell line, tempol induced no significant increase in cytotoxicity 

compared to an untreated control, with a 7±0.08% decrease in cell survival respectively 

as seen in Figure 5.6c (p-value >0.05).  

 

Tempol is suggested to scavenge ROS by acting as a superoxide dismutase mimetic, 

independently of glutathione. In order to rule out the role of glutathione in tempol 

mediated ROS scavenging, glutathione assays were performed on cells treated with 

1mM tempol. In T98g cells there was a non-significant increase in glutathione levels (p-

value >0.05) (Figure 5.6b).  

 

This leads us to believe that N-acetylcysteine mediated increase in glutathione levels, 

and not reactive oxygen species scavenging, is the mechanism through which NAC is 

decreasing temozolomide mediated cell kill. We suggest this as tempol, a ROS 

scavenger that we have shown has no effect on glutathione levels, has no effect on 

temozolomide mediated cell kill in UVW and T98g human glioblastoma cell lines.  
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Figure 5.5: The effects of the SOD mimetic tempol on a. temozolomide mediated cell 

kill and b. intracellular glutathione levels in T98g cells.  The effect of tempol as a single 

agent on cell kill in T98g human glioblastoma cell is also shown (c.). A 1-way ANOVA 

with Bonferroni post testing was performed using Graphpad Prism 8 software, with p-

values of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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5.4.1.5 Assessment of N-acetylcysteine and tempol on temozolomide induced reactive 

oxygen species levels  

 

In order to determine if temozolomide treatment induces the generation of reactive 

oxygen species, UVW and T98g human glioblastoma cells were incubated with 

increasing doses of temozolomide as a single agent, or in the presence 1mM of N-

acetylcysteine or 1mM tempol. Oxidative stress was then measured by the oxidation of 

2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) to the fluorescent molecule 2′,7′-

dichlorofluorescein (Eruslanov and Kusmartsev, 2010). Increasing fluorescent signal is 

indicative of increased intracellular oxidative stress. Data was quantified using flow 

cytometry.  

 

In response to 24-hour temozolomide treatment, there was an increase in oxidative 

stress at all concentrations  of temozolomide  in UVW cells, with a 1.1±0.11, 1.2±0.10 

and 2±0.26-fold increase in fluorescence at 0.5, 5 and 15µM respectively (Figure 5.7a). 

Only the increase in oxidative stress following 15µM temozolomide treatment was 

significantly higher than basal levels of oxidative stress (p-value <0.01).  

 

When UVW cells were pretreated with either N-acetylcysteine or tempol the increase in 

oxidative stress was ablated to control level at all doses of temozolomide used. Only the 

reduction in oxidative stress after administration of 15µM of temozolomide was 

significant compared to temozolomide as a single agent (p-value <0.01), but this 

reduction was not significantly different than a NAC or tempol treated control (Figure 

5.7a).  

 

In response to 24-hour temozolomide treatment, there was a significant increase in 

oxidative stress  at all administered concentrations of temozolomide in T98g cells, with 

a 1.3±0.15, 1.5±0.10 and 1.5±0.28-fold increase in fluorescence at 50 (p-value <0.01), 

200 and 400µM respectively (p-value <0.001). 

 

As demonstrated in Figure 5.7b, when T98g cells were pretreated with either N-

acetylcysteine or tempol, the increase in oxidative stress was significantly ablated to 

control level at all doses of temozolomide administered (p-value <0.001). The reduction 

in oxidative stress by tempol after treatment with 200µM of temozolomide was 
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significantly lower than control levels (p-value <0.05), as was the reduction at 400µM of 

temozolomide (p-value <0.01). 

 

Taken with previous data, we believe that we have shown that reactive oxygen species 

does not play a role in temozolomide mediated chemoresistance. We have shown that 

pretreatment with the reactive oxygen species scavenger NAC, but not tempol, is 

capable of decreasing temozolomide mediated cell kill. We believe that this is due to the 

ability of NAC to increase intracellular glutathione levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

191 

 

 

Figure 5.7: The impact of increasing doses of temozolomide on intracellular oxidative 

stress in a. UVW or b. T98g human glioblastoma cell lines following 24-hour treatment. 

Data also shows the effects of 2-hour pretreatment following either 1mM NAC or 1mM 

tempol on temozolomide induced oxidative stress. Data shown is an average of at least 

three independent experiments ± standard deviation. A 2-way ANOVA with Bonferroni 

post testing was performed using Graphpad Prism 8 software, with p-values of <0.05 = 

*, <0.01=** and <0.001 = *** reported as significant compared to an untreated, NAC or 

Tempol treated control and p-values of <0.05 = #, <0.01=## and <0.001= ### reported 

as significant compared to temozolomide treated cells.  
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5.4.2 Modulation of NRF2 by dimethyl fumarate and the effect on temozolomide therapy 

in UVW and T98g human glioblastoma cells 

 

Dimethyl fumarate has been shown to activate NRF2, a transcription factor that is 

capable of activating a number of reactive oxygen scavenging genes. Using fast 

activated cell based ELISAs (FACE assays), activation of NRF2 was measured by 

phosphorylation of the serine-40 residue of NRF2 and confirmed by RT-qPCR for 

downstream targets of NRF2.  

 

A known inducer of NRF2, the synthetic triterpenoid CDDO-im, was used to stimulate 

NRF2 activation in UVW and T98g human glioblastoma cell lines prior to temozolomide 

treatment. This allowed for temozolomide mediated cell kill following NRF2 activation in 

these cell lines to be measured. 
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5.4.2.1 Modulation of the activation of the antioxidant transcription factor NRF2 by 

dimethyl fumarate 

  

FACE assays for quantification of ser40-pNRF2 were performed on dimethyl fumarate 

treated UVW and T98g human glioblastoma cell lines. To validate the results of FACE 

assays, RT-qPCR was performed on RNA extracted from cells treated with dimethyl 

fumarate to detect transcription of downstream targets of NRF2, HMOX1 and NQO1. 

 

Figure 5.8a shows the effects of administration of increasing doses of dimethyl fumarate 

on NRF2 phosphorylation over time. There was a rapid, dose independent increase in 

the level of pNRF2 following 2-hours of dimethyl fumarate treatment, with a 20±0.32% 

increase in the level of phosphorylated NRF2, however this was not significant compared 

to basal levels or the pNRF2 levels at any other time point (p-value >0.05). pNRF2 levels 

returned to basal levels after 4 hours of dimethyl fumarate treatment in a dose 

independent manner. This level of pNRF2 levels was maintained across the remaining 

time points.  

 

The increase in pNRF2 levels was matched by a significant increase in transcription of 

HMOX1 and NQO1 (Figure 5.8b), with a relative increase in expression of 5.1±1.55 (p-

value <0.01) and 6.1±1.29 (p-value <0.001) respectively. Expression of both genes 

declined rapidly after 4 and 24-hour  treatment. Levels of HMOX1 reduced  to control 

levels after 4 and 24-hour treatment, however, levels of NQO1 remained raised 

compared to a control (p-value <0.05). The decrease in HMOX1 and NQO1 levels at 4 

and 24-hour time points post-dimethyl fumarate treated was significantly lower than peak 

expression levels (p-value <0.01 & 0.05 for each gene respectively).   

 

 In contrast, T98g cells displayed a markedly different response to dimethyl fumarate 

mediated NRF2 activation compared to the UVW cell line. Figure 5.8c shows that from 

1-hour treatment with dimethyl fumarate, pNRF2 levels increased slowly in a dose 

dependent manner. The level of pNRF2 peaked after 6-hour dimethyl fumarate 

treatment, with 3.125µM, 12.5µM and 25µM inducing a 10±2.9, 25±3.1 and 30±3.2% 

increase respectively. However, this was not significant compared to basal levels of 

pNRF2 (p-value >0.05). Following this peak at 6-hours, there was a rapid decrease in 

pNRF2 levels to 15±3.03% below basal levels at 8-hour treatment. pNRF2 levels 

returned to basal levels by 24-hours.  
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Transcription of both HMOX1 and NQO1 approximately doubled after 4 and 24-hour 

treatment with 25µM dimethyl fumarate in the T98g cell line (Figure 5.8d), however this 

increase was not significant compared to basal expression levels (p-value >0.05). Levels 

of HMOX1 remained raised, but not significantly so, compared to basal levels after 24-

hour treatment, but transcription of NQO1 increased 5±0.86 fold compared to a control 

expression (p-value <0.01). At this time point levels of NQO1 were found to be 

significantly higher than 2 and 4-hour expression levels (p-value <0.01).  

 

This data suggests that the concentrations of dimethyl fumarate used in in the 

temozolomide-dimethyl fumarate combination are capable of activating the transcription 

factor NRF2 as measured by the increase in target gene expression.  
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Figure 5.8: The impact of dimethyl fumarate on levels of serine-40 phosphorylated 

NRF2 in a. UVW or c. T98g human glioblastoma cell lines over time as quantified by 

FACE assay. NRF2 target gene activation following treatment with 9µM or 25µM 

dimethyl fumarate in b. UVW or d. T98g human glioblastoma cell lines over time as 

quantified by RT-qPCR. Data shown is an average of at least three independent 

experiments ± standard deviation. A 2-way ANOVA with Bonferroni post testing was 

performed using Graphpad Prism 8 software, with p-values of <0.05 = *, <0.01=**, and 

<0.001 = *** reported as significant compared to a control. 
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5.4.2.2 Modulation of temozolomide mediated cell kill by NRF2 activity  
 

The triterpenoid CDDO-imidazolide is an activator of NRF2 via activation of antioxidant 

response elements and cyclic AMP response promoter elements. ML385 is a first in 

class synthetic NRF2 inhibitor that prevents NRF2 transcriptional activity by binding to 

the NEH1 domain of the protein which is required for DNA binding (Singh et al., 2016). 

UVW and T98g human glioblastoma cells were treated with 100nM of CDDO-im or 5µM 

ML385 for 2 hours to observe the effect of these compounds on serine-40 

phosphorylated NRF2 levels and the levels of two downstream targets of NRF2, HMOX1 

and NQO1. The effects of pretreatment with each agent, and therefore NRF2 activity, on 

temozolomide mediated cell kill was also examined by clonogenic assay.  

 

As demonstrated in Figure 5.9a, 2-hour treatment with 100nM CDDO-im increased 

levels of NRF2 with a phosphorylated serine-40 residue 1.9±0.44-fold (p-value <0.05) 

compared to an untreated control in UVW human glioblastoma cells. This translated to 

activation of NRF2 target genes, as seen in Figure 5.9b. Transcription of both HMOX1 

and NQO1 increased over 2.64±1.2 and 2.782±1.33-fold respectively in relation to b-

actin in response to treatment with 100nM CDDO-im (p-value <0.01).  

 

ML385 induced a 1.2±0.27-fold increase in the level of pNRF2 (p-value >0.05) (Figure 

5.9a).  Furthermore, there was no increase in transcription of HMOX1 or NQO1. 

Treatment with 5µM ML385 reduced HMOX1 or NQO1 transcription below control level 

in UVW cells, with a relative expression of 0.71±0.19 and 0.78±0.21 respectively. This 

was not significantly lower than basal gene expression levels in ML385 treated cells (p-

value >0.05) (Figure 5.9b).   

 

100nM CDDO-im treatment induced no significant toxicity as a single agent (p-value 

>0.05) (Figure 5.9d) but did induce a significant 1.9±0.44-fold increase in the level of 

phosphorylated NRF2. When combined with temozolomide, CDDO-im treatment 

reduced temozolomide mediated cell kill at all concentrations used, with a 5±2.30, 

10±0.8 and 30±0.05% reduction in cell kill at 0.5, 5 and 15µM respectively. However, 

only the reduction in cell kill at 15µM of temozolomide was significant (p-value <0.01) 

(Figure 5.9c).  
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Despite having no effect on pNRF2 levels and no significant effect on cell kill (p-value 

>0.05), ML385 was able to increase temozolomide mediated cell kill at 5 and 15µM, with 

a 35±13 and 40±6% improvement in cell kill respectively (p-value <0.001 & <0.001). 

ML385 treatment caused no significant cell kill as a single agent in the UVW cell line 

(Figure 5.9d).    
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Figure 5.9: The effects of NRF2 modulation on temozolomide mediated cell kill in the 

UVW human glioblastoma cell line. The effects of CDDO-im and ML385 on a. pNRF2 

levels and b. downstream targets of NRF2 in UVW cells. The effect of the NRF2 inducer 

CDDO-im and NRF2 inhibitor ML385 c. on temozolomide mediated cell kill is also shown, 

as is the effect of d. CDDO-im and ML385 as single agents. A 1-way ANOVA with 

Bonferroni post testing was performed using Graphpad Prism 8 software, with p-values 

of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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Figure 5.10a demonstrated that, similarly to the UVW cell line, treatment with 100nM 

CDDO-im significantly increased levels of serine 40 phosphorylated NRF2 1.5±0.25-fold 

(p-value <0.05) in the T98g cell line. This correlated to a significant increase in both 

NQO1 and HMOX1, with a 3.6±0.78 and 2.6±0.55-fold increase in relative expression 

respectively (p-value <0.05). 5µM ML385 induced no significant increase in levels of 

pNRF2 but did significantly lower levels of NQO1 below basal levels (p-value <0.01). 

There was no difference between expression of HMOX1 in cells treated with 5µM ML385 

and untreated cells (Figure 5.10b).  

 

Treatment with 100nM CDDO-im induced no significant cytotoxicity as a single agent (p-

value >0.05) (Figure 5.10d), but increased chemoresistance to temozolomide in T98g 

cells following treatment with 50 and 400µM. There was a significant 14±10.8 (p-value 

<0.05) and 15±4.09% (p-value <0.01) reduction in cell kill at 50µM and 400µM 

respectively, but no significant reduction in cell kill at 200µM (Figure 5.10c).     

 

Pretreatment with 5µM ML385 increased chemosensitivity at all administered 

concentrations of temozolomide (Figure 5.10c). This increase in chemosensitivity was 

significantly higher than temozolomide alone at 200µM, with a 25±7.03% improvement 

in cell kill (p-value <0.001) and at 400µM, with an 18±7.71% improvement in cell kill (p-

value <0.01). As a single agent, 5µM ML385 induced 15±10.1% cell kill, which was 

significantly greater than an untreated control (p-value <0.01) (Figure 5.10d).    

 

Figures 5.9 and 5.10 show that activation of NRF2 significantly increases 

chemoresistance to temozolomide. This was confirmed pharmacologically using a 

positive and negative regulator of NRF2. Taken with Figure 5.8, we believe that dimethyl 

fumarate mediated activation of NRF2 may significantly inhibit the efficacy of the 

temozolomide-dimethyl fumarate combination.   
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Figure 5.10: The effects of NRF2 modulation on temozolomide mediated cell kill in the 

T98g human glioblastoma cell line. The effects of the NRF2 inducer CDDO-im and NRF2 

inhibitor ML385 on a. pNRF2 levels and b. downstream targets of NRF2 in T98g cells. 

The effect of CDDO-im and ML385 c. on temozolomide mediated cell kill is also shown, 

as is the effect of d. CDDO-im and ML385 as a single agent. A 1-way ANOVA with 

Bonferroni post testing was performed using Graphpad Prism 8 software, with p-values 

of <0.05 = *, <0.01=** and <0.001 = *** reported as significant. 
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5.4.3.  Modulation of nitric oxide by dimethyl fumarate 

 

Dimethyl fumarate has a large number of suggested targets, one of which is nitric oxide. 

Previous studies have shown that dimethyl fumarate decreased nitrite levels in a number 

of systems (Wilms et al., 2010). In order to determine how the concentrations of dimethyl 

fumarate that constitute the temozolomide-dimethyl fumarate combination affect nitric 

oxide levels, Griess assays were performed on supernatant from dimethyl fumarate 

treated cells. In order to determine how nitrites effect temozolomide cell kill, the nitric 

oxide donor S-nitrosoglutathione (GSNO) was used to increase nitrite levels in both 

UVW and T98g human glioblastoma cells. Clonogenic assays were performed using 

temozolomide and GSNO pretreatment.   
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5.4.3.1 Quantification of nitrite levels following dimethyl fumarate treatment 

 

Dimethyl fumarate has been shown to  modulate nitrite levels in a number of systems 

(Wilms et al., 2010). Nitrites have a broad range of actions in cancers, some of which 

are anti-neoplastic and some of which are pro-neoplastic (Eyler et al., 2011; Morbidelli 

et al., 2004). Griess assays were performed on supernatant from cells treated with 

increasing concentrations of dimethyl fumarate for 2, 4 or 24 hours.  

 

In UVW cells, basal levels of nitrites were found to be 3.12±0.15µM at all time points. 

Dimethyl fumarate had no significant effect on levels of nitrites after 2, 4 or 24-hour 

treatment. There was no significant difference in nitrite levels between any of the time 

points examined (Figure 5.11a). 

 

In the T98g cell line, increasing concentrations of dimethyl fumarate had no effect on 

nitrite levels at any time point. There was no significant change in nitrite levels following 

2, 4, or 24-hour treatment with increasing concentrations of dimethyl fumarate in T98g 

cells. Again, there was no significant difference in nitrite levels between any of the time 

points examined (Figure 5.11b). 
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Figure 5.11: The effects of dimethyl treatment on nitrite levels in a. UVW and b. T98g 

human glioblastoma cell lines. Cells were treated with increasing concentrations of 

dimethyl fumarate for 2, 4 or 24 hours before supernatant was collected and nitrite level 

analysed using the Griess assay. Data shown is an average of 3 independent 

experiments ± standard deviation. A 2-way ANOVA with Bonferroni post testing was 

performed using Graphpad Prism 8 software, with p-values of <0.05 = *, <0.01=**, and 

<0.001 = *** reported as significant. 
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5.4.3.2 Assessment of S-nitrosoglutathione on temozolomide mediated cell kill  

 

S-nitrosoglutathione (GSNO) is an endogenous nitric oxide donor that spontaneously 

releases nitric oxide under physiological conditions. GSNO is also used experimentally 

to increase nitric oxide levels in in vitro systems. Clonogenic assays were performed on 

cells pretreated with 50µM of GSNO for two hours, and then treated with increasing 

doses of temozolomide to measure the effect of nitric oxide on temozolomide mediated 

cell kill.  

 

As seen in Figure 5.12a, treatment with 50µM S-nitrosoglutathione significantly 

increased basal nitrite levels from 3.1±0.15µM to 4.7±0.44µM (p-value <0.01). The same 

concentration of S-nitrosoglutathione did not significantly increase the levels of 

intracellular glutathione in UVW cells (Figure 5.10b).    

 

The UVW cell line showed no significant decrease in temozolomide mediated cytotoxicity 

at any concentration of temozolomide when pretreated with 50µM GSNO, but a non-

significant increase in survival was observed at each concentration of temozolomide 

used (p-value >0.05) (Figure 5.12c). 50µM of GNSO induced no significant cytotoxicity 

as single agent (p-value >0.05) (Figure 5.12d).   
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Figure 5.12: The effects of nitric oxide modulation by S-nitrosoglutathione (GSNO) on 

temozolomide mediated cell kill in the UVW human glioblastoma cell line. The effects of 

GSNO on a. nitric oxide and b. glutathione levels is shown as is the effect on survival of 

c. GSNO pretreatment on temozolomide mediated cell kill and d. GSNO as a single 

agent. A 1-way ANOVA with Bonferroni post testing was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as 

significant. 
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In the T98g cell line, treatment with 50µM S-nitrosoglutathione (GSNO) significantly 

increased basal nitrite levels from 3.2±0.04µM to 5.2±1.02µM (p-value <0.05) (Figure 

5.13a). Similarly to the UVW cell line, the same concentration of S-nitrosoglutathione did 

not significantly increase the levels of intracellular glutathione in T98g cells (Figure 

5.13b).    

 

GSNO pretreatment in temozolomide treated T98g cells showed no effect, with 50 and 

200µM temozolomide treatment inducing the same level of cell kill with or without GSNO 

pretreatment (p-value >0.05) (Figure 5.13c).  

 

Following treatment with 400µM temozolomide, approximately 51±0.9% cell kill was 

achieved. However, when cells were pretreated with 50µM GSNO, the same 

concentration of temozolomide caused a 30±7% cell kill, a 20% reduction (p-value 

<0.001) (Figure 5.13c). Again, 50µM of GNSO induced no significant cytotoxicity as 

single agent (p-value >0.05) (Figure 5.13d).   

 

Our data indicates that nitric oxide has little effect on temozolomide mediated cell kill.  
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Figure 5.13: The effects of nitric oxide modulation by S-nitrosoglutathione (GSNO) on 

temozolomide mediated cell kill in the T98g human glioblastoma cell line. The effects of 

GSNO on a. nitric oxide and b. glutathione levels is shown as is the effect on survival of 

c. GSNO pretreatment on temozolomide mediated cell kill and d. GSNO as a single 

agent. A 1-way ANOVA with Bonferroni post testing was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** reported as 

significant. 
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5.5 Discussion 

 

5.5.1 Glutathione as a chemoresistance factor in human glioblastoma cells  

 

The effects of dimethyl fumarate on the intracellular glutathione levels were interrogated, 

and the effects of glutathione on temozolomide mediated cell kill on UVW and T98g 

human glioblastoma cells was also examined. 

 

Dimethyl fumarate was initially proposed for use in cancer as a hypoxic cell 

radiosensitiser, where it was used at millimolar concentrations, with no significant 

mechanistic interrogation being performed beyond the suggestion of glutathione 

depletion  (Bump et al., 1982; Held and Hopcia, 1993; Held et al., 1988, 1991). As 

discussed in Chapter 3,  glutathione is a major chemo and radio-resistance factor (Rocha 

et al., 2014, 2016) with increased expression and nuclear localisation of the glutathione 

conjugating enzyme glutathione-s-transferase π (GSTπ) correlating with poorer patient 

outcome in glioma (Ali-Osman et al., 1997; Okcu et al., 2004; Zhu et al., 2018).  

 

The concept of glutathione depletion has been widely used in cancer to enhance 

chemotherapy and radiotherapy. Buthionine sulphoximine has been previously used in 

a number of studies to deplete glutathione via inhibition of the glutathione precursor 

enzyme, g-glutamylcysteine synthetase (Allalunis-Turner et al., 1991; Dorr et al., 1986; 

Lu, 2013). The millimolar range that BSO has been administered at has however been 

shown to induce deletions in foetal DNA (Reliene and Schiestl, 2006). Dimethyl fumarate 

is safe, efficacious and already clinically available, with doses of 480mg being well 

tolerated in humans (Phillips and Fox, 2013; Xu et al., 2015).  

 

We have demonstrated that dimethyl fumarate induced a rapid depletion of intracellular 

glutathione (Figure 5.1). However, we have shown that this depletion appears to be both 

concentration and time independent, with glutathione levels decreasing below 50% 

within 30 minutes of dimethyl fumarate treatment in both UVW and T98g human 

glioblastoma cells. The dose independent effect of  dimethyl fumarate on glutathione 

levels has been reported previously, but only at concentrations of dimethyl fumarate at 

far higher concentrations than those used in the temozolomide-dimethyl fumarate 

combination (Schmidt and Dringen, 2010). Rapid depletion of glutathione similar to our 
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results has been indicated to be pro-apoptotic (De Nicola and Ghibelli, 2014), correlating 

with data seen in Chapter 3, Figures 3.10 & 3.11. 

 

Studies utilising dimethyl fumarate at concentrations comparable to our own have shown 

both a time and concentration dependency on the effects of dimethyl fumarate mediated 

glutathione depletion (Brennan et al., 2015; Lin et al., 2011). However, the work by 

Brennan et al., (2015), showed similar trends to those reported in Figure 5.1, with no 

significant variation in glutathione levels, beyond the initial decrease. This occurs across 

the first 6 hours of dimethyl fumarate treatment, but with the greatest decrease in 

dimethyl fumarate levels occurring after 30 minutes. This indicates that our study is in 

line with previous studies utilising dimethyl fumarate to inhibit glutathione. 

 

There has been reports of a rebound in glutathione levels after 12 and 24 hours of 

dimethyl fumarate treatment (Brennan et al., 2015; Lin et al., 2011). This occurs though 

the activation of NRF2 and the subsequent transcription of a number of glutathione 

related enzymes such as glutathione S-transferase (GST), glutathione reductase, g-

glutamylcysteine ligase and glucose-6-phosphate dehydrogenase (Loboda et al., 2016; 

Saidu et al., 2017), a phenomenon that we have been able to replicate. This has been 

associated with glutathione depletion over a longer time period (De Nicola and Ghibelli, 

2014). NRF2 transcription of the glutathione “recycling” enzyme GST is thought to be a 

vital mechanism in aiding cell survival during times of oxidative stress (Harvey et al., 

2009), including oxidative stress induced by depletion of glutathione (Mytilineou et al., 

2002).  

 

As dimethyl fumarate was shown to deplete glutathione, it was hypothesised that 

pretreatment of UVW and T98g human glioblastoma cells with dimethyl fumarate would 

increase temozolomide mediated cell kill. This hypothesis was not however supported 

by the data. The hypothesised increase in cell kill was only seen at the lowest 

administered doses of dimethyl fumarate, although a trend in increased cell kill relative 

to pretreatment length was observed. This lack of increased cell kill was potentially due 

to the mechanism discussed above, with dimethyl fumarate depleting glutathione as 

expected, but also inducing NRF2 expression which prevents full realisation of the 

effects of glutathione depletion on temozolomide mediated cell kill (Brennan et al., 2015; 

Lin et al., 2011; Loboda et al., 2016; Saidu et al., 2017). 
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In order to interrogate the effects of increased glutathione on temozolomide induced cell 

kill, assays using the glutathione prodrug N-acetylcysteine were performed. However, 

N-acetylcysteine is most widely used and known as a reactive oxygen species 

scavenger, with literature tending to reference NAC as a ROS scavenger without 

mention of glutathione (Halasi et al., 2013; Zhitkovich, 2019). To account for this, assays 

using a separate, glutathione independent reactive oxygen species scavenger tempol 

were performed. Tempol is a non-thiol superoxide dismutase (SOD) mimetic (Yamada 

et al., 2003) and has been used previously in the literature to decrease ROS in models 

of inflammatory pain  (Bernardy et al., 2017) and mouse models of chemotherapy 

induced nephrotoxicity (Ahmed et al., 2014).  

 

Pretreatment with NAC significantly ameliorated temozolomide mediated cell kill in both 

UVW and T98g cell lines  following administration of 15µM and 400µM of temozolomide 

respectively, the highest dose of temozolomide used in each cell line. The effects of NAC 

on temozolomide mediated cell kill are unfortunately under-reported in the literature. 

Analysis of DNA damage levels and cell cycle progression of U87 human glioblastoma 

cells treated with temozolomide and NAC has suggested that there is a decrease in the 

level of gH2a.X phosphorylation and a decrease in the size of <G1 population in these 

cells compared to cells treated with temozolomide alone (Rocha et al., 2014). This is 

indicative of chemoprotection by NAC, although the Rocha study showed no cytotoxicity 

data for the pretreatment of U87 human glioblastoma cells with NAC (Rocha et al., 2014).  

 

The decrease in DNA damage reported by Rocha is hypothesised to occur through the 

mechanism discussed below; NAC  increases levels of glutathione, and as discussed in 

Chapter 3, the increased level of glutathione prevents temozolomide mediated DNA 

damage. Other studies have shown a direct decrease in temozolomide mediated 

cytotoxicity or cell viability when human glioblastoma cells are pretreated with 

comparable doses of NAC, with a decreased apoptotic induction in these cells (Zhang 

et al., 2010).  

 

There is even less supporting evidence regarding the effect of tempol in conjunction with 

temozolomide. As a single agent, tempol has been reported to be significantly cytotoxic 

against C6 glioma cells following 24-hour exposure (Gariboldi et al., 2003), an effect we 

were unable to replicate, as we found 1mM tempol caused only 6% cytotoxicity in both 

UVW and T98g human glioblastoma cells. Another study using the U87 and U3737 
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glioma cell lines has shown that tempol synergizes with temozolomide to significantly 

increase cell kill in a glutathione dependent manner (Ravizza et al., 2004). We have not 

been able to replicate this cytotoxicity or the effects of tempol on glutathione levels, and 

studies show that nitroxides such as tempol are unreactive towards glutathione in vitro 

(Głębska et al., 2003). Our results suggest instead that that there is no increase in cell 

survival when cells were pretreated with tempol prior to addition of temozolomide, 

indicating that SOD has no effect on temozolomide mediated cell kill. However, SOD 

has been suggested as a resistance marker in glioblastoma in a study using both patient 

derived glioblastoma cell lines and the U87 glioma cell line (Chang et al., 2017).  

 

We have also shown that temozolomide induces a significant increase in reactive oxygen 

species levels at the highest concentration used in UVW cells (15µM) and at all 

concentrations of temozolomide utilised in the T98g cell line. The induction of reactive 

oxygen species by temozolomide has been previously suggested by Barciszewska et 

al., (2015) and has been shown previously (Barciszewska et al., 2015; Zhang et al., 

2010), as has the induction of oxidative stress by alkylating agents (Conklin, 2004). 

Reactive oxygen species generation by temozolomide has been suggested to be due to 

mitochondrial DNA methylation (Rocha et al., 2016). We have shown that both NAC and 

tempol reduce temozolomide induced reactive oxygen species at the concentrations of 

NAC and tempol used. In the UVW cell line, there was a significant reduction of reactive 

oxygen species levels after administration of 15µM temozolomide when cells were 

pretreated with either NAC or tempol. In the T98g cell line, both tempol and NAC  

significantly decreased temozolomide induced reactive oxygen species at all doses of 

temozolomide used. No significance between either ROS scavenger was seen.  

 

When these results are taken in conjunction with cytotoxicity assays, it is indicative that 

reactive oxygen species play no significant role in temozolomide mediated cell kill at the 

concentrations utilised in the UVW and T98g cell lines. Both the lack of temozolomide 

mediated ROS induction as measured by change in DCFDA levels in the temozolomide 

sensitive UVW cell line, and the lack of chemoprotection conferred by tempol indicate 

that there was no role for reactive oxygen species in the mechanism of action of 

temozolomide. As reactive oxygen species as a potential mode of action in 

temozolomide cell kill has been ruled out, the increase in cell survival seen when both 

UVW and T98g cells were pretreated with NAC is unlikely to be due to the reactive 

oxygen species scavenging properties of NAC.  
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As we have shown that NAC decreases temozolomide mediated cell kill and given what 

is known about the metabolism of NAC and the biosynthesis of glutathione, we 

hypothesise that the increase in cell survival is due to the increased biosynthesis of 

glutathione. As mentioned, NAC is a prodrug, operating through the deacetylation of N-

acetylcysteine to cysteine (Zhitkovich, 2019), with the cysteine then being metabolised 

into glutathione. This is an effect we have been able to replicate (Figure 5.2 & 5.3). This 

is of particular importance as cysteine is found at levels seventy times lower than 

glutamate and glycine (~5µM compared to ~350µM in human erythrocytes), the other 

two amino acids in the glutathione tripeptide (Whillier et al., 2009). As a result of this 

concentration discrepancy, the atypical conjugation of cysteine and glutamate by g-

glutamylcysteine ligase is the rate limiting step in glutathione biosynthesis (Lu, 2013).  

 

To fully consolidate these results, levels of glutathione in NAC and tempol treated cells 

was assayed. These results show that although NAC and tempol reducing temozolomide 

mediated reactive oxygen species, only NAC increases intracellular glutathione levels. 

This suggests that the chemoresistance mediated by NAC is likely to be mediated 

through an increase in glutathione levels, validating the hypothesis that glutathione is a 

chemoresistance mediator in glioblastoma.  

 

We have shown that pretreatment with N-acetylcysteine, but not tempol, increased 

chemoresistance in both UVW and T98g human glioma cells towards the alkylating 

agent temozolomide. This is in keeping with our knowledge that glutathione is a major 

chemoresistance factor in glioma cells (Rocha et al., 2014, 2016). Given that dimethyl 

fumarate is able to significantly decrease glutathione levels and has been shown to have 

minimal effects on gH2a.X levels and cell cycle progression, we hypothesise that the 

chemosensitising effects of dimethyl fumarate are, as far as we are able to infer, are due 

to glutathione depletion.  

 

5.5.2 The effects of dimethyl fumarate on NRF2 activation in human glioblastoma cells  

 

NRF2 is a potent antioxidant transcription factor, responsible for cellular defence against 

increases in oxidative stress. As a transcription factor, NRF2 binds to areas of DNA 

known as antioxidant response elements (AREs), which allows transcription of genes 

vital to restoring the homeostatic redox environment of the cell (Loboda et al., 2016). 

These genes include the gene family responsible for increased glutathione activity, 
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turnover and clearance (Loboda et al., 2016) as well as the antioxidant genes HMOX1 

and SOD1 (Jaiswal, 2004).  

 

Due to this increase in transcription of protective and pro-survival genes, NRF2 is known 

as a chemo and radioresistance factor (Harvey et al., 2009; Kensler et al., 2007; Rocha 

et al., 2016; Sukumari-Ramesh et al., 2015). Both temozolomide and radiation are 

known to activate NRF2, which corresponds to increased chemo- and radioresistance 

(Cong et al., 2014; McDonald et al., 2010).  

 

Activation of NRF2 occurs through protein kinase-C mediated phosphorylation of the 

serine 40 residue NRF2 which facilitates nuclear translocation (Chen et al., 2016; Huang 

et al., 2002; Jaiswal, 2004), although activation through different residue modification 

has also been reported (Bloom et al., 2002; He and Ma, 2009). Nuclear translocation of 

ser40 phospho-NRF2 has been shown occur in as little as 5-minutes after 

phosphorylation by protein kinase C (Huang et al., 2002). However, it has been 

demonstrated that NRF2 nuclear accumulation has been shown to occur after 6-hours 

in T98g cells (Mimura et al., 2011). pNRF2 will then bind to AREs allowing for the 

transcription of the genes described above. Unfortunately, dimethyl fumarate is known 

to be an activator of NRF2 (Brennan et al., 2015; Foresti et al., 2013; Jing et al., 2015; 

To et al., 2015), even being used as a positive control in assays measuring NRF2 activity 

(Marcotte et al., 2013). Clinically, NRF2 has been suggested as a biomarker for 

successful dimethyl fumarate treatment in multiple sclerosis (Hammer et al., 2018).   

 

Dimethyl fumarate mediated activation of NRF2 has been widely reported (Hammer et 

al., 2018; To et al., 2015). The transcription of NRF2 activated genes has been 

demonstrated after administration of  from 20µM of dimethyl fumarate to microglia cells 

(Foresti et al., 2013), 5µM lower than the highest concentration used in T98g cells in this 

study. 6-hour dimethyl fumarate treatment has also been shown to increase nuclear 

levels of NRF2 in a dose dependent manner (Brennan et al., 2015). Foresti et al., (2013) 

showed similar results as measured by induction of HMOX1, a downstream target of 

NRF2, with a significant increase in gene levels following 6-hour exposure to 20µM 

dimethyl fumarate (Foresti et al., 2013).   

 

In order to be aware of the effects of dimethyl fumarate on NRF2 in human glioblastoma 

cells, FACE assays for serine-40 phosphorylated NRF2 were carried out with validation 
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by RT-qPCR for downstream targets of activated NRF2. The effects of NRF2 activation 

by the triterpenoid CDDO-imidazolide on temozolomide mediated cell kill were also 

assayed using clonogenic assays.  

 

Concentrations of dimethyl fumarate used in the temozolomide-dimethyl fumarate 

combination appear to be capable of inducing NRF2 activation. UVW and T98g human 

glioblastoma cells display a markedly different trend in response to dimethyl fumarate. 

pNRF2 levels increased rapidly in T98g cells in a dose dependent manner, peaking after 

6-hours of dimethyl treatment, before falling below basal levels after 8-hours of 

treatment. NRF2 target gene expression was raised after 2 and 4-hour treatment with 

25µM dimethyl fumarate, but after 24-hour treatment levels of NQO1 increased 

massively, indicating a slower activation of target genes as indicated by FACE data. 

NRF2 phosphorylation in UVW cells occurred differentially to T98g cells. In UVW cells, 

there is dose independent phosphorylation of NRF2 after 2 hours, before a decrease to 

basal levels after 4 hours treatment. This correlated closely with RT-qPCR data, with 

9µM dimethyl fumarate inducing significant transcription of both HMOX1 and NQO1 after 

2-hour treatment. Levels of NQO1 remained raised after 4 and 24-hour treatment, but 

HMOX1 levels did not. This is of interest as NQO1 appeared to be more responsive to 

dimethyl fumarate treatment in both UVW and T98g cell lines. There was no difference 

in transcription of HMOX1 or NQO1 in response to CDDO-im treatment in either cell line.  

 

The data showing dimethyl fumarate activation of NQO1 potentially suggests that NQO1 

transcription is one of the key mechanisms of action of dimethyl fumarate. As mentioned, 

dimethyl fumarate is used as a treatment for the inflammatory diseases psoriasis and 

multiple sclerosis (Meissner et al., 2012; Phillips and Fox, 2013; Xu et al., 2015). Raised 

levels of NQO1 have been found in severe multiple sclerosis lesions, indicating that 

induction of NQO1 is an attempt by cells to ameliorate the damage caused by chronic 

demyelination (van Horssen et al., 2006), again suggesting that NQO1 activation may 

be a key role in the action of dimethyl fumarate.  

 

Activation of NQO1 by 10µM dimethyl fumarate has been shown in primary cortical 

cultures and hippocampal HT22 cells (Albrecht et al., 2012). This study linked dimethyl 

fumarate induced NRF2 activation with glutathione recycling. In cancer, it has been 

shown that high concentrations of dimethyl fumarate (100µM) appear to be cytotoxic, but 

low concentrations (0.25-5µM) are chemoprotective via induction of NRF2. Dimethyl 
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fumarate chemoprotection was induced via NRF2 mediated increase in glutathione 

levels (Saidu et al., 2017).  

 

The decrease in pNRF2 levels at 8-hours in T98g cells and 4 hours in UVW cells is 

indicative of a compensatory decrease upon induction of the antioxidant response 

following NRF2 phosphorylation by dimethyl fumarate. This is supported by our data, 

with a large increase in NRF2 target gene expression at time points overlapping with 

increases of pNRF2 levels. Nuclear export of activated NRF2 occurs through 

phosphorylation by a number of unknown kinases and GSK3 α/β before βTrCP mediated 

ubiquitination and subsequent proteasomal degradation (Cuadrado, 2015; Joo et al., 

2016), this mechanism may be redox sensitive (Li et al., 2006; Velichkova and Hasson, 

2005). The precise export mechanism has been muddied by a number of manuscript 

retractions based on the GSKβ/Fyn/NRF2-tyrosine568 phosphorylation hypothesis.  

 

There is very little separating UVW and T98g cells in response to dimethyl fumarate, 

both cell lines displayed very similar dose response curves, radiosensitising potential 

and effects on cell cycle progression. Both cell lines used in these studies also show 

similar effects with respect to  intracellular glutathione levels. The first quantifiable 

difference between UVW and T98g cells was the phosphorylation of NRF2 and 

subsequent gene transcription in response to dimethyl fumarate.  

 

We suggest that this difference may be due to alterations or mutations in KEAP-1 

cysteine residues in one of the cell lines, more likely T98g cells. T98g cells display a 

slower increase in pNRF2 and subsequent antioxidant gene expression compared to 

UVW cells. We suggest that this may be due to alteration in KEAP-1 cysteine residues, 

leading to slower release of NRF2 from the KEAP-1-NRF2 complex. KEAP-1 is the main 

regulator of NRF2, and binding of NRF2 to KEAP-1 induces proteasomal degradation of 

NRF2 (Kobayashi et al., 2006). Further work using mass spectrometry as described by 

Brennan could be used to validate this hypothesis (Brennan et al., 2015) 

 

Structurally, KEAP-1 is cysteine rich, with 27 cysteine residues. Three of these residues, 

cysteines 151, 273 and 288, have a functional role by inducing a conformational change 

in Keap1 structure leading to the release and nuclear translocation of NRF2 (Kobayashi 

et al., 2006; Li et al., 2012a; Taguchi et al., 2011; Zhang, 2006). If the release of NRF2 

is glutathione independent, release may instead occur through direct action of dimethyl 
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fumarate with these cysteine residues. This has been shown by Brennan et al., (2015) 

with direct modifications of cysteine 151, 257 and 273 in response to dimethyl fumarate 

treatment (Brennan et al., 2015). All three of these cysteine residues have been shown 

to be amongst the most reactive residues in the KEAP-1 structure (Eggler et al., 2005; 

Kobayashi et al., 2006; Taguchi et al., 2011; Zhang, 2006). 

 

Impaired or slower NRF2 release may occur through dimethyl fumarate interacting with 

KEAP-1 residues other than cysteiene-151, such as cysteine-257 or 273, which have 

been shown to interact with dimethyl fumarate, but to a lesser degree than cysteine-151 

(Brennan et al., 2015). Similarly to the effect of dose on pNRF2 levels in the T98g cell 

line, this effect has shown to be dose dependent (Brennan et al., 2015).  

 

Our hypothesis has shortfalls, mainly that modification of cysteine residues, particularly 

cysteine 151, has been shown to have no effect on the release kinetics of NRF2 from 

KEAP-1 (Eggler et al., 2005). However, Eggler et al., (2005) also acknowledge that the 

main techniques used, the electrophoretic mobility shift assay, may not be sensitive 

enough to detect this change (Eggler et al., 2005). Although mutations in cysteine 151 

may not be enough to alter the release kinetics of NRF2 from KEAP-1, it has been shown 

that substitution for the reactive cysteine-151 for a non-reactive alanine prevents full 

activation of NRF2 (Yamamoto et al., 2008), interestingly this study has also shown that 

cysteine-151 modification allows KEAP1 to retain the ability to bind NRF2. One of the 

main strengths of this theory is that Singh showed that ML385 was cytotoxic only towards 

KEAP-1 mutant cells (Singh et al., 2016), similarly to what we have shown in Figure 

5.10d. This suggest that the T98g cell line has a mutant KEAP-1. 

 

This leads us to maintain this as our working hypothesis for the differential activity of 

pNRF2 in UVW and T98g cells in response to dimethyl fumarate.  

 

Due to the increased transcription of protective and pro-survival genes, NRF2 is known 

as a chemo and radioresistance factor (Harvey et al., 2009; Kensler et al., 2007; Rocha 

et al., 2016; Sukumari-Ramesh et al., 2015). This is shown in Figure 5.8. The synthetic 

triterpenoid CDDO-im (To et al., 2015) was used to induce NRF2 phosphorylation in 

UVW and T98g cells. CDDO-im significantly increased the level of serine-40 

phosphorylated NRF2 in these cells with a correspondent increase in NRF2 related gene 

expression, however this was to a lower level than previously reported (To et al., 2015). 
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Our data agrees with what has been shown about the effects of NRF2 activity on 

temozolomide therapy (Cong et al., 2014, 2014; Ma et al., 2015b; Zhang and Wang, 

2017). In UVW cells, there was almost complete ablation of temozolomide mediated cell 

kill following CDDO-im mediated induction of NRF2, with a 30% decrease in cell kill 

following administration of 15µM of temozolomide, the IC50 of temozolomide in these 

cells. There was a smaller effect in the T98g cell line, with a 15% amelioration of cell kill 

at the IC50, 400µM, possibly due to the high DNA damage repair capacity of these cells 

proposed in Sections 3.5.2.1 and 4.5.1 meaning that MGMT is a more vital resistance 

factor than NRF2 for temozolomide in MGMT positive glioblastoma.    

 

We believe that this is the first reported combination of temozolomide and ML385, the 

NRF2 inhibitor used for this study.  ML385 prevents transcription of NRF2 target genes 

by binding Neh1, the cap’n’collar domain of the NRF2 protein (Singh et al., 2016). The 

Neh1 domain of NRF2 is required for DNA binding and dimerization (McMahon et al., 

2004; Nioi et al., 2005). By preventing transcription of target genes, ML385 significantly 

improves temozolomide mediated cell kill in both UVW and T98g glioblastoma cell lines. 

We have shown that, as hypothesised, ML385 lowers gene expression to below control 

levels, but only significantly for NQO1 in the T98g cell line. This occurs through the 

mechanism above; prevention of the transcription factor interacting with the antioxidant 

response elements needed for gene transcription. The improvement in temozolomide 

mediated cell kill likely occurs through the prevention of transcription of glutathione 

cycling enzymes (Loboda et al., 2016). Further interrogation of this mechanism of action 

should be performed as NRF2 inhibition is likely to be beneficial to a number of cancers 

(Ma et al., 2015b; Singh et al., 2016; To et al., 2015).  

 

We suggest that the mechanism for dimethyl fumarate inducing NRF2 may be 

glutathione independent, as both cell lines were depleted of glutathione in a dose 

independent manner after just 30 minutes exposure. If NRF2 activation was glutathione 

mediated, we believe that there would similar phosphorylation and transcription activity 

in both cell lines. Glutathione depletion has been suggested as a mechanism of NRF2 

release and phosphorylation (Chia et al., 2010; Limón-Pacheco et al., 2007), but our 

data does not support this. The increase in dimethyl fumarate levels following 24-hour 

exposure is likely to occur though the activation of NRF2 and a subsequent increase in 

glutathione metabolism genes (Loboda et al., 2016; Saidu et al., 2017). This aids cell 
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survival under oxidative stress (Harvey et al., 2009), including oxidative stress induced 

by depletion of glutathione (Mytilineou et al., 2002). 

 

This data highlights the danger of NRF2 activation in glioblastoma cells. As discussed 

dimethyl fumarate is known to activate NRF2 (Brennan et al., 2015; Foresti et al., 2013), 

and it appears, that the temozolomide-dimethyl fumarate combination activates NRF2, 

leading us to conclude that care must be taken if using dimethyl fumarate clinically.  

 

5.5.3 The effects of dimethyl fumarate on nitrite production in human glioblastoma cells 

 

As a final, exploratory mechanistic investigation, the effects of dimethyl fumarate on 

nitrite levels were investigated using Griess assays.  

 

The role of nitric oxide is incredibly diverse. In many cancers, high concentrations of 

nitric oxide have been shown to be cytotoxic to tumours, and nitric oxide donors have 

been suggested as anti-neoplastic agents. However, low concentrations of nitric oxide 

have been shown to have anti-apoptotic effects via mutation of p53 and direct inhibition 

of the proapoptotic caspase family (Zech et al., 2003). Nitric oxide has also been shown 

to increase tumour growth and metastasis via increased angiogenesis and 

vascularisation. Dimethyl fumarate has been previously shown to decrease levels of 

nitrites in microglia and astrocytes  in response to interferon-g  and lipopolysaccharide 

(LPS) stimulation (Foresti et al., 2013; Wilms et al., 2010) as well as in astrocytes and 

C6 rat glioma cells (Lin et al., 2011).  

 

Our data suggests that the effects of dimethyl fumarate on nitric oxide in cancer are 

negligible. Our data shows that there is no effect on nitric oxide levels following dimethyl 

treatment. studies showing that dimethyl fumarate reduces nitrite levels had stimulated 

dimethyl fumarate treated cells using interferon-g to increase nitrite production (Foresti 

et al., 2013; Lin et al., 2011; Wilms et al., 2010). Although our data does not show a 

change in nitrite levels, translation of dimethyl fumarate to in situ is likely to have an 

effect on nitrite levels. This is due to the tumour microenvironment.  

 

The tumour microenvironment describes the niche in the body that a tumour occupies, 

and the interaction of the tumour with the stroma, the immune and circulatory systems 

(Liotta and Kohn, 2001). Due to the level of immune infiltration observed in glioblastoma 
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(Beier et al., 2012; Doucette et al., 2013; Rutledge et al., 2013), it is likely that there will 

be an increase in tumoral nitric oxide levels. Immune cells are able to induce one of the 

three isoforms of the nitric oxide synthesis enzyme, inducible nitric oxide synthetase 

(iNOS/NOS2) (Lowenstein and Padalko, 2004). This could potentially increase levels of 

nitric oxide within tumour cells. In glioblastoma, this increase can lead to increased 

angiogenesis, tumour growth and stemness (Baker et al., 2014; Eyler et al., 2011).  

 

We suggest that because of this likely increase in nitric oxide levels, the effects of 

dimethyl fumarate on nitrite levels may be more pronounced in patients. This is made 

more relevant as dimethyl fumarate has been shown to inhibit transcription of iNOS and 

subsequent nitric oxide production in astrocytes and microglia (Wilms et al., 2010). 

Because of this, the effects of increased nitric oxide levels on temozolomide mediated 

cell kill were investigated. 

  

S-nitrosoglutathione is a nitric oxide donor that spontaneously releases nitric oxide under 

physiological conditions (Singh et al., 1996). GSNO has been shown to significantly 

increase nitric oxide levels in human blood cells (Macphail et al., 2003). We have shown 

that, as expected, GSNO significantly increased nitric oxide levels in both UVW and T98g 

human glioblastoma cells as measured using Griess assays. This increase was to a 

similar level as previously reported in C6 glioma cells (Yang et al., 2004).  

 

As its name suggests, S-nitrosoglutathione is also a source of glutathione, and 

decomposition of GSNO has been shown to produce glutathione (Singh et al., 1996). 

We have shown that GSNO treatment does not significantly increase intracellular 

glutathione levels in UVW or T98g human glioblastoma cells, ruling out a role for 

glutathione in GSNO mediated chemomodulation. From this data and our understanding 

of GSNO metabolism, we hypothesise that the effects of GSNO pretreatment on 

temozolomide mediated cell kill occur through the actions of nitric oxide.  

 

We have shown that pretreatment with GSNO is capable of significantly reducing 

temozolomide cell kill only at the highest concentration of temozolomide used in the T98g 

cell line. Chemoresistance mediated by GSNO has been previously been shown using 

the carbamoylating drug carmustine (Yang et al., 2004). This resistance occurred 

similarly to resistance mediated by iNOS, suggesting that iNOS may induce  

chemoresistance through the action of GSNO (Yang et al., 2004). Interestingly this study 
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only showed an increase in chemoresistance towards carbamoylating agents, but not 

alkylating agents such as temozolomide. As dimethyl fumarate has been shown to inhibit 

transcription of iNOS (Wilms et al., 2010), it stands to reason that dimethyl fumarate 

treatment may increase chemosensitivity of glioblastoma towards carmustine. 

 

However, given that we have presented limited evidence to suggest that GSNO is a 

resistance factor and there is limited evidence in the literature suggesting iNOS acts as 

a chemoresistance factor for temozolomide (Yang et al., 2004), the impact of dimethyl 

fumarate on iNOS and subsequent chemosensitivity is likely to be limited. 

 

This does not mean the action of dimethyl fumarate on nitrite levels in cancer may not 

be beneficial. As discussed, the production of nitrites is associated with increased 

angiogenesis (Cooke and Losordo, 2002; Kostourou et al., 2011; Morbidelli et al., 2003, 

2004). Glioblastoma is known to be a highly vascularised tumour, with sustained 

angiogenesis contributing to disease progression and invasion (Baker et al., 2014; 

Popescu et al., 2016; Ricci-Vitiani et al., 2010). Dimethyl fumarate could therefore have 

a potential anti-angiogenic activity.  

  

Further investigations should be performed to examine the effects of dimethyl fumarate 

on tumour vascularisation, and the effects of dimethyl fumarate in cancers with active 

iNOS. This would be best suited to models that are able to retain features of the tumour 

microenvironment.  
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5.6 Conclusions 

 

Glutathione is well established as a chemoresistance factor in a number of cancers, and 

dimethyl fumarate has been shown to deplete intracellular glutathione levels. Our work 

confirms this. We have shown that the concentrations of dimethyl fumarate used in the 

temozolomide-dimethyl fumarate combination are capable of rapidly reducing 

intracellular glutathione levels in both UVW and T98g human glioblastoma cell lines. 

Expanding on this, we have shown that the glutathione prodrug and reactive oxygen 

species scavenger N-acetylcysteine is able to ameliorate temozolomide mediated cell 

kill. We have also shown that this reduction in cell kill is unlikely to be through ROS 

scavenging, leading us to maintain our hypothesis that dimethyl fumarate is capable of 

synergy with temozolomide by inhibiting glutathione.  

 

Dimethyl fumarate is also known to be an activator of the antioxidant transcription factor 

NRF2. By measuring the intracellular levels of serine-40 phosphorylated NRF2 and 

determining NRF2 transcriptional activity with RT-qPCR for NQO1 and HMOX1, we have 

shown that, unfortunately, concentrations of dimethyl fumarate that constitute the 

temozolomide-dimethyl fumarate combination are capable of activating NRF2. The 

NRF2 stimulator, CDDO-im, was able to significantly decrease temozolomide mediated 

cell kill. We have also shown that an NRF2 inhibitor, ML385, is able to significantly 

increase temozolomide mediated cell kill. 

 

We conclude that nitric oxide has a minimal effect on chemomodulation, and that 

dimethyl fumarate may only affect nitrite levels in stimulated cells. We, however, do not 

rule out the role dimethyl fumarate may play in different models of glioblastoma.  

 

This leads us to conclude that although dimethyl fumarate is a potent glutathione 

inhibitor, care should be taken to prevent activation of NRF2, and this NRF2 related 

activity may limit future clinical deployment.   

 

 

 

 

 

 



 

 

222 

Chapter 6 
The effects of temozolomide and dimethyl 

fumarate in combination on three-dimensional 

models of human glioblastoma 
 

6.1 Introduction  

 
In vitro models are useful tools in drug discovery and development, offering a 

platform to screen and deconvolute the mode of actions of treatments in a rapid, 

economically viable manner. However, despite intensive in vitro research few of these 

screened compounds will translate to a clinical setting (Moreno and Pearson, 2013; 

Neidle, 2011; Rishton, 2005; Slater, 2001; Waring et al., 2015). This is in part due to the 

over utilisation of two-dimensional culture models, as these models often suggest 

translational potential, but fail to be representative of the in vivo or clinical environment 

leading to a low rate of clinical advancement of candidate drug molecules.  

 

Similarly, in vivo techniques such as xenografts, orthotopic injection, and genetically 

modified animal models such as those using the CRISPR/Cas9 and Cre-Lox systems 

have a high running cost, ethical challenges and are low throughput for drug discovery 

compared to two-dimensional culture (Candolfi et al., 2007; Cekanova and Rathore, 

2014; Cheon and Orsulic, 2011; Lampreht Tratar et al., 2018; Simons and Brayton, 

2017). Furthermore, drug discovery data from animal models overwhelmingly fail to 

translate to the clinic, with an attrition rate of over 90% (Mak et al., 2014). 

 

Multicellular tumour spheroids (MCTS; spheroids) are an important transitional model in 

the cancer therapeutics development pipeline, bridging the gap between 2D tissue 

culture and animal models (Kunz-Schughart, 1999). Spheroids better mimic several 

aspects of tumour biology that are difficult to capture with traditional in vitro cell culture 

techniques (Cui et al., 2017; Hirschhaeuser et al., 2010; Jamieson et al., 2015).  
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As seen in Figure 6.1, spheroid models consist of three distinct regions, a rapidly 

proliferating outer rim, a quiescent inner region and a necrotic core. As these regions do 

not have the same exposure to growth media, there is a decrease in nutrient and oxygen 

levels towards the core of the spheroid, and an increase in metabolic waste, carbon 

dioxide and lactate. This mirrors in situ tumour biology, where tissue distant from blood 

vessels receives limited nutrients and accumulates metabolic waste (Baker et al., 2014; 

Ricci-Vitiani et al., 2010).   

 

The difference in oxygen and nutrient availability throughout the spheroid leads to three 

key phenomena not typically seen in monolayer culture of immortalised cell lines; 

heterogeneous cell phenotypes, asynchronous cellular growth and genetic mosaicism. 

Varied cell growth rates and genetic heterogeneity are features seen in tumour tissue 

and can result in increased treatment resistance compared to two-dimensional culture. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Schematic representation of a spheroid with the three main regions 

highlighted as well as relevant gradients. Adapted from (Hirschhaeuser et al., 2010; Sant 

and Johnston, 2017) 

 

We hypothesise that, based on results from Chapters 3 & 4, the supra-additive 

temozolomide-dimethyl fumarate combination will delay spheroid growth to a greater 

degree than temozolomide or dimethyl fumarate as single agents. We believe that the 

varied cell growth rates and phenotypic and genetic mosaicism, as well as the increased 

hypoxic cell fraction in spheroids, will offer a more robust challenge to the efficacy of 

temozolomide-dimethyl fumarate combination. This will allow us to reduce the animal 



 

 

224 

impact of this research by choosing only the most synergistic combinations to carry 

forward into in vivo models.  
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6.2 Aims and objectives  

 

The aims of this study were: 

 

- To determine the impact on spheroid growth of the temozolomide-dimethyl 

fumarate combinations when used to treat three-dimensional cultures of 

UVW and T98g human glioblastoma cells  
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6.3 Materials and Methods  

 

6.3.1 Cell lines and routine cell maintenance 

 

All routine maintenance of cell lines was performed as described in Section 2.1.  

 

6.3.2 Spheroid Formation and treatment 

 

Spheroids were formed and treated as described in Section 2.17 

 

6.3.2.1 Spheroid analysis 

 

Spheroids were analysed as described in Section 2.17.1 and 2.17.2 

 

t2 was defined as the time required for a 2-fold increase in spheroid volume following 

treatment, which represents a measure of the growth delay and doubling time (DT) was 

defined as the time required for a two-fold increase in spheroid volume within the 

exponential growth phase of the spheroid growth curve (McGinely, 2015). 
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6.4 Results  

 

6.4.1 Effects of temozolomide, dimethyl fumarate and the temozolomide-dimethyl 

fumarate combination on UVW and T98g spheroid growth 

 

The same concentrations of the temozolomide-dimethyl fumarate combination used 

throughout this project which resulted in supra-additivity were used in multicellular 

tumour spheroid models. Following treatment administration, spheroids were imaged 

and volumes measured over a period of three weeks. Growth kinetics following treatment 

were reported as t2 and doubling time (DT), which quantify growth delay and growth rate 

following treatment respectively. This allowed for the growth and spheroid regrowth 

delay of three-dimensional tumour models to the temozolomide-dimethyl fumarate 

combination to be measured.   
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6.4.1.1 Effects of temozolomide, dimethyl fumarate, and the temozolomide-dimethyl 

fumarate combination on UVW and T98g spheroid growth 

 

In UVW multicellular spheroids, increasing concentrations of temozolomide from 0.5µM 

to 15µM had no effect on spheroid volume compared to an untreated control (Figure 

6.2a & b). Overall, temozolomide treated spheroids increased in volume similarly to 

untreated control spheroids as measured by t2, DT, final V/V0 and area under the curve 

values (Figure 6.2c & d), with no significant difference between temozolomide treated 

and untreated groups (p-value >0.05). There was no significant difference in the t2, DT 

and area under the curve values between 0.5, 5 and 15µM temozolomide treated groups 

(p-value >0.05). This indicates that temozolomide had no effect on UVW spheroid growth 

in this administered concentration range. This was unexpected, given the response of 

UVW cells to temozolomide in two-dimensional culture (Figure 3.2a) 

 

Similarly to temozolomide, dimethyl fumarate had no inhibitory effect on UVW spheroid 

growth (Figure 6.2e & f). Dimethyl fumarate treated spheroids increased in volume 

similarly to untreated spheroids as measured by t2, DT and area under the curve values, 

with no significant difference between dimethyl fumarate treated and untreated groups 

(p-value >0.05) (Figure 6.2g & h). There was no significant difference in the t2, DT and 

area under the curve values between 0.3, 3 and 9µM dimethyl fumarate treated groups 

(p-value >0.05).  

 

Conversely, the temozolomide-dimethyl fumarate combination had a dose-dependent 

inihibitory effect on UVW spheroid growth. There was inhibition of UVW spheroid growth 

at the highest concentration administered, 15µM+9µM of the temozolomide-dimethyl 

fumarate combination, but not at the two lower doses of the combination utilised in this 

study (Figure 6.2i & j). This is seen when comparing t2, DT and area under the curve 

values for spheroids treated with the temozolomide-dimethyl fumarate combination, with 

a dose dependent increase in growth delay and doubling time (p-value >0.05) (Figure 

6.2l). Exposure of UVW spheroids to 15µM+9µM of the temozolomide-dimethyl fumarate 

combination resulted in a significant decrease in the AUC, where the calculated AUC 

value decreased from 16.55±2.57 in untreated control spheroids to 12.59±1.82 (p-value 

<0.05) in drug treated spheroids (Figure 6.2k).  
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Spheroid volume was significantly reduced compared to untreated control spheroids 

from 14 days after exposure to 15µM+9µM of the temozolomide-dimethyl fumarate 

combination (p-value <0.05). This combination reduced spheroid volume significantly 

below control volume at all remaining time points.  

 

The highest dose of the temozolomide-dimethyl fumarate combination, 15µM+9µM, 

reduced spheroid growth compared to 15µM temozolomide and 9µM dimethyl fumarate 

as single agents as measured by t2 and DT values. This resulted in a significantly smaller 

V/V0 at day 21 in spheroids treated with 15µM+9µM temozolomide-dimethyl fumarate 

combination compared to each constituent dose as a single agent (p-value <0.05).  
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Figure 6.2 (facing): Growth curves of UVW human glioblastoma spheroids in response 

to increasing doses of a. temozolomide, e. dimethyl fumarate or i. the temozolomide-

dimethyl fumarate combination over a period of 3 weeks. Log transformed data for each 

treatment is shown in b., f., and j. respectively. Growth kinetics for each treatment are 

shown in d., h., and l., respectively. Area under the curve for each treatment was 

calculated and is shown in Figure 6.2 c., g., and k. Data shown is the average of three 

independent experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis 

with Dunn’s post hoc testing for multiple comparisons was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as 

significant. 
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Concentration (µM) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

0.5 7.46±0.15 8.40±0.55 7.21±0.12 

5 8.06±0.66 9.15±1.24 6.85±1.51 

15 7.15±0.34 8.02±0.99 6.11±0.81 

 

Concentration (µM) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

0.3 7.10±0.20 8.05±0.24 7.16±0.61 

3 7.19±0.39 8.35±0.98 7.37±1.32 

9 7.54±0.47 8.77±0.95 6.83±1.20 

 

Concentration  

(TMZ (µM)+DMF (µM)) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

0.5+0.3 6.62±0.0.42 7.63±0.20 7.53±0.97 

5+3 7.78±0.45 9.09±0.95 6.29±1.29 

15+9 10.89±0.65 12.49+1.71 3.38±0.19 

8.3±0.41 
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In T98g multicellular spheroids, increasing doses of temozolomide had a dose-

dependent effect on spheroid volume compared to an untreated control (Figure 6.3a & 

b), as measured by t2, DT and area under the curve values, with a dose dependent 

increase in both growth delay and doubling time in treated spheroids compared to 

untreated controls. This was not statistically significant (p-value >0.05) (Figure 6.3d). 

Treatment of T98g spheroids with 200 or 400µM temozolomide however resulted in a 

significant decrease in the AUC (Figure 6.3c), where the calculated AUC value 

decreased from 20.3±5.93 in untreated control spheroids to 13.36±3.71 (p-value <0.05) 

in spheroids treated with 200µM temozolomide and to 11.35±2.33 (p-value <0.05) in 

spheroids treated with 400µM of temozolomide. The final volume for T98g spheroids 

treated with 400µM of temozolomide was significantly smaller than the volume of 

untreated spheroids, decreasing from 7.05±0.93 to 4.18±0.35 (p-value <0.01). This is 

indicative of temozolomide having a dose dependent effect on T98g spheroid volume 

(Figure 6.3a & b).   

 

Dimethyl fumarate had no inhibitory effect on T98g spheroid growth (Figure 6.3e & f). 

Dimethyl fumarate treated spheroids increased in volume at a similar rate to untreated 

spheroids as measured by t2, DT and area under the curve values, with no significant 

difference between dimethyl fumarate treated and untreated groups (p-value >0.05) 

(Figure 6.3g). There was no significant difference in the t2, DT and area under the curve 

values between 3.125, 12.5 and 25µM dimethyl fumarate treated groups (p-value >0.05) 

(Figure 6.3h).  

 

The temozolomide-dimethyl fumarate combination had a dose-dependent effect on T98g 

spheroid volume (Figure 6.3i & j), as measured by t2, DT and area under the curve 

values, with a dose dependent increase in both growth delay and doubling time 

compared to untreated controls (Figure 6.3l). The area under the curve for spheroids 

treated with the temozolomide-dimethyl fumarate combination decreased from a volume 

of 20.3±5.93 in untreated control spheroids to 12.97±3.56 (p-value <0.05) following 

treatment with 200µM+12.5µM and to 10.13±1.52 (p-value <0.05) following treatment 

with 400µM+25µM of the temozolomide-dimethyl fumarate combination (Figure 6.3k) . 

 

However, the temozolomide-dimethyl fumarate combination did not significantly inhibit 

T98g spheroid growth compared to temozolomide and dimethyl fumarate as single 
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agents as  measured by t2, DT and area under the curve values, with no significant 

difference between combination and single agent treated groups (p-value >0.05). This 

indicates that despite high efficacy in two-dimensional, the temozolomide-dimethyl 

fumarate combination does not translate as effectively to three-dimensional models of 

glioblastoma.   
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Figure 6.3 (facing): Growth curves of T98g human glioblastoma spheroids in response 

to increasing doses of a. temozolomide, e. dimethyl fumarate or i. the temozolomide-

dimethyl fumarate combination over a period of 3 weeks. Log transformed data for each 

treatment is shown in b., f., and j. respectively. Growth kinetics for each treatment are 

shown in d., h., and l., respectively. Area under the curve for each treatment was 

calculated and is shown in Figure 6.2 c., g., and k. Data shown is the average of three 

independent experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis 

with Dunn’s post hoc testing for multiple comparisons was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as 

significant. 
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Concentration (µM) t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

50 9.83±1.20 10.12±1.03 6.96±0.46 

200 9.97±1.18 10.37±0.97 5.80±0.46 

400 10.91±0.56 11.05±0.35 4.18±0.35 

 

Concentration (µM) t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

3.125 7.41±0.82 8.09±0.70 8.70±1.75 

12.5 8.52±0.67 9.65±0.76 6.02±0.96 

25 8.12±0.81 9.29±0.89 5.86±0.98 

 

Concentration  

(TMZ (µM)+DMF (µM)) t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

50+3.125 7.72±0.64 7.73±0.44 7.91±0.50 

200+12.5 9.30±0.58 9.57±0.48 5.31±0.42 

400+25 12.79±0.32 13.04±0.32 2.77±0.27 
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6.4.2. Effects of temozolomide and dimethyl fumarate in combination with external beam 

X-irradiation on UVW and T98g spheroid growth 

 

In order to examine the effects of temozolomide and dimethyl fumarate in combination 

with external beam X-irradiation, UVW and T98g spheroids were treated with increasing 

doses of each agent prior to irradiation with 1or 3Gy. Spheroid growth was measured 

over a period of three weeks and changes in growth kinetics following treatment were 

reported as t2 and doubling time (DT), which quantify growth delay and growth rate 

following treatment respectively were compared to X-irradiation as a single agent.  
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6.4.2.1 Effects of external beam X-irradiation on UVW and T98g spheroid growth 

 

As a single agent, external beam X-irradiation significantly inhibited UVW multicellular 

spheroid growth in a dose dependent manner compared to untreated spheroids (Figure 

6.4a & b). UVW multicellular spheroids grew rapidly, significantly increasing in size after 

10-days with a 2.9±0.37 increase in spheroid volume (p-value <0.01) compared to day 

0 measurements. This increase in spheroid volume continued in a time dependent 

manner, with untreated spheroids reaching 6.1±0.81 times larger than initial 

measurements after 21 days (p-value <0.001).  

 

1Gy irradiated spheroids showed delayed growth as measured by change in volume, t2, 

DT and area under the curve values, with a dose dependent increase in both growth 

delay and doubling time compared to untreated controls (Figure 6.4d). Exposure to 1Gy 

significantly decreased UVW spheroid growth after 10 days compared to an untreated 

control (p-value <0.05). Significantly reduced spheroid volume was observed from 14 

days post exposure (p-value <0.01) compared to an untreated control, but not at 17 days 

(p-value >0.05). 21 days post X-irradiation, 1Gy irradiated spheroids had a significantly 

reduced volume compared to a non-irradiated control, with a final change in volume of 

3.46 (±0.86) compared to 6.11 (±0.81) (p-value <0.01). UVW spheroids treated with 1Gy 

had an increased growth delay and doubling time compared to an untreated control 

(Figure 6.4d), however this was not found to be significant (p-value >0.05).  

 

3Gy induced significant spheroid growth inhibition after 10 days post-irradiation 

compared to an untreated control (p-value <0.05) (Figure 6.4a & b), however the volume 

of 3Gy treated spheroids was not significantly different than the volume of 1Gy irradiated 

spheroids. Spheroids treated with 3Gy had a significantly lower increase in volume 

compared to non-irradiated spheroids at all remaining time points, with a final change in 

volume of 2.88 (±0.26) compared to 6.11 (±0.81) (p-value <0.001). Treatment with 3Gy 

significantly increased the t2 value from 8.26±047 in untreated spheroids to 19.13±2.65 

(p-value <0.05). Doubling time increased from 9.77±1.40 in untreated UVW spheroids to 

19.74±1.94 following exposure to 3Gy of external beam X-irradiation (p-value <0.05) 

(Figure 6.4d).  

 

Area under the curve (AUC) was calculated for each treatment group over time, with 1Gy 

and 3Gy reducing the AUC compared to untreated controls. The area under the curve 
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for decreased from 16.55±2.57 in untreated UVW spheroids to 10.78±2.04 (p-value 

<0.05) following treatment with 3Gy of external beam X-irradiation. This is indicative of 

external beam X-irradiation having a dose dependent inhibitory effect on UVW spheroid 

growth (Figure 6.4c).   

 

As demonstrated in Figure 6.4e, treatment with 1 or 3Gy of external beam X-irradiation 

did not significantly affect T98g spheroid growth kinetics as measured by change in 

volume, t2, DT and area under the curve values. The t2, DT and area under the curve 

values for T98g spheroids treated with both 1 and 3Gy of external beam X-irradiation 

were comparable to those of non-irradiated spheroids (Figure 6.4h).  

 

This data highlights the differential radiosensitivity of UVW and T98g human 

glioblastoma cell lines as quantified by changes in growth kinetics following X-irradiation, 

as reported as t2 and doubling time (DT), which quantify growth delay and growth rate 

following treatment respectively,  
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Figure 6.4: Growth curves of a. UVW, e. T98g human glioblastoma spheroids in 

response to exposure to 1 or 3Gy of external beam X-irradiation over a period of 3 

weeks. Log transformed data for each cell line is shown in b.  and f. respectively. Growth 

kinetics for each treatment are shown in d. and h. respectively. Area under the curve for 

each treatment was calculated and is shown in Figure 6.4 c. and g. Data shown is the 

average of three independent experiments ± standard error of the mean (SEM). Kruskal-

Wallis analysis with Dunn’s post hoc testing for multiple comparisons was performed 

using Graphpad Prism 8 software, with p-values of <0.05 = *, <0.01=** and <0.001 = *** 

reported as significant. 
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Dose (Gy) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

1 13.93±1.81 14.42±1.66 3.46±0.86 

3 19.13±2.65 19.74±1.94 2.88±0.25 

 

Dose (Gy) t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

1 8.28±0.63 9.13±1.16 6.74±0.84 

3 8.40±0.35 9.45±0.71 5.75±0.60 
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6.4.2.2 Effects of temozolomide and dimethyl fumarate in combination with external 

beam X-irradiation on UVW and T98g spheroid growth 

 

The combination of temozolomide and external beam X-irradiation inhibited UVW 

spheroid growth in a dose independent manner compared to untreated spheroids (Figure 

6.5a & b) as measured by change in volume, t2, DT and area under the curve values, 

with a dose independent increase in both growth delay and doubling time compared to 

untreated controls. These increases were not found to be statistically significant (p-value 

>0.05). 

 

When compared to temozolomide as a single agent, the combination of temozolomide 

and external beam X-irradiation inhibited UVW spheroid growth in a dose independent 

manner as measured by change in volume, t2, DT and area under the curve values, with 

a dose independent increase in both growth delay and doubling time compared to 

untreated controls. These increases were not found to be statistically significant (p-value 

>0.05) (Figure 6.5d & h).  

 

The area under the curve values for the combination of temozolomide and external beam 

X-irradiation were reduced compared to temozolomide as a single agent (p-value >0.05). 

This reduction occurred in a radiation dose dependent manner (Figure 6.5c & g). This 

indicates that there was a decrease in the overall growth of UVW spheroids following 

combination treatment compared to spheroids treated with temozolomide alone, but no 

alteration in growth kinetics.  

 

When compared to X-irradiation as a single agent, the combination of temozolomide and 

external beam X-irradiation did not inhibit UVW spheroid growth. The calculated values 

for t2 and DT were comparable to those in UVW spheroids exposed to external beam X-

irradiation alone (Figure 6.4d), indicating that the combination of temozolomide and 

external beam X-radiation did not significantly affect the kinetics of spheroid growth, 

compared to the effects of external beam X-radiation exposure alone. 

 

There was no significant variation between t2, DT and AUC values in UVW spheroids 

treated with temozolomide and 1Gy of external beam X-irradiation compared to UVW 

spheroids treated with temozolomide and 3Gy of external beam X-irradiation. 
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The combination of dimethyl fumarate and external beam X-irradiation had no effect on 

UVW spheroid growth compared to untreated spheroids as measured by change in 

volume, t2, DT and area under the curve values. There was found to be no variation in 

either growth delay or doubling time compared to untreated controls (p-value >0.05). 

 

When compared to dimethyl fumarate as a single agent, the combination of dimethyl 

fumarate and external beam X-irradiation inhibited UVW spheroid growth in a dose 

independent manner as measured by change in volume, t2, DT and area under the curve 

values, with a dose independent increase in both growth delay and doubling time 

compared to untreated controls. These increases were not found to be statistically 

significant (p-value >0.05) (Figure 6.5l & p).  

 

The area under the curve values for the combination of dimethyl fumarate and external 

beam X-irradiation was reduced compared to dimethyl fumarate as a single agent. This 

reduction occurred in a radiation dose dependent manner. This indicates that there was 

a decrease in the overall growth of UVW spheroids following combination treatment 

compared to spheroids treated with dimethyl fumarate alone, but no alteration in growth 

kinetics (Figure 6.5k & o).  

 

When compared to X-irradiation as a single agent, the combination of dimethyl fumarate 

and external beam X-irradiation did not inhibit UVW spheroid growth. The calculated 

values for t2 and DT were comparable to those of non-irradiated UVW spheroids (Figure 

6.4d), indicating that the combination of dimethyl fumarate and external beam X-

radiation did not significantly affect the kinetics of spheroid growth, compared to 

untreated spheroids.  
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Figure 6.5 (facing): Growth curves of UVW human glioblastoma spheroids in response 

to increasing doses of temozolomide, plus 1Gy (a.) or 3Gy (e.) of external beam X-

irradiation. Log transformed data is shown for 1 and 3Gy treated UVW spheroids is 

shown in b. and f. respectively. Growth kinetics for each treatment are shown in d. and 

h. respectively. Area under the curve for each treatment was calculated and is shown in 

Figure 6.5 c., and g.  (Continued).  
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Concentration  t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

1Gy 13.93±1.81 14.42±1.66 3.46±0.86 

0.5µM 11.74±3.64 11.99±3.51 5.88±0.54 

5µM 11.27±3.65 11.22+3.28 6.35±0.64 

15µM 13.97±5.80 13.95±5.69 5.85±0.24 

 

Concentration t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

3Gy 19.13±2.65 19.74±1.94 2.88±0.25 

0.5µM 12.71±3.69 12.58±3.31 5.62±0.57 

5µM 12.86±3.45 12.44±2.99 5.64±0.42 

15µM 13.23±3.51 12.71±3.18 5.25±0.36 
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Figure 6.5 (continued, facing): Growth curves of UVW human glioblastoma spheroids 

in response to increasing doses of dimethyl fumarate, plus 1Gy (i.) or 3Gy (m.) of 

external beam X-irradiation. Log transformed data is shown for 1 and 3Gy treated UVW 

spheroids is shown in j. and n. respectively. Growth kinetics for each treatment are 

shown in l. and p. respectively. Area under the curve for each treatment was calculated 

and is shown in Figure 6.5 k., and o. Data shown is the average of three independent 

experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis with Dunn’s 

post hoc testing for multiple comparisons was performed using Graphpad Prism 8 

software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as significant. 
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Concentration  t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

1Gy 13.93±1.81 14.42±1.66 3.46±0.86 
0.3µM 9.65±1.76 10.25±1.67 8.22±1.48 

3µM 11.65±4.19 12.09±4.29 5.70±0.19 

9µM 10.12+2.08 10.67±2.16 6.22±0.08 

 
Concentration (µM) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

3Gy 19.13±2.65 19.74±1.94 2.88±0.25 

0.3µM 11.26±3.02 10.93±2.61 7.71±0.55 

3µM 11.04±3.04 10.93±2.90 6.45±0.47 

9µM 11.72±1.72 11.76±1.49 5.84±0.34 
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The combination of temozolomide and external beam X-irradiation delayed T98g 

spheroid growth in a dose dependent manner compared to untreated spheroids as 

measured by change in volume, t2, DT and area under the curve values, with a dose 

independent increase in both growth delay and doubling time compared to untreated 

controls. These increases were not found to be statistically significant (p-value >0.05) 

(Figure 6.6d & h). 

 

When compared to temozolomide as a single agent, the combination of temozolomide 

and external beam X-irradiation did not affect T98g spheroid growth kinetics as 

measured by change in volume, t2, DT and area under the curve values (Figure 6.6c, d, 

g & h). The calculated values for t2 and DT were comparable to those in spheroids 

exposed to temozolomide alone (Figure 6.3d), indicating that the combination of 

temozolomide and external beam X-irradiation did not significantly affect the kinetics of 

spheroid growth, compared to the effects of temozolomide treatment alone. This 

indicates that, as far as we can conclude, temozolomide is not a radiosensitiser in the 

T98g cell line. 

 

When compared to X-irradiation as a single agent, the combination of temozolomide and 

external beam X-irradiation did inhibit T98g spheroid growth. The calculated values for 

t2 and DT were larger than those in UVW spheroids exposed to external beam X-

irradiation alone (p-value >0.05) (Figure 6.4d), indicating that the combination of 

temozolomide and external beam X-radiation did affect the kinetics of spheroid growth, 

compared to external beam X-radiation exposure alone. 

 

The combination of dimethyl fumarate and external beam X-irradiation had no effect on 

T98g spheroid growth compared to untreated spheroids as measured by change in 

volume, t2, DT and area under the curve values. There was no variation in either growth 

delay or doubling time compared to untreated controls (p-value >0.05). 

 

When compared to dimethyl fumarate as a single agent, the combination of dimethyl 

fumarate and 3Gy, but not 1Gy, of external beam X-irradiation inhibited T98g spheroid 

growth in a dose independent manner as measured by change in volume, t2, DT and 

area under the curve values. These increases were not found to be statistically 

significant (p-value >0.05) (Figure 6.6p).  
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The area under the curve values for the combination of dimethyl fumarate and external 

beam X-irradiation was not reduced compared to dimethyl fumarate as a single agent 

(p-value >0.05) (Figure 6.6k & o).  

 

When compared to X-irradiation as a single agent, the combination of dimethyl fumarate 

and external beam X-irradiation did not inhibit T98g spheroid growth. The calculated 

values for t2 and DT were comparable to those of non-irradiated T98g spheroids (Figure 

6.3h), indicating that the combination of dimethyl fumarate and external beam X-

radiation did not significantly affect the kinetics of spheroid growth compared to 

untreated spheroids.  
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Figure 6.6 (facing): Growth curves of T98g human glioblastoma spheroids in response 

to increasing doses of temozolomide, plus 1Gy (a.) or 3Gy (e.) of external beam X-

irradiation. Log transformed data is shown for 1 and 3Gy treated UVW spheroids is 

shown in b. and f. respectively. Growth kinetics for each treatment are shown in d. and 

h. respectively. Area under the curve for each treatment was calculated and is shown in 

Figure 6.6 c., and g.  (Continued).  
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Concentration (µM) t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

1Gy 8.28±0.63 9.13±1.16 6.74±0.84 

50µM 7.55±0.53 7.69±0.49 7.011±0.62 

200µM 9.64±0.52 9.68±0.522 4.56±0.55 

400µM 10.68±0.47 9.71±0.87 4.57±0.53 

 

Concentration  t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

3Gy 8.40±0.35 9.45±0.71 5.75±0.60 

50µM 10.44±0.95 11.31±1.49 4.52±0.82 

200µM 9.90±0.53 10.21±0.71 4.51±0.30 

400µM 11.43±1.00 11.65±1.00 3.56±0.42 
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Figure 6.6 (continued, facing): Growth curves of T98g human glioblastoma spheroids 

in response to increasing doses of dimethyl fumarate, plus 1Gy (i.) or 3Gy (m.) of 

external beam X-irradiation. Log transformed data is shown for 1 and 3Gy treated UVW 

spheroids is shown in j. and n. respectively. Growth kinetics for each treatment are 

shown in l. and p. respectively. Area under the curve for each treatment was calculated 

and is shown in Figure 6.2 k., and o. Data shown is the average of three independent 

experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis with Dunn’s 

post hoc testing for multiple comparisons was performed using Graphpad Prism 8 

software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as significant. 
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Concentration t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

3Gy 8.40±0.35 9.45±0.71 5.75±0.60 

3.125µM 11.30±1.20 13.39+2.77 3.25±0.84 

12.5µM 10.98±1.32 12.52±2.11 4.38±0.48 

25µM 10.24±1.59 11.58±2.30 4.43±0.35 

 

Concentration t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

1Gy 8.28±0.63 9.13±1.16 6.74±0.84 

3.125µM 6.99±0.53 7.49±0.56 10.33±1.03 

12.5µM 7.86±0.98 8.51±0.91 8.11±0.92 

25µM 7.87±0.70 8.78+0.69 6.13±0.67 
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6.4.2.3 Effects of the temozolomide-dimethyl fumarate combination in combination with 

external beam radiation on UVW and T98g spheroid growth 

 

When combined with external beam X-irradiation, the temozolomide-dimethyl fumarate 

combination delayed UVW spheroid growth in a dose dependent manner compared to 

untreated spheroids as measured by change in volume, t2, DT and area under the curve 

values, with a dose independent increase in both growth delay and doubling time 

compared to untreated controls. However, none of these increases were found to be 

significant (p-value >0.05) (Figure 6.7d & h). 

 

When compared to external beam X-irradiation as a single agent, the X-irradiated 

temozolomide-dimethyl fumarate combination did not significantly affect UVW spheroid 

growth kinetics as measured by t2, DT and area under the curve values. This is indicative 

of the X-irradiated temozolomide-dimethyl fumarate combination not being more 

effective at altering UVW spheroid growth kinetics compared to X-irradiation as a single 

treatment. 

 

The addition of X-irradiation to the temozolomide-dimethyl fumarate combination 

increased the growth delay and doubling time of UVW spheroids compared to spheroids 

treated with the temozolomide-dimethyl fumarate combination alone (Figure 6.2l), 

however this was not found to be statistically significant. As dose of external beam X-

irradiation increased, there was a dose dependent decrease in the area under the curve 

values of UVW spheroids treated with the temozolomide-dimethyl fumarate combination, 

indicating that while the X-irradiated temozolomide-dimethyl fumarate combination  does 

not alter UVW spheroid growth kinetics, but appears to have an inhibitory effect on 

overall  spheroid growth compared to spheroids treated with the temozolomide-dimethyl 

fumarate combination alone (Figure 6.7c & g). 

 

Compared to the combinations of temozolomide and external beam X-irradiation and 

dimethyl fumarate and external beam X-irradiation, the X-irradiated temozolomide-

dimethyl fumarate combination did not significantly affect UVW spheroid growth kinetics 

as measured by t2, DT and area under the curve values. This is indicative of the X-

irradiated temozolomide-dimethyl fumarate combination not being more effective at 

altering UVW spheroid growth kinetics compared to X-irradiation plus temozolomide or 

dimethyl fumarate as a combination therapy. 
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Figure 6.7: Growth curves of UVW human glioblastoma spheroids in response to 

increasing doses of the temozolomide-dimethyl fumarate combination, plus 1Gy (a.) or 

3Gy (e.) of external beam X-irradiation. Log transformed data is shown for 1 and 3Gy 

treated UVW spheroids is shown in b. and f. respectively. Growth kinetics for each 

treatment are shown in d. and h. respectively. Area under the curve for each treatment 

was calculated and is shown in Figure 6.2 c., and g.  Data shown is the average of three 

independent experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis 

with Dunn’s post hoc testing for multiple comparisons was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as 

significant. Continued.  
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Concentration (µM) t2 DT V/V0 (Day 21) 

0 8.26±0.47 9.77±1.40 6.11±0.81 

1Gy 13.93±1.81 14.42±1.66 3.46±0.86 
0.5µM+0.3µM 9.38±1.75 10.00+1.89 7.23±0.83 

5µM+3µM 10.28+3.5 11.57+3.01 7.65±0.76 

15µM+9µM 20.03±8.11 20.49±8.47 4.15±0.47 
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Figure 6.7 (Continued): Representative images of UVW human glioblastoma spheroids 

at Day 21 following treatment with 15µM temozolomide, 9µM dimethyl fumarate or 

15µM+9µM of the temozolomide-dimethyl fumarate combination ± 1 or 3Gy of external 

beam X-irradiation.  
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When combined with external beam X-irradiation, the temozolomide-dimethyl fumarate 

combination delayed T98g spheroid growth in a dose dependent manner compared to 

untreated spheroids as measured by change in volume, t2, DT and area under the curve 

values, with a dose independent increase in both growth delay and doubling time 

compared to untreated controls (Figure 6.8d & h). Treatment with 400µM+25µM of the 

temozolomide-dimethyl fumarate combination significantly increased t2 to 16.55±2.28 

when combined with 1Gy and to 13.54±1.93 when combined with 3Gy compared to a 

growth delay of 7.26±0.34 in untreated T98g spheroids.   

 

When compared to external beam X-irradiation as a single agent, the X-irradiated 

temozolomide-dimethyl fumarate combination increased t2, DT and area under the curve 

values compared to X-irradiation as single agent. This was not statistically significant (p-

value >0.05). This is indicative of the X-irradiated temozolomide-dimethyl fumarate 

combination not being more effective at altering T98g spheroid growth kinetics compared 

to X-irradiation as a single treatment. 

 

The addition of X-irradiation to the temozolomide-dimethyl fumarate combination 

increased the growth delay and doubling time of T98g spheroids compared to spheroids 

treated with the temozolomide-dimethyl fumarate combination alone (Figure 6.3l), 

however this was not found to be statistically significant (p-value >0.05).  

 

Compared to the combinations of temozolomide and external beam X-irradiation and 

dimethyl fumarate and external beam X-irradiation, the X-irradiated temozolomide-

dimethyl fumarate combination increased the growth delay and doubling time of T98g 

spheroids, however there was no significant difference between these groups (p-value 

>0.05). This is indicative of the X-irradiated temozolomide-dimethyl fumarate 

combination not being more effective at altering T98g spheroid growth kinetics compared 

to X-irradiation plus temozolomide or dimethyl fumarate as a combination therapy. 

 

 

 

 

 

 



 

 

256 

 
 

Figure 6.8: Growth curves of T98g human glioblastoma spheroids in response to 

increasing doses of the temozolomide-dimethyl fumarate combination, plus 1Gy (a.) or 

3Gy (e.) of external beam X-irradiation. Log transformed data is shown for 1 and 3Gy 

treated UVW spheroids is shown in b. and f. respectively. Growth kinetics for each 

treatment are shown in d. and h. respectively. Area under the curve for each treatment 

was calculated and is shown in Figure 6.2 c., and g.  Data shown is the average of three 

independent experiments ± standard error of the mean (SEM). Kruskal-Wallis analysis 

with Dunn’s post hoc testing for multiple comparisons was performed using Graphpad 

Prism 8 software, with p-values of <0.05 = *, <0.01=** and 0.001 = *** reported as 

significant. (Continued). 

 

Concentration  t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

1Gy 8.28±0.63 9.13±1.16 6.74±0.84 

50µM+3.125µM 8.01±0.75 8.14+0.69 6.27±0.61 

200µM+12.5µM 9.74±0.98 9.94±0.81 4.39±0.51 

400µM+25µM 16.55±2.28 17.25±2.88 2.03±0.18 

 

Concentration  t2 DT V/V0 (Day 21) 

0 7.26±0.34 8.20±0.42 7.05±0.93 

3Gy 8.40±0.35 9.45±0.71 5.75±0.60 

50µM+3.125µM 8.07±0.61 8.32±0.50 6.39±0.65 

200µM+12.5µM 9.67±0.67 10.06±0.68 4.45±0.28 

400µM+25µM 13.54±1.93 14.03±2.09 2.56±0.80 

0 7 14 21
0

2

4

6

8

Time post-treatment 
(days)

V
/V

0

0 7 14 21
0

2

4

6

8

Time post-treatment 
(days)

V
/V

0

Contro
l
1G

y

50
µM+3

.12
5µ

M

20
0µ

M+1
2.5

µM

40
0µ

M+2
5µ

M

0

5

10

15

A
re

a 
U

nd
er

 C
ur

ve
(L

og
V

/V
0.

Ti
m

e-1
)

Contro
l
3G

y

50
µM+3

.12
5µ

M

20
0µ

M+1
2.5

µM

40
0µ

M+2
5µ

M

0

5

10

15

A
re

a 
U

nd
er

 C
ur

ve
(L

og
V

/V
0.

Ti
m

e-1
)

0 7 14 21
0.0

0.2

0.4

0.6

0.8

1.0

Time post-treatment 
(days)

Lo
gV

/V
0

50µM+3.125µM
200µM+12.5µM

400µM+25µM
Control
1Gy

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

Time post-treatment 
(days)

Lo
gV

/V
0

50µM+3.125µM
200µM+12.5µM

400µM+25µM
Control
3Gy

a. b. c.

e. f. g.

d.

h.



 

 

257 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 6.8 (Continued): Representative images of T98g human glioblastoma spheroids 

at Day 21 following treatment with 400µM temozolomide, 25µM dimethyl fumarate or 

400µM+25µM of the temozolomide-dimethyl fumarate combination ± 1 or 3Gy of external 

beam X-irradiation.  
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6.5 Discussion 

 

The post -omics age that we have entered has shown that there are limitations to the 

use of immortalised cell lines in the cancer drug development pipeline, and there appears 

to be a paradigm shift towards the use of patient samples as the gold standard in in vitro 

biology. That being said, immortalised cell lines still form the backbone of most in vitro 

research and the use of 3D in vitro models and xenografts still represents an important 

milestone in both discovery and translational biology. The use of cell lines also allows 

rapid screening and advancement of therapy development allowing much quicker and 

efficient integration of research into animal models, while the high throughput nature of 

cell lines allows us to keep to the 3R’s – the reduction, refinement & replacement of 

animal models.  

 

There are a number of reasons why multicellular tumour spheroids (MCTS; spheroids) 

can be viewed as a superior model to traditional monolayer culture. Spheroids model 

tumours to a better degree than monolayer culture, with increased hypoxia and necrosis, 

asynchronous cellular growth rates and variable waste, oxygen and nutrient gradients. 

This is coupled with a greater degree of genetic heterogeneity, meaning that there are 

different gene expression patterns throughout the spheroid mass, mirroring in situ 

tumours.   

 

Spheroids, over monolayer culture, have an increased hypoxic compartment which is 

correlated with the increase treatment resistance of spheroids due to decreased levels 

of oxidative stress, and increased levels of resistance factors such as p-GP (Däster et 

al., 2016; Riffle et al., 2017; Wartenberg et al., 2003). As well as increased hypoxia, 

spheroids progress through the cell cycle at varied speeds. Cells cultured in monolayer 

cycle at the same rate, leading to weighted outcomes with treatment that rely on rapidly 

cycling cells to elicit their effects (Riffle et al., 2017). This makes spheroids more robust 

models for assessing cycle specific agents such as radiotherapy and temozolomide, as 

spheroids can model aspects of in situ tumours that monolayer culture cannot. Spheroid 

models form an important step in the discovery and translational cancer biology pipeline 

and can inform on aspects of cancer biology that traditional monolayer culture cannot 

before the establishment of in vivo models.  
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6.5.1 Response of UVW and T98g human glioblastoma spheroids to single agents and 

in combination with external beam X-irradiation  

 

6.5.1.1 External beam X-irradiation 

 

Radiotherapy is the standard of care for high-grade glioblastoma as suggested by the 

EORTC and ESMO (Stupp et al., 2009, 2010). 60Gy of hyperfractionated stereotactic 

radiotherapy (HFSRT) is given in 6 rounds of 10Gy in 2Gy fractions to every glioma 

patient when safe to do so as suggested by the EORTC. This is also given concomitantly 

with temozolomide (Fogh et al., 2010; Omuro et al., 2014; Stupp et al., 2005, 2007, 2009, 

2010).   

 

In order to determine the effects of external beam X-irradiation on spheroid growth, a 

dose of radiation above and below a patient clinical fraction was used as a single agent 

and in combination with temozolomide, dimethyl fumarate and the temozolomide-

dimethyl fumarate combination.  

 

2D cultures of both the UVW and T98g cell line displayed a similar level of cell kill when 

treated with 1 or 3Gy of external beam X-irradiation, suggesting that both cell lines have 

a similar degree of radiosensitivity. However, as discussed in Section 4.5.1, we 

hypothesise that the T98g cell line is radioresistant compared to UVW cells as 

determined by DNA damage repair response (Figure 4.8 & 4.9) and cytotoxicity at high 

dose (Figure 4.1).  

 

Multicellular tumour spheroids show this hypothesised resistance to X-irradiation 

exquisitely. UVW spheroids responded to treatment with 1 or 3Gy as hypothesised, with 

a dose dependent increase in both growth delay and doubling time and a significantly 

reduced overall spheroid volume at the final time point assessed. T98g spheroids, 

however,  had no significant response to the same X-irradiation parameters, displaying 

similar growth kinetics as non-irradiated spheroids. This is in keeping with our knowledge 

of the response of the T98g cell line to external beam X-irradiation, with X-irradiation 

having little effect on T98g survival and viability at comparable doses (Murad et al., 

2018).          
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We believe that T98g cells have shown a greater ability to repair DNA double stranded 

breaks in two-dimensional culture, with a decrease in gH2a.X levels 24-hours post-

irradiation (Figure 4.9), this has also been acknowledged in the literature (Short et al., 

2007; de Sousa et al., 2017).  In Chapter 4, the UVW cell line showed an increase in 

gH2a.X levels between 4 and 24-hours post X-irradiation (Figure 4.8), indicating 

sustained activation of the DNA damage repair response without resolution. Sustained 

levels of gH2a.X can be indicative of irreparable DNA damage (Short et al., 2007), 

correlating with an increase in apoptosis following X-irradiation (Figure 4.12) (Dikomey 

et al., 1998). This does not translate to two-dimensional cell kill, with both UVW and T98g 

cell lines being equally affected by 1 or 3Gy of external beam X-irradiation (Figure 4.1).  

 

The resolution of gH2a.X in the T98g cell line may be due to increased levels of the 

double stranded break repair-associated proteins Rad-51 (Lambert and Lopez, 2000; 

Short et al., 2007), BRCA1 and NBS1 (Momota et al., 2003). However, Rad51 has also 

been shown to be increased in the UVW cell line following similar doses of external beam 

X-irradiation (Galloway, 2016). This suggest that there may be other factors that are 

influencing the radiosensitivity of the UVW cell line in three-dimensional culture.  

 

One of the main radioresistance factors in glioblastoma is hypoxia (Kelley et al., 2016; 

Sheehan et al., 2010), one of the aspects of in situ tumours that spheroids are capable 

of replicating. Hypoxic tissue has increased radioresistance due to the lower level of 

ionisable oxygen (Cooke et al., 2003; Rey et al., 2017) found in hypoxic tissue. Ionisation 

of oxygen to reactive oxygen species is the main mechanism of radiation induced DNA 

double stranded breaks (Cooke et al., 2003; Niemantsverdriet et al., 2012), meaning that 

hypoxia confers radioresistance by limiting the generation of reactive oxygen species. 

 

We believe that the differential response between spheroid models of the UVW and T98 

cell lines to external beam X-irradiation is not due to hypoxia, as both UVW and T98g 

spheroids will have a hypoxic region due to structure of the spheroid and the limited 

permeability of oxygen towards the centre of the spheroid mass.  

 

Hypoxia is known to supress the DNA damage repair response (Bristow and Hill, 2008; 

Olcina et al., 2010; Scanlon and Glazer, 2015), however suppression of this effect may 

be less pronounced in T98g cells as they appear from our studies to have higher basal 

level of DNA damage repair. We believe that hypoxia reduces the DNA damage 
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response of UVW spheroids to a point at which external beam X-irradiation can elicit cell 

kill and halt growth. As we suggest that the T98g cell line has a higher capacity for double 

stranded break repair, there will be less reduction in of the response in hypoxic tissue, 

and therefore less cell kill and growth arrest.  

 

The response of each cell line to external beam X-irradiation suggests that spheroid 

models are a more valid representation of the response of glioblastoma cells to external 

beam X-irradiation than traditional monolayer culture. All hypotheses surrounding 

temozolomide and dimethyl fumarate in combination with external beam X-irradiation 

were based on the response of UVW and T98g cells to external beam x-irradiation in 

two-dimensional culture. The enhanced response of spheroids to external beam X-

irradiation may mean that results from two-dimensional culture may not translate to 

spheroid models of glioblastoma.  

 

6.5.1.2 Temozolomide  

 

In two-dimensional cell culture, temozolomide induced a pronounced dose dependant 

reduction on UVW cell kill, both as a single agent and in conjunction with 1 or 3Gy of 

external beam X-irradiation. Conversely T98g cells were resistant to temozolomide. Cell 

kill was still achieved, albeit at concentrations that are not currently clinically achievable. 

Furthermore temozolomide did not sensitise T98g cells to external beam X-irradiation, 

unlike the UVW cell line. This is likely due to the activity of MGMT in the T98g, but not 

the UVW cell line (Figure 3.1c) (Chalmers et al., 2009), however, as discussed in Section 

4.5.1.2, there is little consensus on MGMT status and temozolomide mediated 

radiosensitisation in glioblastoma.  

   

It was hypothesised that the effects of temozolomide in two-dimensional UVW and T98g 

cell culture would be observed when used as a single agent and in combination with 

external beam X-irradiation to treat spheroid models of glioblastoma. We posited that 

MGMT status of each cell line would be predictive of spheroid response. Contrary to our 

hypothesis, temozolomide did not delay spheroid growth in the MGMT negative UVW 

cell line, with temozolomide treated spheroids following growth kinetics comparable to 

an untreated control and reaching a similar final volume to untreated spheroids. This 

result is contrary to literature reports of temozolomide treatment of spheroids. 
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It has previously been shown that temozolomide can delay growth and induce apoptosis 

in MGMT negative glioblastoma spheroids (Günther et al., 2003), an effect we have not 

been able to replicate. Growth delay occurred in the MGMT negative U87 cell line from 

concentrations as low as 5µM, a comparable concentration to the doses of 

temozolomide used throughout this study. A greater inhibitory effect was seen at 

concentrations of between 25 and 100µM, concentrations out with the range of the 

temozolomide-dimethyl fumarate combination. However, the Günther study did not 

replace treatment media, meaning spheroids were exposed to temozolomide for the 

duration of the imaging (Günther et al., 2003). We have found that continuous exposure 

to temozolomide significantly increases cytotoxicity to the point that there were no viable 

cells following 48-hours of continuous treatment (data not shown) despite the short half-

life of temozolomide (Newlands et al., 1992). Continuous exposure is also unlikely to 

occur clinically, due to the pharmacokinetics of ADME criteria of both temozolomide and 

dimethyl fumarate (Bomprezzi, 2015; Brennan et al., 2015; Patel et al., 2003) 

 

There are a number of possible reasons why temozolomide did not induce the expected 

growth delay in UVW spheroids. The most apparent may be that concentrations of 

temozolomide were simply too low. In order to maintain the continuity of the 

temozolomide-dimethyl fumarate combination used throughout these studies, the 

concentrations of temozolomide used in previous two-dimensional studies were utilised 

for all spheroid models. To induce the same effect in 3D culture as in 2D, it is often 

necessary to increase drug concentration (Galateanu et al., 2016; Kerr et al., 1988). 

Increased concentration allows for increased drug penetration into the spheroid mass 

(Kerr et al., 1988; Ong et al., 2010). However, in order to maintain continuity throughout 

these studies, the concentrations of temozolomide and dimethyl fumarate were kept 

constant. Increasing concentrations in the UVW cell line would have increased 

temozolomide concentrations out with an achievable clinical concentration (Patel et al., 

2003). Future studies should use an increased concentration range in the UVW cell line 

and a reduced concentration range in the T98g cell line to find the lowest possible 

concentration for inhibiting spheroid growth.  

 

At the temozolomide concentration range (0.5-15µM) used in this study, the drug may 

fail to penetrate beyond the outer proliferative layer of the spheroid (Kerr et al., 1988). 

Confirmation of drug of penetration should be performed using ToF-Sims mass 

spectrometry (Armitage et al., 2013; Denbigh and Lockyer, 2015; Grun et al., 2009; 
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Kotze, 2012; Kotze et al., 2013). Future work should be performed to correlate ToF-Sims 

mass spectrometry data with immunohistochemistry markers for temozolomide activity, 

such as mismatch repair proteins MLH1, MSH3 and MSH6 and the double strand break 

associated protein gH2a.X (Perazzoli et al., 2015; Sobol Jr et al., 2006). This would allow 

for confirmation of the presence and action of temozolomide throughout the spheroid 

mass.  

 

However, as the drug penetrates towards the centre of the spheroid resistance increases 

due to hypoxia, reduced metabolic output and slower growth (Däster et al., 2016; Nunes 

et al., 2019; Riffle et al., 2017). This is particularly important for temozolomide, which 

has a greater effect on rapidly dividing cells (Beier et al., 2008). 

 

Concentrations of temozolomide used throughout this study are known to be cytotoxic 

as a single agent and in combination with external beam X-irradiation (Figures 3.4a & 

4.2a). In three dimensional models of glioblastoma single temozolomide treatment may 

only target the rapidly dividing cells of the proliferating outer region (Figure 6.1), allowing 

for selection of only slow growing, temozolomide resistant cells. Due to the short half-life 

of temozolomide, single treatment may not be potent enough to induce growth delay in 

the three dimensional spheroid models. Multiple dosing has been shown to reduce the 

IC50 of temozolomide in MGMT negative glioblastoma spheroids (Günther et al., 2003), 

and multiple dosing may induce a greater effect in UVW spheroids, in line with our 

hypothesis.  

  

When combined with external beam X-irradiation, temozolomide treated UVW spheroids 

did not show the hypothesised increase in growth delay compared to external beam X-

irradiation as a single agent. However, the spheroid doubling time and growth delay was 

increased compared to spheroids treated with temozolomide as a single agent, 

indicating that there is a synergistic interaction between temozolomide and external 

beam X-irradiation.  

 

This change in growth kinetics appeared to be dependent on the dose of X-irradiation, 

with spheroids treated with 1Gy and temozolomide having significantly lower growth 

delay and spheroid doubling time compared to spheroids treated with 3Gy and 

temozolomide. This correlated to a dose dependent decrease in overall spheroid 

volume, suggesting that the combination of temozolomide and external beam X-
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irradiation alters growth kinetics and decreases spheroid volume compared to 

temozolomide, but not external beam X-irradiation as a single agent. We have shown 

that, in two-dimensional culture, the interaction between temozolomide and external 

beam X-irradiation is synergistic in the MGMT negative UVW cell line, indicating that 

temozolomide acts as radiosensitiser (Figure 4.2a & b). This is in keeping with our 

knowledge of the combination of temozolomide and external beam X-irradiation from the 

literature (Carlson et al., 2009).  

 

We believe that two-dimensional culture results may have weighted our hypotheses 

regarding the combination of temozolomide and external beam x-irradiation. As 

discussed, the response of UVW spheroids to external beam X-irradiation was more 

pronounced than expected and the response to temozolomide was less pronounced 

given the response of monolayer cultures of UVW cells to each agent (Figures 3.2 & 4.1 

respectively). Again, this may be due to poor penetration of temozolomide throughout 

the spheroid mass as discussed above, preventing radiosensitisation. Based on the 

increased doubling time of spheroids treated with temozolomide and external beam X-

irradiation compared to temozolomide alone, we still believe and interaction between the 

two agents is occurring. However, we suggest that this interaction results in the outcome 

being poorer than when external beam X-irradiation is used as a single agent. 

Temozolomide induces activation of break excision repair, mismatch repair and 

homologous recombination (Caporali et al., 2004; Liu et al., 2009; Sobol Jr et al., 2006; 

Trivedi et al., 2005), and the combination of temozolomide and X-irradiation is likely to 

induce a greater level of DNA damage repair than temozolomide or X-irradiation alone.  

 

An increase in DNA damage repair proteins will correlate with increased DNA repair and 

therefore increased survival. This is seen with radiation, and a principle known as hyper-

radiosensitivity and induced radioresistance (HRS/IRR), where low dose radiation 

increases cell kill over high dose radiation due to low dose radiation inducing a lower 

level of DNA damage repair response while still causing lethal damage (Schoenherr et 

al., 2013; Thomas et al., 2013).  

 

T98g spheroids were not expected to respond to temozolomide treatment. Surprisingly, 

T98g spheroids responded to temozolomide treatment, despite minimal effect in 2D 

culture. Paradoxically, this response is potentially due to MGMT expression in this cell 

line. MGMT is a suicide enzyme, meaning that the action of removing methyl groups 
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from the base guanine irreversibly inhibits the enzyme (Christmann et al., 2011). 

Depletion of MGMT by excess temozolomide may therefore sensitise T98g spheroids to 

temozolomide (Günther et al., 2003).  

 

However, this response may occur as the concentrations of temozolomide used in this 

study were high enough to penetrate the spheroid mass. Again, ToF-Sims mass 

spectrometry and immunohistochemistry for markers for temozolomide activity, such as 

mismatch repair proteins MLH1, MSH3 and MSH6 and gH2a.X (Perazzoli et al., 2015; 

Sobol Jr et al., 2006) could be used to allow for confirmation of the presence and action 

of temozolomide throughout the spheroid mass. 

 

T98g spheroids did not appear to be radiosensitised by temozolomide. Temozolomide 

treated spheroids and spheroids treated with temozolomide and external beam X-

irradiation displayed comparable growth kinetics. This is also seen in 2D culture, with 

little synergistic interaction occurring between temozolomide and external beam X-

irradiation (Figure 4.3a & b). We believe that this is due to the increased DNA damage 

repair capacity of T98g cells discussed above.  

 

6.5.1.3 Dimethyl fumarate 

 

We believe that this is the first report of dimethyl fumarate being used to treat three-

dimensional models of human cancer.  

 

In monolayer models, dimethyl fumarate induced cytotoxicity as a single agent but 

showed no radiosensitisation of UVW or T98g human glioblastoma cell lines following 

treatment with 1 or 3Gy of external beam X-irradiation. Spheroid growth delay was 

expected to be observed due to the increased dependence of hypoxic glioma cells on 

glutathione (Bump et al., 1982) and the ability of dimethyl fumarate to deplete glutathione 

in both UVW and T98g cells (Figure 5.1a & c) (Brennan et al., 2015).  

 

Although no radiosensitisation was seen in monolayer culture, it was expected that 

dimethyl fumarate would radiosensitise spheroids due to the increased hypoxic 

compartment (Riffle et al., 2017) and the ability of dimethyl fumarate to radiosensitise 

hypoxic cells (Held and Hopcia, 1993; Held et al., 1988, 1991).  
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Our hypothesis was not validated. In both cell lines dimethyl fumarate treated spheroids 

followed the same growth pattern and reached the same final volume as untreated 

spheroids. When combined with external beam X-irradiation, dimethyl fumarate did not 

significantly affect T98g spheroid volume compared to spheroids treated with external 

beam X-irradiation as single agent. This is likely due to poor drug penetration into the 

centre of spheroid (Kerr et al., 1988) and therefore no hypoxic radiosensitisation by 

dimethyl fumarate.  

 

Again, we suggest ToF-Sims mass spectrometry to be undertaken that would allow for 

detection of dimethyl fumarate throughout the spheroid mass. This should be correlated 

with immunohistochemistry for markers of dimethyl fumarate activity such as NRF2 

(Figure 5.8) (Brennan et al., 2015; Hammer et al., 2018). 

 

6.5.2 Response of UVW and T98g human glioblastoma spheroids to the temozolomide-

dimethyl fumarate combination  

 

This is the first published report of the combination of temozolomide and dimethyl 

fumarate in three dimensional models of any cancer. In 2D culture, the temozolomide-

dimethyl fumarate combination displayed synergy and increased cell kill compared to 

both temozolomide and dimethyl fumarate as single agents. The temozolomide-dimethyl 

fumarate combination also synergised with external beam X-irradiation to significantly 

increase cell kill. 

 

In this study only the highest combination of the temozolomide-dimethyl fumarate 

combination increased growth delay and spheroid doubling time compared to 

temozolomide and dimethyl fumarate as single agents. In both cell lines, this was 

correlated with a decrease in spheroid volume compared to temozolomide and dimethyl 

fumarate as single agents. This is indicative of both cell kill and inhibition of cell growth. 

Given that the effects of the temozolomide-dimethyl fumarate combination are only seen 

at the highest dose used, this is indicative that the lower doses are not capable of 

interacting fully with the spheroid mass, again we hypothesise this occurred due to poor 

drug penetrations (Kerr et al., 1988).  

 

For both cell lines we believe that the decrease in spheroid volume induced by the 

temozolomide-dimethyl fumarate combination is due to the mechanism discussed 
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extensively throughout Chapters 3, 4 and 5. Dimethyl fumarate will potentiate the effects 

of temozolomide, likely through inhibiting glutathione. This potentiation will occur through 

a bimodal mechanism; the inhibition will allow for higher intra-cellular concentrations of 

temozolomide, as well as allow for temozolomide to remain active within the cell for a 

sustained period of time. Decreased spheroid volume and increased growth delay was 

also seen when the temozolomide-dimethyl fumarate combination was used in 

combination with external beam X-irradiation. The response of the temozolomide-

dimethyl fumarate combination with external beam X-irradiation did not occur in 

spheroids culture to the same extent as it occurred in two-dimensional culture. This likely 

due to the interpretation of 2D culture results, and the stronger than anticipated response 

of both cell lines to external beam X-irradiation discussed above. This highlights the 

importance of the utilisation of three-dimensional models in the drug development 

pipeline 

 

We believe that we shown that the principle of glutathione depletion to chemosensitise 

glioblastoma cells translates to three-dimensional models of glioblastoma. Future work 

should be performed using mosaic spheroid models (Boyd et al., 2002). This would allow 

for drug penetration and modes of action in models that feature heterogeneous cell 

phenotypes and genotypes and asynchronous cellular growth. 
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6.6 Conclusions  

 

We have shown that the combination of temozolomide, dimethyl fumarate and external 

beam X-irradiation is effective at delaying spheroid growth in both cell lines, but only at 

the highest concentrations used. This was contrary to our hypothesis and is likely due to 

the low concentrations of temozolomide and dimethyl fumarate used not penetrating the 

spheroid mass successfully.  

 

Our hypotheses regarding temozolomide and dimethyl fumarate as single agents was 

not validated despite strong literature support and results from monolayer experiments.   

We believe that this highlights the need for screening novel treatments in more 

sophisticated models than traditional monolayer culture. We believe that failure to elicit 

the expected response occurred due to low drug concentrations not being able to 

penetrate the spheroid mass. This explains the discrepancy between two and three-

dimensional culture results. 

 

Unfortunately, we were not able to establish xenograft models of glioblastoma. This limits 

clinical advancement of the temozolomide-dimethyl fumarate combination as animal 

models are needed before the establishment of clinical trials. We believe that further 

work should focus on the establishment of animals of glioblastoma in which the 

temozolomide-dimethyl fumarate combination can be tested prior to clinical 

development.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

269 

Chapter 7 
Discussion, conclusions and future work 

 
Survival of patients diagnosed with glioblastoma multiforme is unacceptably low. 

Depending on molecular stratification from biopsy, 5-year survival can be as low as 1.9% 

in certain patient groups, and median 5-year survival is no higher than 4%.    

 

We believe this is the first study to examine how the standard of care for high-grade 

glioblastoma could be improved using dimethyl fumarate as an adjuvant. 

 

Vaccine immunologists use the term “dose sparing” to describe increased vaccine 

immunogenicity, while minimising the dose of vaccine needed to confer immunity. This 

concept can be applied to this project, where we aimed to increase anti-cancer activity 

of the current standard of care treatment for high-grade glioma while lowering doses of 

chemotherapy and X-irradiation. In this aim, the project was successful. This was most 

evident in the treatment resistant T98g cell line, where initially 400µM gave 50% cell. 

Using low dose dimethyl fumarate as an adjuvant to temozolomide and X-irradiation, cell 

kill was increased to 65% at just 50µM temozolomide and 1Gy of X-irradiation. 

Importantly, 50µM of temozolomide is an achievable clinical dose, and 1Gy is half of a 

current patient fraction.   

 

It was hypothesised that dimethyl fumarate would potentiate the effects of temozolomide, 

likely through inhibition of glutathione. This potentiation was suggested to occur through 

a bimodal mechanism; the inhibition would allow for higher intra-cellular concentrations 

of temozolomide, as well as allow for temozolomide to remain active within the cell for a 

sustained period of time. When combined with external beam X-irradiation, we 

suggested that dimethyl fumarate inhibiting intracellular glutathione would result in 

higher intracellular temozolomide concentrations and higher reactive oxygen species 

levels, allowing for an increased level of DNA damage. 

 

Our hypothesis that dimethyl fumarate would synergise with temozolomide was 

validated, showing a synergistic increase in cell kill in both MGMT positive and negative 
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cell lines. However, we were not able to suggest a mechanism of action for this increase 

in cell kill. We suggested that the increase in cell kill occurred due to dimethyl fumarate 

mediated depletion of glutathione. We have shown that the concentrations of dimethyl 

fumarate used in these studies are capable of significantly depleting intracellular 

glutathione levels, and increased glutathione levels increase chemoresistance towards 

temozolomide.  

 

Depletion of glutathione was hypothesised to allow for higher intra-cellular 

concentrations of temozolomide, as well as allow for temozolomide to remain active 

within the cell for a sustained period of time. An increase in the efficacy of temozolomide 

was expected to be seen when cells were treated with the temozolomide-dimethyl 

fumarate combination compared to temozolomide alone. However, we were not able to 

show a significant increase in DNA damage as measured by gH2a.X formation, cell cycle 

arrest or induction of apoptosis with the combination of temozolomide and dimethyl 

fumarate compared to temozolomide alone.  

 

We believe that depletion of glutathione by dimethyl fumarate is capable of activating the 

antioxidant transcription factor NRF2. We have shown that dimethyl fumarate is capable 

of activating NRF2 at the concentration used, however we have not been able to link 

glutathione depletion to activation of NRF2 directly. We have shown that activation and 

inhibition of NRF2 decrease and increase temozolomide sensitivity respectively. 

Activation of NRF2 by dimethyl fumarate may therefore limit the clinical deployment of 

dimethyl fumarate as an anti-cancer agent, or at least, activation of NRF2 should be a 

considered a potential adverse event. Future work should revolve around the 

development and application of the temozolomide-dimethyl fumarate to in vivo models 

of high-grade glioma. This would be one of the final steps before the potential 

implementation of small-scale safety and feasibility human studies.  

 

Beyond the continuation of the temozolomide-dimethyl fumarate combination in high-

grade glioma, there is the potential for the principle of glutathione depletion to be applied 

to other cancers that are treated with alkylating agents, spindle poisons and platinum-

based alkylating-like agents.  

 

There is still also still a huge amount to learn from the use of dimethyl fumarate as a 

single agent. The immunomodulatory effects of dimethyl fumarate are likely to have 
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significant effects on the tumour micro-environment, an area that is becoming 

increasingly studied and realised as site of therapeutic intervention. Dimethyl fumarate 

mediated modulation of signalling pathways such as the IL-6/STAT-3 pathway has the 

potential to be studied further. The emergent role of the tumour microenvironment and 

the interplay of the immune system with the tumour has opened up the possibility of 

dimethyl fumarate having a more diverse range of action in in situ tumours than in in vitro 

culture conditions. This should be fully examined to prevent events that would be not 

possible to detect in two-dimensional culture.  

 

Any addition to the standard of care for glioblastoma that can improve treatment efficacy 

should be welcomed due to the continuously low survival rates seen in all patient groups. 

We believe that the potentiation of the standard of care for glioblastoma that we have 

demonstrated by the addition of sub-clinically achievable doses of dimethyl fumarate is 

significant. Dimethyl fumarate is safe, well tolerated, and importantly, is capable of 

crossing the blood brain barrier. We believe that dimethyl fumarate is an appropriate 

agent worthy of further investigation. 
 

We strongly believe that dimethyl fumarate mediated depletion of glutathione is a 

treatment modality that should be investigated further in glioblastoma.  
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Chapter 8:   
Outputs 
 

Papers: 

 

Potentiation of gold-standard treatment for glioblastoma multiforme using the 

immunomodulatory agent dimethyl fumarate [in preparation] 

 

Posters: 

 

Improving efficacy of gold standard chemotherapy for high-grade glioma using 

repurposed drugs – CRUK brain tumour conference, London, 02/04/18  

 

Developing Novel Combinations for Brain Cancers – Medical Research Scotland event, 

Perth, 19/04/16 

 

Curing Cancer with Purple Dots – Meet the Researcher (public engagement event) 

Glasgow and Dundee Science centres 27+28/02/19 

 

Talks: 

 

Things I wish I knew before I started my PhD – Medical Research Scotland event, Perth, 

11/04/19 

 

Developing Novel Combinations for Brain Cancers – SIPBS research day, Glasgow 

11/11/16 

 

Developing Novel Combinations for Brain Cancers – The “PATH” to Personalised 

Cancer Medicine, Glasgow, 16/08/18 
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Appendix A: Statistical analysis of data presented in Figure 3.9 and 10. a. comparison 

of cell cycle progression in temozolomide and temozolomide-dimethyl fumarate 

combination treated UVW cells. b. comparison of cell cycle progression in dimethyl 

fumarate and temozolomide-dimethyl fumarate combination treated UVW cells. c. 

comparison of cell cycle progression in temozolomide and temozolomide-dimethyl 

fumarate combination treated T98g cells. d. comparison of cell cycle progression in 

dimethyl fumarate and temozolomide-dimethyl fumarate combination treated T98g cells. 
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0 0.5µM 5µM 15µM 0 0.5µM 5µM 15µM 

0  –  ns ns ns – G2 ** G2 ** G2 ** 
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15µM+9µM ns  ns G2 **  ns 
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5µM+3µM ns  ns ns  ns 
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200µM+12.5µM ns 
 

ns ns 
 

ns 
400µM+25µM G2 *  G2 * G2 ***  G2 ** 
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Appendix B1: Statistical analysis of data presented in Figure 3.10. a. comparison of 

apoptotic induction in temozolomide and temozolomide-dimethyl fumarate combination 

treated UVW cells. b. comparison of apoptotic induction in dimethyl fumarate and 

temozolomide-dimethyl fumarate combination treated UVW cells. c. comparison of 

apoptotic phase distribution in temozolomide and temozolomide-dimethyl fumarate 

combination treated UVW cells. d. comparison of apoptotic phase distribution in dimethyl 

fumarate and temozolomide-dimethyl fumarate combination treated UVW cells. 
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Appendix B2: Statistical analysis of data presented in Figure 3.11. a. comparison of 

apoptotic induction in temozolomide and temozolomide-dimethyl fumarate combination 

treated T98g cells. b. comparison of apoptotic induction in dimethyl fumarate and 

temozolomide-dimethyl fumarate combination treated T98g cells. c. comparison of 

apoptotic phase distribution in temozolomide and temozolomide-dimethyl fumarate 

combination treated T98g cells. d. comparison of apoptotic phase distribution in dimethyl 

fumarate and temozolomide-dimethyl fumarate combination treated T98g cells. 

 

 

 24hr 48hr 72hr 
50µM 200µM 400µM 50µM 200µM 400µM 50µM 200µM 400µM 
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Appendix C1: Statistical analysis of data presented in Figure 4.10. a. comparison of cell 

cycle progression in temozolomide treated and temozolomide-X-irradiated exposed 

UVW cells. b. cell cycle progression in dimethyl fumarate treated and dimethyl fumarate-

X-irradiated exposed UVW cells. c. cell cycle progression n in the temozolomide-

dimethyl fumarate combination treated and the X-irradiated temozolomide-dimethyl 

fumarate combination treated UVW cells. d. cell cycle progression in X-irradiated and 

temozolomide treated and X-irradiated temozolomide-dimethyl fumarate combination 

treated UVW cells. e. cell cycle progression in X-irradiated and dimethyl fumarate treated 

and X-irradiated temozolomide-dimethyl fumarate combination treated UVW cells. 

   
0 1/3Gy 0.5µM 5µM 15µM 

0  –  G2 ** G2 ** G2 ** G2 ** 
0.5µM+1Gy ns ns ns  
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ns 
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Appendix C2: Statistical analysis of data presented in Figure 4.11. a. comparison of cell 

cycle progression in temozolomide treated and temozolomide-X-irradiated exposed 

T98g cells. b. cell cycle progression in dimethyl fumarate treated and dimethyl fumarate-

X-irradiated exposed T98g cells. c. cell cycle progression n in the temozolomide-

dimethyl fumarate combination treated and the X-irradiated temozolomide-dimethyl 

fumarate combination treated T98g cells. d. cell cycle progression in X-irradiated and 

temozolomide treated and X-irradiated temozolomide-dimethyl fumarate combination 

treated T98g cells. e. cell cycle progression in X-irradiated and dimethyl fumarate treated 

and X-irradiated temozolomide-dimethyl fumarate combination treated T98g cells. 
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ns 
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50µM+3.125µM+1Gy G2 ** G2 ** G2 **  

 50µM+3.125µM+3Gy G2 *** G2 * G2 ** 
200µM+12.5µM+1Gy G2 ** G2 ** 

 

G2 ** 
200µM+12.5µM+3Gy G2 *** G2 * G2 ** 
400µM+25µM+1Gy G2 ** G2 **  G2 ** 
400µM+25µM+3Gy G2 *** G2 * G2 ** 

d. 

e. 

c. 

b. a. 

 

  
0 1/3Gy 50µM+1/3Gy 200µM+1/3Gy 400µM+1/3Gy 

0 –  G2 ** ns ns ns 
50µM+3.125µM+1Gy G2 ** G2 ** G2 **  

 50µM+3.125µM+3Gy G2 *** G2 * G2 ** 
200µM+12.5µM+1Gy G2 ** G2 ** 

 

G2 ** 
200µM+12.5µM+3Gy G2 *** G2 * G2 ** 
400µM+25µM+1Gy G2 ** G2 **  G2 ** 
400µM+25µM+3Gy G2 *** G2 * G2 ** 
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Appendix D1: Statistical analysis of data presented in Figure 4.13. a. comparison of 

apoptotic induction in temozolomide treated and temozolomide-X-irradiated exposed 

UVW cells. b. comparison of apoptotic induction in dimethyl fumarate treated and 

dimethyl fumarate-X-irradiated exposed UVW cells. c. comparison of apoptotic induction 

in the temozolomide-dimethyl fumarate combination treated and the X-irradiated 

temozolomide-dimethyl fumarate combination treated UVW cells. d. comparison of 

apoptotic induction in X-irradiated and temozolomide treated and X-irradiated 

temozolomide-dimethyl fumarate combination treated UVW cells. e. comparison of 

apoptotic induction in X-irradiated and dimethyl fumarate treated and X-irradiated 

temozolomide-dimethyl fumarate combination treated UVW cells. 

c. 

b. 

a. 

d. 



 

 

318 

 

 

 

 

 

 

 

 

 

 
Appendix D2: Statistical analysis of data presented in Figure 4.13. a. comparison of 

apoptotic phase distribution in temozolomide treated and temozolomide-X-irradiated 

exposed UVW cells. b. comparison of apoptotic phase distribution in dimethyl fumarate 

treated and dimethyl fumarate-X-irradiated exposed UVW cells. c. comparison of 

apoptotic phase distribution in the temozolomide-dimethyl fumarate combination treated 

and the X-irradiated temozolomide-dimethyl fumarate combination treated UVW cells. d. 

comparison of apoptotic phase distribution in X-irradiated and temozolomide treated and 

X-irradiated temozolomide-dimethyl fumarate combination treated UVW cells. e. 

comparison of apoptotic phase distribution in X-irradiated and dimethyl fumarate treated 

and X-irradiated temozolomide-dimethyl fumarate combination treated UVW cells. 

d. 

c. 

b. a. 

e. 
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Appendix D3: Statistical analysis of data presented in Figure 4.14. a. comparison of 

apoptotic induction in temozolomide treated and temozolomide-X-irradiated exposed 

T98g cells. b. comparison of apoptotic induction in dimethyl fumarate treated and 

dimethyl fumarate-X-irradiated exposed T98g cells. c. comparison of apoptotic induction 

in the temozolomide-dimethyl fumarate combination treated and the X-irradiated 

temozolomide-dimethyl fumarate combination treated T98g cells. d. comparison of 

apoptotic induction in X-irradiated and temozolomide treated and X-irradiated 

temozolomide-dimethyl fumarate combination treated T98g cells. e. comparison of 

apoptotic induction in X-irradiated and dimethyl fumarate treated and X-irradiated 

temozolomide-dimethyl fumarate combination treated T98g cells. 

d. 

e. 

c. 

b. 

a. 
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Appendix D4: Statistical analysis of data presented in Figure 4.14. a. comparison of 

apoptotic phase distribution in temozolomide treated and temozolomide-X-irradiated 

exposed T98 cells. b. comparison of apoptotic phase distribution in dimethyl fumarate 

treated and dimethyl fumarate-X-irradiated exposed T98g cells. c. comparison of 

apoptotic phase distribution in the temozolomide-dimethyl fumarate combination treated 

and the X-irradiated temozolomide-dimethyl fumarate combination treated T98g cells. d. 

comparison of apoptotic phase distribution in X-irradiated and temozolomide treated and 

X-irradiated temozolomide-dimethyl fumarate combination treated T98g cells. e. 

comparison of apoptotic phase distribution in X-irradiated and dimethyl fumarate treated 

and X-irradiated temozolomide-dimethyl fumarate combination treated T98g cells. 

 

e. 

c. 

b. 

a. 

d. 


