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Abstract

Radiotherapy is often prescribed for brain cancer, particularly high-grade
malignant gliomas. Efficacy is, however, often limited by radioresistance. The
thioredoxin (Trx) system, a key antioxidant pathway in defence against
oxidative stress, represents a potentially attractive target to overcome such
resistance. Trx system alterations contribute to altered treatment response in
a number of tumour types but information is lacking in brain tumours. The
aim of the current study is to explore the potentially prognostic role of Trx
system proteins in different types brain tumours; and investigate the
chemotherapeutic and radiosensitising effects of a novel TrxR inhibitor 1Q10

on brain cancer cells and the mechanisms underlying its action.

Expression of Trx system proteins was evaluated in four different brain
tumour types by immunohistochemistry. A panel of five different brain cancer
cell lines were used in this study: SNB19 (adult glioblastoma), SF188 and
KNS42 (paediatric glioblastoma), and DAOY and UW228-3 (medulloblastoma);
and a normal cell type, MRC5 lung fibroblasts, was used for comparing drug
cytotoxicity. Professor Chris Moody’s group (School of Chemistry, University
of Nottingham) developed a series of Indolequinone (IQ) compounds that
potently inhibited TrxR activity in pancreatic cancer cells. One of the most
potent 1Qs, 1Q10, was assessed for its inhibition of TrxR activity and Trx family
expression in brain cancer cells using the insulin reduction assay and Western
blotting respectively. The cellular cytotoxicity of 1Q10 was evaluated using
growth curves, resazurin reduction and clonogenic survival assays under both
normoxic and hypoxic (1% O) conditions and in 2D vs. 3D spheroid cultures.
Validation of TrxR as an important target for IQ10 in brain cancer cells was
carried out using an siRNA approach. 1Q10’s role in regulating radioresponse
of brain cancer cells was examined via clonogenic assays. In addition,
intracellular ROS levels were determined by H,DCFDA flow cytometry and
YH2AX foci by immunofluorescence staining. Expression of genes associated
with epithelial-mesenchymal transition was examined by RT? Profiler™ PCR

Array.



The retrospective immunohistochemical study demonstrated that Trx system
proteins were expressed to variable levels across a variety of brain tumour
types, with high expression of cytoplasmic TrxR consistently correlating with a
worse prognosis in all tumour types, suggesting that it is potentially a very
important therapeutic target in brain cancers generally. In vitro results
showed that 1Q10 treatment significantly inhibited TrxR activity in a dose-
dependent manner but did not affect the expression levels of Trx system
proteins in brain cancer cells. Q10 exhibited potent single agent anti-
proliferative and cytotoxic effects against brain cancer cells under both
normoxic and hypoxic conditions in 2D and 3D systems, with IC50s in the
submicromolar/low micromolar range. Q10 was up to ~1000 fold more
potent than temozolomide, the agent used clinically to treat brain tumours
and used as a comparator in the current study. 1Q10 seemed to preferentially
kill brain cancer cells but spare normal fibroblasts MRC5. More importantly,
TrxR was found to be a promising radiobiological target in that inhibition of
TrxR by 1Q10 substantially sensitised both 2D and 3D cultured brain cancer
cells to radiation (sensitiser enhancement ratio’s ranging between 1.2 - 1.7),
with such radiosensitising effect being due, in part, to functional inhibition of
TrxR, which made cells less able to deal with oxidative stress, leading to
oxidative DNA damage. In addition to its cytotoxic and radiosensitising effects,
Q10 showed potential to inhibit invasion/migration as treatment significantly

downregulated EMT associated gene expression in brain cancer cells.

Collectively, although further confirmation is required both in vitro and in vivo,
the current study highlights TrxR as a potential therapeutic target in brain
cancers and suggests that 1Q10 could be a promising agent, either single or

combined with radiation, to improve patient outcome.
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1.1 General introduction to brain tumours

1.1.1 Epidemiology and classification

There are a variety of subject areas related to brain tumour epidemiology and
classification. The sections below give an overview of the burden of brain
tumours in populations, looking at the major subtypes, in addition to giving a

summary of current views on possible risk factors.

1.1.1.1 Incidence, mortality and survival

Although numbers are yet to be confirmed there was a predicted 18.1 million
new cancer cases and 9.6 million cancer related deaths in 2018 worldwide,
these numbers increased substantially compared with the 14.1 million new
cases and 8.2 million deaths in 2012 (Ferlay et al., 2015, Bray et al., 2018).
Globally, about 296,851 new brain and central nervous system (CNS) tumour
cases and 241,037 deaths were estimated in 2018, accounting for about 1.6%
of all newly diagnosed cancers and 2.5% of cancer deaths (Bray et al., 2018).
According to the statistical report of the Central Brain Tumour Registry of the
United States (CBTRUS), approximately two-thirds of brain and CNS tumours
are non-malignant, and approximately half of these are non-malignant
meningiomas. Most malignant tumours are gliomas, which represent ~80% of
all malignant brain tumours and more than half of gliomas diagnosed are
glioblastomas (GBMs) (Ostrom et al., 2017). The overall incidence of brain and
CNS tumours is higher among female patients compared with male patients
(Ostrom et al., 2017). Like most cancers, the incidence of all brain and CNS
tumours increases with age, with the highest occurrence in adults aged 40
years and older. In this age group, the most common malignant brain tumours
are gliomas, of which GBM represents the most frequent type. For children
younger than 15 years old, brain tumours have been the primary solid
tumours, with most being astrocytic tumours and medulloblastoma (MB)
(Ostrom et al., 2015, Leece et al., 2017). Among adolescents and young adults
(15-39 years), brain tumours are common with only breast and thyroid cancer
occurring more frequently (Ostrom et al., 2016a). Generally, the rates of

incidence and mortality for brain and CNS tumours vary markedly across the
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globe; both rates are highest in the more-developed regions (e.g. Europe,
Northern America and Australia/New Zealand) and lowest in Africa and the
Pacific (Ferlay et al., 2015). It has been reported that the overall 1-year
survival rate of malignant brain and CNS tumours was 56.6% between 2000
and 2010, and the 5-year survival rate was 32.1% in the US (Barnholtz-Sloan et
al., 2018). By contrast, the survival rate of non-malignant brain tumours is
significantly higher, with a 1-year survival rate of 94.5% and a 5-year survival
rate of 90.8%. Among all brain tumours, GBM patients have the poorest
survival, for which 1-year survival is 37.4% and 5-year survival is 4.9%

(Barnholtz-Sloan et al., 2018).

In the UK, brain and CNS tumours are the 9" most common cancer (3% of all
new cancer cases), with around 11,500 new cases in each year. Brain tumours
are the 10™ most frequent cause of cancer death (5,200 deaths per year),
accounting for 3% of the total annual cancer deaths. Over the last decade, the
incidence rate of brain tumours has increased by around a seventh (15%) in
the UK; whilst the mortality rate has remained stable. Both the incidence and
mortality rates for brain tumours in the UK are highest among people aged 85
to 89. The brain cancer survival rate has improved dramatically, doubling in
the last 40 years in the UK. Around 19% of brain cancer patients in England
and Wales survive at least 5 years; and the 10-year survival rate is about 14%
(Cancer Research UK, 2016a). However, the survival rate is much lower in
high-grade brain tumour patients, particularly GBM, the 5-year survival rate is

only 5% (Cancer Research UK, 2016b).
1.1.1.2 Risk factors

Brain tumours are a complex and heterogeneous group of diseases, many
possible contributory risk factors for their development have been studied
(Butowski, 2015). The most relevant risk factors are ionising radiation, family
history and genetic factors, allergies, and cell phones (McNeill, 2016), which

are described in detail as follows.
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lonising Radiation

lonising radiation is a well-established environmental risk factor for brain
tumours, but contributes to only approximately <1% of brain and CNS tumour
cases in the UK (Cancer Research UK, 2015). High-dose therapeutic ionising
radiation to the head, administered for both benign conditions and cancer
treatments, raises the risk of meningioma and glioma (Butowski, 2015).
Between them, meningioma is more likely associated with radiation (Braganza
et al., 2012). Apart from therapeutic radiation, diagnostic radiation exposure
has also been identified as a potential contributing factor to brain tumour
carcinogenesis (Prasad and Haas-Kogan, 2009). The risk of developing a brain
tumour is nearly tripled in people who received 1-2 CT (computerised
tomography) scans (cumulative x-ray doses of ~60 milligrays (mGy)) during
childhood or adolescence (Pearce et al., 2012). People who have had dental x-
rays (bitewing technique) taken from the sides of the head have doubled the
risk of adult meningiomas (Claus et al., 2012). Linet et al. (2012) concluded
that very low doses (i.e. 10-50 millisievert) of x- or y-radiation from diagnostic
imaging procedures is significantly associated with increased cancer risks in

humans.
Family history and genetic factors

Increased risk of developing a brain tumour appears to be associated with a
family history of brain and CNS tumours. Having one parent with a brain
tumour increases the individuals risk by ~70%, and having a sibling diagnosed
presents a two-fold risk (Hemminki et al., 2009, 2010). Also, several genetic
syndromes can increase the risk of developing CNS tumours with an estimated
5% of brain tumours being linked to hereditary syndromes (Barnholtz-Sloan et
al., 2018). For example, neurofibromatosis type 1 (NF-1), represents the most
common genetic syndrome that is associated with brain tumours (Williams et
al., 2009b). Approximately 15% of NF-1 patients develop a glial tumour in
their optic tract (optic pathway glioma) during their life (Boulanger and
Larbrisseau, 2005, Singhal et al., 2002). Compared with NF-1,

neurofibromatosis type 2 (NF2) is less frequent, occurring in 1:25,000-40,000
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live births (Tonsgard, 2006). The hallmark feature of NF-2 is bilateral
vestibular schwannomas with up to 50% of individuals developing multiple
meningiomas, and 2-5% of patients developing ependymomas (McNeill, 2016).
Another genetic syndrome, tuberous sclerosis (TS) is a rare multi-system
genetic disease that causes tumours to grow in the brain and other vital
organs. Approximately 5-15% of children with TS develop a low-grade type of
brain tumour called a subependymal giant cell astrocytoma (SEGA) (Barnholtz-
Sloan et al., 2018). Having TS also increases the risk of developing other brain
tumours, such as malignant gliomas (Curatolo et al., 2008). In addition,
patients with Gorlin syndrome or Turcot syndrome (a condition characterised
by multiple adenomatous colon polyps) are at high risk of developing MB

(Rood et al., 2004, Hottinger and Khakoo, 2007).
Allergies

A number of epidemiologic studies have shown that allergic and atopic
conditions such as asthma, hay fever, eczema, and food allergies reduce the
risk of various brain tumours, including glioma, meningioma and vestibular
schwannoma (Wigertz et al., 2007, McCarthy et al., 2011, Scheurer et al., 2011,
Turner et al., 2013). Among those tumours, the link between allergies and the
risk of glioma has been well studied. One large case-control study found that a
history of allergic or autoimmune diseases is inversely correlated with glioma
risk (Brenner et al., 2002). Other studies showed that total IgE levels were
lower in glioma cases than controls (Wiemels et al., 2004, Calboli et al., 2011).
Although the exact mechanism is unclear, increased tumour
immunosurveillance in those with allergies and autoimmune diseases or brain
tumour-related immune suppression has been proposed as possible

mechanisms (Fisher et al., 2007).
Cell phones

Since the introduction of cell phones in 1980s, there has been a growing
public concern about whether cell phones might increase the risk of
developing brain tumours (Samkange-Zeeb and Blettner, 2009). To address
this concern, several large studies have tried to assess the association

5
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between cell phone use and brain tumour risk, but inconsistent results have
been reported (Frei et al., 2011, Hardell et al., 2013, Benson et al., 2013). On
the one hand, a number of studies have suggested that heavy users of cell
phones may be at higher risk of brain tumours with, as a result of this,
radiofrequency fields produced by cell phones being considered as possible
carcinogens to humans by the World Health Organisation (WHO) (Baan et al.,
2011). On the other hand, several cohort studies found no evidence of an
association between tumour risk and cell phone use (Ahlbom et al., 2004,
Schuz et al., 2006). One of the largest case-control studies to date, the
INTERPHONE study, also found no relationship between cell phone use and
the increased risk of glioma or meningioma (INTERPHONE Study Group, 2010).
The conflicting data between cell phone use and brain tumour risks needs

further robust scientific investigation.
Other risk factors

Apart from the risk factors described above, a number of other risk factors for
brain tumours have also been examined, including infection, diet, tobacco,
alcohol, chemical agents, occupation and head trauma. However, the
association between these factors and risk of brain tumours have not been

well established.

1.1.1.3 Brain tumour classification

Historically, the WHO set out the most universally adopted classification
system used in diagnosing brain tumours, which was primarily based on the
consensus of histological features (Louis et al., 2007). Recently, with advances
in molecular biology, the classification system has been updated to
incorporate molecular parameters alongside histological characteristics (Louis
et al., 2016). This combined histological and molecular genetic classification
has generated new integrated diagnoses, where the histopathological name is
followed by the genetic features (e.g. glioblastoma, IDH wild-type) (Louis et al.,
2016). The addition of the genotypic parameters significantly improves the
diagnostic objectivity and accuracy, and will probably lead to improved

patient management and more accurate estimation of prognosis and
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treatment response. Amongst all the brain tumours, the classification of
astrocytic tumours and MB will be described in detail within this section, as
the astrocytic tumours are the most frequently diagnosed brain tumours, and

MB is the most common malignant brain tumour in childhood.

Astrocytic tumours are a type of glioma that arises from astrocytes. In the
past, only astrocytic tumours were grouped together, but now all diffusely
infiltrating gliomas (whether astrocytic or oligodendroglial) are classified
together. This change is based not only on their growth patterns and
behaviour, bus also more pointedly on the shared genetic driver mutations in
IDH genes (Louis et al., 2016). Therefore in the 2016 WHO classification
system these tumours are organised as either “diffuse astrocytic and

III

oligodendroglial” or “other astrocytic” tumours. The diffuse astrocytic and
oligodendroglial tumours include diffuse astrocytoma, anaplastic astrocytoma,
glioblastoma (WHO grade II, Il and IV, respectively), oligodendroglioma
(grade 1), and a new addition to WHO 2016, diffuse midline glioma, H3 K27M-
mutant (grade 1V). The “other astrocytic” tumours comprise pilocytic
astrocytoma (PA), subependymal giant cell astrocytoma (SEGA) and
pleomorphic xanthoastrocytoma (WHO grade I, | and I, respectively), they

exhibit a more circumscribed growth pattern and a lack of IDH gene family

alterations.

The two main types of embryonal tumours are MB and atypical
teratoid/rhabdoid tumour. Both are defined as WHO grade IV malignant
neoplasms because of their highly proliferative nature. Previously, based on
histopathological features, the 2007 WHO classification system seperated MB
into five subtypes: classic MB, desmoplastic/nodular MB, MB with extensive
nodularity, large <cell MB, and anaplastic MB. Patients with
desmoplastic/nodular MB tend to have a good prognosis; while those with
large cell/anaplastic MB have poorer outcomes (Louis et al., 2007). Currently,
the classification of MB is based on molecular characterisation, but
histological phenotypes are retained when the molecular analysis is not

feasible or molecular results are not diagnostic (Dang and Phillips, 2017). The
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molecular subgrouping of MB arises from large-scale genetic profiling studies
that defines four subgroups: WNT-activated (10%), sonic hedgehog (SHH)-
activated (30%), group 3 (20%) and group 4 (40%) (Taylor et al., 2012). WNT
and SHH MBs are characterised by aberrations in the WNT and SHH signalling
pathways, respectively. WNT MB has the best prognosis compared with the
others, while SHH MB has an intermediate prognosis. The underlying
signalling pathways associated with group 3 and group 4 MBs have not been
identified. Group 3 MB is frequently associated with metastasis, resulting in a
poor prognosis, while group 4 MB is sometimes associated with metastasis
and has an intermediate prognosis. The molecular classification of MB
redefines the risk stratification of MB patients, and has the potential to
develop new therapeutic strategies for the treatment of MB (Kijima and

Kanemura, 2016).
1.1.2 Prognostic and predictive factors

A prognostic factor is a patient-specific or tumour-specific trait that predicts
clinical outcomes regardless of treatment. Unlike prognostic factors,
predictive factors are able to identify patients who will benefit from specific
treatment regimens (Johnson and Galanis, 2013). Although they can be
separately classified, several factors in brain tumours have both prognostic
and predictive strength. Measurement of prognostic and/or predictive factors
can aid in clinical decision making and help select the appropriate treatments
for individual patients. The following sections will review some important and

commonly used prognostic and predictive factors in brain tumours.
1.1.2.1 Clinical factors

Traditionally, the prognosis of patients with brain tumours has been largely
based on clinical factors. In high-grade astrocytic tumours (i.e. anaplastic
astrocytoma and GBM), the greater extent of tumour resection, lower tumour
grade, younger age (<50 years), and good Karnofsky Performance Status (KPS)
score are all favourable prognostic factors (de Groot, 2015). For anaplastic
oligodendrogliomas (WHO grade lll), treatment (for progression-free survival
(PFS) only), younger age, confirmed absence of residual tumour on imaging,

8
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frontal location and good performance status are independent factors that
predict better PFS and overall survival (OS) (Gorlia et al., 2013a). While in
adult low-grade gliomas (LGGs), older age (= 40 years), astrocytoma
histology, tumours larger than 5-6 cm in diameter, tumours crossing the
midline and baseline neurological deficits are considered as unfavourable
prognostic factors (Pignatti et al., 2002, Gorlia et al., 2013b). For patients with
MB, age under 3 years, postoperative residual tumour more than 1.5 cm?,
metastasis at diagnosis and hydrocephalus have been identified as negative
clinical prognostic factors. In contrast, good performance status, short
neurologic symptoms duration, gross total resection, radiotherapy, lateral
location of the tumour and desmoplastic/nodular phenotypes are associated
with good prognosis (Rutkowski et al., 2010, Lai et al., 2012, Wong et al., 2015,
Brandes and Paris, 2004, Kim et al., 2011).

1.1.2.2 Molecular factors

Over the past decade, genetic alterations have been recognised as more
powerful prognostic and predictive markers than histological appearance
alone. Amongst the molecular markers, IDH1/2 (isocitrate dehydrogenasel/2)
mutation, 1p/19q co-deletion, histone H3 gene mutations, methylguanine-
DNA-methyltransferase (MGMT) promoter methylation status, epidermal
growth factor receptor (EGFR) overexpression, TP53 mutation, telomerase
reverse transcriptase promoter (TERTp) mutations and MYC/MYCN
amplification are considered as relatively important prognostic and/or
predictive factors. The functions and mechanisms of each marker are

discussed in more detail below.
IDH1/2 mutation

IDH1 and IDH2 are key metabolic enzymes that convert isocitrate to a-
ketoglutarate. IDH1/2 mutations are frequently observed in lower-grade
tumours (>70% grades IlI-Ill astrocytomas and 100% oligodendrogliomas) and
secondary GBMs that arise from lower-grade astrocytomas (about 85%) (Chan
et al., 2015). However, these mutations rarely occur in primary GBMs (<1%)
and the mutation rate in PAs, ependymomas, or other less common gliomas is

9
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low or absent (Watanabe et al.,, 2009). For diffuse gliomas, patients with
IDH1/2 mutations have a dramatically better prognosis than those with wild-
type IDH genes (Yan et al., 2009b). The IDH mutation status, however, does
not predict treatment specific responses in these patients (van den Bent et al.,
2010). At present, the evaluation of IDH mutations is part of the WHO 2016
integrated diagnosis scheme for LGGs, anaplastic gliomas, and GBMs. The IDH
mutation status serves as one of the most important prognostic factors in
those tumours (Yan et al., 2009b, Gorlia et al., 2013a, 2013b, Hartmann et al.,
2010).

Co-deletion of chromosome 1p/19q

The 1p/19q co-deletion is a complete loss of the short arm of chromosome 1
(1p) and the long arm of chromosome 19 (19q), which results from an
unbalanced centromeric translocation between the two chromosomes
(Wesseling et al., 2015). This co-deletion is the hallmark molecular signature
of oligodendrogliomas, as it is almost exclusively encountered in glial tumours
with oligodendroglial morphology. The WHO 2016 classification integrates IDH
mutations and 1p/19q co-deletion with histologic findings to classify grade Il
and Il diffuse lower-grade gliomas (LGGs). Over 80% of LGGs are IDH-mutant;
of those, 37%-50% harbour the 1p/19q co-deletion (Batchala et al., 2019).
More importantly, the IDH-mutant 1p/19q co-deleted LGGs
(oligodendrogliomas, IDHmut-Codel) demonstrate improved patient survival
and enhanced responsiveness to PCV (procarbazine, lomustine, and
vincristine) chemotherapy compared with IDH-mutant noncodeleted LGGs
(astrocytomas, IDHmut-Noncodel). As a result, chromosome 1p/19q co-
deletion is increasingly used in the routine diagnostic procedures of
oligodendrogliomas, both as a diagnostic marker as well as a
prognostic/predictive marker (Srebotnik-Kirbis and Limback-Stokin, 2016).
Compared with oligodendrogliomas, the impact of 1p/19q co-deletion on
WHO grade Il and grade Il astrocytic gliomas is less clear, but it appears to be
a positive prognostic factor for OS (Mariani et al., 2006, Johnson and Galanis,

2013).
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H3 K27M

Diffuse midline glioma with histone H3 K27M mutation is a novel entity added
to the 2016 update of the WHO classification of CNS tumours (Louis et al.,
2016). The histone H3 K27M mutation is present in most paediatric gliomas
arising in midline locations, including thalamus, brain stem and spinal cord.
The mutations in H3 K27M occurs in either of two genes, H3F3A or HIST1H3B,
which encode histone proteins H3.3 and H3.1, respectively (Aboian et al.,
2017). This new group of gliomas are classified as WHO grade IV, regardless of
the histological appearance. Among all diffuse gliomas, and within diffuse
midline gliomas in general, the H3 K27M mutant tumours imply the worst
prognosis (< 10% 2-year survival) (Louis et al., 2016). Within the H3 K27M-
mutant category, H3.3 mutations have a poorer prognosis than those with
H3.1 mutations, although additional research is required. Until now, no
predictive value has yet been identified for H3 K27M mutations (Castel et al.,

2015).
MGMT promoter methylation

One of the most clinically relevant DNA methylation markers is the promoter
of MGMT, which is a DNA repair enzyme that reverses the damage induced by
ionising radiation or alkylating agents such as temozolomide (TMZ) (Hegi et al.,
2005). Methylation of the MGMT promoter (MGMTp) induces MGMT gene
silencing and increases the sensitivity of cells to alkylating agents. MGMTp is
methylated in 73% of secondary (mostly IDH-mutant) GBMs, 30-50% of
primary, IDH-wildtype, GBMs and in > 90% of oligodendrogliomas, but it is less
commonly methylated in lower-grade astrocytomas (Zawlik et al., 2009,
Lapointe et al.,, 2018). For GBM, MGMTp methylation can predict better
treatment response from combined therapy of TMZ and radiation in both
younger and elderly patients (Hegi et al., 2005, Stupp et al., 2005, Malmstrom
et al., 2012, Wick et al., 2012, Perry et al., 2017). However, patients who lack
methylated MGMTp also appear to benefit from TMZ, though the magnitude
of benefit was larger in the methylated group. Because of this, alkylating

chemotherapy should be the standard of care for all GBM patients and
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MGMTp methylation status is best considered as a prognostic factor rather

than a predictive biomarker of sensitivity to TMZ (Stupp et al., 2009).
EGFR and EGFR variant lll (EGFRvlII)

EGFR is a transmembrane glycoprotein belonging to the superfamily of
receptor tyrosine kinases (Seshacharyulu et al., 2012).1t controls key
signalling pathways responsible for tumour cell growth, proliferation,
migration, and survival (Chistiakov et al., 2017). EGFR is frequently active or
overexpressed in GBM through EGFR gene amplification and/or the EGFRvIII
deletion mutation (An et al., 2018). EGFRvIll is a constitutively active,
oncogenic mutant EGFR variant resulting from deletions of exon 2-7
(Seshacharyulu et al., 2012). EGFR amplification is found in about 40% of all
GBMs, with around 50% of these tumours also expressing the EGFRvIII
(Felsberg et al., 2017). Both EGFR amplification and EGFRvlIl have been linked
to the invasive behaviour of GBM together with increased angiogenesis (Keller
and Schmidt, 2017). Assessment of EGFR amplification is increasingly used for
differentiating GBM from lower-grade gliomas and for stratifying patients in
clinical trials and other studies. However, the prognostic value of EGFR
amplification/EGFRUVIII is controversial (Shinojima et al., 2003, Hartmann et al.,
2013), and experimental therapies targeting EGFR in brain tumours have been

largely disappointing to date (Bush and Butowski, 2017).
TP53 mutation

TP53 is a typical tumour suppressor gene located in 17p13.1, which encodes
the nuclear protein P53. The tumour protein p53 is a nuclear transcription
factor that regulates the expression of a variety of genes involved in cell cycle,
apoptosis, senescence, DNA repair, or metabolic changes in response to
genotoxic or cellular stress (Park et al., 2017). TP53 is the most frequently
mutated gene in human cancers and is often found mutated or lost in gliomas.
To be specific, TP53 is mutated in the majority of IDH-mutant lower-grade
astrocytomas, 60-70% of secondary GBMs and about 30% of primary GBMs
(Brennan et al., 2013, Brat et al., 2015). However, these mutations are rare in
oligodendrogliomas  (13%), well-circumscribed  astrocytic ~ tumours,
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ependymomas, and MB (except for the SHH type, p53-activated subgroup)
(Shahpar et al., 2016, Park et al., 2017). Mutant TP53 is strongly associated
with a poor prognosis in patients with GBMs and it may decrease the
chemosensitivity of TMZ (Wang et al., 2014). For children with SHH MB, it is
now clear that TP53 mutations harbour significant prognostic utility and

comprise one of the highest risk subsets of MB (Ramaswamy et al., 2015).
TERTp mutations

Human telomerase is a ribonucleoprotein that elongates the telomeric DNA
by adding TTAGGG sequences to the end of chromosomes, therefore, it plays
a crucial role in cellular immortalisation and tumourigenesis (Aldape et al.,
2015). TERTp mutations are molecular hallmarks of gliomas, occurring in 77%
of IDH-wildtype GBMs and 96% of oligodendrogliomas, but less frequently
seen in astrocytomas (22%) (Pekmeazci et al., 2017). Gliomas can be classified
into five molecular groups on the basis of three alterations: TERTp mutations,
IDH mutations and 1p/19q codeletion. Among patients with grade II/Ill
gliomas, the molecular groups were independently associated with overall
survival and patients with only TERTp mutations had poorer prognosis than

other molecular groups (Eckel-Passow et al., 2015).
C-MYC and N-MYC amplification

The MYC family (C-MYC, N-MYC and MYCL1) belongs to a group of genes
known as proto-oncogenes, which controls cell cycle, cellular proliferation and
differentiation (Bartlett et al., 2013). Amplification of MYC is found in many
carcinomas, including MBs, in which 10% to 15% may show C-MYC/N-MYC
amplification (Eberhart et al.,, 2004). Patients whose tumour exhibit
overexpression or amplification of the MYC oncogenes usually have an
extremely poor prognosis. Taking MB as an example, overexpression of C-
MYC/N-MYC is significantly associated with poor clinical outcomes and the
aggressive large-cell/anaplastic phenotypes (Herms et al., 2000, Eberhart et al.,
2004). The MYC gene amplification has been observed in all four subgroups of

MB, particularly group 3, which is characterised by recurrent MYC
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amplification and approximately 20% cases of group 3 patients harbour the

MYC amplification (Ramaswamy et al., 2016).

1.1.3 Treatment strategies

Optimal treatment strategies can prolong patient survival, prevent recurrence,
control metastasis and improve quality of life. Surgery, chemotherapy, and
radiation therapy have been longstanding treatment modalities in the
management of brain tumours. The past decades have witnessed improved
outcomes for patients with brain tumours due to the molecular advances and
refinements in treatment regimens. The following sections summarise, by
tumour type, the current treatment standards and the latest therapeutic

advances for several of the most common primary brain tumour types.
1.1.3.1 Pilocytic astrocytoma (PA) (WHO I)

PAs are the most common non-infiltrative LGGs. In general, the prognosis is
excellent with overall 10-year survival reported to be over 90%, although
survival significantly declines with increasing age and decreased extent of
resection (Ostrom et al., 2017, Louis et al., 2016). Gross total resection is the
standard of care, associating with the most favourable prognosis. The
reported 10-year OS for patients with gross total resection is as high as 100%,
as compared with 74% for those having subtotal resections (Louis et al., 2016,
Forsyth et al., 1993). The use of adjuvant chemotherapy or radiotherapy for
PA patients undergoing subtotal resection is still controversial (Brown et al.,
2004, Kidd et al., 2006, Burkhard et al., 2003, Johnson et al., 2012) and the
radiotherapy is only indicated at progression when surgical options no longer

exist (Weller et al., 2017).
1.1.3.2 Diffuse LGGs (WHO Il)

Diffuse LGGs include WHO grade Il diffuse astrocytomas and
oligodendrogliomas. Early and maximal safe resection is the initial treatment
for such patients (National Comprehensive Cancer Network, 2018, Weller et
al.,, 2017, Jakola et al.,, 2017). Following surgery, treatment decisions are

based on risk stratification, although the distinction between low- and high-
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risk LGGs is highly variable among different studies (Gorlia et al., 2013a).
According to the National Comprehensive Cancer Network (NCCN) guidelines
2018, low-risk patients are typically younger than 40 years with gross total
resection and favourable prognostic molecular markers (i.e. IDH-mutant and
ideally 1p/19q co-deleted) (National Comprehensive Cancer Network, 2018).
In these patients, a “wait-and-see” approach is recommended based on the
long-term results of the European Organisation for Research and Treatment of
Cancer (EORTC) 22845 randomised trial, which found similar OS between
early and deferred radiotherapy arms, although early postoperative
radiotherapy significantly increased PFS. This study, therefore, suggested that
radiotherapy might be deferred for LGG patients who are in a good condition,
provided they are carefully monitored (van den Bent et al., 2005). Except
adjuvant radiotherapy, the use of postoperative chemotherapy alone or in
combination with radiotherapy remains investigational (van den Bent, 2003).
Currently, there is a lack of data from randomised controlled trials regarding

the clinical significance of chemotherapy for these patients.

LGG patients aged over 40 years and/or who underwent a subtotal resection
are clinically defined as a high-risk group. Other high-risk factors that are
sometimes taken into consideration are neurological deficits, tumour size >5
cm and tumour crossing the midline (Buckner et al., 2016, Baumert et al.,
2016, Daniels et al., 2011). Additionally, IDH-wildtype LGGs are now also
considered high-risk, as they have a poor survival comparable with primary
GBMs and have been suggested to behave similarly (Larsen et al., 2017). IDH-
wildtype LGGs are thus often treated like GBM (see Section 1.1.3.4), although
no clinical trials have specifically evaluated this subgroup (Lapointe et al.,
2018). For IDH-mutant high-risk LGGs, maximum safe resection is considered
the best initial treatment. After surgery, the treatment standard is
radiotherapy (45-54 Gy, 1.8-2.0 Gy/fraction) followed by 6 cycles of adjuvant
PCV chemotherapy, based on the results of RTOG (Radiation Therapy
Oncology Group) 9802 trial (Buckner et al., 2016). However, in current clinical

practice, PCV is often replaced by lomustine alone due to fewer toxic effects
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and that procarbazine has little efficacy, and that vincristine does not pass the
blood-brain barrier (BBB) well. Moreover, TMZ is often preferred over PCV
chemotherapy because of its favourable safety profile and ease of

administration (Weller et al., 2017).
1.1.3.3 Diffuse HGGs (WHO lIll)

Diffuse HGGs (WHO grade lll) include anaplastic astrocytomas and anaplastic
oligodendrogliomas. The current standard of care for patients with diffuse
HGGs is maximal safe resection followed by chemoradiotherapy, based on the
long-term results of three randomised trials (Wick et al., 2016, van den Bent
et al., 2013, Cairncross et al., 2013) and on the interim results of the CATNON
trial (van den Bent et al., 2017). The chemoradiotherapy consists of 59.4-60
Gy of radiotherapy with either six cycles of adjuvant PCV, or concurrent and
adjuvant TMZ. Whether PCV can be replaced by TMZ in anaplastic
oligodendroglioma with 1p/19q co-deletion is presently being investigated in
the CODEL trial, which compares radiotherapy followed by PCV with
radiotherapy plus concurrent and adjuvant TMZ (Jaeckle et al., 2016).
Furthermore, whether radiotherapy can be deferred to prevent radiotherapy-
induced neurotoxicity in those 1p/19q co-deleted chemosensitive tumours is
being assessed in the POLCA trial, comparing upfront radiotherapy plus PCV
versus upfront PCV plus deferred radiotherapy at progression (Assistance

Publique, 2015).
1.1.3.4 GBM (WHO IV)

GBM is the most common and the most aggressive brain tumour in adults,
accounting for 45% of all malignant primary brain tumours and 15% of all
primary brain tumours (Ostrom et al., 2015). Most GBM patients do not
survive beyond a year, and only ~5% survive for more than 5 years (Ostrom et
al.,, 2017). Management of GBM includes a combination of neurosurgery,
radiotherapy, and chemotherapy. The preferred surgical treatment is a
maximal safe resection, which is significantly associated with longer patient
survival (Lacroix et al.,, 2001, Sanai et al., 2011). In 2005, Stupp et al.
presented the results of a phase Il clinical trial and established the current
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standard of care for postoperative management of newly diagnosed GBM.
The treatment in the trial consisted of radiotherapy to 60 Gy over 6 weeks
with concurrent daily TMZ, followed by at least 6 cycles of adjuvant TMZ. This
regimen resulted in a median OS of 14.6 months, compared with 12.1 months
for patients treated with radiation alone (Stupp et al., 2005). Further, the
benefits of adjuvant radiotherapy with TMZ lasted throughout 5 years of
follow-up and MGMTp methylation status identified patients most likely to
benefit from the addition of TMZ (Stupp et al., 2009).

In addition to the conventional treatment modalities mentioned above, a
relatively new treatment option for GBM is tumour-treating fields (TTFields),
which is an antimitotic treatment modality that interferes with cell division
and organelle assembly by delivering low-intensity alternating electric fields
to the tumour (Hottinger et al., 2016). The TTFields portable device has been
approved by the US Food and Drug Administration (FDA) for treatment of
newly diagnosed GBM after an interim analysis of a phase Il clinical trial in
2015. The results suggested that the addition of TTFields to standard therapy
significantly prolonged PFS and OS, with minimal additional toxicity (Stupp et
al.,, 2015). In 2017, the final analysis of the trial reported that the use of
TTFields with maintenance TMZ increased the median OS by nearly 5 months,
from 16.0 to 20.9 months, and increased the PFS by about 3 months, from 4.0
to 6.7 months (Stupp et al., 2017). Importantly, all subgroups of GBM patients
benefited from the TTFields, regardless of age, sex, KPS, MGMTp methylation

status, geographic region, or extent of resection.

1.1.3.5 Medulloblastoma (MB)

MB is the most prevalent type of malignant brain tumour in children, making
up ~20% of all paediatric brain tumours (Ostrom et al., 2016b). The standard
treatment for childhood MB includes a combination of maximal safe resection,
radiation therapy (in patients aged >3 years), and chemotherapy. Complete
surgical resection is the best initial treatment, which has consistently been
correlated with improved survival, especially in patients with non-

disseminated disease (Albright et al., 2000). Following surgery, patients are
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conventionally stratified into average- or high-risk group based on the
patient’s age, the extent of surgical resection and metastatic status at the
time of diagnosis (Packer et al., 2010). High-risk patients have one of the
following features: age < 3 years, residual tumour > 1.5 cm?, and presence of
metastasis at the time of initial diagnosis. Whereas average-risk patients do
not have any of the features listed under the high-risk group (Quinlan and
Rizzolo, 2017). Once the stratification is finished, craniospinal irradiation (CSI)
is the standard of care for children older than 3 years. The treatment dose of
CSl is 23.4 Gy for average-risk patients and 36 Gy for high-risk patients. In
addition, the tumour bed receives a boost dose to a total of 55.8 Gy due to
the high risk of local recurrence (Packer et al., 2006, Gajjar et al., 2006).
Children under 3 years of age often suffer severe long-term cognitive effects
from radiation, therefore, they are generally spared this treatment and
instead receive more intense chemotherapy (De Braganca and Packer, 2013).
Various chemotherapy regimens are used concurrently with radiation and/or
after radiation. Importantly, all drugs involved in these regimens must be able
to penetrate the BBB. The common chemotherapeutic agents include
vincristine, cisplatin, cyclophosphamide, lomustine, etoposide, methotrexate,
TMZ, and carboplatin. With the current therapies, patient survival has
improved significantly, the 5-year disease-free survival is more than 80% in
average-risk group and ~60-65% for high-risk group (Rutkowski et al., 2010).
However, 30-40% of patients will relapse within 2 years after primary therapy,
and the prognosis after recurrence is extremely poor, with a median survival
of less than 6 months and the 2-year survival rate is around 10-15% (Pfister et

al., 2009, Rudin et al., 2009, Hill et al., 2017).

The international consensus, published in 2012, recognises four main
subgroups of MB: WNT, SHH, group 3, and group 4 (Taylor et al., 2012). These
subgroups demonstrate distinct clinicopathological features and the
application of this subgrouping drives initial subgroup-directed therapies. To
date, there are no standard targeted therapies, but a number of clinical trials

have shown some interesting results with more trials ongoing. WNT subgroup
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accounts for approximately 10% of all MBs and occurs most frequently among
children older than 3 years. More than 95% of WNT MB patients survive more
than 5 years, making this the subgroup with the most favourable prognosis
(Kool et al., 2012). In light of this excellent prognosis, current clinical trials are
focusing on de-escalation of radiation or chemotherapy in the hope of
lessening long-term side effects (Udaka and Packer, 2018). A pilot study
assessing the feasibility of a surgery and chemotherapy-only approach in
children with WNT-positive MB is currently ongoing (Sidney Kimmel
Comprehensive Cancer Center, 2016) (NCT02212574). Meanwhile, some other
studies are trying to find suitable targeted therapies for this subgroup of
patients. Although targeting WNT is a promising field of research, it has been
extremely difficult to develop novel drugs that specifically target this pathway.
Two potential drugs of interest, cantharidin and norcantharidin, have shown
the ability to reduce the size of intracranial tumours in in vivo models
(DeSouza et al., 2014). Other potential drugs that may effectively target WNT
pathway are poly ADP ribose polymerase (PARP) inhibitors. It has been found
that PARP inhibition results in the destruction of B-catenin and subsequent
apoptotic cell death in MB mouse models (MacDonald et al., 2014).
Unfortunately, advances in targeting this specific pathway are still needed
before innovative and highly effective treatment will be available for this

cohort of patients.

The SHH pathway is an essential embryonic signalling cascade that regulates
stem cell and progenitor cell differentiation in multiple developmental
processes (Ingham and Placzek, 2006). SHH MB comprises approximately 30%
of all MBs and occurs most frequently in young children aged <5 years or in
patients aged >16 years. The SHH patients have a 5-year survival rate of 75%,
which is worse than WNT subgroup but more favourable than patients from
group 3 (Liu et al., 2017). Current studies have tried to target all aspects of
SHH signalling pathway in clinical trials. The smoothened (SMO) inhibitor
vismodegib was the first drug approved for clinical use. However, while

tumour response is immediate, tumour regrowth appears common upon
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termination of drug treatment (Rudin, 2012). Moreover, a more recent clinical
trial investigating vismodegib plus TMZ versus TMZ alone in patients with SHH
MB was terminated in advance in 2017, due to insufficient numbers of
successful cases at the end of the first stage of the trial (Centre Leon Berard,
2012) (NCT01601184). Therefore, new preclinical therapeutic avenues for the
SHH patients shift onto the agents that act on downstream targets of the SHH
pathway, such as bromodomain inhibitors, PI3K inhibitors, aurora kinase
inhibitors, itraconazole, arsenic trioxide, and GLI antagonists (Ramaswamy
and Taylor, 2017). However, the diverse tumour heterogeneity, multiple
mutations, and resistance mechanisms make appropriate therapy selection

difficult. Further studies on inhibiting the SHH pathway are needed.

Group 3 accounts for ~25% of all MBs and overall has the worst prognosis
among the four subgroups, with a 5-year OS of around 50% (Glod et al., 2016).
Group 3 tumours are most frequently found in infants and children, with very
few in adults. Many of these group 3 patients (~17%) display MYC
amplification, which is usually associated with poor prognosis. Preclinical
studies have suggested that histone deacetylase (HDAC) inhibitors (e.g.
panobinostat) and bromodomain inhibitors (e.g. JQl) may be potential
therapeutic agents for those with MYC amplification (Delmore et al., 2011, Pei
et al.,, 2016). In addition, the mutations of EZH2 and KDM6A are also
commonly found in group 3 and 4 tumours, making them potential future
targets for these two subtypes. Although several EZH2 inhibitors have shown
promising anti-tumour activity in pre-clinical studies (Robinson et al., 2015),
additional clinical trials are urgently needed to specifically define the role of

these drugs.

Group 4 MB is the most prevalent subgroup, making up more than 30% of all
MBs and is diagnosed mainly in infants and children. The metastasis rate at
the time of diagnosis is ~35-40%, which is similar to group 3. The group 4 MB
is the least understood among the four subgroups, because the most common
molecular aberrations are found in only a small fraction of cases, and the

exact molecular pathology in this subgroup is unclear (Gajjar and Robinson,
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2014). There are some similarities between group 3 and group 4, suggesting
that drugs targeting group 3 MB might also represent candidate therapeutics
for at least a subset of group 4 MB. Taken together, no real advances have
been made in developing treatments to target this specific subgroup.
Additional research is required to identify the main genetic drivers so as to

facilitate drug development for group 4 tumours.

Although a lot of progress is being made regarding molecular characterisation
of brain tumours, and their prognostic/predictive importance, there is little
known, unlike other tumour types, regarding the role of redox proteins in
brain tumour progression, therapy response and patient outcome. The
following section will summarise the main antioxidant systems that regulate
redox homeostasis and discuss their biological function and activity in cancers,

and how targeting such proteins and systems may improve the radioresponse.

1.2 ROS, redox homeostasis, the thioredoxin system and

cancer

Reactive oxygen species (ROS) are formed in biological systems as natural by-
products of the cellular metabolism of oxygen. ROS encompasses a wide
range of molecules with the three major ROS of physiological significance
being the superoxide anion (02*), the hydroxyl radical (*OH), and hydrogen
peroxide (H20,) (Bast, 1986). They are chemically reactive molecules
containing oxygen with free radicals carrying one or more unpaired electrons
in their outer shell (Halliwell, 1992). In mammalian cells, the mitochondrial
respiratory chain constitutes the main intracellular source of ROS, accounting
for about 90% of the total cellular ROS generation. During mitochondrial
oxidative metabolism, ROS can be formed by losing or gaining an electron
from a non-radical through three serial reactions shown as follows (Michaels

and Hunt, 1978):
O’+e — 0, (Reaction 1)

20, + 2H* — H202+ 02 (Reaction 2)
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H,0; + e~ —*0OH + OH- (Reaction 3)

In addition to mitochondria, a number of other endogenous sources of ROS
also exist in mammalian cells, including nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases (NOX) and dual oxidase (DUOX) in cell
membranes (Babior, 1999), and a group of intracellular enzymes that catalyse
ROS production during their enzymatic reactions, such as xanthine oxidase,
cyclooxygenases, cytochrome p450 enzymes, and lipoxygenases (Di Meo et al.,
2016). Certain organelles, such as peroxisomes and endoplasmic reticulum
(ER), are also able to produce ROS (Antonenkov et al., 2010, Malhotra and
Kaufman, 2007). Moreover, ROS can also be induced by exogenous factors
such as ultraviolet light, pollutants, ionising radiation, and chemicals (e.g.

quinones) (Sheu et al., 2006).

ROS are physiologically necessary but potentially harmful (Nita and
Grzybowski, 2016). Low levels of ROS are required in the modulation of
several cellular events, including immune response, mitogenic responses,
signal transduction, proliferation, and gene expression (Carlson et al., 2012).
However, at high levels, ROS can cause oxidative damage to key cellular
components such as nucleic acids, proteins and lipids, potentially leading to
subsequent apoptotic or necrotic cell death (Martindale and Holbrook, 2002).
An imbalance favouring ROS production in amounts exceeding the cellular
defence capacities is often referred to as 'oxidative stress’ (Avery, 2011), and
which is, as described later, one of the major ways by which conventional low-
linear energy transfer (LET) radiotherapy exerts its cytotoxic effects on cells
(Zhang and Martin, 2014). Intracellular ROS levels are under tight control by
various antioxidant systems. Redox homeostasis is a balance between ROS
generation and their clearance by the antioxidant systems. A delicately
maintained redox homeostasis is vital to prevent the living organisms from

getting damaged by oxidative stress (Mahmood et al., 2013).

1.2.1 Antioxidants and redox protein families
In order to detoxify ROS cells have evolved several antioxidant systems to
regulate their levels and maintain redox homeostasis. The cellular antioxidant
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systems can be categorised into two broad groups: non-enzymatic
antioxidants and enzymatic antioxidant (i.e. redox proteins) (Misra et al.,
2014). Although the non-enzymatic antioxidant molecules play an important
role in the regulation of intracellular redox homeostasis, the main intracellular
antioxidants are enzymatic in mammals. The functions and characteristics of

each antioxidant are briefly discussed below.
1.2.1.1 Non-enzymatic antioxidants

Non-enzymatic antioxidants can counteract free radicals and neutralize
oxidants, thus protecting cells against ROS-induced damage and regulating
redox-sensitive signalling pathways. Based on their solubility, non-enzymatic
antioxidants can be further divided into water-soluble and lipid-soluble
antioxidants (Pal et al., 2014). Water-soluble antioxidants comprise
glutathione (GSH), ascorbic acid (vitamin C), flavonoids, and uric acid; whereas
lipid-soluble antioxidants include a-tocopherol (vitamin E), carotenoids and
vitamin A, a-lipoic acid/dihydrolipic acid, and ubiquinol/ubiquinone

(coenzyme Quo) (Table 1.1).

Table 1.1 Summary of cellular antioxidants.

Non-enzymatic Antioxidants Enzymatic Antioxidants (Redox proteins)
Water-soluble antioxidants ROS-dependent enzymes
e  Glutathione (GSH) e Superoxide dismutase (SOD)
e Ascorbic acid (vitamin C) e (atalase
e Flavonoids e Peroxiredoxin (Prx)
e Uric acid e Glutathione peroxidase (GPx)
Lipid-soluble antioxidants Glutathione system
e a-Tocophenol (vitamin E) e Glutathione reductase (GR)
e Carotenoids and vitamin A Thioredoxin system
e a-Lipoic acid/Dihydrolipic acid e Thioredoxin (Trx)
e Ubiquinol/Ubiquinone (coenzyme Quo) e Trx reductase (TrxR)
e Trx-interacting protein (TxNIP)
Glutaredoxin system
e Glutaredoxin (Grx)

Table adapted from (Zhang and Martin, 2014). Copyright® 2014 by Elsevier with permission
conveyed through Copyright Clearance Centre Inc.
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Water-soluble antioxidants

GSH and ascorbic acid are the most powerful water-soluble antioxidants and
they act as potent scavengers of ROS primarily in the aqueous environment
(Blokhina et al., 2003, Krishnamurthy and Wadhwani, 2012). The antioxidant
function of GSH will be discussed later with the GSH system together as a
whole. Ascorbic acid is an important chain-breaking antioxidant, with the
ability to scavenge a wide spectrum of ROS, such as 0, H.0; °OH,
hypochlorous acid (HOCI), aqueous peroxyl radicals, and singlet oxygen (10.).
It is also capable of quenching the free radicals cooperatively with vitamin E
and regenerating reduced form of vitamin E in membranes and lipoproteins
(Amir Aslani and Ghobadi, 2016). Flavonoids are a group of natural benzo-y-
pyran derivatives possessing strong antioxidant activities. The flavonoids
complexed with the copper or iron can prevent the generation of the ROS
(Angaiji et al., 2012). Uric acid possesses high radical scavenging activity and it
contributes for as much as two-thirds of all free radical scavenging activities in

the plasma (Nimse and Pal, 2015).
Lipid-soluble antioxidants

Lipid-soluble antioxidants are able to protect cell and organelle membranes
against lipid peroxidation (Hatwalne, 2012). Specifically, vitamin A can directly
bind peroxyl radicals before they propagate peroxidation to lipids. CoQ10 can
neutralise the oxidative effect of lipid peroxyl radicals and regenerate vitamin
E. Vitamin E is able to halt lipid peroxidation by donating its phenolic
hydrogen to the peroxyl radicals forming tocopheroxyl radicals which, despite
also being radicals, are unreactive and unable to continue the oxidative chain
reaction (Mehta and Gowder, 2015). Both a-lipoic acid and its reduced form
dihydrolipic acid can scavenge reactive molecules, meanwhile they can also
regenerate other antioxidants, such as vitamin C, vitamin E, and GSH (Amir

Aslani and Ghobadi, 2016).
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1.2.1.2 Redox proteins

In comparison to the non-enzymatic antioxidants, the antioxidant enzymes
are more effective in protecting cells from massive oxidative stress (He et al.,
2017). In mammalian cells, the enzymatic antioxidants consist of ROS-
dependent enzymes and three thiol redox buffering systems. The major ROS-
dependent enzymes comprise superoxide dismutase (SOD), -catalase,
peroxiredoxin (Prx) and GSH peroxidase (GPx), they can directly counteract
ROS. While the enzymatic redox buffering systems include the reduced
GSH/oxidised GSH (GSSG) system, the glutaredoxin (Grx) system, and the
thioredoxin (Trx)/Trx reductase (TrxR) system (Table 1.1), they are able to
reverse disulfide formation or to donate electrons to peroxidases, so as to
support ROS scavenging and modulate cellular redox status (Giles, 2006, Tew

and Townsend, 2011).
ROS-dependent antioxidant enzymes

SODs are a group of enzymes that catalyse the dismutation of two superoxide
radicals into hydrogen peroxide and oxygen (Reaction 2). Hydrogen peroxide,
in turn, is converted into water and oxygen by the catalases and peroxidases

(i.e. Prx and GPx) (Reaction 4).
2H,0; — 2H;0 + O, (Reaction 4)

In this way, two toxic species, superoxide radical and hydrogen peroxide, are

converted to the harmless product water (Figure 1.1).
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Figure 1.1 Redox proteins and ROS regulation. Abbreviations: Prx, peroxiredoxin;
SOD, superoxide dismutase; GPx, glutathione peroxidase; GSH, reduced glutathione; GSSG,
oxidised glutathione; GR, glutathione reductase; GRx, glutaredoxin; Trx, thioredoxin; TrxR,
thioredoxin reductase; TxNIP, thioredoxin-interacting protein; NADPH, nicotinamide adenine
dinucleotide phosphate. ‘HS’ represents the reduced form of the protein; ‘S’ denotes the
oxidised form. Figure cited from (Zhang and Martin, 2014). Copyright® 2014 by Elsevier with
permission conveyed through Copyright Clearance Centre Inc.

There are three SOD isoforms that localise to different sub-cellular sites: SOD1
(CuZn-SOD) is the major intracellular SOD found in the nucleus and cytoplasm;
SOD2 (Mn-SOD) exists in mitochondria and SOD3 (extracellular SOD (EC-SOD))
is expressed in the extracellular matrix and fluids. All SODs are very efficient
catalysts, and they work by similar mechanisms (Fattman et al., 2003).
Catalases are common enzymes found in nearly all living organisms exposed
to oxygen. They can catalyse the two-stage conversion of H;0; to H,0 and O,
with an extremely high peroxide turnover rate: one molecule of catalase can
convert millions of H,O, molecules to H,O and O, per minute (Mehta and
Gowder, 2015). Catalases functions mainly in sub-cellular organelles known as
peroxisomes (Weydert and Cullen, 2010). Based on their enzymological
properties, catalases can be classified into three types: monofunctional
catalases, bifunctional catalase-peroxidases and manganese-containing

catalases (Chelikani et al., 2004).

The Prxs are a ubiquitous family of proteins which can protect cells against
oxidative stress through the detoxification of cellular peroxides such as H.,0;

and different alkyl hydroperoxides (Amir Aslani and Ghobadi, 2016). The ROS
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scavenging ability of Prxs is mainly achieved by using Trx as its electron donor

(Reaction 5 and 6) (Figure 1.1).
Prx(red) + H,0, — Prx(ox) + 2H,0 (Reaction 5)
Prx(ox) + Trx(red) — Prx(red) + Trx(ox) (Reaction 6)

Mammals possess six Prx isoforms with different cellular locations (Prx I-VI)
and each isoform contains a conserved cysteine residue at the NH;-terminal
region, which is the main site of oxidation by H,0, (Tavender et al., 2008). GPx,
a selenium-containing enzyme, is also able to protect cells from the toxicity of
hydroperoxides. GPx requires several secondary enzymes (e.g. GSH reductase
and glucose-6-phosphate dehydrogenase) and cofactors (e.g. reduced GSH,
NADPH, and glucose 6-phosphate) to function at high efficiency (Liu et al.,
2004). There are eight GPx isoenzymes (GPx1-8) found in humans with GPx1

considered a major enzyme responsible for removing H,0. (He et al., 2017).
The GSH and Grx systems

The tripeptide GSH (y-glutamyl-cysteinyl-glycine) is the most abundant small
molecular thiol in millimolar concentrations in cells (Morgan et al., 2013). GSH
has a critical role in cellular signalling and antioxidant defences either by
directly reacting with ROS or by acting as an essential cofactor for GSH S-
transferases and GPx. GSH together with its dependent enzymes, known as
the GSH system, is a major thiol-dependent antioxidant system in mammalian
cells, responsible for the maintenance and regulation of the thiol-redox status
(Morris et al., 2014). Under physiological conditions, reduced GSH is the major
form of GSH pool in cells. However, under pathological conditions, or in
response to electrophilic agents, GSH can be oxidised into its disulfide form
(GSSG) after reduction of target molecules (Reaction 7) (Wang and Hai, 2016).
The oxidised GSSG can then be reduced back into the reduced form GSH, with
the assistance of the dimeric flavoenzyme GSH reductase (GR) at the expense

of NADPH (Reaction 8) (Lillig et al., 2008) (Figure 1.1).
2GSH + R-5-5-R — 2R-SH + GSSG (Reaction 7)

GSSG + NADPH + H* — 2GSH + NADP* (Reaction 8)
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The ratio between GSH and GSSG is an important indicator of the redox status
of a cell (Meister, 1994). Typically, in a resting cell, the GSH: GSSG ratio
is >10:1 in the cytosol and mitochondria, but, under oxidative stress, this ratio

decreases due to the increased formation of GSSG (Becker et al., 2007).

Grxs are small ubiquitous oxidoreductases with a Trx-fold structure,
functioning in antioxidant defence, redox signalling and iron metabolism
(Fernandes and Holmgren, 2004). Grxs can regulate disulfide reduction and
deglutathionylation through the catalysis of monothiol and dithiol, with both
GSH and Trx as electron donors (Figure 1.1). After the reduction of protein
disulfides, the oxidised form of Grx isoenzymes could be reduced by GSH,
ferredoxin or NADPH-dependent TrxR (Wang and Hai, 2016). Structurally, Grxs
belong to the Trx fold family of protein. However, compared to Trxs, Grxs are
more versatile with respect to the choice of substrate and reaction
mechanisms (Lillig et al., 2008). To date, four Grxs have been discovered in
mammals: cytosolic dithiol Grx1, mitochondrial Grx2, multidomain monothiol
Grx3, and mitochondrial single-domain monothiol Grx5 (Johansson et al.,

2004).
Thioredoxin (Trx) system

The Trx system is another key antioxidant pathway in defence against
oxidative stress through its disulfide reductase activity regulating protein
dithiol/disulfide balance. The system comprises TrxR, its characteristic and
ubiquitous substrate Trx and the endogenous inhibitor of this system - Trx-
interacting protein (TxNIP). Oxidised Trx (Trx-S;) is reduced to the active form
(Trx-(SH)2) by receiving electrons from NADPH in the presence of TrxR.
Subsequently, the reduced Trx reduces oxidised cysteine groups on down-
stream proteins thereby regulating their function (Nordberg and Arner, 2001,
Arner and Holmgren, 2000, Powis et al., 2000) (Figure 1.1). The functions and

mechanism of each member of Trx system are discussed in detail below.

Trx
Trx is a ubiquitous small molecular weight (12 kDa) enzyme with a -CGPC-
motif within its active site. It was originally identified in Escherichia coli as a
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hydrogen donor for ribonucleotide reductase, an enzyme required for DNA
synthesis (Laurent et al., 1964, Holmgren, 1985). The structure of Trx, known
as the Trx fold, contains five B-strands in the internal core, and four a-helices
and a short stretch of helix surround the central B-sheets (Martin, 1995).
Reduced Trxs are powerful reductases, with a relatively broad spectrum of
substrates, that act via a disulfide (-S-S-) - dithiol (-SH, -SH) exchange
mechanism to catalyse the conversion of disulfide bonds into thiols with high
efficiency. Oxidised Trxs are then recycled back to a reduced state through the
action of TrxRs and NADPH (Karlenius and Tonissen, 2010). In mammalian
cells, there are three isoforms of Trx: cytosolic Trx (Trx1), mitochondrial Trx

(Trx2), and a testis-specific isoform of Trx (Trx3).

Trx1 has two thiol moieties in redox-active cysteine residues Cys32 and Cys35,
which are important for the activity and conformation of Trx. In addition to
these two cysteine residues, Trx1 also contains three additional cysteine
residues (i.e. Cys62, Cys69 and Cys73), which are crucial for post-translational
modifications (Matsuzawa, 2017). Trx1 can be found in the nucleus, cytoplasm,
and extracellular environment. Depending on its sub-cellular localisation, Trx1
exerts distinct roles (Arai et al., 2006). In the nucleus, Trx1 interacts with
many transcription factors such as redox factor-1 (Ref-1), hypoxia-inducible
factor-1a (HIF-1a), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), p53, activator protein-1 (AP-1), nuclear factor-like 2 (Nrf-2),
glucocorticoid receptor, estrogen receptor (ER), and others (Mahmood et al.,
2013), thereby regulating gene expression. In the cytoplasm, Trx1 modulates
the cellular redox environment and also the activity of certain proteins, such
as apoptosis signal-regulating kinase-1 (ASK-1), hence controlling apoptosis
(Saitoh et al., 1998a, Lu and Holmgren, 2012). In the extracellular
environment, Trx1 exhibits chemokine-like activity with multiple functions,
including acting as a growth factor, initiating an inflammatory response, or
supporting reduction of oxidised protein thiols in the extracellular

environment (Nordberg and Arner, 2001, Masella and Mazza, 2009).
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Trx-2 is a mitochondrial redox protein containing a conserved Trp-Cys-Gly-Pro-
Cys redox active site. Trx-2 is required for embryonic development, since the
Trx2 -/- homozygous murine embryos do not survive to birth and die after
implantation at early stage, whereas Trx2 -/+ heterozygous mice appear
normal (Nonn et al., 2003). Like Trx1, Trx2 can also regulate cell viability and
apoptosis, as its knockdown in endothelial cells increases tumour necrosis
factor (TNF)/ASK-1-induced cytochrome c release and cell death (Zhang et al.,
2004). Additionally, overexpressed Trx2 confers resistance to oxidant-induced

apoptosis in human osteosarcoma cells (Chen et al., 2002).

Trx3 has been exclusively found in the testis and is predominately localised to
the Golgi apparatus of mammalian spermatocytes and spermatids. It is more
abundant in morphologically abnormal human spermatozoa from infertile
men. Trx3 has been identified as a novel sperm post obstruction autoantigen.
Therefore, Trx3 can be used as a specific marker for diverse sperm and testis

pathologies (Jimenez et al., 2004).
TrxR

Mammalian TrxRs are homodimeric selenium-containing flavoproteins with a
molecular weight of ~115 kDa. They catalyse the NADPH-dependent reduction
of Trx disulfide and numerous other oxidised cell constituents. TrxR is
indispensable to several cellular events, such as cell proliferation, antioxidant
defence, and redox signalling. There are three isoforms of TrxRs in mammals
including the cytosolic TrxR1, the mitochondrial TrxR2, and the third isoform
TrxR3 or Trx GSH reductase (TGR) which is mainly present in the testes (Lu and
Holmgren, 2014). Mammalian TrxR1 and TrxR2 contain flavin adenine
dinucleotide (FAD) and NADPH binding domains and an interface domain. But
TGR is unusual among TrxRs in that it has an extra Grx domain in the N-
terminus, therefore it can reduce GSH disulfide in addition to Trx (Prast-

Nielsen et al., 2011).

Both TrxR1 and TrxR2 consist of homodimers with each subunit containing
two active site regions. The first active site region of TrxR1 is positioned at the
N-terminus from residues 59 to 64 containing the following motif -cys-val-asn-
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gly-cys-. The second active region is located at the C-terminus of the protein
and contains a selenocysteine -gly-cys-sec-gly-, which is critical for the
reduction of Trx and other substrates (Sandalova et al., 2001, Zhong and
Holmgren, 2000). The first active site receives electrons from NADPH via the
FAD molecule, thereafter transfers electrons to the selenocysteine redox
active site present in the other subunit. Thus the selenolate formed in the C-
terminal active site can then act to reduce the required substrates (Zhong et
al., 2000, Tonissen and Di Trapani, 2009). Notably, the C-terminal tail of TrxRs
is flexible, and thereby they have a very broad range of substrates including
proteins such as Trx, glutaredoxin, protein disulfide isomerase, and some
small molecules such as selenite, vitamin C, lipoic acid, ubiquinone, and
cytochrome ¢, or some cancer drugs (e.g. motexafin gadolinium and alloxan)

(Mahmood et al., 2013).

TxNIP

TxNIP, also known as vitamin D3 up-regulated protein 1 (VDUP1) or Trx-
binding protein 2 (TBP2), is a negative regulator of Trx function and
expression. It can directly interact with the catalytic centre of Trx1, to block its
reducing activity as well as disrupt the interaction between Trx1l and its
downstream factors. To be specific, this interaction is mediated by the
formation of a disulfide bond between the active centre Cys32 in Trx1 and
Cys247 in TxNIP (Nishiyama et al., 1999, Junn et al., 2000). TxNIP expression is
ubiquitous and is induced by a variety of stresses, such as ultraviolet light, y-
rays, heat shock, oxidative stress, and glucose. Overexpression of TxNIP
renders cells more susceptible to oxidative stress so as to promote apoptosis
(Saxena et al., 2010). Additionally, TxNIP is not only an inhibitor of Trx, but
also a multifunctional molecule that regulates lipid and glucose metabolism,

inflammation, cardiac function, and carcinogenesis (Matsuzawa, 2017).
1.2.2 Role of Trx system in cancer

Increased levels of Trx/TrxR have been found in numerous different tumour
types compared to levels observed in corresponding healthy cells (Berggren et

al.,, 1996, Lincoln et al., 2003b). The upregulated Trx system may have
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different functions in the cancer cells depending on the stage of cancer
development. At early stages, Trx may be beneficial for preventing cancer by
scavenging carcinogen-triggered ROS. Once a cell has initiated a cancer
phenotype then high levels of Trx may assist cancer development, via using its
redox reactions to perform many biological functions, such as supplying
reducing equivalents to Trx peroxidases and ribonucleotide reductases,
regulation of transcription factor activity, inhibition of apoptosis, and
stimulation of cell growth (Powis and Montfort, 2001). At later stages of
cancer progression, the Trx system may be involved in angiogenesis and
metastasis. The Trx system may also alter chemotherapy (e.g. cisplatin and
docetaxel) and radiotherapy responses (Yamada et al., 1996, Kim et al., 2005).
The following sections will discuss, in greater detail, the function and activity

of the Trx system in cancer.
1.2.2.1 Proliferation, apoptosis and cell cycle

The Trx system regulates cell growth, apoptosis and cell cycle through
interactions with different signalling molecules, by regulating their redox
status. Trx has been shown to regulate the apoptotic process in several ways.
The reduced form of Trx1 protects cells against apoptosis through directly
binding and inhibiting the kinase activity of ASK-1, a key regulator whose
activation is essential for TNFa-induced apoptosis (Baker et al., 1997b).
Meanwhile, Trx directly inhibits apoptosis by catalysing S-nitrosylation of
procaspase 3 and caspase 3 (Mitchell and Marletta, 2005). In addition, Trx1
can regulate apoptosis-inducing factor (AlF)-dependent cell death through
impeding AIF-mediated DNA damage (Shelar et al., 2015). More interestingly,
some electrophilic inhibitors of TrxR have shown their direct capacity to

promote apoptosis (Anestal and Arner, 2003).

Trx has been reported to selectively activate the DNA binding of certain
transcription factors which, in turn, regulate the growth and apoptosis of
cancer cells. Trx1 increases the DNA binding of NF-kB to assist its function in
regulating the responses of cells to oxidative stress, apoptosis, and

tumourigenesis (Powis et al., 2000). Trx also enhances p53-DNA binding
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activity either in a direct way or through redox factor 1 (Ref-1) mediation
(Mahmood et al., 2013, Ueno et al., 1999). Other transcription factors, such as
AP-1, HIF-1aa, and HDAC can also be activated by the Trx system (Lu and
Holmgren, 2014).

Due to its redox-modulating properties, Trx also controls the activity of
several proteins that are essential for cell cycle progression. For instance, in
cells that are stimulated to exit from quiescence (GO) to G1 phase, Trx
activates the transcription factor AP-1 by reducing nuclear redox factor Ref-
1/Hap-1 (Vogt et al., 2000). In the G1 phase, Trx positively regulates the cell
cycle via cyclin D1 transcription and the ERK/AP-1 signalling pathways
(Mochizuki et al., 2009). During S phase, Trx supplies a source of reducing
equivalent for ribonucleotide reductase to synthesise deoxyribonucleotides
(Vogt et al., 2000). Apart from the above, Trx-1 inhibition by the novel agent
PX-12 (aka IV-2) inhibits the growth of A549 lung cancer cells via G2/M phase

arrest and ROS-dependent apoptosis (You et al., 2014).

As an endogenous negative regulator of Trx, overexpression of TxNIP inhibits
tumour cell proliferation and increases apoptosis by suppressing the activity
of Trx (Junn et al., 2000). TxNIP also has tumour-suppressive functions
independent of its role as a negative regulator of Trx. Han et al. revealed that
the upregulation of TxNIP by TGF-B1 and 1,25-dihydroxy vitamin D3 inhibits
tumour cell growth by blocking cell-cycle progression (Han et al.,, 2003b).
TxNIP also negatively regulates hepatocarcinogenesis by suppressing TNF-a-

induced NF-kB activation (Kwon et al., 2010).
1.2.2.2 Migration, invasion and metastasis

Trx has an active functional role in stimulating cancer cell invasion and
migration. Trx may reduce disulfides in extracellular matrix proteins (e.g.
laminin) and stimulate both matrix metalloproteinase activity and tumour cell
invasiveness (Farina et al., 2001, Farina et al., 2003). A low dose of the Trx1
inhibitor, PX-12, can decrease cell migration of colorectal cancer cells (Wang
et al., 2015a). The inhibition of the Trx system through the addition of
auranofin, an antirheumatic drug and inhibitor of TrxR, decreased the cell
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migration capacity of breast cancer cells, whilst increasing ROS levels (Bhatia
et al., 2016b). Moreover, knockdown of TrxR1 by siRNA inhibited the growth
and metastasis of lung tumours in mice (Yoo et al., 2006). In addition,
overexpression of TXNIP inhibited metastasis through induction of the KISS-1
metastasis suppressor gene in melanoma cells (Goldberg et al.,, 2003).
Furthermore, the redox protein thioredoxin-like 2 (TXNL2) regulates the
cancer cell growth and metastasis through a redox signalling mechanism.
Knockdown of TXNL2 in human breast cancer cell lines can increase ROS levels
and reduce NF-kB activity, thus inhibiting invasion and metastasis (Qu et al.,
2011). The analysis of primary breast cancer patient samples has shown that
elevated TXNL2 expression correlates with higher metastatic rates to the lung

and brain, with decreased overall patient survival (Qu et al., 2011).
1.2.2.3 Trx system in regulating radioresponse

Preclinical studies have suggested that up-regulation of Trx/TrxR is associated
with radiation resistance. In contrast, inhibition of Trx/TrxR can sensitise
cancer cells to ionising radiation, thus the Trx system can be considered as a
potential modulator of radiosensitivity (Patwardhan et al., 2015). As a specific
inhibitor of Trx1, IV-2 (1-methyl-1-propyl-2-imidazolyl disulfide) was shown to
significantly increase the sensitivity of Hela cervical cancer cells to ionising
radiation (Smart et al., 2004). Another in vitro study found that malignantly
transformed and immortalised human bronchial epithelial cells exhibited a
significant decrease in sensitivity to ionising radiation accompanied by an
increase in Trx1 and MnSOD as well as a decrease in GPx1 expression. Further,
using the siRNA knockdown approach, this study identified that Trx1 was a
main radiosensitivity modulator (Demizu et al., 2008). Moreover, as the only
known enzyme to reduce Trx, TrxR is also involved in the modulation of
radiosensitivity in cancer cells. Several studies have revealed that the TrxR
inhibitor auranofin (commonly used, as mentioned, in treating rheumatoid
arthritis) sensitised breast cancer stem cell populations to radiation in vitro
(Rodman et al., 2016). The combination of auranofin, buthionine sulfoximine

and radiation significantly increased the radioresponse and decreased survival
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of breast cancer in in vivo models (Wang et al., 2017a, Rodman et al., 2016).
Dimethoxycurcumin, a more stable analogue of curcumin, increased the
radiation sensitivity of A549 lung cancer cells via inhibiting TrxR (Jayakumar et
al., 2016). Another TrxR inhibitor motexafin gadolinium (MGd) has been
shown to enhance the effects of ionising radiation in preclinical studies (Xu et
al., 2001). Clinical evaluation of MGd has also been conducted to assess its
radiosensitising effect. For example, a phase Il clinical trial has shown that the
combination of MGd and prompt whole brain radiotherapy (WBRT)
significantly prolonged the interval to neurologic progression in non-small-cell
lung cancer patients with brain metastases (Mehta et al., 2009). Finally,
overexpression of TXNIP may also sensitise cancer cells to radiation. D-allose,
one of the rare sugars, was shown to significantly upregulate the expression
of TxNIP (Yamaguchi et al., 2008) so as to increase intracellular ROS level and
the radiosensitivity of human head and neck cancer cells (Hoshikawa et al.,
2011). Lately, a study from the same research group has found that D-allose
could enhance the anti-tumour effects of chemoradiotherapy whilst sparing
normal tissues in an in vivo model of head and neck cancer (Hoshikawa et al.,

2018).
1.3 Radiotherapy of brain tumours

1.3.1 Basics of radiotherapy
1.3.1.1 lonising radiation

The absorption of energy from radiation in biologic material may lead to
excitation or ionisation. The raising of an electron in an atom or molecule to a
higher energy level without ejection is called excitation. Whereas, ionisation is
the process by which one or more orbital electrons are ejected from the atom
or molecule. If this has resulted from the radiation, that radiation is then
called ionising radiation. For convenience, ionising radiations are usually

classified as either electromagnetic or particulate (Hall and Giaccia, 2012).
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Electromagnetic radiation

X- and y-rays are two forms of electromagnetic radiation, they do not differ in
nature or in properties, but in the ways they are produced. y-rays are
produced by nuclear reactions, decay of subatomic particles, or radioactive
decay within the nucleus. They have high energy with a prominent
penetration power and can penetrate lead shield (Islam, 2017). Historically, x-
rays were generated by radioactive decay of isotopes, such as cobalt-60 (¢°Co)
however in the modern era, x-rays are produced using a linear accelerator
(LINAC) that accelerates electrons to high energy and then stops them in a
target made of tungsten or gold. Generally, x-rays have lower energy than y-
rays (Ghia, 2018). X-rays may be considered from two different standpoints:
waves of electrical and magnetic energy or streams of photons. The concept
of x-rays being composed of photons is very important in radiobiology (Hall
and Giaccia, 2012). By far, a high-energy photon beam is the most common
form of radiation used for cancer treatment. An external photon beam (x-ray)
radiation cabinet was used experimentally for the present study and is

discussed in more detail later.
Particulate Radiation

Other types of radiation include electrons, protons, a-particles, neutrons,
negative m- mesons, and heavy charged ions. Some are also used in
radiotherapy and diagnostic radiology. Electrons are small and negatively
charged particles that can be accelerated to high energy to a speed of light by
an electrical device. They are commonly used in everyday radiation therapy
treatment and are particularly useful to treat tumours close to a body surface
since they do not penetrate deeply into tissues. Protons are positively charged
particles and are almost 2,000 times heavier than electrons. Although their
production requires more complex and expensive equipment, they are
increasingly used for paediatric brain tumour treatment in specialised centres
because of their favourable dose distribution. a-particles are nuclei of helium
atoms and consist of two protons and two neutrons. They are positively

charged and highly ionised with low penetration power. The depth of
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penetration is a few centimetres of air, with them being stopped by the skin.
Neutrons are particles with a mass similar to that of protons, but they do not
carry electrical charges. Heavy charged particles are nuclei of carbon, neon,
argon, or even iron with positive charges. They must be accelerated to
energies of thousands of millions of volts to be used in radiotherapy (Hall and

Giaccia, 2012).
1.3.1.2 Direct and indirect action of radiation

Radiation damage to the cells can be caused by the direct or indirect action of
radiation on the DNA molecules. In the direct action, the radiation hits the
DNA molecule directly, disrupting the molecular structure. Such structural
change leads to cell damage or even cell death. Damaged cells that survive
may later become cancerous or give rise to other abnormalities (Desouky et
al., 2015). This direct action is the dominant process of high-LET radiations,
such as neutrons or a-particles; but for low-LET radiation, such as x- and y-
rays, the indirect action is dominant. LET is a parameter that is used to
describe energy transferred per unit length of the track in an absorber (Hall

and Giaccia, 2012).

Indirect action is when the radiation interacts with other molecules in the cell
to produce free radicals that are able to diffuse far enough to reach and
damage the critical targets, such as nucleic acids, lipids and proteins. When
radiation interacts with water which constitutes 80% of a cell, the water
molecule may become ionised (water radiolysis) and form a variety of free

radicals including the ion radical (H,0*) and the hydroxyl radical (*°OH):
H,0 — H;0* +e
H>O* + H,0 — H30* + *OH

The hydroxyl radical is a comparatively long-lived and highly reactive free
radical and can diffuse to, react with and damage DNA. It is estimated that
about two-thirds of x-ray induced damage to DNA in mammalian cells is

caused by the hydroxyl radical (Hall and Giaccia, 2012). The results of the
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indirect action of radiation on DNA molecules is the impairment of function or

death of the cell.
1.3.1.3 Mechanisms of cell death after irradiation

Radiation can kill cancer cells by a variety of mechanisms, which can be
broadly classified into two classes: those that occur relatively soon after
irradiation and before cell division; and those that occur comparatively late or
after division. Most cell death after radiation occurs late in response to
mitotic catastrophe and not from the initial response to damage. Major cell
death pathways after radiation include apoptosis, senescence, autophagy and

necrosis (Joiner and Van der Kogel, 2016).
Early cell death: pre-mitotic

In a small minority of cell types, cell death occurs rapidly, within several hours
after irradiation (Endlich et al., 2000). This type of cell death is limited
primarily to thymocytes, lymphocytes, spermatogonia, and other cells in
rapidly proliferating tissues such as hair follicles, small intestine and
developing embryos. Early cell death is also observed in some types of cancer
that arise from these cell types, such as lymphoma, but it is rarely observed in
solid tumours. The possible mechanisms underlying the rapid cell death
include the activation of DNA damage response (DDR) within minutes, which
leads to the induction of cell-cycle checkpoints and DNA repair. In certain rare
cell types mentioned above, this response also activates p53, upregulates pro-
apoptotic proteins and then induces apoptosis or other forms of cell death.
Other than DNA damage, early activation of cell death pathways can also
occur in cells as a result of damage caused to cellular structures. For example,
relatively high radiation doses (>15Gy) can induce apoptosis via damaging
cellular membrane and activating the enzyme ceramide synthase (Garcia-

Barros et al., 2003).
Late cell death: post-mitotic

The vast majority of proliferating normal and tumour cells die at a relatively

long time after irradiation, usually after attempting to divide one or more
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times. Time-lapse video microscopy has shown that following a transient
delay (owing to activation of checkpoints) most cells resume proliferation and
progress through cell cycle one or more times before eventually ceasing
proliferation (Forrester et al., 1999). This has given rise to the initial
characterisation of radiation-induced cell death as reproductive or mitotic cell
death. In cells that die late after irradiation the DDR activates both cell-cycle
checkpoints and DNA repair systems that aid in the cell survival and remove
much of the initial damage caused by irradiation. However, DNA damage may
not be fully repaired after irradiation, or may be improperly repaired, causing
mitotic catastrophe, subsequently leading to a secondary form of
programmed cell death, including apoptosis, autophagy, necrosis and

senescence (Joiner and Van der Kogel, 2016).
“Bystander” death

A much less understood type of cell death that has been described in
response to irradiation is known as bystander-induced death (Mothersill and
Seymour, 2004). The bystander effect describes a phenomenon in which cell
death can occur in cells from irradiation of neighbouring cells. Studies have
shown that irradiation of a select group of cells leads to increased cell death in
the unirradiated cells. The precise mechanism or importance of this effect has
not yet been determined. One possible reason could be the sharing of long-

lived ROS between irradiated and unirradiated cells (Baskar, 2010).
1.3.2 Radiotherapy options in brain tumours

As discussed above, radiotherapy is a very important treatment modality in
the management of brain tumours. Radiotherapy has been incorporated into
the upfront treatment of many brain tumours either as adjuvant therapy for
resected tumours or as palliative treatment for unresectable malignancies.
Radiation therapy has been found to improve several clinical endpoints in
brain tumours, such as OS in GBM, PFS in LGGs, and local tumour control in
MB. However, the long-term side effects of radiation therapy remain a major
obstacle for survivors of brain tumours, especially for children. Over the last
few decades, a number of crucial technological advances have been made to
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improve the therapeutic efficacy and at the same time reduce the risks of
toxicities. The following sections describe the current radiotherapy strategies
and recent technological advances in radiotherapy for some of the most

common brain tumours, such as HGGs and LGGs and MB.
1.3.2.1 Tumour-specific management by radiation
HGGs

Radiotherapy has long been the standard adjuvant approach for GBM, and it
remains the primary treatment modality in unresectable GBM. In 2005, a
randomised phase Il trial reported improved PFS and OS for patients with
GBM with the addition of concomitant and adjuvant TMZ to radiotherapy
following maximal safe resection. Since then, the standard postsurgical
treatment for newly diagnosed GBM has become concurrent TMZ therapy
with fractionated radiotherapy (60 Gy in 30 fractions), followed by 6 monthly
cycles of TMZ (Stupp et al.,, 2005, Stupp et al.,, 2009). However, this
recommendation was limited to patients with good performance status and
patients 18 to 70 years of age. The safe radiation regimens for the elderly or
frail remain controversial. Recently, a hypofractionated radiotherapy schedule
may be preferentially considered for elderly patients or those with poor
performance status as hypofractionation utilises higher than standard doses
per fraction and commonly shortens the radiation treatment course, without
affecting treatment efficacy (Perry et al., 2017). For anaplastic gliomas, there
is no accepted standard of treatment. Typically, patients with anaplastic
gliomas are treated with maximal safe resection, followed by radiotherapy,
and adjuvant TMZ (Scoccianti et al., 2012). While clinical trials (EORTC 26081-
22086, NCT00887146 and CATNON study) are being conducted, radiotherapy
for anaplastic gliomas varies by institution. Generally, patients are treated
with a total dose of 50-60 Gy, 1.8-2 Gy per fraction (Ghia, 2018). In order to
offer highly conformal high-dose distribution of the target while minimising
dose to nearby critical structures, intensity-modulated radiation therapy
(IMRT) is the technique commonly employed to treat HGGs (Hermanto et al.,

2007).
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LGGs

The OS rate of LGGs is rather good, the main concern is treatment-related late
toxicity. The use of adjuvant radiotherapy for LGG patients is thus
controversial. Although the optimal timing of radiotherapy remains unclear,
mounting evidence supports delaying radiotherapy until the time of
progression. In adult patients with grade I/l supratentorial astrocytomas and
oligodendrogliomas, a phase Il randomised trial found no difference in OS
(but improved PFS) between early radiotherapy and no or late radiotherapy,
moreover, radiotherapy could be avoided altogether in 35% of patients (van
den Bent et al.,, 2005). Additionally, another study indicates that patients
treated with radiotherapy for LGGs (vs. those who were not treated with
radiotherapy) have a higher rate of significant neurocognitive side effects (53%
vs. 27%) (Douw et al., 2009). Furthermore, a recent phase Il trial (EORTC
22033-26033) found no significant difference in PFS in patients with LGG
when treated with either radiotherapy alone or TMZ chemotherapy alone.
Further results for OS analyses are pending (Baumert et al., 2016). Due to the
above reasons, many clinicians delay radiotherapy until tumour progression
and failure of systemic chemotherapy. Currently, the dose of radiotherapy for
LGGs remains 45-50.4Gy, given the lack of evidence for improved outcomes
with higher doses (Kiebert et al., 1998, Shaw et al., 2002). Proton therapy may
be utilised in some cancer centres and offers the advantage of minimising the

volume of the brain receiving lower radiation doses.
MB

Radiotherapy remains the main modality in the curative treatment of patients
with MB. There is a general agreement that radiotherapy should start no later
than 4-6 weeks postoperatively. Given the propensity of MB to disseminate
via the cerebrospinal fluid (CSF), current standard practice involves the use of
CSI with a boost to the posterior fossa/primary tumour bed (Bartlett et al.,
2013). After surgery, the mainstay for average-risk patients older than 3-5
years is “reduced-dose” CSI with a total dose of 23.4 Gy plus a boost with

conformal therapy restricted to the tumour bed up to 54-55.8 Gy. The
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“reduced-dose” CSI is usually combined with weekly concurrent single-drug
(vincristine) and followed by a multidrug chemotherapy (Taylor et al., 2003,
Packer et al., 2006). For high-risk patients (>3-5 years), the current standard of
care includes maximum safe resection, concurrent chemoradiotherapy of 36-
39.6 Gy CSI and vincristine, with a boost up to 60 Gy to the primary site,
followed by cisplatin-cyclophosphamide-based chemotherapy (Esbenshade et
al., 2017, von Bueren et al., 2016, Tarbell et al., 2013). Children under the age
of 3-5 years are usually treated with surgery followed by intensive
chemotherapy alone to delay radiation therapy, because of devastating long-
term sequelae of radiation to the developing brain. In terms of radiation
techniques, 3D-conformal therapy, IMRT and proton therapy are all

acceptable radiotherapy modalities for MB patients.
1.3.2.2 Technological advances in radiotherapy for brain tumours

In the past few decades, radiotherapy has seen technical advances in all
aspects of treatment, including improvement in patient immobilisation,
imaging, treatment planning and delivery. Radiation techniques have evolved
from 3D conformal radiotherapy (3D-CRT) to IMRT, volumetric-modulated arc
therapy (VMAT), and stereotactic technique, including stereotactic
radiosurgery (SRS) and fractionated stereotactic radiotherapy (FSRT). All of
these techniques allow the delivery of higher radiation doses to the target
volume, at the same time reducing the toxicity to normal tissues as compared
with conventional radiotherapy. Proton therapy may represent a treatment
alternative to photon irradiation, due to the more favourable dose
distribution to the target volume. The following sections summarise current
developments in radiation therapy and their clinical impact on the

management of patients with brain tumours.
IMRT and VMAT

IMRT represents the main evolution of 3D-CRT, it provides a highly conformal
dose distribution to a tumour with good sparing of normal tissues. Unlike
conventional radiotherapy the radiation beams in IMRT are delivered as a
sequence of many small beams modulated by a dynamic multi-leaf collimator
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(MLC). Tomotherapy, the next generation IMRT, is a rotational form of IMRT
in which dose conformity to the tumour is achieved by modulating the
intensity of a rotating fan beam using MLCs. It offers improved target
conformity and sensitive structure sparing compared with conventional static
field IMRT plans (Rong and Welsh, 2011). A further evolution of the IMRT
technique is VMAT, in which the precisely-sculptured 3D dose distribution is
delivered as the gantry of the LINAC rotates 360-degrees around the patient
through single or multiple arcs. Compared to conventional IMRT, VMAT
improves dose conformity while shortening treatment times (up to 8 times
faster) (Teoh et al., 2011). The increased conformity with IMRT and VMAT
allows escalated tumour dose or hypofractionated radiation without
increasing toxicity to normal tissue, and thus may improve local tumour
control and survival. Because of these advantages, IMRT and VMAT are
increasingly used for hippocampal sparing during brain irradiation, with the
aim of avoiding long-term neurocognitive decline (Kazda et al., 2014). When
used for either LGGs or HGGs, IMRT and VMAT allow for improved tumour
conformity and normal tissue sparing, this might result in reduced late
toxicities associated with radiotherapy. In patients with MB, treatment with
IMRT can achieve a lower risk of ototoxicity and long-term neurocognitive
decline as compared with 3D-CRT (Polkinghorn et al., 2011, Blomstrand et al.,
2012, Pichandi et al.,, 2015). Although all these studies have shown the
dosimetric superiority of IMRT and VMAT over 3D-CRT for different types of
brain tumours, randomised trials are needed to assess the actual clinical
benefit and risk of late toxicities for these techniques (Wagner et al., 2009,

Chen et al., 2013).
Stereotactic radiotherapy

Stereotactic radiotherapy is a high-precision radiation technique that delivers
radiation with the use of either a frame-based or a frameless mask
stereotactic system, depending on the treatment machine (e.g. Cyberknife®,
Novalis®, Gamma Knife®, etc.). High doses of stereotactic radiation can be

delivered as single-fraction/multi-fraction SRS (2-5 fractions), or as FSRT when
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conventional fractions of 1.8-2.0 Gy per fraction are used. Due to the ability to
provide highly precise tumour irradiation whilst sparing surrounding normal
tissues, stereotactic radiotherapy is frequently used to ablate small, well-
defined primary and metastatic tumours anywhere in the body (Baskar et al.,
2012). It has shown excellent results in the treatment of various tumour types
including brain tumours. For example, in patients with benign brain tumours
(including meningiomas, pituitary adenomas, craniopharyngiomas, and
acoustic neuromas), local control rates after either SRS or FSRT is in the range
of 80-95% at 5-10 years, with a low incidence of long-term toxicity (Kondziolka
et al., 2008, Minniti et al., 2009, Li et al., 2017, Murphy and Suh, 2011). The
use of SRS in the management of patients with brain metastases is also
increasingly recognised, and SRS is emerging as an acceptable alternative to
whole-brain radiotherapy to treat patients with up to 10 brain metastases due
to its preservation of neurocognitive function (Pham et al., 2017). Besides, re-
irradiation with SRS/FSRT alone or in combination with chemotherapy may
improve clinical outcomes for patients with recurrent or progressive
malignant gliomas, with a reported median survival of 6-12 months (Ryu et al.,

2014, Nieder et al., 2016).
Proton therapy

Proton beam radiotherapy is a form of positively charged particle therapy. It
can offer better dose distribution due to its unique absorption profile in
tissues, known as Bragg’s peak, allowing highest energy deposition at the
tumour site while minimising the damage to healthy tissues along their path
(Baskar et al., 2012). This property makes proton therapy an excellent choice
for the treatment of paediatric malignancies and for tumours located next to
critical structures such as spinal cord, eyes, and brain, where maximal normal
tissue sparing is crucial (Levin et al., 2005). Proton therapy is increasingly used
in the treatment of paediatric brain tumours with the aim of reducing long-
term side effects of radiation on the developing brain. As compared with
photon technique, proton therapy has been shown to significantly reduce

normal tissue doses and acute treatment-related toxicity for MB patients

44



Chapter 1

treated with CSI (Yuh et al., 2004, Yoon et al.,, 2011, Barney et al., 2014).
Additionally, in another comparison of proton and photon radiotherapy for a
range of paediatric brain tumours (e.g. LGG, ependymoma,
craniopharyngioma, and MB), proton therapy has shown consistent
advantages in reducing the low and intermediate dose areas and preserving
critical normal organs, such as cochlea and hypothalamus (Merchant et al.,
2008). Although a number of studies have shown that proton therapy offers
excellent tumour control with low long-term radiation-induced toxicity in
brain tumours, the therapeutic effect is equivalent to stereotactic photon
irradiation (Bishop et al., 2014, Ronson et al.,, 2006, Halasz et al., 2011).
Therefore, randomised clinical trials are required for full evaluation of the
superiority of proton therapy to photon irradiation for brain tumours

(Mizumoto et al., 2017).

Additional advances to our knowledge continue with recent data suggesting
that delivery of photon radiotherapy at exceptionally high dose rates, so
called ‘flash’ radiotherapy, can maintain high levels of tumour cell kill but with
no associated normal tissue toxicities. Such effects have been shown in lung
and in brain cancers (Durante et al.,, 2018). With the poor prognoses
associated with many brain tumour types, and associated toxicities with
current treatments there is a real need to identify new treatment options,
such as flash radiotherapy, that will improve efficacy whilst minimising
toxicities. The current project seeks to identify such a novel approach,

targeting redox homeostasis in brain cancers, using a new agent, 1Q10.
1.4 Hypotheses and aims

1.4.1 Hypotheses

1. Trx system proteins are expressed in brain tumours to variable levels across

different types with expression being of prognostic significance.

2. Targeting TrxR with 1Q10 will be cytotoxic and combining the drug with

radiation will increase radiosensitivity.

3. Bioreduction of IQ10 will lead to ROS generation, that will lead to increased
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DNA damage with the drug being more effective under 3D, hypoxia

containing conditions, than 2D normoxic conditions.

In addition to the above cytotoxic mechanisms, TrxR inhibitor 1Q10 will
exhibit potential anti-invasive and anti-metastatic abilities shown by

inhibition of epithelial-mesenchymal transition (EMT) characteristics.

1.4.2 Aims and objectives

1.4.2.1 Aims

1. Explore the potentially prognostic role of Trx, TrxR and TxNIP expression

in different types of brain tumours.

Investigate the chemotherapeutic and radiosensitising effects of novel
TrxR inhibitor 1Q10 on a range of brain cancer cells and the mechanisms

underlying its action.

1.4.2.2 Objectives

1.

Assess whether expression of Trx, TrxR and TxNIP proteins in a variety of
brain tumour patient specimens associates with clinicopathological

variables and prognosis.

. Investigate the effect of the novel TrxR inhibitor IQ10 as a single agent (in

comparison to controls), and in combination with radiation, in brain cancer
cell lines using a variety of endpoint assays in normoxic and hypoxic

conditions (2D vs. 3D models).

. Examine potential mechanisms of action of 1Q10 and validate TrxR as the

main target for 1Q10, and to explore if any potential additional targets are

involved in drug action.

. Investigate potential anti-migratory/metastatic abilities of 1Q10 by

guantifying the expression of EMT-related genes.
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2.1 Introduction

2.1.1 Challenging issues in brain tumours

Primary brain tumours represent a diverse collection of diseases with varying
prognoses, clinical courses, and treatment strategies. These tumours occur in
both adult and paediatric populations often with genomic drivers that differ
between age groups (Ramkissoon et al., 2018). Gliomas are considered the
most frequent type of primary brain tumours in both adult and children, with
GBM being the most malignant and most common type of brain tumours in
adults (Ostrom et al., 2017). The WHO classification system classifies gliomas
into four different grades on the basis of their histological and morphologic
characteristics; grade | and Il gliomas are classified as low-grade exhibiting
non-malignant features and low proliferation rates; whilst grade Ill and IV are
grouped as high-grade, exhibiting high proliferation rates, aggressive
behaviour and high rates of recurrence and mortality (Louis et al., 2016).
Despite advances in diagnosis and treatments, survival times have not
significantly improved for malignant gliomas, especially GBM patients, whose
median survival time is only around 15 months from diagnosis and a 5-year

survival rate of 6% (Stupp et al., 2005).

MB is the most frequent primary malignant brain tumour in children
(Ramaswamy and Taylor, 2017). Treatment generally consists of maximum
safe surgical resection followed by radiotherapy and chemotherapy; however
15-20% of average-risk and 30-40% of high-risk patients develop recurrences
resulting in poor survival outcome (Othman et al., 2014). The median survival
after relapse is around 10 months (Koschmann et al.,, 2016) and 5-year
survival after relapse is 6% (Sabel et al., 2016). Long term survivors usually
suffer from treatment associated complications that lead to a decline in

quality of life (Ribi et al., 2005, von Hoff et al., 2009).

Both malignant gliomas and metastatic MBs are highly invasive, recurrence
after treatment is almost inevitable, resulting in extremely poor prognosis.

Meanwhile, the side effects of chemo/radiotherapy on patients are usually
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severe, especially for children under 3-5 years. Therefore, there is a pressing
need to identify reliable and robust prognostic biomarkers to better stratify

patients in order to improve patient survival.

2.1.2 Trx system and its association with clinical outcome in brain tumours

Redox homeostasis is often disrupted in cancer cells due to increased
oxidative stress caused by the accelerated proliferation, high metabolic rate
and persistent growth promoting signalling pathways of tumours (Woolston
et al., 2013). To maintain the redox balance, antioxidant systems such as the
Trx system are often deregulated/overexpressed in aggressive tumours to
counteract the increased oxidative stress (Woolston et al., 2012). The Trx
system, which has been illustrated in detail in Chapter 1, is one of the major
enzyme families that regulates the homeostasis of the cellular redox state
(Zhang and Martin, 2014) and includes Trx, TrxR and TxNIP (Powis et al., 2000).
The Trx system participates in multiple cellular processes, such as
maintenance of a reducing cellular environment, DNA synthesis,
transcriptional regulation (e.g. NF-kB, P53, HIF-1a), promotion of cell growth,
and apoptosis (reviewed in (Powis and Montfort, 2001, Biaglow and Miller,
2005, Gromer et al., 2004, Nguyen et al., 2006)). Furthermore, upregulation of
the Trx system has been associated with resistance to chemotherapy and
radiotherapy (Yokomizo et al., 1995, Penney and Roy, 2013, Selenius et al.,
2012). Accordingly, inhibition of the Trx system is known to inhibit cell
proliferation and to improve drug and radiation sensitivity (Holmgren and Lu,
2010, Urig and Becker, 2006). Studies performed in a variety of primary
tumours have shown that the members of the Trx system are often
over/underexpressed in tumoural tissues compared with corresponding
normal tissues. More importantly, their expression levels often correlate with
tumour grade, metastasis and prognosis (Miyazaki et al., 1998, Lichtenfels et
al., 2003, Soini et al., 2001, Lincoln et al., 2003a, Raffel et al., 2003). The
associations between the expression of Trx, TrxR and TxNIP and clinical

outcomes in cancer patients are individually discussed below.
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Trx expression has been reported to be elevated in a variety of cancer types
including lung, colorectal, cervical, hepatic, and pancreatic cancers (Choi et al.,
2002, Lincoln et al., 2003b, Powis et al., 1998, Welsh et al., 2002a, Kakolyris et
al., 2001, Raffel et al., 2003, Kim et al., 2003b, Han et al., 2002, Hedley et al.,
2004). Additionally, overexpression of Trx has been correlated with aggressive
tumour growth, poorer prognosis and decreased patient survival in human
lung and colorectal cancers (Kakolyris et al., 2001, Raffel et al., 2003). High Trx
levels were also associated with poor patient prognosis in breast cancer
(Bhatia et al., 2016c). Besides, the expression level of Trx positively correlated
with increasing tumour grade according to a tissue proteome study in gliomas
of different grades (Gollapalli et al., 2017). In a study of 85 oligodendroglial
tumours, the immunoreactivity for Trx was observed in 29% and TrxR in 76%
of cases. Increased Trx expression was found to be correlated with higher
tumour grade, cell proliferation and apoptosis. Trx was also shown to be
associated with poor prognosis in both univariate survival and Cox
multivariate analysis, indicating that Trx expression has a correlation with

patient outcome for oligodendrogliomas (Jarvela et al., 2006).

TrxR expression has been shown to be overexpressed in many primary human
tumours including breast cancer, thyroid cancer, prostate cancer,
hepatocellular cancer and melanoma as well as a number of human cancer
cell lines, such as Jurkat and A549 cells (Choi et al., 2002, Lincoln et al., 20033,
Nguyen et al., 2006). It has been suggested that the level of TrxR in tumour
cells is 10-fold or greater than in corresponding normal tissues (Mustacich and
Powis, 2000). In a cohort of 433 astrocytomas, expression of TrxR was
observed in 66% and Trx in 46% of the cases, and both were significantly
associated with increased grade, but only patients with increased Trx had a
poorer prognosis (Haapasalo et al., 2003). The findings from another study
with a relatively small sample size (40 patients) were consistent with this
study, showing that the TrxR expression significantly increased with

astrocytoma grade (Esen et al., 2015). The level of TrxR in GBM patients was
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significantly higher than in normal brain tissue, indicating that TrxR may be

related to the progression of GBM (Kemerdere et al., 2013).

TxNIP has been identified as a major redox regulator and a tumour suppressor
in various solid tumours and haematological malignancies (Zhou et al., 2011b,
Zhou and Chng, 2013, Yoshihara et al., 2014). Loss of TxNIP expression was
reported to be associated with the development of some solid tumours (Kim
et al., 2007) and TxNIP is down-regulated in a number of cancers (Han et al.,
2003a, Butler et al., 2002). Additionally, TxNIP was found to be an
independent prognostic factor for distant metastasis-free survival and OS in
locally advanced primary breast cancer (Woolston et al., 2012). A recent study
has demonstrated that low TxNIP expression in glioma was associated with
higher histological grade and shorter patient survival. Furthermore,
knockdown of TxNIP in the U251 GBM cell line promoted cell proliferation,

invasion, and migration (Zhang et al., 2017b).

Taken together, with a poor prognosis and high recurrence rate there is a
clear need to identify novel prognostic markers to improve patient outcome
for brain tumours. The clinical studies mentioned above suggest that
expression of Trx system proteins has prognostic or predictive power in
various type of tumours. Although the protein expression of Trx system in
gliomas has, as mentioned above been previously investigated, few studies
have assessed the prognostic or predictive value of Trx system proteins as a
whole and the clinical importance of the Trx system remains understudied in
brain tumours. Furthermore, there have been no studies conducted in
paediatric patients (i.e. paediatric LGG, HGG or MB), and none of the studies
assessed expression of Trx, TrxR and TxNIP all together, simultaneously,
across a variety of brain tumour types. To our knowledge, this is the first study
to assess the expression of all three members of the Trx system in different
brain tumour types. As subcellular localisation of Trx system proteins may be
important for their function (Woolston et al., 2010), this study assessed both

cytoplasmic and nuclear localisation of TrxR and Trx.
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2.1.3 Hypotheses and aims
2.1.3.1 Hypotheses
1. Trx system proteins, namely TrxR, Trx and TxNIP, are expressed in brain

tumours to variable levels across different types.

2. The expression of Trx system proteins will have prognostic or predictive

power in brain tumour patients.

3. There are significant differences in the Trx system protein expression
between different brain tumour regions or between different tumour

types/grades.

2.1.3.2 Aims
1. Investigate the expression levels of Trx system proteins (i.e. TrxR, Trx and
TxNIP) in adult GBM, paediatric LGG, paediatric HGG and MB patients

using immunohistochemical approaches.

2. Determine the clinical importance of Trx system proteins in terms of
associations with clinicopathological variables and clinical outcome in

four different brain tumour cohorts.

3. Compare the expression levels of Trx system proteins between different

tumour regions or between different tumour types/grades.
2.2 Materials and methods

2.2.1 Cell lines and culture conditions

The adult GBM cell line SNB19, paediatric GBM cell lines SF188 and KNS42,
and MB cell lines DAQY and UW228-3 were used in the current study. Breast
cancer cell lines MDA-MB-231 and MCF-7 were used as positive controls for
assessing antibody specificity. Normal cell types, MRC5 lung fibroblast and
foetal neural stem cell FB83, were used for comparing drug cytotoxicity.
SNB19 was supplied locally by Dr. Anna Grabowska; SF188 and KNS42 were
kindly provided by Mr. Stuart Smith; DAQOY, UW228-3 and FB83 were a kind
gift from Dr. Beth Coyle. MRC5 was originally obtained from the European
Collection of Authenticated Cell Cultures (ECACC). MDA-MB-231 and MCF-7
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were originally obtained from the American Type Culture Collection (ATCC).
Cells were routinely cultured in T75 flasks in a humidified incubator at 37°C
with 20% Oz and 5% CO,. Other sizes of tissue culture flasks or plates were
used according to the requirement of specific experiments. When conducting
experiments under hypoxic conditions, cells were placed into a gas-controlled
INVIVO,400 humidified hypoxia workstation (Baker Ruskinn, Sanford) at 37°C
with 5% CO; and 1% O; for indicated time intervals. Cells in logarithmic
growth phase were used for experiments. All cell lines were used within a 12
passage window. Different cell lines were cultured in specific medium listed in
Appendix A-Table Al. Iron supplemented donor bovine serum (Gibco, Life
Technologies) was heat-inactivated by incubating for 30 min in a 56°C water
bath before use. Cells were authenticated by multiplex short tandem repeat
(STR) system (Powerplex 16, Promega) approximately every 4-6 months and
regularly tested, by technicians every 1-2 months, for mycoplasma using a

MycoProbe® Mycoplasma Detection Kit (R&D Systems).

2.2.2 Subculture

Tissue culture was performed in a class Il biological safety hood, which was
disinfected with 70% ethanol before and after use. Cells were cultured in T75
tissue culture flasks with routine culture media until reaching 70-80%
confluence. To subculture cells, the spent medium was removed and cell layer
gently washed with Dulbecco’s phosphate buffered saline (PBS) (without Ca®*
and Mg?*) (Sigma). 0.5 mg/ml trypsin-EDTA (Sigma) was added to completely
cover the cells (2ml was added to T25 flask, 5ml to T75 flask and 7ml to T175
flask) and left for 15-30 seconds. Then the trypsin-EDTA was aspirated and the
flask was incubated at 37°C for 1-3 minutes (the incubation time used was
dependent on the cell type). Cells were observed using a microscope to
ensure detachment. Complete medium was added to deactivate trypsin-EDTA
(volume of medium was equal to that of trypsin-EDTA) prior to harvesting the
cells. A certain volume (according to the specific cell type) of cell suspension
was transferred into a new tissue culture flask and fresh medium was added

to give an appropriate total volume (5ml in T25 flask, 15ml in T75 flask and
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25ml in T175 flask). The new tissue culture flask was then placed back into the
incubator at 37°C with 5% CO.. Routinely, SF188, DAQY, UW228-3 and MRC5
cells were passaged using a 1:10 splitting ratio, SNB19 and KNS42 cells were

split at a ratio of 1:5.
2.2.3 Cryopreservation and cell recovery

In order to ensure the cells used in the experiments were at early passages,
cells were initially expanded then stored in liquid nitrogen to keep them at
low passage number. Viable cells at 70-80% confluence were brought into
suspension using trypsin-EDTA and the total number of cells was counted by a
Countess® Automated Cell Counter (Life Technologies). The cell suspension
was then centrifuged at 1,000 rpm for 5 min. The supernatant was discarded
and the cell pellet was resuspended in an appropriate volume of freezing
medium (10% dimethyl sulfoxide (DMSO) in complete culture medium) to
achieve a final concentration of ~1x10° cells/ml. The cells were preserved in
cryovials and frozen at -80°C overnight in a cell freezing container before

placing into liquid nitrogen (~-180°C) for long-term storage.

To thaw cryopreserved cells, cryovials containing the frozen cells were taken
out from liquid nitrogen storage and placed immediately into a 37°C water
bath. The thawed cells were transferred dropwise into a centrifuge tube
containing 9 ml of pre-warmed complete growth medium, followed by
centrifugation at 1,000 rpm for 5 min. The supernatant was discarded and the
cell pellet gently resuspended in fresh medium, transferred into a T25cm?
tissue culture flask, and placed into the incubator. Culture medium was
refreshed the next day to remove residual DMSO, and the cells were then

cultured following routine procedures.
2.2.4 Cell lysis and protein extraction

Cells were harvested and pelleted by centrifugation at 1,000 rpm for 5 min.
The cell pellets were washed once with PBS and pelleted again by
centrifugation as before. Pellets were then lysed at 5 x 108 - 1 x 107 cells per

ml in RIPA buffer (Sigma), supplemented with 1 X Halt™ Protease Inhibitor
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Cocktail (ThermoFisher Scientific) containing protease inhibitors, phosphatase
inhibitors and EDTA on ice for 15 min. The resulting whole cell lysates were
aliqguoted and frozen at -20°C or -80°C for long-term storage and thawed
before use. Upon thawing, the lysates were clarified by centrifugation at
13,000 rpm for 10 min at 4°C and the supernatants collected in fresh tubes as
whole-cell protein. Thawed lysates were kept on ice prior to use and repeated

freeze-thaw cycles avoided.
2.2.5 Western blotting

Buffers needed for Western blotting were prepared as described in Appendix
A-Table A2. The cell lysates were mixed with 1x NuPAGE™ LDS Sample Buffer
(Invitrogen) and 1x NuPAGE™ Reducing Agent (Invitrogen). The mixture was
boiled at 100°C for 5 min using a heat block then cooled on ice. 20 pl of
protein mixture was loaded into each well of a Bolt™ 4-12% Bis-Tris Plus Gel
(ThermoFisher Scientific), after which proteins were separated by gel
electrophoresis at 125V for 90 min. Following separation by SDS-PAGE, the
proteins were transferred from the gel onto a nitrocellulose membrane (GE

Healthcare) by electrophoresis at 25V for 90 min.

The blot was then incubated with blocking buffer at room temperature for 1 h
and then probed with a primary antibody diluted in the blocking buffer at 4°C
overnight. The antibodies used in the present study, their dilution ratios and

host species are listed in Table 2.1
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Table 2.1 List of antibodies used in Western Blotting.

Antibodies Source Silosrs Hos't Dilution Size
number species (kDa)
Anti-TrxR Abcam ab16847 Mouse  1:1000 55
Anti-Trx Abcam ab133524 Rabbit  1:5000 12
Anti-TxNIP Abcam ab188865 Rabbit  1:1000  44/50
Anti-CA9 2BScientific ~ ab00414-1.1  Mouse  1:1000 49
Anti-P450 Abcam ab180597 Rabbit ~ 1:2000 77
Anti-NQO1 Cell signalling 3187 Mouse  1:500 29
Anti-NQO2 Abcam ab137612 Rabbit  1:250 26
Anti-B-actin Abcam ab8226 Mouse  1:2000 42
Anti-B-actin Abcam ab8227 Rabbit  1:1000 42
Rabbit anti-mouse HRP Dako P0260 Rabbit  1:1000 -
Goat anti-rabbit HRP Dako P0448 Goat  1:2000 -
Donkey anti-mouse Li-COR IRDye® 926-68072  ponkey 1:10000 -
Donkey anti-rabbit Li-COR IRDye®  926-32213  ponkey 1:10000 -

After 3 x 5 min washes with 0.1% PBS/Tween, the membrane was incubated
with secondary antibody solution according to the host species of the primary
antibody, at room temperature for 1 h. After another wash as before, the
protein bands were visualised with 1:1 mixture of Amersham enhanced
chemiluminescence reagents (GE Healthcare) and developed using Amersham
hyperfilm (GE healthcare) or scanned using an Odyssey® FC Imager (LI-COR
Biosciences). If two colour infrared Western blotting was performed, the
infrared intensity of the bands was quantified using Image Studio Version 4.1
(LI-COR Biosciences) and normalised against the signals of B-actin, which was
used as an internal control to ensure equal loading of the samples in the gel. If
the membrane needed to be re-probed, it was incubated in stripping buffer
(Abcam) at room temperature for 5-10 min, washed and blocked again as
described above, followed by re-probing with appropriate primary and
secondary antibodies. Then the membrane was visualised again as described

above.
2.2.6 Clinical samples

This study is reported in accordance with REMARK (reporting
recommendations for tumour marker prognostic studies) criteria (McShane et
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al., 2005). Ethical approval was granted by Local Regional Ethics Committee in
Nottingham (11/EM/0076; R&I 14CS005), under the title ‘Comparative
molecular analysis of childhood brain tumours’. Formalin-fixed, paraffin-
embedded tissue microarray (TMA) sections (4 um) from four independent
cohorts (i.e. adult GBM, paediatric LGG, paediatric HGG and MB) were
provided by Prof. Richard Grundy and Mr. Stuart Smith from the Children’s
Brain Tumour Research Centre (CBTRC), at the University of Nottingham, UK.
A total of 405 brain tumour samples were collected from various hospitals
across England (mainly Nottingham and Birmingham) between 1958 and 2015.
Exclusion of referral, miscoded, and recurrent cases resulted in 312 primary
brain tumour cases with available clinical information. Clinical data of patients
were retrieved from the original medical documents and pathological
characteristics were re-evaluated by a multi-disciplinary team of experts
including a paediatric neuro-oncologist and a neuropathologist at CBTRC,
Nottingham University Hospitals NHS Trust, according to WHO 2007 criteria
(Louis et al.,, 2007). Any differences were resolved by careful discussion.
Patient follow-up data were also updated regularly by researchers at CBTRC.
OS was calculated as the time interval (in months) from the date of the
original diagnosis to the time of death, or from the time of diagnosis to the
last date known to be alive for those patients censored. The median follow-up

period, in all cohorts, was 160 months (ranging from 0 to 552 months).

Eighteen adult GBM patients were treated at Queen’s Medical Centre (QMC),
University of Nottingham, in the period between 2013 and 2015. There were
10 females and 8 males and the median age of the patients was 59 years,
ranging from 26 to 73 years. The median follow-up time was 15 months
(ranging 1-42). The 12-month survival rate was 65%. In this cohort, only one
patient had a tumour with the R132H mutation in the IDH1 gene and the vast
majority of cases (17/18) had wild-type IDH1 gene. 50% of patients (9/18) had
hypomethylated MGMT promoter, 1 patient had hypermethylated MGMT
promoter and the status of MGMT promoter was not available for the

remaining 8 patients. 77.8% (14/18) of patients received complete resection
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while the remaining 22.2% (4/18) of patients had partial resection. After
surgery, 16 patients completed 60 Gy (2 Gy per fraction over 6 weeks)
radiotherapy and adjuvant TMZ treatment whilst the remaining 2 patients
were treated with radiotherapy alone. Half of the patients (9/18) received
Gliadel wafers, which are biodegradable copolymers impregnated with the
alkylating agent carmustine (Ashby et al., 2016). Detailed clinicopathological

data was recorded at the time of surgery and is shown in Table 2.2.
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Table 2.2 Clinicopathological variables of the adult GBM cohort.

Variable Number of Patients Percentage (%)

Age (years)

<59 10 55.6

>59 8 44.4
Gender

Male 8 44 .4

Female 10 55.6
Tumour Site

Parietal 8 44.4

Temporal 5 27.8

Occipital 1 5.6

Frontal 4 22.2

Resection status

Complete 14 77.8

Partial 4 22.2
Radiotherapy

60 Gy 17 94.4

<60 Gy 1 5.6
Temozolomide

Yes 16 88.9

No 2 11.1
Gliadel wafer

Yes 9 50.0

No 9 50.0
IDH-1

Wild-type 17 94.4

Mutant 1 5.6
MGMT status

Hypomethylated 9 90.0

Hypermethylated 1 10.0

N/A 8
Survival status

Living 4 28.6

Deceased 14 77.8

Abbreviations: GBM, glioblastoma; IDH1, isocitrate dehydrogenase 1; MGMT, 0-6-
methylguanine DNA methyltransferase; N/A, not available.
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136 paediatric patients with LGG were treated at various hospitals in England
between 1958 and 2003. The median age of the patients was 6 years, ranging
from 3 months to 16 years, 48.7% of patients were boys (56/115), 33.6% of
patients had supratentorial disease (38/113), 82.3% of patients had grade |
disease (102/124) and 42.5% of patients developed recurrence (48/113);
where patient number did not total 136 information was not available for the
remaining patients. The median follow-up time was 167 months (ranging 0-
560). Unfortunately, surgical and adjuvant treatment data were not available.

The clinicopathological criteria of the cohort are shown in Table 2.3.

The paediatric HGG cohort included 137 patients who were diagnosed at
various hospitals in England between 1982 and 2007. The median follow-up
time was 12 months (ranging 0-206). The median age of patients was 8 years,
ranging from 5 days to 21 years. In this cohort 63.0% of patients (80/127)
were boys, 71.8% of patients had supratentorial disease (84/117), 26.7% of
patients had grade Il tumours (35/131) and 73.3% of patients had grade IV
tumours (96/131). 15.8% of patients had complete tumour resection (16/101),
43.6% of patients had partial resection (44/101), and 40.6% of patients had
biopsies (41/101). 88.9% of patients developed recurrence (96/108) and 11.1 %
of patients were recurrence-free (12/108) at the time of follow-up. Where
patient number does not total 137 information was not available for the
remaining patients. The clinicopathological criteria of the cohort are shown in
Table 2.3. The treatment strategies for this cohort were, unfortunately, also
not recorded in the original databases and data retrieval was extremely
difficult. This is primarily due to the fact that electronic health record systems
were not introduced into the UK until 2002 and the cases in the cohort were

collected as early as 1950s from multiple hospitals across England.
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Table 2.3 Clinicopathological variables of the paediatric LGG and HGG

cohorts.

Variable

PLGG N (%)

pPHGG N (%)

Age (years)
<3
>3
ND
Gender
Male
Female
ND
Tumour site
Supratentorial
Infratentorial
ND
Tumour grade
I
Il
M
v
ND
Resection status
Complete
Partial
Biopsy
ND
Recurrent status
Yes
No
ND
Survival status
Living
Deceased
ND

27 (23.5)
88 (76.5)
21

59 (51.3)
56 (48.7)
21

38 (33.6)
75 (66.4)
23

102 (82.3)
22 (17.7)
0(0.0)
0(0.0)
12

NA
NA
NA
136

48 (42.5)
65 (57.5)
23

79 (69.9)
34(30.1)
23

23(20.2)
91 (79.8)
23

80 (63.0)
47 (37.0)
10

84 (71.8)
33(28.2)
20

0 (0.0)
0(0.0)
35(26.7)
96 (73.3)
6

16 (15.8)

44 (43.6)

41 (40.6)
36

96 (88.9)
12 (11.1)
29

19 (17.3)
91 (82.7)
27

Abbreviations: pLGG, paediatric low-grade glioma; pHGG, paediatric high-grade glioma; ND,

not determined.

In the MB cohort, 114 patients were diagnosed and treated at Birmingham

and Nottingham University Hospitals between 1985 and 2012. The median

follow-up time was 53 months (ranging 1-249). The median age of the
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patients was 6.8 years (ranging from 9.1 months to 19 years), and 72.2%
(78/108) of patients were boys. According to conventional histological
classification, 61.3% of patients were classified as classic MB (57/93), 16.1% as
desmoplastic MB (15/93), 17.2% as large cell/anaplastic MB (16/93), 1.1% as
MB with extensive nodularity (1/93) and 4.3% as MB with myogenic
differentiation (4/93). The metastatic stage of MBs was determined according
to the Modified Chang Staging System (Chang et al., 1969), where the extent
of metastasis is subdivided into MO (no metastasis), M1 (presence of tumours
in the cerebrospinal fluid), M2 (gross nodular seeding present intracranially
beyond the primary tumour site), M3 (metastasis in spinal subarachnoid
space), and M4 (metastases outside the cerebrospinal axis). Among the 92
patients with available metastatic information, 60.9% of patients were MO
stage (56/92), 6.5% of patients were M1 stage (6/92), 10.9% of patients were
M2 stage (10/92), 18.5% of patients were M3 stage (17/92), and 3.3% of
patients were M4 stage (3/92). As with the paediatric LGG and HGG cohorts,
the treatment details were also not available for this cohort. The

clinicopathological variables of the cohort are listed in Table 2.4.
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Table 2.4 Clinicopathological variables of the MB patient cohort.

Variable Number of Patients Percentage (%)

Age (years)

<3 20 18.7
>3 87 81.3
ND 7

Gender
Male 78 72.2
Female 30 27.8
ND 6

Histological Classification
Classical 57 61.3
Desmoplastic 15 16.1
Large cell/anaplastic 16 17.2
Extensive nodularity 1 1.1
myogenic 4 4.3
ND 21

Resection status
Complete 52 61.2
Partial 33 38.8
ND 29

Recurrent status
Yes 42 44.7
No 52 55.3
ND 20

Metastatic stage
MO 56 60.9
M1 6 6.5
M2 10 10.9
M3 17 18.5
M4 3 33
ND 22

Survival status
Living 44 45.4
Deceased 53 54.6
ND 17

Abbreviations: MB, medulloblastoma; ND, not determined.
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2.2.7 Antibody optimisation

Prior to immunohistochemical staining of patients’ specimens, the specificity
of the primary antibodies (i.e. mouse anti-TrxR antibody (ab16847, Abcam),
rabbit anti-Trx antibody (ab133524, Abcam), and rabbit anti-TxNIP antibody
(ab188865, Abcam)) was determined by Western blotting described in Section
2.2.5, using a range of brain and breast cancer cell lysates prepared following
procedures described in Section 2.2.4. The specificity of these antibodies was
confirmed previously in pancreatic cancer cell lines by Khaled Alhadyan, a
previous PhD student in our group. Antibodies yielding expected single bands
without non-specific bands were applicable for immunohistochemistry (IHC)
staining. The antibody concentrations applied in IHC was further optimised
using whole mount paraffin-embedded tissue sections from 2 adult GBM
cases, following the procedures described in Section 2.2.8. The whole tissue
sections were also used to evaluate the heterogeneity and the pattern of
protein expression across the tumours. Optimisation of antibody
concentration was performed using an immunohistochemical staining kit -
Novolink polymer detection kit (Leica). Three different concentrations of each
antibody were initially tried, including one as recommended by the
manufacturer in the datasheet, one higher and one lower. Breast tumour
composite sections, which consisted of six stage | breast carcinoma specimens
(grade | to lll), were used as positive and negative controls for optimisation;

negative controls omitted primary antibody (Woolston et al., 2012).
2.2.8 TMAs and Immunohistochemistry

Expression of Trx system proteins was assessed in brain tumour TMAs by
using IHC in a single staining run. The TMAs were constructed and maintained
within the CBTRC at the University of Nottingham. In total, 31 TMAs were
kindly provided to the current author by Prof. Richard Grundy and Mr. Stuart
Smith. For paediatric LGG, HGG and MB TMAs, two/three 0.6 mm cores were
used for each patient with the cores being taken from a representative
tumour area as assessed by neuropathologists. Adult GBM TMAs were

constructed as described previously (Smith et al., 2017). In short, triplicate
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cores were collected from each of three regions (inner tumour core, rim and
invasive margin) per tumour specimen. The invasive margin was defined by
the region with 5-aminolevulinic acid (GliolanTM) fluorescence at surgery
beyond the T1 enhancing region on magnetic resonance imaging (MRI) (Smith
et al., 2017). Several cores from other tissues were also included in each TMA
block to act as potential positive controls and to aid orientation. Freshly cut 4
um thick TMA sections were mounted onto Superfrost* microscope slides
(Menzel-Glaser) then quickly dried at 37°C overnight (by Lisa Storer, CBTRC,
University of Nottingham). Sections were then stored, sealed from air at 4°C
and stained using the procedures described below within 1 week of section

cutting and mounting.

Immunohistochemistry (IHC) was performed as previously described using a
Novolink Polymer Detection Kit (Leica) according to the manufacturers’
instructions (Zhang et al., 2019b). Briefly, slides were deparaffinised with two
xylene baths (5 min each), sequentially rehydrated in a decreasing series of
industrial methylated spirit (IMS) baths (2x in 100% IMS for 2 min and 1x in 70%
IMS for 2 min), followed by a 5 min wash in running tap water. Antigen
retrieval was performed in 0.01 M sodium citrate buffer (pH 6.0) in a
microwave for 20 min, with 10 min at 750W and 10 min at 450W. Following
microwaving, slides were washed immediately under running tap water to
stop the retrieval process. The slides were then loaded onto sequenza slide
racks (ThermoFisher Scientific). 100 ul Peroxidase Block solution was added to
tissues for 5 min at room temperature to neutralise the endogenous
peroxidase activity and the slides were then washed 2 x 5 min with Tris-
buffered saline (TBS) (50 mM Tris-Cl, 150 mM NaCl, pH 7.6). 100 ul of Protein
Block solution was then added for another 5 min, to minimise the non-specific
interactions of the subsequent detection reagents, and washing was carried
out as above before incubating the slides with 100 ul of primary antibody
solution overnight at 4°C. The primary antibodies were diluted in bond
primary antibody diluent (Leica) and the dilution of each antibody solution

was optimised as described in Section 2.2.7, which was: anti-Trx antibody
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1:2000, anti-TrxR antibody 1: 150, and anti-TxNIP antibody 1:1000. Following
antibody incubation, the slides were washed 2 x 5 min with TBS prior to the
application of 100 pl Post Primary solution (a polymer penetration enhancer)
for 30 min at room temperature, slides were subsequently washed and
incubated with 100 pl of Novolink Polymer (anti-mouse/rabbit 1gG-Poly-
horseradish peroxidase (HRP)) for another 30 min followed by a 2 x 5 min TBS
wash. Immunohistochemical reactions were visualised using 3, 3’-
diaminobenzidine (DAB) solution (1:20 DAB chromogen in DAB substrate
buffer) as the chromogenic substrate and slides were counterstained with
haematoxylin for 6 min, removed from the sequenza trays, and placed in the
Leica autostainer for dehydration and fixation: 5 min wash with running tap
water followed by 3 x 2 min IMS baths (1x in 70% IMS and 2x in 100% IMS),
and then 2 x 5 min 100% xylene baths. Slides were mounted with DPX
mounting medium (Sigma) and left to dry overnight. Breast tumour composite
sections comprised of grade 1 and 2 early stage invasive tumours were
included as positive and negative controls with each run; negative controls

omitted primary antibody.

2.2.9 Immunohistochemical scoring

Training, use and review of scoring methods was provided by a consultant
neuropathologist, Dr. Simon Paine. Slides were scanned at high-resolution
using a Nanozoomer Digital Pathology Scanner (Hamamatsu Photonics) with
200x magnification. Cytoplasmic staining was assessed semi-quantitatively
using an immunohistochemical H-score, where staining intensity was divided
into four grades: none (0), weak (1), medium (2), and strong (3). H-scores
were then calculated by multiplying the percentage of staining area by the
intensity grade, giving a range between 0 and 300 (i.e. 0 x negatively stained
tumour % + 1 x weakly stained tumour % + 2 x moderately stained tumour % +
3 x strongly stained tumour %). Nuclear staining was assessed as the
percentage of nuclei with any intensity of staining. TrxR and Trx showed both
cytoplasmic and nuclear staining whilst TxNIP only showed cytoplasmic

staining when assessed. An average score was generated by taking the mean
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score of two or three cores as appropriate and it was used as the final score

for each case.

Greater than 30% of the cases were initially scored by two independent
assessors blinded to the clinical outcome of patients and each other’s scores
(Dr. Sarah Storr scored the TrxR expression; Khaled Alhadyan scored the Trx
and TxNIP expression). The single measure intra-class correlation coefficient
(ICC) analysis was conducted to determine the level of concordance between
scorers and, if sufficiently robust, the current author then scored the
remaining cores. The single measure ICCs were above 0.7 for all markers
assessed across all brain tumour cohorts, indicating excellent concordance
between scorers (Table 2.5). Cores that were lost/damaged during sectioning
or had less than 10% tumour tissue were not scored.

Table 2.5 Intra-class correlation coefficient (ICC) analysis of Trx, TrxR and
TxNIP scoring across different brain tumour cohorts.

Tumour types
Markers Adult GBM  Paediatric LGG  Paediatric HGG MB
Cytoplasmic TrxR 0.701 0.724 0.702 0.712
Nuclear TrxR 0.796 0.741 0.836 0.900
Cytoplasmic Trx 0.835 0.734 0.874 0.897
Nuclear Trx 0.790 0.700 0.925 0.892
Cytoplasmic TxNIP 0.808 0.740 0.873 0.956

Abbreviations: GBM, glioblastoma; LGG, low-grade glioma; HGG, high-grade glioma; MB,
medulloblastoma.

Optimal cut-offs for each protein were obtained based on OS using X-tile
bioinformatics software, version 3.6.1. X-tile is a graphical method that
provides an unbiased cut-point by describing the presence of substantial
tumour subpopulations and showing the robustness of the relationship
between tumour biomarker expression and patient outcomes (Camp et al.,
2004). The cut off points for individual markers are listed in Table 2.6 and
these cut-offs were used to stratify the tumours into low- vs. high-expression

for each protein.
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Table 2.6 X-tile cut points for stratification of TrxR, Trx and TxNIP expression
in all four brain tumour cohorts.

S Adult GBM Paediatric Paediatric .
Core Rim Invasive LGG HGG
Cytoplasmic TrxR 78 100 86 163 160 180
Nuclear TrxR (%) 63 80 85 60 58 58
Cytoplasmic Trx 143 150 105 37 160 172
Nuclear Trx (%) 38 23 60 12 57 60
TxNIP 175 173 175 40 195 125

Abbreviations: GBM, glioblastoma; LGG, low-grade glioma; HGG, high-grade glioma; MB,
medulloblastoma; TrxR, thioredoxin reductase; Trx, thioredoxin; TxNIP, thioredoxin-
interacting protein.

Mean and median values of both cytoplasmic and nuclear scores were also
determined and shown in Appendix A-Table A3 and Table A4.

2.2.10 Statistical analysis

Data analysis was performed using IBM SPSS Statistics (version 24). The
relationships between categorised protein expression and clinicopathological
variables were examined using Pearson’s chi-square (x?) test of association or
Fisher’s exact test if a cell count was less than 5 in a 2 x 2 table. To assess the
relationship between protein expression and survival outcomes, survival
curves were plotted using the Kaplan-Meier method with statistical
significance determined using the Log-rank test. Cox proportional hazards
regression model was used to test the statistical independence and
significance of the predictors on OS. The differences in protein expression
between different tumour types/grades or tumour regions were determined
using one-way ANOVA or non-parametric Kruskal-Wallis test when the
homogeneity of variance was violated. Multiple comparisons between two
groups were conducted using a pairwise post-hoc t-test or Mann-Whitney U
test when the data were not normally distributed. A P value of <0.05 was

considered statistically significant.
2.3 Results

2.3.1 Antibody specificity and IHC optimisation

As mention in Section 2.2.7, before conducting the immunohistochemical

staining of patients’ specimens, the specificity of TrxR, Trx and TxNIP
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antibodies were assessed by Western blotting using various brain and breast
cancer cell lysates. Breast cancer cell lines (MDA-MB-231 and MCF-7) were
included as a positive control (previously confirmed as expressing these
proteins in the study of a previous PhD student, Yimin Zhang, in Prof. Stewart
Martin’s group) (Zhang, 2014). The TrxR, Trx and TxNIP antibodies detected
single bands of the expected size at 55 KDa, 12 KDa and 50 KDa (or 44 kDa),

respectively over multiple human cell lines (Figure 2.1).

No non-specific bands were detected by any of the antibodies across any of
the cell lines. Results suggested that TrxR, Trx and TxNIP antibodies tested
were specific and detected the correct protein bands. They were therefore
deemed suitable for use in immunohistochemical staining of brain tumour
patients’ specimens, with the appropriate concentration of each antibody to
be used in IHC optimised as shown in Appendix A-Figure Al-Figure A3. The
concentration of each antibody applied in IHC was optimised in adult GBM
composite tissue sections prior to immunohistochemical staining on brain

tumour TMAs.

The appropriate staining concentrations for each antibody were confirmed by
discussion and consultation with the local neuropathologist, Dr. Simon Paine.
A dilution of 1:150 for anti-TrxR antibody, 1:2000 for anti-Trx antibody, and
1:1000 for anti-TxNIP antibody was determined to give the optimal staining on

the GBM tissue sections.
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TxNIP (44 + 50 kDa)

Figure 2.1 The specificity of anti-TrxR, anti-Trx and anti-TxNIP antibodies was determined in Western blotting by using various
cell lines. Lysates from human brain cancer SF188v, SNB19, KNS42, SF188, DAOY and UW228-3 cells and breast cancer MDA-MB-231 and MCF-7 cells
were subjected to Western blotting to assess the specificity of (A) TrxR, (B) Trx and (C) TxNIP primary antibodies. Figures present the representative blots of
2 independent experiments with lysates from cells with different passage numbers.
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2.3.2 Staining pattern and frequency of Trx system expression in brain

tumours

Following confirmation of antibody specificity and optimisation of antibody
concentration, expression of TrxR, Trx, and TxNIP protein was assessed by
using IHC in the adult GBM, paediatric LGG, paediatric HGG, and MB cohorts.
All three markers - TrxR, Trx and TxNIP - displayed a mixture of diffuse and
granular cytoplasmic staining in all types of brain tumour cells. Some diffuse
nuclear staining was observed for TrxR and Trx but not for TxNIP.
Heterogeneous staining was shown between, as well as within, certain
tumour cores for all markers, varying from weak to strong staining. Occasional
stromal and endothelial cell staining was also observed, however, this was not
scored as part of this study. In certain tumour cases, there was also
heterogeneous staining between the triplicate cores. In line with this,
heterogeneous distribution pattern of these markers was observed in the
whole mount sections in adult GBM cases, but triplicate cores allow for this
potential heterogeneity to be presented. Representative photomicrographs of
staining patterns in adult GBM are shown in Figure 2.2, paediatric LGG in

Figure 2.3, paediatric HGG in Figure 2.4, and MB in Figure 2.5.
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Negative control

Figure 2.2 Representative photomicrographs of Trx, TrxR and TxNIP

expression in adult GBM. Expression levels, including low (left), moderate (middle) and
high (right) staining, of Trx (A-C), TrxR (D-F) and TxNIP (G-l) at 10X magnification with 20X
magnification inset panel. Scale bar represents 100 pm.
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Negative control

Figure 2.3 Representative photomicrographs of Trx, TrxR and TxNIP

expression in paediatric LGG. Expression levels, including low (left), moderate (middle)
and high (right) staining, of Trx (A-C), TrxR (D-F) and TxNIP (G-I) at 10X magnification with 20X
magnification inset panel. Scale bar represents 100 pm.
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Negative control

Figure 2.4 Representative photomicrographs of Trx, TrxR and TxNIP

expression in paediatric HGG. Expression levels, including low (left), moderate (middle)
and high (right) staining, of Trx (A-C), TrxR (D-F) and TxNIP (G-I) at 10X magnification with 20X
magnification inset panel. Scale bar represents 100 um.
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Figure 2.5 Representative photomicrographs of Trx, TrxR and TxNIP

expression in MB. Expression levels, including low (left), moderate (middle) and high
(right) staining, of Trx (A-C), TrxR (D-F) and TxNIP (G-1) at 10X magnification with 20X
magnification inset panel. Scale bar represents 100 um.

Cytoplasmic staining of all three markers and nuclear staining of TrxR and Trx
were scored over the four brain tumour cohorts. The median scores and

ranges of TrxR, Trx and TxNIP expression for each tumour cohort are shown in
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Table 2.7. The statistics of both H-score and nuclear score of each protein
expression are described in detail in Appendix A-Table A3 and Table A4.

Table 2.7 The median scores and ranges of TrxR, Trx and TxNIP expression in
brain tumour cohorts.

Markers AdulHGEN Paediatric Paediatric MB
Core Rim Invasive LGG HGG
Cytoplasmic 78 100 86 120 67 130
TrxR (30-187)  (77-190)  (50-105) (5-235) (0-217) (0-270)
Nuclear 47 72 79 55 36 64
TrxR (%) (7-95) (15-100) (45-98) (0-95) (0-100) (0-100)
Cytoplasmic 122 105 105 97 110 137
Trx (5-185) (0-198) (90-140) (0-273) (0-283) (0-280)
Nuclear 35 34 52 19 30 38
Trx (%) (0-90) (0-90) (10-85) (0-88) (0-98) (0-99)
Cytoplasmic 168 140 170 173 192 150
TxNIP (30-228) (30-222) (115-195) (0-280) (10-280) (12-2)

Abbreviations: GBM, glioblastoma; LGG, low-grade glioma; HGG, high-grade glioma; MB,
medulloblastoma.

Bioinformatics software X-tile was used to generate an optimal cut point for
each protein based on OS, which stratified the scores of tumour samples into
low- vs. high- score. The cut-off points of TrxR, Trx and TxNIP expression for all
four brain tumour cohorts are listed in Table 2.6. In the adult GBM cohort
(rim), the X-tile cut point for cytoplasmic TrxR was 100, nuclear TrxR was 80,
cytoplasmic Trx was 150, nuclear Trx was 23, and TxNIP was 173; with 60.0%
(9/15), 53.3% (8/15), 26.7% (4/15), 53.3% (8/15), and 53.3% (8/15)
respectively having high protein expression. In the paediatric LGG cohort, the
X-tile cut point for cytoplasmic TrxR was 163, nuclear TrxR was 60,
cytoplasmic Trx was 37, nuclear Trx was 12, and TxNIP was 40; with 17.4%
(15/86), 49.4%% (43/87), 89.7% (78/87), 47.1% (40/85), and 89.9% (80/89)
respectively having high protein expression. In the paediatric HGG cohort, the
X-tile cut point for cytoplasmic TrxR was 160, nuclear TrxR was 58,
cytoplasmic Trx was 160, nuclear Trx was 57, and TxNIP was 195; with 12.5%
(13/104), 23.1% (24/104), 27.1% (29/107), 17.6% (19/108), and 47.4% (45/95)
respectively having high protein expression. In the MB cohort, the X-tile cut
point for cytoplasmic TrxR was 180, nuclear TrxR was 58, cytoplasmic Trx was

172, nuclear Trx was 60, and TxNIP was 125; with 17.1% (14/82), 66.3%
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(53/80), 30.0% (24/80), 21.3% (17/80), and 65.8% (52/79) respectively having
high protein expression. A proportion of cores within the TMAs could not be

assessed due to insufficient tumour cells or the cores being missing.

2.3.3 Relationship of Trx system expression with clinicopathological

variables and clinical outcome in the adult GBM cohort.

The relationships between Trx system expression and clinicopathological
variables and patient survival were independently assessed in each brain
tumour cohort and within the adult GBM cohort the analysis was separately
conducted by tumour region (core, rim, and invasive margin). In adult GBM
core samples, high nuclear TrxR expression was associated with tumours
located at temporal lobe (x?=9.370, df=3, P=0.008); in samples taken from the
invasive margin, low cytoplasmic TrxR expression was linked with female
patients (x?=8.571, df=1, P=0.015) (Appendix A-Table A5 and Table A6). No
significant associations were observed between Trx or TxNIP expression and

clinicopathological variables in any tumour region (data not shown).

High cytoplasmic TrxR expression was significantly associated with adverse OS
(P=0.027) in rim samples (Figure 2.6A), whereas nuclear TrxR expression was
not (P=0.462) (Figure 2.6B). The expression of cytoplasmic Trx, nuclear Trx and
TxNIP was also not associated with OS in rim samples (P=0.147, 0.752 and
0.977, respectively) (Figure 2.6C-E). No associations were observed between
TrxR, Trx and TxNIP expression and OS in either core or invasive samples
(Appendix A-Figure A4 and Figure A5). The association between protein
expression and patient survival in the rim samples was explored further. All
traditional prognostic variables were individually tested for their association
with survival in the rim samples using the Kaplan-Meier with significance
determined using the log-rank test. The results showed that none of the
traditional prognostic variables was associated with patient survival including
patient age, tumour site, resection status and IDH-1 status (with individual
Kaplan-Meier statistics of P=0.396, P=0.484, P=0.855, and P=0.643

respectively). Therefore, multivariate analysis was not performed to
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determine whether cytoplasmic TrxR had independent prognostic value in rim

samples.
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Figure 2.6 Kaplan-Meier survival curves of TrxR, Trx and TxNIP expression

and OS in the adult GBM cohort (rim). High expression of cytoplasmic TrxR (A) is
associated with poor overall survival (P=0.027). No significant associations are detected
between nuclear TrxR (B), cytoplasmic/nuclear Trx (C/D) and TxNIP (E) expression and overall
survival (all P values >0.05). Curves show low (blue line) and high protein expression (green
line) with significance determined using the log-rank test. The numbers below the Kaplan-
Meier curve are the number of patients at risk at the specified month.
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2.3.4 Relationship of Trx system expression with clinicopathological

variables and clinical outcome in the paediatric LGG cohort.

In the paediatric LGG cohort, high cytoplasmic TrxR was associated with
supratentorial tumours (x>=10.568, df=1, P=0.003) and the presence of
tumour recurrence (x>=9.736, df=1, P=0.006), whereas high nuclear TrxR
expression was associated with the absence of tumour recurrence (x>=4.762,
df=1, P=0.029). Low TxNIP expression was associated with infratentorial

tumours (x?=4.189, df=1, P=0.041) (Appendix A-Table A7).

Kaplan-Meier survival analysis showed that high expression of cytoplasmic
TrxR was significantly associated with poor OS (P=0.001) (Figure 2.7A)
whereas high TrxR expression in the nucleus was significantly associated with
better OS (P=0.034) (Figure 2.7B). High expression of Trx within both
cytoplasm and nucleus was significantly associated with better OS (P=0.002
and P=0.048, respectively) (Figure 2.7C and D). In addition, high TxNIP
expression was also associated with improved OS (P=0.003) (Figure 2.7E). The
multivariate analysis was not performed in this cohort as none of the
potential confounding factors were significantly associated with patient
survival including tumour grade, tumour site, patient age, and gender (with
individual Kaplan-Meier statistics of P=0.110, P=0.270, P=0.403, and P=0.724

respectively).

79



Chapter 2

A B
107 Cytoplasmic TrxR .07 Nuclear TrxR
_ 0.8 _ 08 High
g L g
< 0.6 ow § 0.6
3 @
£ 0.4 - E 0.4
3 High 3
0.2 0.2
L 007 I|P=0.0\34 T I | | |
T T T | T T
100 200 300 400 500 600 0 100 200 300 400 500 60O
Overall survival (months) Overall survival (months)
LowTrxR [58 49 22 6 5 1 0 LowTrxR|33 23 13 5 3 0 O
HighTrxR112 5 5 2 1 0 O HighTrxR{38 32 14 3 3 1 0
C
1.07 Cytoplasmic Trx 1.07] High Nuclear Trx
0.8 0.8
S S
S 0.6 S 0.6
& A
E 0.4 E 0.4
Q Q
0.2 Low 0.2
0.0 P=0.002 0.0 ,P=0.0‘48 | ‘ | | |
160 Ztlll] 360 4t|]0 51‘10 Gl‘]l] 0 100 200 300 400 500 600
Overall survival (months) Overall survival (months)
Low Trx 3 1 0O 0 O 0 lowTrx|36 24 12 3 2 0 0
High Trx 51 26 8 6 1 0 HighTrx|34 28 13 3 2 0 O
E v1o- High  Cytoplasmic TxNIP
0.8
g
5 0.6
A
E 047 Low
(&)
0.2
P=0.003
007 T T T T | T
100 200 300 400 500 600
Overall survival (months)
Low TxNIP 3 1 0O 0 0 o
High TxNIP 51 24 7 5 1 0

Figure 2.7 Kaplan-Meier survival curves of TrxR, Trx and TxNIP expression

and OS in the paediatric LGG cohort. High expression of cytoplasmic TrxR (A) is
associated with adverse overall survival (P=0.001) whilst high expression of nuclear TrxR (B) is
correlated with better overall survival (P=0.034). High expression of Trx within the cytoplasm
(C) or the nucleus (D) is associated with improved overall survival (P=0.002 and P=0.048
respectively). High expression of TxNIP (E) is also associated with better overall survival
(P=0.003). Curves show low (blue line) and high protein expression (green line) with
significance determined using the log-rank test. The numbers below the Kaplan-Meier curve
are the number of patients at risk at the specified month.
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2.3.5 Relationship of Trx system expression with clinicopathological

variables and clinical outcome in the paediatric HGG cohort.

In the paediatric HGG cohort, anaplastic oligodendroglioma was significantly
associated with high cytoplasmic Trx expression whilst GBM with low
cytoplasmic Trx expression (x?=9.785, df=2, P=0.008). High cytoplasmic TxNIP
expression was linked with GBM (x?=9.362, df=2, P=0.009), supratentorial
tumours (x?=5.314, df=2, P=0.021) and higher tumour grade (x?=7.923, df=1,
P=0.005) (Appendix A-Table A8 and Table A9). No associations between both
cytoplasmic and nuclear TrxR expression and clinicopathological variables

were observed (data not shown).

Univariate survival analysis showed that high expression of both cytoplasmic
TrxR and Trx was significantly associated with adverse OS (P=0.002 and
P=0.007, respectively) (Figure 2.8A and C). However, expression of both TrxR
and Trx in the nucleus was not significantly associated with OS (P=0.084 and
P=0.482 respectively) (Figure 2.8B and D). No association was detected
between TxNIP expression and OS (P=0.181) (Figure 2.8E). Multivariate
analysis could not be conducted as none of the potential confounding factors,
namely age at diagnosis, gender, histological subtypes, tumour grade, tumour
site and extent of surgery, were found to be significantly associated with
survival in univariate analysis (with individual Kaplan—Meier statistics of
P=0.224, P=0.949, P=0.211, P=0.085, P=0.688, and P=0.494 respectively).
Therefore, the independent prognostic value of TrxR and Trx was unable to be

determined at this point.
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Figure 2.8 Kaplan-Meier survival curves of TrxR, Trx and TxNIP expression
and OS in the paediatric HGG cohort. High expression of cytoplasmic TrxR (A) and Trx
(C) is associated with adverse OS (P=0.002 and P=0.007 respectively). No significant
associations are found between the expression of nuclear TrxR (B), nuclear Trx (D), and TxNIP
(E) and OS (P = 0.084, 0.482 and 0.181, respectively). Curves show low (blue line) and high
protein expression (green line) with significance determined using the log-rank test. The
numbers below the Kaplan-Meier curves are the number of patients at risk at the specified

month.
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2.3.6 Relationship of Trx system expression with clinicopathological

variables and clinical outcome in the paediatric MB cohort.

In the MB cohort, high expression of both cytoplasmic and nuclear Trx was
associated with the presence of tumour recurrence (x?=4.655, df=1, P=0.031
and x2=5.851, df=1, P=0.016 respectively). High nuclear Trx expression was
also linked with extensive nodularity subtype of medulloblastoma whilst low
expression with classic subtype (x?=9.941, df=4, P=0.041) (Appendix A-Table
A10). No other significant associations were found between protein

expression and clinicopathological variables (data not shown).

In univariate analysis, patients with high TrxR expression in the cytoplasm had
a significantly shorter OS compared with low expression (P=0.013) (Figure
2.9A). High Trx expression within cytoplasm and nucleus were both associated
with adverse OS (P=0.033 and P=0.007 respectively) (Figure 2.9C and D). No
significance was observed between nuclear TrxR or TxNIP expression and OS
(P=0.230 and P= 0.287 respectively) (Figure 2.9B and E). In multivariate Cox
regression model, cytoplasmic TrxR and nuclear Trx expression remained
significantly associated (P=0.009 and 0.013 respectively) with OS when
including the potential confounding factors of age, extent of surgery and
metastatic status (with individual Kaplan—Meier statistics of P=0.001, P=0.038,
and P<0.001 respectively), whereas cytoplasmic Trx expression was not
independently associated with survival when potential confounding factors

were included in the analysis (P=0.206) (Table 2.8).
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Figure 2.9 Kaplan-Meier survival curve of TrxR, Trx and TxNIP expression and

0OS in the MB cohort. High expression of cytoplasmic TrxR (A), cytoplasmic Trx (C) and
nuclear Trx (D) are associated with adverse OS (P=0.013, P=0.033 and P=0.007 respectively).
No significance was observed between nuclear TrxR or TxNIP expression and OS (P= 0.230 and
P=0.287 respectively). Curves show low (blue line) and high protein expression (green line)
with significance determined using the log-rank test. The numbers below the Kaplan-Meier
curve are the number of patients at risk at the specified month.
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Table 2.8 Multivariate Cox proportional hazards analysis for predictors of
overall survival in medulloblastoma patients.

95% ClI for Exp(B)

Variables P value Exp (B)

Lower Upper
Cytoplasmic TrxR expression 0.009 4.850 1.487 15.822
Age (3 years) 0.004 0.190 0.062 0.585
Extent of surgery 0.397 0.643 0.232 1.785
Metastatic status 0.000 6.354 2.266 17.816
Cytoplasmic Trx expression 0.206 1.895 0.703 5.107
Age (3 years) 0.007 0.221 0.074 0.662
Extent of surgery 0.549 0.716 0.240 2.132
Metastatic status 0.003 5.640 1.812 17.555
Nuclear Trx expression 0.013 5.386 1.418 20.451
Age (3 years) 0.003 0.188 0.062 0.572
Extent of surgery 0.097 0.311 0.079 1.233
Metastatic status 0.011 4.033 1.375 11.827

Significant P values are indicated by bold type. Exp(B) is used to denote hazard ratio and 95%
Clis used to denote 95% confidence interval.

2.3.7 Comparison of protein expression between different regions in adult

GBM patients

As shown in Figure 2.10A, the levels of cytoplasmic TrxR expression
significantly differed between the core, rim and invasive regions of adult GBM
tumours when comparing the data from each group using the non-parametric
Kruskal-Wallis test (P=0.043). Core samples had a median H-score of 78 (range
60-187), rim samples a median of 108 (range 80-190), and invasive samples a
median of 86 (range 50-105). On a post-hoc t-test, there was a higher median
of cytoplasmic TrxR expression in the rim region than the invasive region
(P=0.036), but there were no significant differences between core and rim

(P=0.713) or core and invasive regions (P=0.190).

The median nuclear expression of TrxR was 49% for core samples (range 7%-
95%), 80% for rim samples (range 15%-100%), and 85% for invasive samples
(range 45%-98%). Using the one-way ANOVA test, a significant difference was
observed in nuclear TrxR expression between these three intra-tumour
regions (P=0.003). On post-hoc t-test, there was a significant difference

between core and rim samples (P=0.019), and between core and invasive
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samples (P=0.004), but not between rim and invasive samples (P=0.724)
(Figure 2.10B). The expression levels of cytoplasmic Trx, nuclear Trx and TxNIP
were also compared between different tumour areas, but no statistically
significant variations between areas were detected (P=0.987, 0.442 and 0.944,

respectively) (Figure 2.10C, D, and E respectively).
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Figure 2.10 Box plots demonstrating the differences in expression of TrxR,

Trx and TxNIP between core, rim and invasive regions of adult GBM tumours.
A significantly higher expression of cytoplasmic TrxR (A) is noted in the rim samples compared
to the invasive samples (P=0.036 on post-hoc t-test). Significant differences in nuclear TrxR
expression (B) were observed between core and rim regions (P=0.019) and between core and
invasive regions (P=0.004) but not between rim and invasive regions (P=0.724). No statistically
significant variations between areas are detected for Trx (C and D) and TxNIP expression (E).
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2.3.8 Comparison of protein expression between different tumour types

The median H-score of cytoplasmic TrxR was 78 (range 30-187) for the adult
GBM cohort, 120 (range 5-235) for the paediatric LGG cohort, 80 (range 0-213)
for the paediatric HGG cohort, and 130 (range 0-270) for the MB cohort
(Figure 2.11A). Using the non-parametric Kruskal-Wallis test, there was a
significant difference in cytoplasmic TrxR expression between these four brain
tumour cohorts (P<0.001). From the post-hoc t-test, there were significant
differences between paediatric LGG and paediatric HGG (P<0.001), and
between paediatric HGG and MB (P<0.001). No significant differences were

detected between adult GBM and any of the other three tumour types.

The adult GBM cohort had a median of 49% nuclear TrxR expression (range
7%-95%), paediatric LGG a median of 57% (range 0%-95%), paediatric HGG a
median of 28% (range 0%-100%), and MB a median of 73% (range 0%-100%)
(Figure 2.11B). There were statistically significant variations of nuclear TrxR
expression between different tumour types (P<0.001 one-way ANOVA), with
significant differences detected between paediatric LGG and HGG cohorts
(P<0.001) and between paediatric HGG and MB cohorts (P<0.001) on Mann-
Whitney U test.

The median H-score of cytoplasmic Trx was 122 (range 5-185) for the adult
GBM cohort, 97 (range 0-273) for the paediatric LGG cohort, 110 (range 0-285)
for the paediatric HGG cohort, and 136 (range 0-280) for the MB cohort
(Figure 2.11C). There was a significant difference in cytoplasmic Trx expression
between different types of brain tumours (P=0.003, Kruskal-Wallis test). On
pairwise comparison tests, the difference between paediatric LGG and MB
was the only pair that achieved statistical significance (P=0.004 post-hoc t-

test).

Significant differences were also found between brain tumour types for
nuclear Trx expression (P<0.001 Kruskal-Wallis). The median nuclear Trx
expression was 38% (range 0%-90%) for adult GBM, 12% (range 0%-88%) for
paediatric LGG, 20% (range 0%-98%) for paediatric HGG, and 34% (range 0%-
99%) for MB (Figure 2.11D). On the Mann-Whitney U test, MB had
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significantly higher levels of nuclear Trx expression, relative to both the
paediatric LGG (P=0.011) and paediatric HGG tumours (P<0.001). Paediatric
HGG tumours also showed significantly greater nuclear Trx expression,
compared with the paediatric LGG tumours (P= 0.027). Among all four brain
tumour types adult GBM had the highest expression of nuclear Trx, although

no statistical significance was achieved on pairwise comparison tests.

The levels of TxNIP expression significantly differed between different tumour
types from one-way ANOVA (P=0.017). Median TxNIP expression was highest
for the paediatric HGG (188, range 10-280), followed by adult GBM (175,
range 45-228), paediatric LGG (173, range 0-280), and lowest for MB (150,
range 12-270) (Figure 2.11E). There were significant differences, from Mann-
Whitney U tests, between paediatric LGG and HGG tumours (P=0.022), and
between paediatric HGG and MB tumours (P=0.004).
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Figure 2.11 Box plots of TrxR, Trx and TxNIP in different brain tumour types.
The expression of both cytoplasmic (A) and nuclear (B) TrxR is significantly lower in pHGG than
pLGG and MB. Cytoplasmic Trx (C) expression is significantly higher in MB compared to pLGG,
and nuclear Trx (D) expression significantly differs between pLGG, pHGG and MB, with pLGG
having the lowest level and MB having the highest level. A significantly higher expression of
TXNIP (E) is noted in pHGG compared to pLGG and MB. Abbreviations: GBM, glioblastoma;
pLGG, paediatric low-grade glioma; pHGG, paediatric high-grade glioma; MB,
medulloblastoma.

2.3.9 Comparison of protein expression between different tumour grades

in paediatric gliomas

The levels of TrxR, Trx and TxNIP expression were also compared between
different tumour grades in paediatric gliomas. In total, there were 159 valid

cases of paediatric gliomas including 82 grade | gliomas, 25 grade Il gliomas,
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and 52 grade IV gliomas. Unfortunately, the grade Il gliomas were not
included in this analysis, as scoring was not able to be conducted due to
missing cores or insufficient tumour tissues. As shown in Figure 2.12A, the
expression of cytoplasmic TrxR was significantly higher in grade | gliomas than
both grade Il (P=0.010) and grade IV gliomas (P=0.001). The grade | gliomas
showed the highest median H-score of 120 (range 5-235), followed by grade
IV gliomas with a median score of 80 (range 3-217), and then grade Il gliomas
with a median score of 60 (range 0-200). Like cytoplasmic TrxR expression,
grade | gliomas showed the highest level of nuclear TrxR expression whilst the
grade lll gliomas had the lowest level. The median positive fraction was 57%
(range 0%-95%) for grade | gliomas, 25% (range 0%-95%) for grade Ill, and 28%
(range 0%-100%) for grade IV (Figure 2.12B). A significant difference in nuclear
TrxR expression was observed between grade | and grade IV gliomas (P=0.001),
but not between grade | and Il (P=0.085) or between grade Ill and IV gliomas
(P=0.974).

The expression levels of cytoplasmic Trx were almost equal between grade |,
grade lll, and grade IV gliomas with median values of H-score ranging from 92
to 101 (P=0.876) (Figure 2.12C). Nuclear Trx expression appeared to be
showing elevated levels of expression in both the grade lll and grade IV
gliomas compare with reduced levels in grade | gliomas but this did not
achieve statistical significance (P=0.448) (Figure 2.12C and D). As shown in
Figure 2.12E, the median H-score of TxNIP expression was 164 (range 0-280)
for grade | gliomas, 173 (range 50-258) for grade Il gliomas, and 204 (range
53-280) for grade IV gliomas. The expression of TxNIP was elevated as the
pathological grades escalated, and the expression was significantly higher in
grade IV than in grade | gliomas (P=0.001), but no difference in TxNIP
expression was noted between grade | and Ill gliomas (P=0.556) or between

grade lll and IV gliomas (P=0.052).
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Figure 2.12 Box plots demonstrating the differences in expression of TrxR,
Trx and TxNIP between different WHO grades of paediatric gliomas. The
expression of cytoplasmic TrxR (A) is significantly higher in grade | gliomas than both grade IlI
(P=0.010) and grade IV gliomas (P=0.001). The expression of nuclear TrxR (B) is also
significantly greater in grade | gliomas than grade IV gliomas (P=0.001), but not grade Il
gliomas (P=0.085). No significant difference of both cytoplasmic Trx (P=0.876) and nuclear Trx
(P=0.448) expression is detected between tumour grades. A significantly higher expression of
TXNIP (E) is noted in grade IV gliomas compared to grade | gliomas (P=0.001).
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2.4 Discussion

The current study examined the expression of TrxR, Trx and TxNIP in four
independent brain tumour cohorts and determined whether any associations
existed between their expression and patient survival or clinicopathological
variables. It also investigated and compared the levels of Trx system protein
expression between different brain tumours types/grades and between
different tumour regions. This is the first study to report upon the expression
of all three members of Trx system proteins together in such a broad variety
of brain tumours. Overall, some significant associations between protein
expression of the Trx system and clinicopathological/survival criteria were
found. Interesting variations in protein expression between different tumour

types/grades/regions were also observed.

In the adult GBM cohort, as the samples were separately collected from core,
rim, and invasive regions, the statistical analysis was performed
independently for the individual region. A significant association was observed
between high nuclear TrxR expression and tumour located at temporal lobe in
core samples, and between high cytoplasmic TrxR expression and male
patients in invasive samples. High cytoplasmic TrxR expression was
significantly associated with adverse OS in rim samples (P=0.027), but this
could not be demonstrated in multivariate analysis. Other studies have also
investigated the expression of Trx system in GBMs, including a study of 27
GBM patients, which showed significantly increased TrxR levels in serum and
tumoural tissues of GBM patients compared to healthy controls, but this study
did not assess associations with patient survival (Kemerdere et al., 2013). A
study investigating 40 GBM patients showed significantly higher TrxR and Ki-
67 expression in primary GBMs and TrxR expression was found to be highly
correlated with the Ki-67 index, but the study also did not assess for
associations with patient survival (Erdi et al.,, 2018). Furthermore, TrxR has
been assessed in 20 GBM patients to show higher TrxR expression in GBMs
containing intratumoural haemorrhage, indicating a role of TrxR expression in

the promotion of tumoural angiogenesis and growth, but again the

92



Chapter 2

associations with patient survival were not described (Kaya et al., 2016). To
our knowledge, there is no information in GBMs regarding the relationship
between the protein expression of Trx system and clinical
outcome/clinicopathological features prior to the present study with this
being first study to describe the expression of all three members of Trx system
together in adult GBM patient tumour samples and to evaluate their

prognostic significance.

The number of adult GBM patients included in the current study (n=18) could
be regarded as being rather small however the low incidence of this tumour
type should be borne in mind. The standardised incidence of GBM in England
is only ~5 per 100,000 persons per year (Philips et al., 2018). The patient
number in this study compares well against others that have sought to
examine Trx system in GBM i.e. the studies from Kaya et al. (2016) (n=20) and
Kemerdere et al. (2013) (n=27).

One of the most important hallmarks of GBM is molecular and cellular
heterogeneity which hinders effective treatment (Friedmann-Morvinski, 2014).
Molecular studies have shown that the heterogeneity exists not only across
but also within GBMs (Aum et al., 2014). Indeed, different regions of GBM
tumours have different profiles of molecular abnormalities and differing
expression profiles for known tumour markers (Smith et al., 2017). The
current study assessed and compared the diversity of expression of Trx
system proteins across distinct adult GBM intra-tumour regions with results
revealing that the rim region had the highest cytoplasmic TrxR expression as
compared to the other two regions. The higher expression of nuclear TrxR was
observed at the rim and invasive margin relative to the core region, indicating
that TrxR overexpression in periphery tumour regions may be linked to GBM
invasiveness and migration. However, it should be noted that this cohort is a
relatively small (n=18) and homogeneous population, and the results were
obtained through the TMA technique. The main criticism of TMA is that the
amount of tissue evaluated is limited and may be not representative of the

whole tissue section, especially for antigens with heterogeneous staining
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patterns in tumours (Su et al., 2006, Khouja et al., 2010). Thus, further studies
with larger population are required to evaluate the validity and reliability of
using TMA to assess the TrxR expression in adult GBMs, by analysing the

concordance between data obtained from TMAs and whole mount sections.

The Trx system in LGG is relatively understudied and poorly understood, only
very few studies assessing its clinical importance, however none of them
included paediatric patients. One study investigating the prognostic
significance of Trx system in grade | pilocytic astrocytomas (n=42) found no
associations between TrxR or Trx expression and clinicopathological or
survival criteria (Haapasalo et al., 2003). On the contrary, significant
associations were seen in the current study, which showed that high
cytoplasmic TrxR expression was significantly associated with tumour
recurrence and adverse overall survival (P=0.001); whereas high nuclear TrxR
expression was associated with lower risk of recurrence and improved overall
survival (P=0.034). Such findings were similar to the results obtained in a
previous breast cancer study by our group (Woolston et al., 2011), i.e. a high
nuclear expression of TrxR was associated with a better overall survival. The
different results between cytoplasmic and nuclear TrxR may be due to the
subcellular localisation of TrxR that can influence its function within the cell
and therefore its involvement in the carcinogenic process and/or prediction of
clinical outcome. Another study investigating 85 oligodendrogliomas showed
that high Trx expression was associated with poor prognosis in univariate
analysis (P=0.0343) and remained significant in multivariate analysis (P=0.009)
(Jarvela et al., 2006). This is in disagreement with the current study which
demonstrated that Trx was a good prognostic factor in paediatric LGG.
Differences with the results presented here may be due to a number of
factors including study populations. The LGG cohort in the current study
mainly consisted of grade | pilocytic astrocytomas from paediatric patients,
while the study from Jarvela et al. included both grade Il and Il
oligodendrogliomas. Besides, the different forms of Trx may also contribute to

the disagreement, as the immunohistochemical technique and the antibodies
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that are currently available cannot discriminate the oxidized and reduced
forms of the protein in archival material (Woolston et al., 2010). Apart from
Trx, high TxNIP expression was also a prognostic factor for better overall
survival in this cohort, which is in consistent with a study conducted in breast

cancer patients (Woolston et al., 2012).

In the paediatric HGG cohort, high cytoplasmic expression of both TrxR and
Trx was significantly correlated with worse OS (P= 0.002 and P= 0.007,
respectively). However, the independent prognostic value of these two
markers could not be determined as none of the potential confounding
factors were found significantly associated with survival from univariate
analysis. Cytoplasmic Trx expression significantly correlated with histological
subtypes. In addition, TxNIP expression was significantly associated with
histological subtypes, tumour site and tumour grade, but not patient survival.
As with LGG, limited studies have investigated the protein expression of the
Trx system in the HGGs with no known reports previously conducted in
paediatric tumours. Haapasalo et al. (2003) demonstrated that Trx expression
was associated with a worse prognosis in diffuse astrocytomas (n=391), which
is in agreement with our findings. In addition, Trx was found to be of
independent prognostic value in addition to histology and proliferation, but
this was not observed in the current study. In a study of 54 glioma patients
(29 LGGs and 25 HGGs), high TxNIP expression was shown to be associated
with extended patient survival (Zhang et al., 2017b), however, no association
was observed between TxNIP and survival of HGG patients in the current

study.

In the MB cohort, high expression of cytoplasmic TrxR (P=0.01), cytoplasmic
Trx (P=0.033), and nuclear Trx (P=0.007) was found to be associated with an
adverse OS. The associations of cytoplasmic TrxR and nuclear Trx expression
remained significant in multivariate analysis (P=0.009 and P=0.013,
respectively). Additionally, high cytoplasmic and nuclear expression of Trx was
associated with the risk of tumour recurrence, and high nuclear Trx expression

was also linked with histological subtype. These findings strongly suggest the
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importance of the Trx system in the progression of MB and suggest the
potential of using Trx system protein expression to predict clinical outcome.
To our knowledge, no known clinical or laboratory studies have previously
examined the protein expression of the Trx system in MB. Additional clinical
studies with larger patient numbers are required to further validate this

promising result.

Although MB is historically considered as a single disease, it is now widely
accepted that it comprises 4 distinct subgroups (i.e. WNT, SHH, group 3, and
group 4) that have prognostic significance, based on their DNA methylation
profiling. Unfortunately, such methylation information is not included in this
study as advances in molecular testing, to allow sub-grouping, was not
available at the time of presentation. In addition, the relatively small sample
size (n=114) might be problematic if subgrouping was conducted. Based upon
the interesting data shown above, further studies are warranted, with larger
numbers of patients (and hopefully more contemporary), to allow subgroup
analysis to be conducted. The subgroup analysis can direct the selection of

appropriate MB cell lines used for in vitro studies in the future.

Apart from the exploration of the relationship between protein expression
and clinicopathological or survival criteria, the protein levels of Trx system in
different types of brain tumours were also examined in the current study.
Among the adult GBM, paediatric LGG, paediatric HGG and MB tumours,
paediatric HGG had a significantly lower expression of both cytoplasmic and
nuclear TrxR when compared to paediatric LGG and MB; but the situation is
reversed for TxNIP expression, which a higher level of TXNIP was observed in
paediatric HGG. In addition, cytoplasmic Trx expression was significantly
higher in MB compared to paediatric LGG, and nuclear Trx expression was also
higher in MB compared to paediatric LGG and HGG. These results indicate
that there are some protein expression differences between different types of
brain tumours. MB tumours are significantly more likely to display increased
expression of TrxR and Trx, and decreased expression of TxNIP, which may

confer a more aggressive behaviour to the disease. Although the adult GBM
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tumours showed some increased/decreased protein expression compared to
the paediatric tumours, no significance was achieved and this is probably due
to the small sample size of the adult GBM cohort (n=18). Further
investigations are required to detect the variation in protein expression

between adult and paediatric tumours.

When comparison analysis was narrowed down to paediatric gliomas alone,
the protein expression of the Trx system could be compared across different
tumour grades. Unfortunately, the scores for grade Il gliomas were
unavailable for the current study due to missing cores or insufficient tumour
tissues in the TMAs. A significantly higher expression of both cytoplasmic and
nuclear TrxR was observed in grade | gliomas, and the grade IV gliomas had
the highest TxNIP expression. No significant variation in Trx expression was
noted between different tumour grades. These results are, perhaps,
unexpected as previous data in gliomas have indicated that high levels of
TrxR/Trx were associated with increased tumour grade and TxNIP expression
was inversely associated with tumour grade. Haapasalo et al. (Haapasalo et al.,
2003) reported that TrxR and Trx immunoreactivities were increased in most
of the astrocytoma cases evaluated and diffuse astrocytomas showed more
intense immunostaining when compared with pilocytic astrocytomas.
Recently, Esen et al. (2015) found that grade I-IV astrocytomas showed
significantly higher TrxR expression when compared with their normal tissues
counterparts and TrxR was overexpressed in astrocytomas according to their
ascending tumour grade. In addition, in glioma downregulation of the
negative Trx regulator TxNIP has been shown to be associated with higher
histopathological glioma grade and shorter overall patient survival (Zhang et
al., 2017b). In line with this, Trx expression was also increased with glioma
grade (Gollapalli et al., 2017). It is apparent that the results from the current
study are in disagreement with some of previous studies. The discordant
results could be due to a number of factors including study populations,
antibodies used, sample sizes, methodological problems, and other potential

confounding factors. It should be noted that the samples in the current study
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were all from paediatric patients, and the others mainly focused on adult
samples. Histologically, adult and childhood brain tumours are usually similar,

but they differ dramatically in their genetic and epigenetic profiles.

This current study used four independent brain tumour cohorts including both
adult and paediatric patients to demonstrate associations between the
expression of the Trx system and clinicopathological or survival criteria.
Although some mixed results were observed between different cohorts, there
was a consistent finding that high levels of cytoplasmic TrxR equated with a
worse prognosis across all cohorts, supporting the prognostic value for
determination of TrxR expression in different brain tumour types. The Trx
system is a key, but relatively understudied, antioxidant system responsible
for regulating cellular redox homeostasis in brain tumours. The majority of the
studies to date have assessed only one or maximum two members of the Trx
system in focused brain tumour population. However, the current study took
a further step to examine a panel of all three members of the Trx system in a
wide range of brain tumour types. In addition, the current study also
demonstrated differential protein expression of Trx system between brain
tumour types, between tumour grades, and between intra-tumour regions,
which perhaps indicates the complex and heterogeneous features of brain
tumours and the high levels of inter-tumour and intra-tumour heterogeneity

may hinder accurate diagnosis and effective treatment.

Although the current study offers several strengths, there are some
limitations to it as well. Firstly, this study did not compare protein levels of Trx
system in brain tumours with that found in corresponding normal tissues. It
would be useful to include the normal tissue as a comparator and to
investigate whether the Trx system is dysregulated in brain tumours as seen in
various other types of cancer. Secondly, quite an amount of important clinical
data was missing from the database and a proportion of cores within the
TMAs could not be assessed, which reduced the numbers of cases that could
be used for generating robust statistical analyses. Unfortunately, the missing

clinical data could not easily be retrieved within the current study from the
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paper-based medical records archived decades ago. Thirdly, as the IHC
technique and antibodies currently available cannot distinguish between
active and inactive forms of proteins, it is, perhaps, not surprising that some
conflicting results were presented by different studies. Lastly, the sample sizes
in the current study are relatively small, but with the interesting results
obtained, further investigation of these observations in larger cohorts are

warranted.
2.5 Conclusions

In summary and conclusion it appears that, from the current data, TrxR, Trx,
and TxNIP proteins are expressed to variable levels across a variety of brain
tumour types including adult GBM, paediatric LGG, paediatric HGG and MB
tumours. High cytoplasmic TrxR expression was associated with adverse OS in
adult GBM and paediatric LGG patients. In contrast, high expression of nuclear
TrxR, cytoplasmic and nuclear Trx, and TxNIP was associated with improved
OS in paediatric LGGs. For patients with HGG, both high cytoplasmic TrxR and
Trx expression were associated with poor OS. Similarly, high expression of
cytoplasmic TrxR and Trx, and nuclear Trx was also associated with worse
prognosis in MB; the associations remained significant in multivariate analysis
for cytoplasmic TrxR and nuclear Trx. In all tumour types, high cytoplasmic
TrxR consistently equates to a worse prognosis suggesting that it is potentially
a very important therapeutic target in brain cancers generally. Significant
variation in protein expression of the Trx system was detected between
different tumour regions and between different tumour types/grades.
Collectively, these results suggest that determining the expression of the Trx
system may be of clinical relevance in patients with GBM, LGG, HGG, and MB.
The Trx system may have prognostic potential and may have utility as
therapeutic targets; these findings warrant further investigations in larger

cohorts with increased number of patients.

Data suggest that TrxR is an important therapeutic target — subsequent
chapters will investigate the use of a novel TrxR inhibitor in in vitro brain
cancer efficacy studies.
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3.1 Introduction

3.1.1 TrxR inhibitors in cancer therapy

The expression levels of Trx/TrxR are increased in a variety of human primary
tumours compared with corresponding normal tissues and linked to tumour
growth, progression, metastasis, chemo-resistance, and poor prognosis
(Mahmood et al., 2013, Selenius et al., 2010). Inhibiting the Trx system results
in the modulation of intracellular redox state, which can make cells more
sensitive to certain chemotherapeutic agents and to radiation, as a result of
the alteration of certain apoptosis signalling pathways and ROS accumulation
(Powis et al., 2000, Baker et al., 1997a). Trx/TrxR have, therefore, emerged as
promising biomarkers and drug targets for cancer therapy. A number of Trx
system inhibitors have, in recent years, been developed as potential anti-
cancer agents or as adjuncts to existing therapy (Gandin and Fernandes, 2015).
It is beyond the scope of the current section to cover all however details have
been reviewed elsewhere (Cheng and Qi, 2017, Zhang et al., 2017a, Gandin
and Fernandes, 2015, Cai et al., 2012b, Tonissen and Di Trapani, 2009, Bindoli
et al., 2009, Zhang et al., 2019a). The current section discusses several of the
most promising and well-defined TrxR inhibitors. The agents can be roughly
divided into three classes: metal-containing compounds, naturally occurring

products and their derivatives, and other newly emerged inhibitors.
3.1.1.1 Metal-containing inhibitors

MGd, is a member of a class of porphyrin-like molecules called texaphyrins,
that are, in complex with the gadolinium (lll) cation, utilised in the treatment
of different cancers (Magda and Miller, 2006). MGd has a strong affinity for
electrons in the presence of oxygen, accepting electrons from various
intracellular reducing metabolites and forming superoxide and other ROS by
redox cycling (Magda and Miller, 2006, Magda et al., 2001a). MGd enhances
the cytotoxicity of ionising radiation and various chemotherapy reagents both
in vitro and in vivo, and may be directly cytotoxic to cancer cells under certain

conditions (Magda et al., 2001a). It has been shown to cross the disrupted
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blood-brain barrier associated with brain tumours, but it is not detectable in
normal brains (Qiu et al., 2016). One of the molecular targets for MGd
appears to be TrxR which, when inhibited, results in cellular redox stress,
cytotoxicity and an increase in tumour responsiveness to a variety of
treatments (Hashemy et al., 2006). In a phase Il trial, combining MGd with
prompt whole brain radiotherapy significantly prolonged time to neurologic
progression in lung cancer patients with brain metastases (Mehta et al., 2009).
A recent phase I/l trial demonstrated that the combination of standard
radiotherapy with TMZ and MGd did not achieve a significant survival
advantage compared to historical controls in patients with newly diagnosed
GBM (Brachman et al., 2015b). MGd is currently being evaluated in many
clinical trials as monotherapy or in combination with radiation and/or
chemotherapy for the treatment of different types of cancer (Raviraj et al.,

2014).

Auranofin (AF) is a gold (I) compound widely used in the treatment of
rheumatoid arthritis. It has been shown to inhibit TrxR activity at nanomolar
concentrations in human ovarian cancer cells, with no effect on glutathione
reductase activity (Marzano et al., 2007). Furthermore, AF was shown to
overcome cisplatin resistance and induce apoptosis in both cisplatin-sensitive
and -resistant ovarian cancer cells (Marzano et al., 2007). Pessetto et al. (2013)
and Fiskus et al. (2014) also demonstrated the in vitro apoptotic activity of AF
against gastrointestinal stromal tumour and chronic lymphocytic leukaemia
(CLL) cells. It has been suggested that AF exerts cytotoxic effects by causing
direct mitochondrial damage through selective modification of the selenol
active site in TrxR (Rigobello et al.,, 2004), resulting in the release of
cytochrome-c into the cytoplasm and subsequent apoptotic cell death (Cox et
al., 2008). AF is currently in phase I/Il clinical trials for the treatment of lung

cancer (NCT01737502) and recurrent GBM (NCT02770378).

Platinum compounds, such as cisplatin, belong to a group of metal complexes
with demonstrated ability to cause cell death in a variety of human

malignancies (Urig and Becker, 2006), and have been widely used in cancer
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therapy for the past 40 years. Cisplatin is generally recognised as DNA-
damaging compound due to its binding to DNA, forming irreversible DNA-
platinum adducts (Wang and Lippard, 2005). Several studies have shown that
cisplatin-induced cytotoxicity is closely related to increased ROS generation
(Choi et al.,, 2015). Cisplatin is also a potent inhibitor of TrxR with the
inhibition of TrxR correlating with cytotoxicity (Urig and Becker, 2006, Arner et
al., 2001, Sasada et al., 1999). In the Hela cell line, cisplatin inhibited TrxR
activity in a dose- and time-dependent manner with a corresponding decrease
in cell viability (Sasada et al., 1999). The inhibition of TrxR by cisplatin appears
to be an important trigger for apoptosis (Tonissen and Di Trapani, 2009).
Further studies demonstrated that TrxR inhibition by cisplatin was irreversible
and highly specific as the activity of glutathione reductase was unaffected
(Arner et al., 2001). The highly reactive selenocysteine residue at the C-
terminal domain of TrxR was suggested to be the target of cisplatin (Witte et

al., 2005).
3.1.1.2 Natural products

Polyphenols such as curcumin and some flavonoids have been identified as
potential anticancer reagents with a mechanism of action that may be
mediated by effects on the Trx system. TrxR can be irreversibly inhibited upon
interaction of the C-terminal redox active site with curcumin with the
modified enzyme converted into a pro-oxidant that stimulates ROS production
via an acquired NADPH oxidase activity (Fang et al., 2005). Curcumin can also
drastically down-regulate Trx1 protein level as well as its enzyme activity in
Hela cells, in turn elevating intracellular ROS production, and subsequently
inducing oxidative DNA damage (Cai et al., 2012a). Furthermore, curcumin has
been reported to act as a radiosensitiser on prostate cancer cells (Chendil et
al., 2004) and as a radioprotective agent on human lymphocytes (Srinivasan et
al., 2006). Although curcumin has been shown in numerous clinical trials to be
effective against different types of cancer (Reviewed in (Kunnumakkara et al.,
2017)), its application as a therapeutic agent is obstructed to a certain degree

owing to its colour, lack of water solubility, and poor bioavailability (Anand et
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al., 2007); hence extensive preclinical and clinical studies are currently being

conducted to overcome these limitations.

Arsenic trioxide (ATO) is an effective therapeutic drug used in the treatment
of acute promyelocytic leukaemia (APL) and potentially used in a wide range
of solid tumours (Hoonjan et al., 2018). Multiple mechanisms of action have
been suggested to explain its activity, including induction of elevated
oxidative stress and apoptosis, inhibition of cell proliferation, and anti-
angiogenic effects (Falchi et al., 2016). In addition, ATO can irreversibly inhibit
mammalian TrxR - both the N-terminal redox-active dithiol and the C-terminal
selenothiol-active sites of TrxR interact with ATO (Lu et al., 2007). It has also
been shown that growth inhibition of human breast cancer cells MCF-7 by
ATO was correlated with irreversible inactivation of TrxR and subsequent Trx
oxidation (Lu et al., 2007). ATO was approved as frontline drug therapy for the
treatment of APL and relapsed APL by the FDA, since 2000 and 2002
respectively (Falchi et al., 2016). ATO in combination with chemotherapy has
shown encouraging results in hepatocellular carcinoma, osteosarcoma, and
Ewing sarcoma (Wang et al., 2015b, Chen et al., 2011, Emadi and Gore, 2010).
There are a large number of completed and ongoing clinical trials investigating
ATO alone or in combination with other agents for the treatment of

haematologic malignancies and solid tumours.
3.1.1.3 Other compounds - Quinones

Quinones are a widespread group of oxygen-substituted, often biologically
active, aromatic compounds (Cenas et al., 2004). They are found as naturally
occurring products, as synthetic drugs for clinical use, or as components of
environmental pollutants. The anti-tumour activity of quinones is mainly
believed to stem from effects due to redox cycling of their free radical or
hydroquinone states, derived from reduction by flavoenzymes, or from
covalent modifications of DNA and cellular nucleophiles (Hargreaves et al.,
2000, O'brien, 1991, Cenas et al., 2004). Since quinones are highly redox-
active compounds, some are substrates and/or inhibitors of TrxR (Cenas et al.,

2006). Chew et al. (2008) and Mukherjee et al. (2005) studied the ability of
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anti-tumour quinols to inhibit TrxR, these quinols showed irreversible
inhibition of TrxR in a concentration-, time-, and NADPH-dependent manner
with IC50 values in the low micromolar range and the inhibition was mediated
through a direct quinol attack on the C-terminal selenocysteine residues of
TrxR. Xu and Arnér (2012) found that pyrroloquinoline quinone (PQQ) had
substantial effects on TrxR and it efficiently inhibited the activity of TrxR in
reducing its native substrate Trx. In addition, they demonstrated that PQQ

was a weak substrate of TrxR.

Compounds containing the indolequinone (IQ) core structure often possess
powerful biological activity (Inman et al., 2014). Examples include the well-
known natural product mitomycin C (MMC) used clinically for the treatment
of solid tumours (Ragonese et al., 2016) and the synthetic MMC analogue EQ9
(apaziquone, EOquin) currently being trialled as a treatment for bladder

cancer (Karsh et al., 2018) (Figure 3.1).
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Figure 3.1 Chemical structures of Indolequinones.

IQs have attracted considerable interest in the anticancer area not only as
cytotoxins, but also as bioreductively activated prodrugs (Tanabe et al., 2005,
Huang et al., 2009, Huang et al., 2010). Prof. Chris Moody’s group (School of

Chemistry, University of Nottingham) and their collaborators have developed
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and examined a series of novel IQ compounds that exhibited potent anti-
tumour activity against human pancreatic cancer both in vitro and in vivo (Yan
et al.,, 2009a). These 1Qs were found to induce time- and concentration-
dependent apoptosis and to be potent inhibitors of TrxR in pancreatic cancer
cell lines at nanomolar concentrations (Yan et al., 2009a). These compounds
share an IQ backbone but vary in the substitution pattern on both the
quinone ring and the indole ring (Figure 3.1). The proposed mechanism of
action involves quinone reduction, followed by loss of a leaving group, and
generation of an electrophile resulting in alkylation of the selenocysteine
residue in the active site of TrxR (Yan et al., 2009a) (Figure 3.2). A subsequent
study on 1Q3 and MAPK signalling revealed that inhibition of TrxR led to Trx
oxidation, dissociation of free ASK1, phosphorylation of JNK/p38, and

subsequent apoptosis (Yan et al., 2012).
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Figure 3.2 A proposed mechanism for the inhibition of TrxR by

indolequinones. Reduction of indolequinones leading to loss of a leaving group and
formation of an iminium electrophilic capable of inactivating the enzyme TrxR. Reproduced
from (Yan et al., 2009a) with copyright® permission from American Society for Pharmacology
and Experimental Therapeutics.

IQs, as introduced above, showed potent anti-tumour activity as single agents
against pancreatic cancer models, however, the in vitro efficacy of IQs against
other cancer types such as brain cancer has never been examined. Hence,
1Q10, one of the most potent 1Qs (2-unsubstituted class) was examined as a
single agent or in combination with radiation in different types of brain

cancers in the current study. 1Q10 was kindly synthesised and provided by
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Prof. Chris Moody’s research group and the chemical structure is shown in

Figure 3.1.
3.1.2 Trx system and hypoxia

Hypoxia is a state of low oxygen tension below pO; 7 mmHg. Normal tissues
have an oxygen level of pO; 9 mmHg - pO2 100 mmHg (1.2-13% 03) (Vaupel,
2004). Hypoxia is frequent in most solid tumours due to uncontrolled cell
proliferation, altered metabolism, and abnormal tumour vascularisation
resulting in reduced transport of oxygen and nutrients (Muz et al.,, 2015).
Hypoxia is one of the fundamental physiological differences between normal
and tumour tissues (Harris, 2002b), associated with chemoradiotherapy
resistance and poor survival (da Motta et al., 2017). Additionally, it promotes
resistance to apoptosis, encourages hypermutation by inhibiting DNA repair,
enhances local invasiveness, drives metastatic spread, and provides a
sanctuary for cancer stem cells (Carames Masana and de Reijke, 2017).
Hypoxia constitutes a major concern for brain tumour patients, particularly
high-grade brain tumours, and has been shown to be a poor prognostic
marker associated with progression and worse survival in patients with GBM
(Rong et al., 2006). Spence et al. (2008) have shown that survival in GBM
patients whose tumour contained hypoxic volume ratios greater than the
median survived only about 4 months as compared to more than 12 months
for those with less than median hypoxic burden (P<0.001); multivariate
analyses showed that only hypoxic volume was the independent prognostic

factor for survival.

Hypoxia is a strong stimulus for tumour angiogenesis (Krock et al., 2011).
Under conditions of low oxygen, the activity of the important transcription
factor, HIF-1, is increased (Spence et al., 2008). HIF-1 is a heterodimer
composed of the hypoxic response factor HIF-1a and the HIF-1B subunits. As
oxygen concentration decreases, HIF-1 binds to hypoxia response elements,
thereby activating the expression of numerous hypoxia-response genes, such
as the pro-angiogenic growth factor vascular endothelial growth factor (VEGF),

glycolytic enzymes, glucose transporters, and carbonic anhydrase 9 (CA9) etc.

107



Chapter 3

(Harris, 2002a, Denko et al., 2003, Said et al., 2007). This, in turn, triggers
more aggressive tumour growth, survival, invasion and metastasis, and
increases the stem cell component of tumours (Mcintyre and Harris, 2015).
Thus, hypoxia via multiple downstream effects imposes a significant barrier to

successful therapy for many cancers.

As introduced in Chapter 1, Trx/TrxR are small redox proteins often
overexpressed in a number of human primary tumours. The Trx system has
been implicated in many cellular functions, such as cell growth, antioxidant
defence, chemotherapy resistance, regulation of transcription factors (e.g. NF-
KB, specificity protein 1 (SP-1), AP-1 and HIF1-a), inhibition of apoptosis, and
stimulation of VEGF-induced angiogenesis (Naranjo-Suarez et al., 2013). In
hypoxic environments, Trx is usually upregulated due to oxidative stress.
Exposure of colon cancer cells to hypoxia resulted in a 14-fold increase in Trx
mRNA expression, and a transient 4-fold increase in TrxR mRNA (Berggren et
al., 1996). Expression of Trx has been described to increase not only HIF-1a
DNA binding and transcriptional activity, but also HIF-1a stability, in various
cell lines (Welsh et al., 2002b, Zhou et al., 2007). Trx overexpression also
causes a significant increase in VEGF production in a number of different cell
lines (Welsh et al., 2002b). /n vivo studies using Trx transfected cells showed
significantly increased tumour VEGF levels and angiogenesis (Welsh et al.,
2002b). Trx has been shown to stimulate VEGF-induced angiogenesis in
tumours through increasing SP-1 and AP-1 transcription factor activity under
normoxia (Bloomfield et al., 2003) and HIF-1 activity under hypoxia (Welsh et
al., 2002b). It has been reported that Trx can directly enhance SP-1 and AP-1
DNA binding activity for VEGF promoter (Hirota et al., 1997, Powis and
Kirkpatrick, 2007) and results in the initiation and activation of VEGF gene
transcription (Josko and Mazurek, 2004). Taken together, it suggests that Trx
system proteins are often upregulated by hypoxia, and this increased Trx
expression is associated with increased HIF-1a activity and HIF transactivation
in cancer cells together with increased VEGF production and enhanced

tumour angiogenesis.
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Given the negative impact of hypoxia on tumour biology and therapy
resistance, it is a key area of research for improving anti-cancer therapy.
Different classes of bioreactive prodrugs to act in hypoxia have been
developed. These prodrugs are usually reduced and activated by intracellular
oxidoreductases in an oxygen-sensitive manner to form cytotoxins (Carames
Masana and de Reijke, 2017). EO9 (apaziquone) is one such prodrug that
requires activation by cellular reductase enzymes to become cytotoxic
(Walton et al., 1991). Several oxidoreductases are capable of reducing EO9
but the major ones are the two-electron reductase NQO1 (NADPH: quinone
oxidoreductase, also known as DT-diaphorase) and a series of one-electron
reductases including cytochrome P450 (Phillips et al., 2013). Reduction of EO9
by one- and/or two-electron reductases leads to DNA damage by free radical
generation and alkylation (Bailey et al., 2001, Walton et al., 1991). In addition
to the presence of oxidoreductases, the oxygenation state of cells has a
significant impact on the drug response. Under normoxic conditions, EOQ9 is
reduced mainly by the two-electron reductase NQO1 and several studies have
shown that IC50 values are generally inversely proportional to NQO1 activity
(Choudry et al.,, 2001, Plumb et al., 1994, Robertson et al., 1994). Under
hypoxic conditions, however, marked hypoxic sensitisation to EQ9 is only seen
in the cells that lack NQO1 activity (Robertson et al., 1994, Plumb and
Workman, 1994). In cells that are devoid of NQO1 activity, reduction of EQ9 is
oxygen sensitive with the semiquinone rapidly cycling back to the parent
compound resulting in the production of ROS. When oxygen is low or absent,
the half-life of the semiquinone increases, providing more time to either
directly damage DNA or be reduced further to produce the hydroquinone
(Workman, 1994). Hence, the cytotoxicity of EQ9 is suggested to be
determined by a number of parameters including NQO1 activity, one-electron
reductase activity (e.g. cytochrome P450), oxygen level, acidic extracellular pH,

and DNA damage repair (Phillips et al., 2017).

As 1Q10 is structurally related to EO9 (both 1Q-based drugs), we hypothesise

that 1Q10 might share a similar mechanism of action with EO9 and that it
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might potentially exhibit enhanced hypoxic toxicity in brain cancer cells with
low/no NQO1 activity. In addition, as Trx and TrxR have been reported to be
upregulated under hypoxia (Berggren et al., 1996), the potential TrxR inhibitor
IQ10 might be more effective under hypoxic conditions. Taken together, it
was thought worthwhile to determine the efficacy of 1Q10 under hypoxic
conditions, with a view to then conducting drug-radiation combination

assessments under hypoxic conditions.
3.1.3 Three-dimensional (3D) spheroid culture

Development of more effective treatments for malignant brain tumours
requires simple yet realistic tumour models that enable proper evaluation of
their therapeutic efficacy prior to their clinical use (Mirab et al., 2019). For
several decades, drug efficacy evaluations have been conducted using cells
cultured as two-dimensional (2D) monolayers on flat tissue culture plastics.
Despite the ease of use, these 2D systems often fail to predict the in vivo
tissue response to candidate drugs as they do not account for cell-cell
interactions, physiological gradients of the hypoxic microenvironment,
tumour stromal heterogeneity, and extracellular matrix (ECM) components
(Ferreira et al., 2018). In contrast, animal models provide a powerful tool and
allow a greater understanding of the events involved in tumourigenesis, and
also aid in the translation of basic cellular research into clinical application.
However, design complexity and the high cost of animal models restrict the
studies needed to identify the specific biochemical and cell biological
pathways involved in tumour formation and progression. Therefore, to
address the limitations imposed by in vitro and in vivo experiments, in vitro
cell-based 3D model systems, which provides cells with an in vivo-like
microenvironment and a 3D organisation, have been developed, and are
being increasingly utilised, as powerful cell-based models to bridge the gaps

between epithelial monolayer cultures and animal models.

Multicellular tumour spheroids have emerged as one of the promising in vitro
3D models that can inexpensively resemble many functional and structural

properties of solid tumours in vivo (Li and Kumacheva, 2018). Spheroid
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cultures are of intermediate complexity containing many elements found in
tumours including chemical gradients (e.g. oxygen, nutrients,
metabolite/catabolite, and pH), regions of chronic hypoxia, ECM, cell-cell and
cell-matrix interactions, and necrosis (Hirschhaeuser et al., 2010). Moreover,
their ease of assembly, reproducibility, and the capability to provide high-
throughput drug screening have rendered them as one of the most popular
models for preclinical evaluation of novel therapeutic agents (Ferreira et al.,

2018, Li and Kumacheva, 2018).

Certain studies have shown that cells cultured in spheroids display differences
in morphology (Mayer et al.,, 2001), growth kinetics, and metabolic rates
compared to 2D cultures (lvascu and Kubbies, 2006). They also showed
altered gene expression and chemotherapy and/or radiotherapy resistance in
various cancer cells (Imamura et al., 2015b, Lee et al.,, 2013, Ivascu and
Kubbies, 2006). Generally, cancer cells cultured in 3D systems become more
refractory to various treatments, although the opposite has also been
observed (reviewed in (Lovitt et al., 2014, Cox et al., 2015)). Consequently,
many studies have focused on the difference in drug cytotoxicity in various
cancer models (Stock et al., 2016, Imamura et al., 2015b, Shelper et al., 2016,
Huber et al., 2016, Breslin and O'Driscoll, 2016).

Taken together, the studies mentioned above illustrated the power of 3D
spheroid model as a novel approach to mimic the biological activities of
cancer genes and pathways that are active in vivo. One objective of this study
was to prepare uniform and highly viable brain tumour spheroids to evaluate
and compare the efficacy of TrxR inhibitor 1Q10 in 2D monolayer vs. 3D

spheroid cultures.
3.1.4 Hypotheses and Aims
3.1.4.1 Hypotheses

1. Trx system proteins are differently expressed in a variety of brain cancer
cell lines and their activity/expression levels are altered upon 1Q10

treatment.
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2. Inhibiting TrxR with 1Q10 causes potent cytotoxicity against a variety of
brain cancer cells under 2D normoxic conditions with 1Q10 being more
effective under 3D culture, hypoxia containing, conditions than 2D
normoxic conditions due to enhanced hypoxic bioreduction.

3. TrxR is an important target for 1Q10 and the cytotoxic effect of 1Q10 in

brain cancer cells is due, in part, to functional inhibition of TrxR.
3.1.4.2 Aims

1. Investigate the in vitro efficacy of novel TrxR inhibitor 1Q10 as a single
agent against brain cancer cell lines using a variety of endpoint and in
vitro assays (i.e. insulin reduction, Western blotting, cell growth curve,
clonogenic survival and resazurin reduction assays) under normoxic and
hypoxic conditions (2D vs. 3D models). Experiments include control drugs,
such as temozolomide (TMZ), to help optimise experiments and to
compare the efficacy of 1Q10.

2. Examine potential mechanisms of action of IQ10 and validate TrxR as the

main target for IQ10 in brain cancer cells by using a siRNA approach.
3.2 Materials and methods

3.2.1 Cell lines and culture conditions

All cell lines and tissue culture methodologies were described in Section 2.2.1,

2.2.2,and 2.2.3.
3.2.2 Drug preparation and treatments

IQ10 was synthesised by Dr. Martyn Inman from Prof. Chris Moody’s group at
the School of Chemistry, University of Nottingham, UK. 1Q10 was initially
dissolved in DMSO as a stock solution at 10 mM. TMZ (Sigma), auranofin
(Sigma) and doxorubicin (Sigma) were chosen as control drugs to optimise
experiments and compare results against. Both TMZ and auranofin were
dissolved in DMSO to reach 100 mM and 10 mM, respectively. Doxorubicin
was also prepared in DMSO at a stock concentration of 50 mM. All stock

solutions were aliquoted, protected from light, stored at -20°C, and used
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within 6 months. On the day that drugs were to be added to cells, the stock
solutions were sub-diluted in complete growth medium to achieve the final
concentrations for individual treatments. DMSO was added to the negative
control groups at the same amount equivalent to that in the drug treatment
group (the final percentage of DMSO was < 0.1% v/v, except that indicated in

the individual experiment).
3.2.3 Cell growth curves

Before starting any experiments, growth curves were initially conducted over
a period of 96 h to determine characteristics. 2x10° cells were plated into
each well of a 6-well plate and cell numbers were measured in triplicate using
a Countess® Automated Cell Counter. At every 24 h, spent culture media was
removed and cells were washed once with 1 ml of PBS. 500 pl of trypsin-EDTA
was subsequently added to detach cells from the well surface by incubating
for 1-2 min in an incubator. Once all cells detached, the cells were
resuspended in a further 500 pl of medium. 10 pl of cell suspension was then
mixed with 10 pl of 0.4% trypan blue and loaded into a chamber slide and cell
counts and viability measures were performed using the Countess® cell
counter. Duplicate measurements were made for each well to account for
pipetting errors. The cell growth curve was generated by plotting cell number
versus time. The population doubling time is the time interval required for

cells to double in number during the exponential phase of growth.

Apart from being used to determine growth characteristics, and that cells
were growing as expected according to the literature, cell growth curves were
also performed to evaluate effects of TMZ and 1Q10 on cell proliferation
across the range of brain cancer cell lines. Briefly, 2x10° cells were seeded
into each well of a 6-well plate and incubated overnight to allow adherence.
Cells were then treated, in triplicate, with different concentrations of TMZ (0,
250, 500, 750, and 1000 uM) or 1Q10 (0, 0.25, 0.5, 0.75 and 1 uM) for up to 72
h. DMSO was added to the negative control groups at the same volume
equivalent to that in the treatment groups. For hypoxic experiments, cells

were seeded as described above and pre-incubated in 1% O> for 24 h prior to
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drug treatment. Cells were then treated with different concentrations of 1Q10
in hypoxia for up to 72 h. Normoxic control experiments were always
conducted in parallel with hypoxic experiments. Every 24 h after initiating
drug treatment, cells were trypsinised and counted using the Countess®
system. Cell counts were recorded, analysed and plotted over the 72 h period.
Growth inhibition was expressed as the percentage of total cells in drug

treatment cultures compared with untreated controls.

At each time point, the cells from both normoxic and hypoxic conditions were
harvested after cell counting and cell suspensions were diluted to appropriate
numbers in appropriate diluents, for use in additional assays, such as the

clonogenic survival assay (Section 3.2.4) and Western blotting (Section 2.2.5).
3.2.4 Clonogenic survival assay

Cells for use in clonogenic survival assays were collected from cell growth
assays mentioned above (Section 3.2.3). The cells from different treatment
conditions were serially diluted in complete growth medium to appropriate
concentrations and plated into T25cm? tissue culture flasks. Cells were then
incubated for 12 days (21 days for KNS42) at 37°C, 5% CO; to allow colony
formation (30-100 colonies per flask were required). Flasks for clonogenic
assays were incubated in an exclusive incubator separated from routine tissue
culture, without disturbance. At the end of the incubation period, colonies
were rinsed once with PBS, fixed with 50% methanol in PBS for 15 min, and
then fixed with 100% methanol for another 15 min, followed by staining with
0.5% crystal violet. Colonies were counted by eye and confirmation by
microscope carried out as necessary. Any cluster of cells greater than 50 in
number was counted as a surviving colony. Plating efficiency (PE) for each cell
line was initially assessed before being applied in further experiments. The PE

was calculated from the untreated controls using the following equation:

number of colonies formed
E = x100%
number of cells seeded

The surviving fraction (SF) of cells following treatment was calculated as:
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number of colonies formed after treatment

number of cells seeded X PE

For chemosensitivity analysis, SFs were plotted on a linear scale and the dose
at which 50% cell death was achieved was calculated as IC50 (Woolston and
Martin, 2011a). Data represent the mean SF + SD of three independent

experiments, with each experiment containing six parallel sets.

3.2.5 Protein concentration determination and insulin reduction assay

(TrxR activity)

Sub-confluent cells were treated with various concentrations of 1Q10 or with 1
UM of auranofin (a well characterised TrxR inhibitor, used as a positive control
and comparator) for 4 and 48 h. Cells were trypsinised, counted, and lysed in
M-PER protein extraction reagent (ThermoFisher) for 20 min. Lysates were
analysed immediately or stored for future use at -80°C. The protein
concentration in lysates was determined by the Bio-Rad DC protein assay
following the manufacturer’s instructions. Briefly, seven dilutions of bovine
serum albumin (BSA) (Sigma) (range 0-2 mg/ml) were prepared before
measurement. 25 ul of solution A, prepared by adding 20 pl of Reagent Sto 1
ml of Reagent A, was added to each well of a 96-well plate. To this, 5 ul of
protein sample or a known standard was added in triplicate. Finally, 200 pl of
Reagent B was added to each well and the plate was incubated at room
temperature for 15-30 min. Absorbance at 620 nm in each well was measured
using a microplate reader (BMG FLUOstar OPTIMA). A protein standard curve
was generated by plotting the known protein concentrations versus their
absorbance value. Absorbance values of unknown samples were then
interpolated onto the plot or formula of the standard curve to determine their

concentrations.

TrxR activity was measured in 96-well plates using the endpoint insulin
reduction assay as described previously (Holmgren and Bjornstedt, 1995,
Mukherjee et al.,, 2007) with appropriate modifications. The assay mixture
contained the following in a final volume of 100 pul HE buffer (100 mM HEPES,

pH 7.2; 5 mM EDTA): 80 ug of protein from each cell extract, 2 uM Escherichia
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coli Trx, 1 mg/ml bovine insulin, and 1 mM NADPH. All ingredients were
freshly reconstituted for each experiment. Duplicate samples were used,
either with or without exogenous Trx enzyme. A cell-free enzyme assay was
simultaneously conducted, using 10 ul of different concentrations of TrxR (O,
0.025, 0.05, 0.1, 0.25, 0.5, 0.75, and 1 uM), to generate a standard curve. The
reaction was incubated at 37°C for 1 h before addition of 150 pl stop buffer
containing 10 mM DTNB, 6 M guanidine hydrochloride, and 50 mM Tris (pH
8.0). The absorbance was measured at 405 nm using a microplate reader. The
absorbance of the sample lacking exogenous Trx was subtracted from that of
the corresponding sample containing exogenous Trx. The difference in
absorbance indicates TrxR function. The amount of functional TrxR was
calculated from the standard curve, generated simultaneously, with pure
enzymes. The TrxR activity was expressed as the percentage of DMSO-treated
control. The results shown are representative of three independent
experiments, each conducted in duplicate and values are expressed as mean %

SD.
3.2.6 Western blotting

The effect of 1Q10 on regulating protein expression (i.e. Trx, TrxR, TxNIP,
NQO1, NQO2, P450 and CA9) was assessed under both normoxic and hypoxic
conditions by Western blotting. The knockdown efficiency of TrxR siRNA in
DAQY and SF188 cells was also assessed using Western blotting. The antibody
details were shown in Table 2.1. The methodology for Western blotting

followed the same steps as described in Section 2.2.5.
3.2.7 TrxR siRNA experiments
3.2.7.1 Optimisation of cell seeding density

Gene silencing of TrxR was performed using a siRNA knockdown system. Prior
to conducting transfection, the cell seeding density of DAOY and SF188 was
initially optimised to maximise transfection efficiency. A density that will
promote cell division to obtain 30-50% confluency for transfection on the

following day was recommended from instructions. Cells were seeded at
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various concentrations, ranging from 2 x 10% to 8 x 10* cells/well in 500 pl
growth medium in a 24-well plate and the cell confluency was examined
under a microscope by next day. A cell seeding density of 2 x 10* cells/well for
DAOY cells and 5 x 10* cells/well for SF188 cells provided the 30-50%
confluency at 24 h post-plating. Therefore, these cell seeding densities were

used for all transfection experiments later on.
3.2.7.2 Optimisation of the volume of transfection reagent

In order to achieve a higher transfection efficiency with minimal toxicity, the
volume of HiPerFect Transfection Reagent (Qiagen) was optimised in DAQY
and SF188 cells using trypan blue exclusion test. Following 24 h incubation
cells were treated with 1.5, 3 or 4.5 pl/well HiPerFect for 48 h in a 24-well
plate. Cell viability was determined using trypan blue solution and the results
demonstrated that all three concentrations of HiPerFect showed 95% cell
viability as compared with the untreated control for both cell lines. Therefore,
a HiPerFect dose of 4.5 pl/well was chosen for the subsequent siRNA

transfection experiments.

3.2.7.3 Optimisation of siRNA concentration and post-transfection

incubation time

SiRNA experiments were carried out with a pre-designed siRNA directed
against human TrxR-1 (SI00050876, Qiagen) or with a non-silencing siRNA
control (Allstars negative control, Qiagen). The targeted and control siRNAs
were delivered using HiPerFect transfection reagent. In order to achieve a
higher transfection efficiency, two concentrations of siRNA (10nM and 20nM
final concentration) were initially optimised in both DAOY and SF188 cells.
Briefly, 2 x 10* (DAQY) or 5 x 10*(SF188) cells in 500 pl medium were seeded
in triplicate in 24-well plates and incubated overnight to allow for attachment.
The cell medium in each well was replaced with 400 pl of fresh medium. Then
2.5 or 5 pl of 2 uM TrxR siRNA (this will give a final siRNA concentration of 10
nM or 20 nM) was added into a mixture of 4.5 ul HiPerFect transfection
reagent and 93 or 90.5 pl medium (serum and antibiotic free), and incubated
at room temperature for 10 min to allow complex formation. 100 pl of the
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mixture was added dropwise to the corresponding wells. The cells were then
incubated for a period of 7 days at 37°C in 5% CO.. For the untreated control
group, 500 ul medium was added instead of the transfection medium. In the
HiPerFect alone control group, no siRNA was added. The negative group was
received 10/20 nM mock siRNA instead of the TrxR siRNA. After transfection,
cells were harvested for protein extraction every other day and the
transfection efficiency was determined by comparison with protein levels
from the transfected cells, scrambled control, HiPerFect control and wild-
types, by Western blotting. The TrxR siRNA concentration providing higher
transfection efficiency was selected and the day with the best knockdown

effects was chosen as the optimal time for drug treatment.
3.2.7.4 Evaluation of the sensitivity of IQ10 in transfected cells

The sensitivity of 1Q10 was examined in TrxR silenced DAOY and SF188 cells
using the procedure shown in Table 3.1. In brief, DAOY (2 x 10%) or SF188 (5 x
10%) cells were seeded in 24-well plates. Following 24 h incubation, cells in
each well were transfected with the control or TrxR siRNA (10 nM) using
HiPerFect as described above. Two days later, non-transfected/transfected
cells were re-plated in 6-well plates at a density of 1 x 10° cells/well and
incubated for 24 h to allow attachment. Cells were then treated with various
concentrations of 1Q10 for an additional 48 h. Growth curve and clonogenic
survival assays were used as the endpoint to assess the drug effects. TrxR
expression level was assessed by Western blotting to confirm that the TrxR
expression was efficiently suppressed by siRNA for the duration of the

experiment, with B-actin being used as a loading control.
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Table 3.1 The procedure of siRNA transfection experiments.

Time Procedure
Day0 2 x 10*DAOY cells or 5 x 10* SF188 cells were seeded in 24-well plates.

Dayl 30-50% confluent cells were transfected with control or 10nM TrxR
siRNA for 48 h.

Day3 Transfected and non-transfected cells were re-plated in triplicate in 6-
well plates at a density of 1 x 10° cells/well.

Day4 Transfected and control cells were treated with varying concentrations
of 1Q10 for 48 h.
Cell number was counted and transfected and non-transfected cells
were lysed for Western blotting.

Day6 Growth curve was used as the endpoint to assess the drug effects and
following counting cells were re-plated for clonogenic survival assay.
Cell lysates from transfected and non-transfected cells were collected
for Western blotting.

3.2.8 3D spheroids experiments
3.2.8.1 3D spheroids formation and imaging

Subconfluent cells were trypsinised, counted and seeded in ultra-low
attachment (ULA) round-bottomed 96-well plates (Corning) at different
densities (1000, 3000, 5000, 10,000 and 15,000 cells/well) in 100 pl of culture
medium. The plates were centrifuged lightly at 2,000 rpm for 10 min after
seeding to aggregate the cells, minimise cell death and encourage the
formation of a single spheroid (Ilvanov et al., 2014b). 100 ul of fresh medium
was added to each well after 24 h of culture and then the culture medium was
carefully changed every other day, taking care not to disturb the spheroids,
and spheroids were cultured for 7 days. To monitor spheroid growth overtime,
6 replicate spheroids for each cell seeding concentration were imaged daily
using an inverted microscope with a 10 x objective and an attached camera
(Leica EC4). The scale of images was determined using a haemocytometer
counting chamber. Images were analysed using Imagel software (Fiji package).

The measured area (S) of the 2D projection of the spheroids was used to

calculate the diameter (D = 2,/S/m).
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3.2.8.2 Spheroids dissociation and PE

Spheroids from six wells representing the same conditions were pooled in a
microcentrifuge tube and centrifuged at 1000 rpm for 5 min. The medium was
discarded and the spheroids washed twice with PBS, followed by 10 min
incubation with trypsin/EDTA at 37°C. Mechanical dissociation with a pipette
was carried out to form a single cell suspension and complete medium was
then added to inactivate the trypsin. Cell counts were performed using the
haemocytometer and cells were plated in the conventional 2D clonogenic
assay to assess the PE as described in Section 3.2.4. In order to compare the
PE between 2D and 3D culture, the PE was also tested, in parallel, in 2D

culture conditions.
3.2.8.3 Visualisation of drug penetration in spheroids

Before conducting drug exposure experiments in the spheroid model, it was
important to determine whether the drug could penetrate different types of
brain tumour spheroids. Doxorubicin was used as a representative drug to
evaluate the drug-penetrating ability in spheroids due to its intrinsic red
fluorescence. Intact 4-day-old DAQOY and UW228-3 spheroids were exposed to
doxorubicin for 4 or 24 h at a concentration of 10 uM. For each group, 30
spheroids were harvested in microcentrifuge tubes, washed twice with PBS
and fixed in PBS containing 4% paraformaldehyde at room temperature for 10
min. After another two PBS washes, fixation was stopped by 2 x volume of
100 mM glycine in PBS for 10 min. Spheroids were then resuspended in ice-
cold methanol and pipetted onto slides, allowed to air dry and mounted in
ProLong™ antifade mounting medium (Invitrogen). The distribution of
doxorubicin within the spheroids was determined by a laser scanning confocal
microscope (Leica TCS SPE) (A excitation=468 nm; A emission=550 nm). A stack
of confocal images was captured using the 10 x objective through the
spheroids with a step size of 15 um between adjacent optical planes, starting
from one pole of the spheroids. This allowed determination of the cellular

distribution of the drugs and the degree to which they had penetrated the
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spheroids. Negative controls, in which doxorubicin was substituted with

DMSO, did not give rise to any detectable signals.

3.2.8.4 Resazurin reduction and clonogenic survival assays using spheroid

models.

Spheroids were formed as described in Section 3.2.8.1 and were allowed to
grow for 4 days under standard culture conditions to become mature. In order
to compare the effects of 1Q10 between 3D and 2D cultures, cells were
simultaneously seeded on flat-bottom 96-well plates at a density of 6 x 103
cells/well and cultured for 24 h. All samples were subsequently treated with
different concentrations of 1Q10 (0-1 uM) for 48 h. Afterwards, the cell
viability was determined using Resazurin reduction assay (CellTiter-Blue®,
Promega) following the manufacturer’s protocol. Briefly, medium in each well
was replaced with a mixture of 100 ul fresh medium and 20 ul dye and the
plates were placed back in the incubator for 4 h. Fluorescence was measured
with an excitation wavelength of 560 nm and emission 590 nm on a plate
reader (BMG FLUOstar OPTIMA). Negative control cells were cultured with
0.01% DMSO and used to determine 100% viability. Six replicates per

condition were assessed in each experiment.

The cytotoxicity of Q10 was assessed, as mentioned, using the conventional
2D clonogenic survival assay as described in Section 3.2.4 but was also
assessed from spheroid exposure. 12 replicate spheroids per condition were
produced and left to grow for 4 days before being treated with 1Q10 as
described above. 2D controls were plated the day before drug exposure and
were treated at the same time with those in 3D culture. Afterwards, spheroids
from the same treatment conditions were pooled, washed with PBS, and
dissociated with trypsin/EDTA (Section 3.2.8.2). Trypsinisation was quenched
with appropriate cell culture medium and cells were counted and plated in
conventional 2D clonogenics. Cells from 2D controls were trypsinised and

subjected to clonogenic assay in parallel.
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3.2.9 Statistical analysis

Statistical analysis was carried out using SPSS 24.0 or GraphPad Prism 7
software. Data were represented as mean * SD of two or more, as indicated,
independent experiments with each performed in duplicate or triplicate. For
comparing two variables, the Student’s t-test was used and the one-way
ANOVA test was used to compare three or more groups. P values < 0.05 were
considered as statistically significant. For combining errors from individual

experiments when pooling data, the following formula was used:

{(ny — 1) xSD? + (n, — 1) x SD}
(ny +n, —y)

SD combined =

Where SDcombined is the combined standard deviation from y (number of
experiments, here 2) experiments where SD1, SD2 are standard deviations in
individual experiments and nl and n2 are number of replicates in each

experiment (Mukherjee et al., 2007).
3.3 Results

3.3.1 Basic characteristics of brain cancer cell lines

Prior to conducting any experiments, the cell growth curves (Figure 3.3) of a
range of cell lines were determined by cell counting. Based on the growth
curves, the average doubling time for SNB19, SF188, KNS42, DAQY, UW228-3
and MRC5 were calculated as 31, 24, 28, 26, 20 and 18 h, respectively. Such
results are comparable to published data (Tseng et al., 1999, Bax et al., 2009,
Kominsky et al., 1998, Macaulay et al., 1999), except for KNS42 cell line whose
doubling time was shorter than has been previously reported (i.e. 28 h vs. 40-

48 h) (Takeshita et al., 1987).
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Figure 3.3 Growth curves of SNB19, SF188, KNS42, DAOY, UW228-3 and

MRC5 cell lines. Data represent the mean cell number/well + SD of two independent
experiments, with each experiment conducted in triplicate.

PE, an inherent characteristic of cell lines, was assessed across the range of
cell lines, in normoxia and hypoxia, using the clonogenic survival assay. Sub-
confluent cells without drug treatment were initially plated for clonogenics at
a series of cell densities (i.e. 100, 200, 400, and 800 cells/T25 flask) and
incubated for different time periods (usually 10-21 days) without disturbance.
The cell density and the incubation time that generated the highest PE with
appropriate colony size was applied in subsequent experiments. As shown in
Table 3.2, the PEs of SNB19, SF188, KNS42, DAQY, UW228-3, and MRC5 were
58 + 9%, 50 + 9%, 50 + 6%, 55 + 10%, 92 + 4%, and 83 + 8%, respectively,
which were high enough to produce representative results. Following 72 h
incubation under hypoxia, the colony-forming ability of DAOY and UW228-3
cells were unaffected with PEs of 61 + 11% and 81 + 12%, respectively. The
optimal incubation time for colony formation was 14 days for SNB19 cells, 12
days for SF188, 21 days for KNS42, and 10 days for DAOY, UW228-3 and MRC5
cells. As 30-100 colonies are generally required per T25 flask, 100/200 cells
were determined as optimal cell seeding number for all lines, except UW228-3
and MRC5 cells, in which 50/100 cells were enough to form appropriate
numbers of colonies. The foetal neural stem cell FB83 demonstrated
extremely low proliferation rate and did not form colonies at all, so it was not

used in any further experiments.
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Table 3.2 Plating efficiencies of different cell lines.

Cell lines Optimal PE (%) PE (%) Optimal cell seeding
incubation time Normoxia Hypoxia numbersin T25cm? flask
SNB19 14 days 58+9 N/A 100 and 200
SF188 12 days 50+9 N/A 100 and 200
KNS42 21 days 50+6 N/A 100 and 200
DAOY 10 days 5510 61%11 100 and 200
Uw228-3 10 days 92+4 81+12 50 and 100
MRC5 10 days 83+8 N/A 50 and 100

Abbreviations: PE, plating efficiency; N/A, not applied/performed.

3.3.2 Role of 1Q10 in regulating protein activity and expression
3.3.2.1 TrxR activity

Endpoint insulin reduction assay was employed to measure the TrxR activity in
three different brain cancer cell lines: SF188, DAOY and UW228-3. Cells were
treated with 1 uM of auranofin or increasing concentrations of 1Q10 (0.25, 0.5,
0.75 and 1 uM) for 4 or 48 h. Auranofin, the most active inhibitor of TrxR
characterised to date (Urig and Becker, 2006), was used as a positive control
and comparator in this assay. The endogenous level of TrxR activity was
compared between the untreated control cells. Among the three cell lines,
SF188 cells had the highest level of active TrxR (291.84 + 22.17 nM), followed
by UW228-3 (173.86 + 21.81 nM), and DAQY cells presented the lowest TrxR
activity (122.70 £ 20.12 nM).

As illustrated in Figure 3.4A, in comparison to controls, the treatment of the
three cell lines with 1Q10 for 4 h resulted in a significant decrease in TrxR
activity in a dose-dependent pattern. A 50% inhibition of TrxR activity by 1Q10
was observed at a dose of ~0.34 uM, 0.58 uM and 0.44 uM in SF188, DAOY,
and UW228-3 cells, respectively. The maximal inhibition effects of TrxR
activity was ~87%, which was observed at a concentration of 1 uM 1Q10

treatment in SF188 cells.
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Figure 3.4 Inhibition of TrxR activity across different brain cancer cells. SF18s,
DAOY and UW228-3 cells were treated with various concentrations of 1Q10 for 4 and 48 h or 1
UM auranofin for 4 h. (A) Inhibition of TrxR activity in SF188, DAOY and UW228-3 cells by 1Q10
after 4 h treatment. (B) Inhibition of TrxR activity in SF188 and DAQY cells by IQ10 after 48 h of
treatment. (C) Inhibition of TrxR activity in SF188, DAOY and UW228-3 cells by 1 uM of 1Q10
and auranofin after 4 h treatment. Data were expressed as percent of DMSO-treated control.
Data represent the mean + SD of three independent experiments, with each conducted in
duplicate.

The TrxR activity was also assessed in a 48-h time point and the results
showed that 1Q10 also inhibited TrxR activity in a dose-dependent manner in
both SF188 and DAOY cells, with IC50 values of ~0.88 uM and 0.79 uM,
respectively (Figure 3.4B). The maximal inhibition effects of TrxR activity were
~58% and ~52% for SF188 and DAOQY cells, respectively. In comparison to 4-h
treatment, the inhibitory effect of IQ10 on TrxR activity was less potent at 48
h, therefore, 4 h was chosen as the treatment time for subsequent drug-
radiation combination experiments that will be described in Chapter 4. At a
concentration of 1 uM, the positive control drug auranofin caused an average
of ~83-95% inhibition of TrxR activity across the three cell lines at 4 h
following drug treatment. The same IQ10 dose inhibited ~76-87% of the TrxR
activity (Figure 3.4C), indicating that IQ10 exhibited almost equal potency to

auranofin as a TrxR inhibitor. Although higher endogenous TrxR activity was
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seen in SF188, there were no significant differences with respect to the
inhibitory ability of 1Q10 between SF188, DAQY, and UW228-3 cell lines as

indicated by the IC50 values.
3.3.2.2 Protein expression under normoxia

Before assessing the effect of IQ10 on regulating protein expression, the
endogenous expression levels of TrxR, Trx, and TxNIP were initially quantified
using Western blotting across the five brain cancer cell lines. The

representative blots and the quantification analysis are shown in Figure 3.5.
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Figure 3.5 Quantification of Trx system protein expression across different

brain cancer cells. The representative blots are shown above. Red bands indicate TrxR (A),
Trx (B) and TxNIP (C) expression and green bands represent B-actin (left panels). Data in the
bar charts (right panels) represent the mean of normalised protein expression to B-actin + SD
of three independent experiments, with separate cell lysates from different passage numbers
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of cells.

As can be seen, the expression level of TrxR was relatively higher in KNS42,
SF188 and UW228-3 cells, while lower but detectable amounts were observed
in SNB19 and DAQY cells, with the latter one exhibiting the lowest expression
(Figure 3.5A). The sequence of endogenous TrxR expression level, from high
to low, was KNS42 > SF188 > UW228-3 > SNB19 > DAQY. The expression of Trx
was highest in KNS42 cell line and lowest in SF188 cell line, while the
remaining three cell lines showed comparable Trx expression (Figure 3.5B).
The sequence of endogenous Trx expression level, from high to low, was
KNS42 > UW228-3 > SNB19 > DAOY > SF188. UW228-3 cells expressed the
highest level of TxNIP, while the expression level in DAQY cells was very low,
with protein bands hardly detectable (Figure 3.5C). The sequence of
endogenous TxNIP expression level, from high to low, was UW228-3 > SNB19 >

KNS42 > SF188 > DAOY.

The effect of 1Q10 on protein expression of TrxR, Trx and TxNIP was
subsequently examined by Western blotting in DAOY and UW228-3 cells as
the role of Trx system has never been assessed in these two MB cell lines. As
shown in Figure 3.6, the expression of all three members of the Trx system
was detected in both DAQY and UW228-3 cells at the expected size; however,
according to the quantification analysis, no obvious alterations in the
expression of any of the Trx system proteins were observed in either of the
cell lines after varying concentrations of 1Q10 treatment for 48 h. Taken
together, data suggest that 1Q10 potently inhibits TrxR activity with the IC50
values in the submicromolar range in brain cancer cells without affecting Trx

system protein expression.
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Figure 3.6 Effect of 1Q10 on the expression of Trx system proteins in brain

cancer cells. Cells were treated with increasing concentrations of 1Q10 for 48 h. Cells were
then collected and subjected to Western blotting to assess the expression of TrxR, Trx and
TXNIP with B-actin as internal control. Experiments were conducted twice, with separate
lysates of different passage number of cells. The representative blots are shown above.

3.3.2.3 Protein expression under hypoxic conditions

The effect of IQ10 on protein expression under hypoxic conditions was further
assessed by Western blotting. Cells were pre-incubated under hypoxic
conditions for 24 h before exposure to 1Q10 (IC50 dose obtained from growth
assay in Section 3.3.3.1) for an additional 48 h in hypoxia. Cells cultured under
normoxic conditions were used as the control. The effect of 1Q10 on the
expression of the hypoxic marker CA9, used as a confirmatory indicator of the
hypoxic condition, was initially assessed in DAOY and UW228-3 cells. As
shown in Figure 3.7, CA9, a molecule known to be substantially upregulated
by hypoxic stress in other cancer cell lines (Wykoff et al., 2000), was markedly
increased in both cell lines exposed to hypoxic conditions compared with
those maintained under control normoxic conditions (P<0.01). CA9 expression
was almost below the detectable levels in the normoxic controls cells.
Furthermore, 1Q10 treatment reduced the expression levels of CA9 under
hypoxia in both DAOY and UW228-3 cells, but only the reduction in DAQY cells

reached statistical significance (P<0.01).
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Figure 3.7 Effect of 1Q10 on CA9 expression in brain cancer cells under

normoxic and hypoxic conditions. Cells were treated with 1Q10 (IC50 dose) for 48 h in
normoxia or hypoxia. Cells were then collected and subjected to Western blotting to assess
the expression of CA9 with B-actin as internal control. The representative blots are shown
above (left panel). Data represent the mean + SD of three independent experiments, with
separate lysates of different passage number of cells. **P<0.01 and *** P<0.001 vs. control
(student’s t-test). Abbreviations: M, marker; ctrl, control.

Western blotting was also conducted to analyse the alterations of TrxR, Trx
and TxNIP expression in DAOY and UW228-3 cells treated with 1Q10 for 48 h
under both normoxia and hypoxia. When comparing the protein expression of
untreated controls between normoxic and hypoxic conditions, the expression
levels of TrxR, Trx and TxNIP were unaffected by hypoxic incubation in both
cell lines (Figure 3.8). Further, in line with the results from normoxia (Section
3.3.2.2), there was no significant alteration in the TrxR, Trx or TxNIP protein

levels in either cell line following drug treatment under hypoxia (Figure 3.8).

129



Hypoxia
+ 1Q10

Normoxia
KDa

[4)]
o
<
1
+
1

TrxR

wu
o

(o)}
o

TxNIP

un
(@]

19
(e

B-actin

iy
o

N

o
-
=
x

DAQY (Trx)
20

15+

104

Normalised Trx expression
(Ratio of B-actin)

N ) D o
a2 . \d} -\bé \d'\'
oF &2 oF 2
< o & o
& <& & «?
‘;O
Normoxia Hypoxia
KDa M - + - + 1Q10
TrxR
TxNIP
B-actin
UW228-3 (Trx)
25,
=
K=
v
g & 20
8 B
x 9
o
; s 154
Ll -1
B 2 10]
2 8
m oo
ET s
o
=
ol
N ) D o
R .0\0' \’bé 2
ot 01.\ Qc>‘*‘ 01.\
«* Pl 2 o

Normalised TrxR expression

Normalised TxNIP expression

Normalised TrxR expression

Normalised TxNIP expression

(Ratio of B-actin)

(Ratio of B-actin)

(Ratio of B-actin)

Chapter 3

DAOY (TrxR)
151

DAOY (TxNIP)
2.0

1.51

1.0

0.51

0.0-

UW228-3 (TrxR)

()
t\°&\ ‘x°‘<° = o

(Ratio of B-actin)

UW228-3 (TxNIP)
154

Figure 3.8 Effect of 1Q10 on TrxR, Trx and TxNIP expression in brain cancer

cells under normoxic and hypoxic conditions. (A) DAOY and (B) UW228-3 were
treated with 1Q10 (IC50 dose) for 48 h in normoxia or hypoxia. Cells were then harvested and
subjected to Western blotting to assess the expression of Trx system proteins with B-actin as
internal control. The representative blots are shown above. Data represent the mean * SD of
three independent experiments, with separate lysates of different passage number of cells.
Abbreviations: M, marker.
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In order to investigate the potential mechanism(s) of drug activation, the
expression levels of three reductases (i.e. cytochrome P450, NQO1 and NQO2)
were assessed by Western blotting in DAOY and UW228-3 cells treated with
IQ10 in normoxic or hypoxic conditions. As shown in Figure 3.9, the
endogenous expression level of NQO1 was significantly lower (P<0.001), and
the NQO2 expression was higher (P<0.001), in DAQY than in UW228-3, while
the P450 expression was the same in the two cell lines. In both cell lines,
hypoxia did not affect expression levels of P450, NQO1 or NQO2. Following
drug treatment, no significant alterations in P450 or NQO1 expression were
observed in either cell line under either normoxia or hypoxia. However, the
Western blotting quantification analysis showed a 1.7-fold decrease in NQO2
expression in DAQY cells under hypoxic but not normoxic conditions (P<0.01).
Interestingly, the expression levels of NQO2 in UW228-3 were very low in
both 1Q10-treated and control cells in both normoxic and hypoxic conditions,

with protein bands hardly detectable.

Although P450 and NQO1 expression were unaffected by hypoxia or 1Q10
treatment, the alterations of their activity were not measured in the present
study due to time limitations, therefore, further investigations are required to
clearly determine the enzyme activity of the reductases after drug treatment
under both hypoxic and normoxic conditions. Current data suggest that the
two MB cell lines (DAOY and UW228-3) have different endogenous NQO1 and
NQO2 protein levels, and NQO2 may contribute to the activation of 1Q10 in

DAOQY cells under hypoxic conditions.
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Figure 3.9 Effect of 1Q10 on P450, NQO1 and NQO2 expression in brain

cancer cells under normoxic and hypoxic conditions. Cells were treated with 1Q10
(1C50 dose) for 48 hours in normoxia or hypoxia. Cells were then harvested and subjected to
Western blotting to assess the expression of (A) P450, (B) NQO1, and (C) NQO2 with B-actin as
internal control. Data represent the mean + SD of three independent experiments, with
separate lysates of different passage number of cells. **P<0.01 and *** P<0.001 (student’s t-
test). The representative blots of DAOY (D) and UW228-3 (E) are shown above. Abbreviations:

M, marker.
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3.3.3 Cytotoxicity of 1Q10 on brain cancer cells cultured in 2D
3.3.3.1 Proliferation

Normoxic conditions

The antiproliferative effects of 1Q10 and TMZ were examined on five brain
cancer cell lines (i.e. SNB19, KNS42, SF188, DAQY, and UW228-3) and MRC5
fibroblasts. TMZ, a well-known chemotherapy agent that is widely used in
clinical treatment of brain tumour, was used as a comparator and positive
control. The effects of TMZ on cell proliferation was examined by treating cells
with various concentrations of TMZ (0-1000 uM) for 24, 48 and 72 h, and the
corresponding growth curves plotted. As shown in Figure 3.10, TMZ inhibited
cell proliferation in a dose- and time-dependent manner for all brain cancer
cell lines. The maximum anti-proliferative effect was evident after 72 h drug
incubation. The estimated IC50 values (50% growth inhibitory concentration)
of all cell lines lie between 148.4 + 14.7 uM and 980.1 + 280.8 uM after 72 h

of treatment (Table 3.3).
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Figure 3.10 Effect of TMZ on cell proliferation of brain cancer cells and the
corresponding growth curves. Cells were treated with various concentrations of TMZ
for 24, 48, and 72 h. (A) Cell counting of different cell lines after various concentrations of TMZ
treatment was plotted as a percentage of control for each time point. (B) Cell number of each
treatment group were counted at each time point and plotted. Data represent the mean + SD
of two independent experiments, with each experiment performed in triplicate.
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Table 3.3 Summary of the proliferation assay IC50 values of the brain cancer
and fibroblast cells treated with 1Q10 and TMZ.

TMZ (uM) 1Q10 (uM)
Cell lines
24 h 48 h 72 h 24 h 48 h 72 h
SNB19 >1000 >1000 980.1+280.8 3.840.5 2.2+0.3 2.0+£0.3
DAOY 546.9+11.6 248.3+49.8 162.5+14.3 1.0+£0.2 0.5+0.1 0.4+0.1

UW228-3 >1000 313.6£17.8  148.4+14.7 0.3#0.1 0.2+0.0 0.2+0.0

SF188 >1000 320.7486.8  188.0+24.1 0.7¢0.1  0.2+0.0 0.2+0.0
KNS42 >1000 >1000 731.2+24.3 >1 >1 1.0£0.1
MRC5 NA NA NA >1 0.9+0.2  0.8%0.2

The IC50 values were calculated by log-probit analysis in SPSS. Abbreviations: TMZ,
temozolomide; NA, not applicable/not performed.

The antiproliferative effects of IQ10 were also assessed by plotting cell growth
curves following treatment of the cells with different concentrations of 1Q10
for 24, 48 and 72 h. Results showed that 1Q10 potently inhibited the cell
proliferation of various brain cancer cells at sub-micromolar or low
micromolar concentrations and in a dose- and time-dependent manner
(Figure 3.11). Among the five brain cancer cell lines, SF188 and UW228-3 were
relatively more sensitive to 1Q10, followed by DAQY, and then SNB19 and
KNS42 were the most resistant. The IC50 values lie between 0.2 + 0.0 uM and
2.0 £ 0.3 uM after 72 h of treatment (Table 3.3) for all brain cancer cell lines.
In comparison to the IC50 values of TMZ, 1Q10 was ~450-1000 fold more

potent in terms of inhibiting cell proliferation.

135



A 24 hours
581 s
o =~ 80 ]
W o [-T]
£ w :
S 35 b5
€ © 40 o
&3 @
g 20 a
o : : ! 2
0 025 05 075 1
1Q10 (pM)
72 hours
5 81 3
iy o -
EE 9 g
Q 3 -
O £ 40 <
T = ]
a 3 20 =
o N A a.
0 025 05 075 1
1Q10 (M)
B SNB19
16000001
]
2 1200000f
£
Z 800000}
S 400000}
0 . i .
0 24 48 72
Time (hour)
SF188
16000007
3 1200000
=
Z 800000
8 400000
c 1
0 24 48 72
Time (hour)
Uw228-3
16000007
3
2 1200000
£
Z 800000
8 400000
0
0 24 48 72
Time (hour)

Chapter 3

48 hours

=
o
Q.

SNB19
DAOY
Uw228-3
SF188
KNS42
MRC5

80r
60|
40
201

cell number (%)
IR RN K

o

0:5 0.;5 1
1Q10 (uM)

SNB19

0.25

100 - 24h
= 48 h

-+ 72h

[+
o

number (%)
a5 O
o o

o 1 2 3 4 5
1Q10 (M)

KNS42
1600000

1200000f

800000f

Cell number

400000f

0
0 24 48
Time (hour)

DAOY

1600000

1200000F

800000

Cell number

400000

1

0
0 24 4
Time (hour)

1IN

MRC5

2800000r
24000001
2000000f
1600000F
1200000f
8000001
4000001
0 : .

0 24 48
Time (hour)

0 uM
0.25 uM
0.5 uM
0.75 uM
1uM

EERE

Cell number

72

Figure 3.11 Effect of 1Q10 on cell proliferation of brain cancer cells and the

corresponding growth curves. Cells were treated with various concentrations of 1Q10
for 24, 48, and 72 h. (A) Cell counting of different cell lines after various concentrations of
1Q10 treatment was plotted as a percentage of control for each time point. SNB19 was treated
with higher doses (up to 5 uM) of 1Q10 to reach 50% growth inhibition. (B) Cell number of
each treatment group were counted at each time point and plotted. Data represent the mean
+ SD of two independent experiments, with each experiment performed in triplicate.
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As it was impossible to use the foetal neural stem cell FB83 in current
endpoints, to further investigate if 1Q10 has selective cytotoxicity toward
brain cancer cells, human normal lung fibroblast MRC5 cells were used to
examine the anti-proliferative effects. As shown in Figure 3.11A, a dose-
dependent inhibition of cell proliferation was observed in MRC5 and the most
evident inhibition was seen after 72 h of treatment. When comparing the
anti-proliferative effect of 1Q10 between MRC5 and the brain cancer cells,
MRC5 was relatively resistant to 1Q10 after 24 h of treatment, with an IC50 of >
1 uM. But when the treatment time prolonged to 48 and 72 h, MRC5 became
more sensitive to 1Q10 than SNB19 and KNS42, with IC50 values of 0.9 + 0.2
UM and 0.8 + 0.2 uM, respectively (Table 3.3). As shown in Figure 3.11B, with
the range of doses used all brain cancer cell lines showed a cytotoxic response
to 1Q10, especially at the higher doses, but MRC5 was apparently much more
resistant with only antiproliferative rather than an obvious cytotoxic effect
evident. Such results might be due to the high proliferation rate of MRC5, but
clonogenic results were needed to more fully understand the cytotoxic effects

of 1Q10 (data below).
Hypoxic conditions

Certain quinone based agents (e.g. MMC and apaziquone) show enhanced
cytotoxic action under hypoxic conditions, due to elevated reductases
expression (e.g. NQO1), increased reductase activation, prolonged half-life of
highly active intermediates or increased DNA cross-links (Phillips et al., 2017,
Ahn et al.,, 2013), so the effect of hypoxia on the cytotoxicity of 1Q10 was
examined. Cells were pre-incubated in 1% O, for 24 h, then treated with
increasing concentrations of 1Q10 for up to an additional 72 h under hypoxia.
Meanwhile, a control set of cells were treated with 1Q10 for the same period
of time under normoxia. In normoxia, population doubling times were ~26
and ~20h for untreated DAOY and UW228-3, respectively. While, under
hypoxic conditions, both cell lines showed a slower rate of cell growth
requiring ~40 and ~31h respectively. Growth curves for DAOY and UW228-3

cells treated with 1Q10 showed a time- and dose-dependent inhibition of cell
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(Figure 3.12).
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both cell lines under both normoxic and hypoxic conditions
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Figure 3.12 Effect of 1Q10 on cell proliferation of brain cancer cells under

normoxia and hypoxia. Cells were treated with various concentrations of 1Q10 for 24, 48,
and 72 h under both normoxia and hypoxia. (A) Cell number of each treatment group were
counted at each time point and plotted. (B) Cell counting of normoxia and hypoxia was plotted
as a percentage of control for each time point. Data represent the mean + SD of two
independent experiments, with each experiment performed in triplicate.
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The IC50 values of 1Q10 in normoxia and hypoxia are listed in Table 3.4 for

both cell lines.

Table 3.4 Comparison of proliferation assay IC50 values (uM) of 1Q10
between normoxia and hypoxia in DAOY and UW228-3 cells.

Normoxia Hypoxia

Cell lines
24 h 48 h 72 h 24 h 48 h 72 h

DAOY 0.47+0.01 0.3840.02 0.38+0.01 0.45+0.06 0.39+0.03 0.38+0.02
UW228-3 0.28+0.02 0.22+0.01 0.21+£0.06 0.22+0.06 0.21+0.01 0.22+0.06

The IC50 values were calculated by log-probit analysis in SPSS.

When comparing the IC50s between the two culture conditions, the hypoxic
cells appeared equally as sensitive as their normoxic equivalents to the drug
at all time points tested, indicating that there was no significant increased
hypoxia-induced drug sensitisation and that the slower rate of proliferation in
hypoxia did not markedly affect the drug sensitivity. Collectively, these results
indicated that 1Q10 potently inhibited the proliferation of DAOY and UW228-3
cells in a dose- and time-dependent manner, under both normoxia and
hypoxia, with no induced hypoxic sensitivity observed. It is interesting to
additionally note that although hypoxia has been shown, with certain agents
(e.g. cisplatin, doxorubicin and etoposide etc.) (Doktorova et al., 2015) to
induce chemoresistance no such induced resistance was evident in the
current experiments with 1Q10 being equally effective under both normoxia

and hypoxia.

Following cell counting for the growth assays, cells were collected and
subjected to Western Blotting for assessing the effects of hypoxia (+ 1Q10) on
expression levels of CA9, Trx, TrxR, TxNIP, P450, NQO1, and NQO2. The
expression of the hypoxic marker CA9 was significantly increased following 48,
72, or 96 h of hypoxic incubation in both DAOY and UW228-3 cells (Figure
3.13), verifying that cells were in the hypoxic state during the whole period of
drug treatment. The effect of 1Q10 in regulating protein expression under

hypoxia was presented in Section 3.3.2.3.
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Figure 3.13 CA9 expression in DAOY and UW228-3 cells following hypoxic

incubation. Cells were incubated under hypoxia for 48, 72, and 96 h. Cell lysates were
collected and subjected to Western blotting to assess the expression of CA9 with B-actin as
internal control. Cell lysates from normoxic conditions were loaded as a negative control.
Experiments were repeated twice, with separate lysates of different passage number of cells
and the representative blots are shown above.

3.3.3.2 Clonogenic survival

Normoxic conditions

The effect of the control drug TMZ on the survival of the range of brain cancer
cell lines was assessed by clonogenic assay. As shown in Figure 3.14A, TMZ
decreased cell survival of all five brain cancer cell lines in a dose-dependent

manner post 48 h drug exposure.
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Figure 3.14 Effect of TMZ and 1Q10 on cell survival under normoxic

conditions. Cells were treated with various concentrations of (A) TMZ or (B) 1Q10 for 48 h
(cells without drug treatment as control) under normoxia. Data represent the mean * SD of
three independent experiments, with each experiment containing six parallel data sets. PEs of
individual cell lines under normoxia were as follows: SNB19 - 58 + 9%; DAOQY, 55 + 10%;
UW228-3 92 + 4%; SF188 - 50 = 9%; KNS42 - 50 £ 6%; MRC5 - 83 + 8%.

The clonogenic IC50 value of TMZ for each cell line is listed in Table 3.5. In
comparison to the corresponding IC50s from growth assays (Table 3.3), the

IC50s obtained from clonogenic survival were approximately 3-20 fold lower
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in all cell lines, except DAQY, in which the clonogenic IC50 was about 2 fold
higher.

Table 3.5 The clonogenic assay IC50 values (uM) of TMZ and 1Q10 in various
cell lines post 48 h drug exposure.

Cell lines TMZ 1Q10
SNB19 63.7£10.0 >1
DAOY 463.5+20.1 0.4+0.1

UW228-3 93.1+30.0 0.310.0
SF188 15.2+0.9 0.3+0.1
KNS42 49.5+11.4 1.0+0.2
MRC5 NA >1

The IC50 values were calculated by log-probit analysis in SPSS. All data are expressed as mean
+ SD of three independent experiments, with each experiment containing six parallel data
sets. Abbreviations: TMZ, temozolomide; NA, not applicable/not performed.

The cytotoxicity of 1Q10 in the brain cancer and MRC5 cells was also assessed
by clonogenic survival assay. As shown in Figure 3.14B, 1Q10 inhibited
clonogenic survival of all cell lines in a dose-dependent manner post 48 h drug
exposure. The clonogenic IC50 value of 1Q10 for each cell line is listed in Table
3.5. These IC50 values were approximately consistent with their
corresponding values determined by the cell growth assay (Table 3.3) but with
MRC5’s being one of the most resistant cell types, alongside SNB19’s. In
comparison to TMZ, the clonogenic IC50s of 1Q10 was ~30-1000 fold lower,

suggesting that IQ10 was far more potent than TMZ in terms of cell killing.

When comparing the effect of 1Q10 on clonogenicity of different cell lines,
SNB19, KNS42 and MRC5 were relatively more resistant, with estimated 1C50
values of greater than or equal to 1 uM; while DAQY, UW228-3 and SF188
cells were more sensitive, having IC50 values of between 0.3-0.4 uM (Table
3.5). It appeared that the majority of the brain cancer cell lines were more
sensitive to 1Q10 than the normal fibroblast MRC5 in the clonogenic assay,
indicating that the drug may have the potential to preferentially kill brain
cancer cells, however, the drug response in normal brain cells should be

examined in the future experiments.
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Hypoxic conditions

The effect of 1Q10 on the cell survival was also assessed under hypoxic
conditions in two MB cell lines, DAOY and UW228-3, which were previously
used to assess the effect of 1Q10 on protein activity/expression in Section
3.3.2. Colony formation was unaffected by hypoxia as PEs of both DAOY and
UW228-3 cells under hypoxic conditions were similar to the results from
normoxia (Table 3.2). After 48 h of drug exposure, there was a decrease in the
surviving fraction in a dose-dependent manner under both normoxia and

hypoxia in DAOY and UW228-3 (Figure 3.15).
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Figure 3.15 Effect of 1Q10 on clonogenic survival of brain cancer cells under

both normoxic and hypoxic conditions. (A) DAOY and (B) UW228-3 cells were treated
with various concentrations of 1Q10 for 48 h (cells without 1Q10 treatment as control) under
normoxia or hypoxia. Data represent the mean + SD of three independent experiments, PEs
for normoxia and hypoxia were 55 + 10% and 61 + 11% for DAQY, and 92 + 4% and 81 + 12%
for UW228-3, respectively.

The IC50 values for both conditions were similar and in the sub-micromolar
range (Table 3.6), indicating that the potency of 1Q10 was preserved in
hypoxia. However, there was no increased hypoxic cytotoxicity observed at
any of the doses of 1Q10 in either DAOY or UW228-3 cells. When comparing
the effect of IQ10 on survival between DAOY and UW228-3 cells, UW228-3
cells were slightly more sensitive under both normoxic and hypoxic conditions,
with IC50 values of ~0.25 uM and ~0.26 uM, respectively as opposed to ~0.40
UM and ~0.41 uM for DAQY’s.
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Table 3.6 Comparison of clonogenic assay IC50 values (uM) of 1Q10 between
normoxia and hypoxia in DAOY and UW228-3 cells post 48 h drug exposure.

1Q10
Cell lines Normoxia Hypoxia
DAOY 0.40+0.09 0.41+0.13
UW228-3 0.25+0.00 0.2610.04

The IC50 values were calculated by log-probit analysis in SPSS. All data are expressed as mean
+ SD of three independent experiments, with each experiment containing six parallel data
sets.

3.3.4 Cytotoxicity of 1Q10 on brain cancer spheroids
3.3.4.1 Spheroid morphology and growth

To monitor the growth characteristics of spheroids, the morphology and
growth of DAOY and UW228-3 spheroids were observed using an inverted
microscope and images were captured daily for 7 days. The average diameters
of spheroids were analysed and plotted against time for each seeding density.
Figure 3.16A shows representative optical images of DAOY and UW228-3
spheroids with different cell seeding numbers per well (i.e.
1000/3000/5000/10,000 and 15,000 cells). Both DAOY and UW228-3 cells
gradually formed tight well-defined rounded spheroids that centrally
positioned in each well of the 96-well plates over a period of 7 days. The
average size of DAOY and UW228-3 spheroids over time in the five seeding
density groups is shown in Figure 3.16B. The spheroid diameter of all groups
increased sequentially after an initial slight decrease in the first two days.
Tumour spheroids have several unique features, i.e. they possess chemical
gradients (oxygen, nutrients or catabolites) at diameters starting from 200 um
and develop a central secondary necrotic area from a diameter of 500 um
onwards (Zanoni et al.,, 2016). As shown in Figure 3.16B, DAQY cells at a
seeding density of 15,000 cells/well generated spheroids with a diameter
of >500 um within 4 days. For UW228-3, both 10,000 and 15,000 cells/well
produced spheroids with a diameter of >500 um within 4 days. Therefore, a
cell seeding density of 15,000 cells/well for DAOY and 10,000 cells/well for

UW228-3 was chosen for all subsequent experiments.
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Figure 3.16 Spheroids growth assay. Spheroids of DAOY and UW228-3 cells were
initiated with 1000, 3000, 5000, 10,000 and 15,000 cells/well in ULA 96-well plates. (A)
Representative phase contrast micrographs of DAOY and UW228-3 spheroids from Day 1 to 7.
(B) Diameters of DAOY and UW228-3 spheroids with various cell seeding numbers over a 7-
day culture. Each point represents the average diameter calculated from measurements of 6
spheroids of two experiments.

3.3.4.2 PEs of cells from spheroids

Before conducting any additional spheroid experiments, the 2D PEs of DAQY
and UW228-3 cells from spheroids were initially assessed. 4-day-old untreated
spheroids were disaggregated into single cell suspension by trypsin/EDTA and
plated in the conventional 2D clonogenic assay to assess their colony
formation ability. Meanwhile, the PEs of cells in 2D culture were examined in
parallel to compare against the spheroid results. PEs for both cell lines were
slightly lower from spheroids than from conventional 2D culture, i.e. 62.1%
and 41.0% (+ 10.2% and 8.6%) for DAOY and UW228-3 spheroids, in
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comparison to 72.0+ 8.1% and 88.7+ 4.7% for 2D culture (Figure 3.17). The
differences in the PEs between 2D and 3D spheroid cultures were significant

for both cell lines (P<0.05 for DAOY and P<0.001 for UW228-3).
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Figure 3.17 PEs of DAOY and UW228-3 cells in 3D spheroids vs. 2D culture.
Data represent the mean = SD of three independent experiments, with each experiment
containing six parallel data sets. *P<0.05 and ***P<0.001 (student’s t-test).

3.3.4.3 Drug penetration in spheroids

Before assessing the cytotoxicity of 1Q10 in the spheroid models, it was
important to determine drug penetration depth, as it is one of the major
factors that affect the effectiveness of chemotherapy in solid tumours
(Minchinton and Tannock, 2006). With an intrinsic red fluorescence,
doxorubicin was chosen as a positive control drug to evaluate the drug-
penetrating ability in brain cancer spheroids. As the molecular weight of 1Q10
is comparatively lower (450.41 vs. 543.52 g/mol) and its lipophilicity is higher
(ClogP value 2.26 vs. 0.32) than doxorubicin, the assumption is that if
doxorubicin would penetrate into the spheroids, IQ10 would also have the

similar ability.

The distribution of doxorubicin within the spheroids was qualitatively
determined by a laser scanning confocal microscope. As shown in Figure
3.18A, fluorescent Z-stack imaging of spheroid cross-sections revealed that
doxorubicin could easily penetrate through both DAOY and UW228-3
spheroids at 24 h post-treatment. As the drug-radiation combination
experiments in Chapter 4 were conducted at 4 h after drug treatment, the
penetrating ability of doxorubicin was also examined at 4 h. Figure 3.18B
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shows that even with a shorter drug exposure time, doxorubicin could also

penetrate through both spheroids.

In terms of spheroids size, UW228-3 formed larger spheroids with an average
diameter of ~500 uM, whereas DAQOY’s formed smaller and tighter appearing
spheroids, and for this reason it is interesting to investigate whether the size
and morphology potentially influence drug ability to penetrate into the
spheroids. But from current results, it appears that whether they are small
and tight or large and looser, the drug can equally penetrate into both types
of spheroids. Drug penetration should not, therefore, be a factor that might

influence 1Q10’s cytotoxic effect in spheroids.
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Figure 3.18 Penetration of doxorubicin in DAOY and UW228-3 spheroids.
Spheroids were incubated with 10 uM doxorubicin for (A) 24 h or (B) 4 h. Confocal microscope
representative images of spheroid cross-sections (10X magnification, step size 15 um) are
shown above. Experiments were repeated twice, with each containing 30 spheroids. Scale bar
represents 200 pm.

3.3.4.4 Cytotoxicity of 1Q10 in spheroids

In order to compare the drug sensitivity in 2D vs. 3D, two cancer cell lines,
DAOY and UW228-3 were assessed. Resazurin cell viability assays were
performed in 2D and 3D for these two cell lines treated with 1Q10 for 48 h.

The IC50 values observed from 3D spheroids were compared against those
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obtained from 2D experiments. Figure 3.19 shows that 1Q10 inhibited cell
viability in a dose-dependent manner in both 2D and 3D spheroids. 3D IC50
values of cells treated with 1Q10 were 0.64 £ 0.10 uM for DAQOY and >1 uM for
UW?228-3, in comparison to 0.29 + 0.08 uM and 0.16 £ 0.04 uM for 2D values.
The data suggest that although DAOY and UW228-3 cells still susceptible to

Q10 they are less sensitive in 3D compared to 2D in terms of cell viability.
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Figure 3.19 Effect of 1Q10 on cell viability of brain cancer cells whilst growing

in 2D or 3D spheroid culture. (A) DAOY and (B) UW228-3 cells in 2D or 3D spheroid
cultures were treated with various concentrations (0-1 uM) of 1Q10 for 48 h. Cell viability was
determined by Resazurin reduction assay. Shown is percentage of cell viability normalised to
DMSO-treated control. Data represent the mean + SD of three independent experiments, with
each experiment performed in 6 replicate wells.

The difference in sensitivity to 1Q10 between 2D culture and 3D spheroids was
further assessed by clonogenic assays in DAOY and UW228-3 treated with
Q10 for 48 h. As with proliferation results showed increased resistance to
Q10 in 3D spheroids compared to 2D cultures in both cell lines (Figure 3.20).
The 3D clonogenic IC50 values of 1Q10 in DAOY and UW228-3 spheroids were
0.56 £ 0.07 uM and 0.83 £ 0.09 uM, in comparison to 0.37 £ 0.03 uM and 0.30
+ 0.04 uM for 2D values. Although both cell lines, particularly UW228-3,
became more resistant to 1Q10 when cultured in spheroids, the IC50 values
were still less than 1 pM, indicating that 1Q10 maintained its cytotoxic effect

in 3D culture.
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Figure 3.20 Effect of 1Q10 on clonogenic survival of brain cancer cells whilst

growing in 2D culture and 3D spheroids. (A) DAOY and (B) UW228-3 cells cultured in
2D or spheroids were treated with various concentrations of 1Q10 (0-1 uM) for 48 h (cells
treated with DMSO as control). Data represent the mean + SD of three independent
experiments, with each experiment containing six parallel data sets. The average PEs for DAOY
and UW228-3 cells in 2D were 72 + 8% and 89 + 5%; and PEs for spheroids were 62 + 10% and
41 + 8%, respectively.

3.3.5 Knockdown of TrxR using siRNA

3.3.5.1 Optimisation of siRNA concentration and post-transfection

incubation time

Transient siRNA mediated knockdown of TrxR was carried out on DAOY and
SF188 as they are medulloblastoma and paediatric GBM cell lines respectively,
and they represent the cell lines with comparatively low and high endogenous
TrxR levels (Section 3.3.2). Two concentrations of siRNA (10 nM and 20 nM)
were initially optimised and the transfection efficacy determined by Western
blotting over a period of 7 days post-transfection. As shown in Figure 3.21,
both concentrations of TrxR siRNA resulted in a reduction of TrxR protein
expression in DAOY and SF188 cells during 7 days post-transfection. Cells
transfected with 10 nM of siRNA had a maximal suppression of TrxR protein
expression after 3 days of transfection. The decrease was about 67% for DAQY
and 80% for SF188 cells, compared with untreated controls. When cells were
transfected with 20 nM TrxR siRNA, a maximal inhibition of TrxR expression
was also obtained at 3 days post-transfection, and an maximal inhibition of
~64% and ~69% was observed for DAQY and SF188 cells, respectively. From
day 3 onwards, the expression of TrxR protein gradually increased to ~60%

and ~73% of untreated controls at day 7 in DAOY and SF188 cells, respectively.
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Collectively, data suggest that the optimal concentration of siRNA for efficient
silencing of TrxR in DAQY and SF188 cells is 10 nM and the maximal inhibition
is observed at 3 days post-transfection. Therefore, these optimal conditions

were used for subsequent transfection experiments.
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Figure 3.21 Transient siRNA-mediated knockdown of TrxR in DAOY and SF188

cells. (A) DAOY and (B) SF188 cells were transfected with 10 or 20 nM of TrxR siRNA and
protein levels were measured with Western blotting over a period of 7 days post-transfection.
The line charts (right panel) show relative expression level of the TrxR protein with B-actin as
internal control. Experiments were conducted twice, with separate cell lysates from different
passage numbers of cells. The representative blots are shown above (left panel).
Abbreviations: ctrl, control.

3.3.5.2 The cytotoxicity of IQ10 on TrxR knockdown cells

To determine whether TrxR is an important, if not main, target of 1Q10 a
siRNA approach was used to knockdown TrxR expression in DAQY and SF188
cells. Three days post siRNA transfection, cells were treated with increasing
concentrations of 1Q10 for 48 h, and cytotoxicity determined by proliferation
and clonogenic assays. Western blotting was used to monitor the TrxR

knockdown efficiency during 1Q10 treatment. As shown in Figure 3.22A, TrxR
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siRNA effectively reduced ~52-65% and ~64-77% of endogenous TrxR protein
expression at 3-5 days post-transfection in DAOY and SF188 cells, respectively,
as compared with cells transfected with control siRNA. Such results verified
that TrxR expression was inhibited by siRNA and allowed subsequent

assessment of drug sensitivity on TrxR silenced cells.
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Figure 3.22 The cytotoxicity of IQ10 on TrxR silenced DAOY and SF188 cells.
Cells were transiently transfected with TrxR siRNA or control scrambled siRNA (siRNA ctrl). (A)
Cells were collected at 3 or 5 days post-transfection and subjected to Western blotting to
assess the TrxR expression with B-actin as internal control. Data are expressed as percent of
scrambled siRNA-treated control in the bar chart. Experiments were conducted twice, with
separate cell lysates from different passage numbers of cells. The representative blots are
shown above. (B) Cell proliferation and (C) clonogenic survival assays were conducted to
assess the cytotoxicity of 1Q10 in transfected cells treated with 1Q10 for 48 h. Data represent
the mean + SD of three independent experiments, with each performed in triplicate. The PEs
of cells were as follows: control DAQY-70+8%; siRNA DAQY-70+13%; control SF188-40+10%;
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SiRNA SF188-45+8%.

The cell proliferation and survival results (Figure 3.22B and C) show that TrxR
silenced DAOY and SF188 cells were still sensitive to IQ10 but that there was a
reduction of 1Q10 cytotoxicity accompanied with a significant increase in IC50
values indicating the importance of TrxR as a drug target. The proliferation
IC50 values of 1Q10 on the TrxR silenced DAOY and SF188 cells were 0.75 *
0.08 uM and 0.38 + 0.04 uM, as compared with the IC50s of 0.49 + 0.07 uM
and 0.22 + 0.04 uM for the parental cells. The clonogenic IC50s of Q10 on the
TrxR silenced DAQOY and SF188 cells were 0.61 + 0.06 uM and 0.68 + 0.08 uM,
as compared with the IC50s of 0.36 + 0.02 uM and 0.31 £ 0.03 uM for the
parental cells. As mentioned above, the increased IC50s in TrxR silenced cells

indicate the importance of TrxR to Q10 activity.

3.4 Discussions

Many anti-tumour agents, including MGd, auranofin, 1,3-bis-(2-chloro-ethyl)-
1-nitrosourea (BCNU), cisplatin, curcumin, cyclophosphamide, and ATO, are
TrxR inhibitors and have been previously assessed in brain cancers (Brachman
et al., 2015a, Klein et al.,, 2017, Sordillo et al., 2015, Wang et al., 2017b,
Ferrer-Font et al., 2017, Ghaffari et al., 2016, Kast, 2010). Specific inhibitors of
the TrxR have also been developed, such as PX916 (Powis et al., 2006) and
AW464 (Chew et al., 2008). More recently, Prof. Chris Moody’s research group
developed a class of small-molecule TrxR inhibitors 1Qs that have been shown
to exhibit potent anti-tumour activity against several human cancer types,
especially pancreatic cancers (Inman et al., 2014). However, no studies have
been conducted to examine the anti-cancer activity of these novel IQs in brain
cancer cells. Therefore, this chapter set out to examine the in vitro activity of
one of the most potent 1Qs, 1Q10, in various types of brain cancer cell line
models and also investigate the potential mechanisms of action underlying its

efficacy.

In order to test whether 1Q10 could inhibit TrxR activity in brain cancer cells,
the alterations of TrxR activity was first assessed in SF188, DAQY and UW228-

3 cells after 4- and 48-h drug treatment using the insulin reduction assay. In a
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previous study from Prof. Chris Moody’s group, and their collaborators, 1Qs
were found to be potent inhibitors of TrxR activity in pancreatic cancer cells. A
dose-dependent inhibition of TrxR activity was observed for both 1Q3 and 1Q9
after 4-h drug treatment and the 150 values for TrxR inhibition were 0.15 and
0.08 uM for 1Q3 and 9, respectively (Yan et al., 2009a). Similar with this study,
current results showed that 1Q10 significantly inhibited TrxR activity in a dose-
dependent manner at both 4- and 48-h post-treatment in brain cancer cells
and the TrxR activity was almost abolished by 1 uM of 1Q10 treatment for 4 h
in SF188 cells (~87% of TrxR inhibition). When comparing the results between
4 and 48 h, 1Q10 tends to display a stronger TrxR inhibiting ability with a
shorter incubation time of 4 h. This decreased inhibition of TrxR activity at the
later time point might be explained by an increased compensation in cancer
cells attempting to overcome the loss of TrxR function. In addition, the
gradual degradation of 1Q10 in the media during the prolonged incubation
time might be another factor that contributes to the decreased potency.
Therefore, treatment with 1 uM 1Q10 for 4 h was set as the experimental
condition for the subsequent drug-radiation combination experiments in
Chapter 4. Auranofin, a well-known TrxR inhibitor, was used to compare the
TrxR inhibition potency of 1Q10. As expected, 1Q10 exhibited almost equal
potency to auranofin as inhibitors of TrxR in brain cancer cells. Moreover,
IQ10 seemed to show similar inhibition potency across different brain cancer

cells although varying endogenous TrxR activity was observed between them.

The expression patterns of Trx system proteins across a panel of five different
brain cancer cell lines were initially screened before assessing the effect of
IQ10 on protein expression. Semi-quantitative Western blotting results
showed that TrxR, Trx and TxNIP were differentially expressed across five
brain cancer cell lines. Paediatric GBM lines KNS42 and SF188 expressed a
relatively higher level of TrxR, followed by UW228-3 and SNB19, and DAQY
had the lowest level of TrxR. It is noteworthy that among SF188, DAQY and
UW228-3 cells, the endogenous expression level of TrxR protein was

consistent with the corresponding activity data, suggesting a positive
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correlation between TrxR protein expression and activity. Trx expression was
highest in KNS42 and lowest in SF188, and was similar across SNB19, DAQOY
and UW228-3. TxNIP expression also varied significantly between cells;
UW228-3 had the highest level, while DAOY had an extremely low level, with
protein bands hardly detectable. These observations suggest that the
endogenous levels of Trx system proteins seem to be relevant to the
characteristics of individual cell lines rather than cell types. Although the
expression of individual members of Trx system has been previously examined
in different brain cancer cells (Haas et al., 2018a, Zhang et al., 2017b, Ahmad
et al., 2015), no studies have thus far assessed and compared the endogenous
expression of all three members of Trx system proteins in such a wide range

of brain cancer cells.

Previous studies have suggested that high levels of Trx/TrxR in cancer cells are
associated with resistance to chemo and radiation therapy, while
overexpression of TxNIP sensitises cancer cells to treatments (Haas et al.,
2018b, Kahlos et al., 2001, Patwardhan et al., 2015). Thus the brain cancer
cells with different endogenous levels of Trx system proteins might display
different responses to drug and/or radiation treatments. For instance, KNS42
might be more resistant to the treatments than the other four brain cancer
lines as it has the highest expression levels of TrxR and Trx and relatively low
level of TxNIP, however, the effects of Trx system on anticancer drug
resistance or radiation are complex and may depend on the tissue type (Haas
et al., 2018a). The relationship between the efficacy of 1Q10/radiation and

endogenous levels of Trx system will be discussed in detail later.

The role of 1Q10 in regulating expression of Trx system proteins was assessed
in DAOY and UW?228-3 cells. After 48 hours’ treatment with varying
concentrations of 1Q10, there were no significant alterations of TrxR, Trx and
TxNIP expression in either line. This is consistent with results from Yan et al.
(2009a), which showed that there was no alteration in total TrxR protein
levels following 1Q3 treatment in pancreatic cancer cells. However, a dose-

dependent decrease in the amount of free selenocysteine TrxR was observed
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and treatment with either 1Q1 or 1Q2 induced a dose-dependent increase in
oxidised Trx expression accompanied by a decrease in the reduced form (Yan
et al., 2012). In cervical cancer cells, a TrxR inhibitor B5 (curcumin analogue)
was shown to alter the expression levels of Trx and TrxR with concomitant
accumulation of oxidised Trx. It has been suggested that the elevation of
Trx/TrxR protein expression in cells may be an adaptive response for cells to
cope with the increased cellular ROS produced during the process of drug
treatment (Shao et al., 2015). Although current data show no alterations in
the expression of Trx system proteins in brain cancer cells, further
experiments might wish to assess the expression of free selenocysteine TrxR
and oxidised/reduced Trx after 1Q10 treatment. Taken together, results from
the current study suggest that the TrxR inhibitor 1Q10 did not alter TrxR
expression, but significantly inhibited its functional activity in brain cancer
cells. The decreased TrxR activity in cells may be attributed to the direct
inhibition of the enzyme activity by 1Q10 rather the indirect alteration of

protein expression.

In order to investigate the in vitro cytotoxic effects of 1Q10 on various brain
cancer cells, cell growth and clonogenic assays were conducted by treating
cells with varying concentrations of 1Q10 for different time periods. TMZ, a
standard chemotherapeutic treatment for brain tumours, was used to
compare the activities and potencies of 1Q10. TMZ showed a time- and dose-
dependent anti-proliferative effect across all brain cancer cells with IC50s
ranging between ~148-980 uM after 72 h treatment. In the previous studies, a
similar range of IC50 values have been reported for TMZ, ranging from 194 to
1000 uM for SNB19, DAQY, KNS42 and SF188 cells (Ahmed et al., 2018, Zhou
et al.,, 2011a, Gaspar et al., 2010), but the IC50 values of TMZ were not

available in the literature for the MB cell line UW228-3.

TMZ resistance has frequently been related to the expression of MGMT.
MGMT promoter status is responsible for the regulation of MGMT expression
and its methylation has been associated with improved survival in GBM

patients receiving TMZ treatment (Hegi et al., 2005). A number of in vitro
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studies have reported that TMZ is more effective in MGMT promoter
methylated cells, but MGMT is not the only molecular mechanism that
accounts for the TMZ resistance as other repair mechanisms such as the
mismatch repair system may also be implicated (Perazzoli et al., 2015). SNB19
and KNS42 cells contain a methylated MGMT promoter, whereas SF188, DAQY
and UW228-3 cells harbour an unmethylated promoter (Gaspar et al., 2010,
Festuccia et al., 2018, von Bueren et al., 2012, Faoro et al., 2011). The
proliferation results showed that SF188, DAOY and UW228-3 cells were
relatively sensitive to TMZ, with IC50 values between 140-190 uM after 72 h
treatment. The remaining two cell lines (SNB19 and KNS42) were resistant to
TMZ treatment, with IC50 values of >700 uM. There seems to be a reverse
correlation between MGMT methylation and TMZ sensitivity, suggesting
alternative mechanisms of resistance. Consistent with this finding, Gaspar et
al. (2010) also identified that the paediatric GBM cell line KNS42 was resistant

to TMZ despite an absence of MGMT expression.

TMZ is a DNA alkylating agent that is widely used for high-grade glioma
treatment and has been shown to significantly improve patient survival.
However, the increase in median survival for treatment with TMZ plus
radiotherapy is only 2.5 months compared with radiotherapy alone in patients
with newly diagnosed GBM (Stupp et al., 2005). TMZ is administered at high
dose, and a prolonged treatment results in a series of side-effects, TMZ
resistance and poor responsiveness to subsequent treatment, thus leading to
recurrence in 60-75% of patients (Lee, 2017, Beier et al., 2011, Chamberlain,
2010). Additionally, repeated administration of TMZ is required due to its
short half-life (1.8 h) in plasma and low solubility in physiological media
(Newlands et al., 1992). Therefore, despite the survival benefit of TMZ, its
therapeutic limitations highlight the need for novel chemotherapy/targeted

therapy drugs that are more effective and safe.

In comparison to TMZ, 1Q10 significantly suppressed the brain cancer cell
growth with much lower IC50 values at the 72 h time point, ranging between

~0.2-2 uM. Apparently, 1Q10 is much more potent than TMZ with respect to
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inhibiting proliferation of brain cancer cells. The anti-proliferative effect of I1Qs
has also been examined in pancreatic cancer cells by Yan et al. (2012),
showing that IQs exhibited marked growth inhibitory activity with IC50 values
in the low nanomolar range. In addition, selected 1Qs were also screened
against the NCI-60 (National Cancer Institute-60) cancer cell line panel and
were found to be particularly effective against colon, renal, and melanoma
cancer cells. The similar findings from others and the current study suggest
that 1Qs may have the ability to potently inhibit cell proliferation against a

wide range of cancer types.

The comparison of estimated IC50 values showed that the five brain cancer
cell lines had different sensitivities against 1Q10. DAQOY, UW228-3 and SF188
cells were comparatively more sensitive to 1Q10 than SNB19 and KNS42 in
respect to cell growth and clonogenic assays. The reason for such differential
sensitivity of 1Q10 is unclear. As mentioned above, the protein levels of TrxR
varied significantly between cell lines: KNS42, SF188 and UW228-3 cells
expressed a relatively higher level of TrxR, whilst SNB19 and DAOY had a
lower level. The correlation between the expression level of TrxR and 1Q10
IC50 in these 5 brain cancer cell lines were analysed using Spearman Rank
Correlation. No association was found between the endogenous TrxR
expression and 1Q10 1C50 (r?<0.001, P=0.995), suggesting that the sensitivity
of brain cancer cells to the TrxR inhibitor 1Q10, may not be directly related to
the endogenous TrxR levels, however, the drug response may be cell type
dependent. Consistent with our findings, a previous study indicates that high
expression of TrxR has a complex impact that not necessarily linked to Trx
function that nonetheless modulates drug-specific cytotoxic responses

(Eriksson et al., 2009).

Given that 1Q10 demonstrated potent anti-proliferative effects in brain cancer
cells, it was decided to further assess the effect of IQ10 on clonogenic survival.
As colony forming ability is an essential requirement for the clonogenic assay,
a wide range of cell lines representing adult GBM (i.e. SNB19), paediatric GBM
(i.e. SF188 and KNS42), MB (i.e. DAOY and UW228-3), and normal healthy
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tissues (i.e. MRC5) were initially assessed for their PEs. PEs for SNB19, SF188,
KNS42, DAOY, UW228-3, and MRC5 cells were 12%, 40%, 29%, 28%, 20-30%,
and 31% in previous studies (Rutka et al.,, 1987, Chautard et al., 2010,
Takeshita et al., 1987, Janss et al., 1998, Bobola et al., 2005, Mukherjee et al.,
2005). PEs for these cell lines in the present study, i.e. 58 + 9%, 50 + 9%, 58 +
6%, 55 £ 10%, 92 £ 4%, and 83 + 8%, respectively, were all higher than those
reported in the literature. The reasons for the increased PEs in the current
study may be due to the optimised culture conditions including low cell
passage number, optimised recipes of cell culture medium and source of
serum, appropriate tissue culture flasks and colony formation time. In general,
a higher PE would give more confidence that data would be representative of

the behaviour and characteristics of the majority population of the cell line.

Following the measurement of PEs, clonogenic assays were performed to
assess if 1Q10 treatment had any effect on the ability of brain cancer and
MRC5 cells to form colonies. The results showed a decrease in clonogenic
survival across all cell lines indicating a cytotoxic rather than cytostatic
mechanism of action. As with the growth assay, Q10 was again much more
potent than TMZ in terms of cell killing. When comparing the IC50 values
between growth and clonogenic assays following a 48 h drug exposure, no
significant difference in IC50 values obtained by the two methods was
observed for IQ10 treatment, but a difference was revealed for TMZ. The IC50
values of TMZ in the clonogenic assay were ~3-20 fold lower than that
obtained from growth assay; which is consistent with previous studies
showing that IC50 values of TMZ for the survival inhibition were lower than
that for the proliferation inhibition in GBM cell lines (Kohsaka et al., 2012,
Sarowar, 2016). These findings indicate that the proliferation assays
potentially underestimates the level of killing achieved by TMZ. Hence, the
short term proliferation assays cannot replace the clonogenic assay in
determining the IC values of a cytotoxic compound (Yadav et al., 2016). In
certain cell types, such as leukaemias, lymphomas, and some solid tumours,

apoptosis is the primary mode of cell death and cells rapidly undergo
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apoptosis after toxic insult. While in other solid tumours, particularly
carcinomas, cells do not immediately die after treatment, and apoptosis may
not be the main mediator of cell killing. Therefore, short-term assays (e.g.
trypan blue/propidium iodide exclusion and annexin V staining) measuring
early functional changes would provide little information on the overall
toxicity of treatment. It is important to conduct multiple assays that measure
the viability/survival in both the short- and long-term (Woolston and Martin,

2011b).

It has been reported that certain TrxR inhibitors can selectively kill cancer cells
but spare normal cells. For example, EF24, a molecule having structural
similarity to curcumin, was able to selectively kill human gastric cancer cells
but not normal cells. By inactivating TrxR activity and increasing intracellular
ROS levels, EF24 induced lethal ER stress in gastric cancer cells (Zou et al.,
2016). In order to investigate whether 1Q10 could preferentially kill brain
cancer cells, the cytotoxic effect of 1Q10 on MRCS5 fibroblasts was assessed
using growth and clonogenic assays. The results demonstrated that 1Q10
seemed to exhibit less toxicity in the fibroblasts than the majority of brain
cancer cell lines tested, however, due to time limitations, the present study
did not include a normal brain cell line (e.g. normal human astrocytes) to
directly compare the drug sensitivity against the brain cancer cells. Future
investigations are required to examine the cytotoxic effect of IQ10 in at least

one healthy brain cell line.

Hypoxia is a distinct feature of malignant brain tumours and strongly linked to
tumour progression, treatment resistance and poor outcomes (Cavazos and
Brenner, 2016). Although numerous drugs that can target hypoxic cells have
been developed and assessed in preclinical/clinical studies over the past 40
years, no hypoxia-selective bioreductive drugs have been approved for use in
humans (Ahmadi et al., 2014). Therefore, the development of more effective
hypoxia-selective drugs is urgently needed. As TrxR has been reported to be
upregulated during hypoxia (Berggren et al.,, 1996) and 1Q10 shares some

structural similarity to a widely known hypoxia-selective drug EQ9, it was
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reasonable to assume that 1Q10 might be more effective under hypoxic
conditions. The results from growth and clonogenic assays demonstrated that
1Q10 was equally effective in both normoxic and hypoxic cells, indicating that
there is no increased hypoxia-induced drug sensitivity in brain cancer cells.
The reasons for such results are unclear; it may be partially due to the levels
of the enzymes that are involved in the reduction and activation of the 1Q10.
Therefore, the expression levels of Trx system proteins and several
oxidoreductases were measured under both normoxic and hypoxic conditions
with results discussed below. It is interesting to note, however, that although
no increased hypoxic sensitisation was seen, equally no hypoxic resistance
was observed — hypoxia has been shown to make a variety of chemotherapy
agents, and radiotherapy, less effective i.e. hypoxia can induce resistance to

cytotoxic therapies in cancer cells (Graham and Unger, 2018).

CA9 is a transmembrane protein that regulates pH in tumour cells under low
oxygen conditions and contributes to cell proliferation and transformation
(Logsdon et al., 2016). CA9 expression is primarily driven by HIF-1 activity, and
it has been established as a promising therapeutic cancer target because it is
not detected in most normal tissues, and its expression in tumour tissues
often indicates hypoxic regions and correlates with advanced disease and
poor treatment response (Oosterwijk, 2014, McDonald et al., 2012, Logsdon
et al., 2018). CA9 inhibitors are either entering or are in clinical trials (e.g.
clinical trial NCT02215850 and NCT03450018). In this study, inhibition of TrxR
by 1Q10 led to a significant decrease in CA9 expression in DAQY cells following
exposure to hypoxia. This finding is of great interest as it indicates that Trx
system may regulate hypoxia signalling through the HIF-CA9 axis. Future
studies could therefore focus on HIF-1a signalling and the regulation of the

downstream molecule CA9 through Trx system in brain cancer cells.

As shown in Section 3.3.2.2, 1Q10 did not alter TrxR, Trx or TxNIP protein
levels in DAOY or UW228-3 cells under normoxic conditions. Consistent with
this result, no alterations of Trx system protein levels were observed under

hypoxic conditions, suggesting that although 1Q10 is a potent inhibitor of TrxR
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enzyme activity, it does not alter TrxR protein levels under either normoxic or
hypoxic conditions. Also, hypoxia alone did not affect the expression levels of
Trx system proteins, but some alterations of Trx/TrxR expression under
hypoxia have been reported in previous studies, in other cancer cell line
models. Trx protein levels were increased in human lung cancer A549 cells
during growth in 0.05% oxygen (Kim et al., 2003a) and also in human
endothelial progenitor cells and umbilical vein endothelial cells cultured in 1%
oxygen (Park et al., 2010). Naranjo-Suarez et al. (2012) showed that hypoxia (1%
02) downregulated TrxR mRNA and protein levels in both EMT6 (mouse breast
carcinoma) and DT (mouse embryo) cell lines. In contrast, TrxR was reported
to be increased in human endothelial progenitor cells but not in umbilical vein
endothelial cells under hypoxia (Park et al., 2010). Such conflicting data
suggest that the expression of the Trx system under hypoxia may depend on

the specific cell line, oxygen levels or how samples are processed.

The mechanism of action of the 1Qs has been proposed to involve metabolic
reduction by cellular reductases, loss of a leaving group to generate a reactive
electrophile resulting in alkylation of the selenocysteine residue in the active
site of TrxR (Yan et al., 2009a). However, which reductases are involved to
catalyse the initial reduction step of IQs are unclear and still remain to be
elucidated. Dehn et al. (2006) have previously reported the development of
an 1Q, ES936 (1Q1), which exhibited its antitumour activity via inhibiting two-
electron reductase NQO1 in pancreatic cancer cell lines. In addition, NQO2
was shown to be able to activate IQs in cell-free systems to inhibit TrxR
activity (Yan et al.,, 2012). Several oxidoreductases such as NQO1 and
cytochrome P450 are capable of reducing the indolequinone-based
compound EQ9 (Phillips et al., 2013). These findings suggest that the two
electron reductases NQO1 and NQO2 and the one-electron reductase P450
may be involved in the reduction step of 1Q10. Therefore, in order to better
understand the mechanism of action of IQ10 against brain cancer cells, the
expression levels of these three reductases were measured by Western

blotting in DAOY and UW228-3 cells under both normoxic and hypoxic
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conditions. The endogenous expression level of NQO1 was significantly lower,
and the NQO2 expression was higher, in DAOY than in UW228-3, while the
P450 expression was the same in the two cell lines. According to the
clonogenic survival data, it is apparently that the sensitivity of DAQY cells to
Q10 is lower than that of UW228-3 cells, with ~1.6-fold difference in the IC50
values (0.40 + 0.09 uM and 0.25 + 0.00 uM respectively). These findings might
support the possible correlation between cellular NQO1/NQO2 levels and
responsiveness of brain cancer cells to 1Q10 treatment; but more cell lines are
required to further explore this correlation in the future experiments. The
relationship between the activities of these reductases and sensitivity to
certain chemotherapeutic drugs has been widely examined in a variety of
cancer cell lines. Siegel et al. (2012) found a positive correlation between
NQO1 catalytic activity/expression and quinones (e.g. MMC, B-lapachone and
17AAG) sensitivity in several different cancer cell lines. There also existed a
strong correlation between cellular NQO2 activity and the responsiveness of
the breast cancer cells to the chemotherapeutic drug CB1954 (5-(-aziridin-1-
yl)-2,4-dinitrobenzamide) (Nolan et al., 2012). The cytotoxicity of tirapazamine
was found to correlate strongly with P450 reductase activity, and the drug
being most toxic in the breast cancer cell lines with the highest P450 activity

(Patterson et al., 1995).

In both DAOY and UW228-3 cell lines, hypoxia alone did not affect the
expression levels of the three reductases, which contradicts the report from
Ahn et al. (2013), showing that hypoxia increased NQO1 expression in human
colon and lung cancer cells. Following 1Q10 treatment no changes in
expression levels of the three reductases were observed, except that 1Q10
decreased the NQO2 expression in DAQY cells in hypoxia but not in normoxia.
At present, it is difficult to explain why only NQO2 was downregulated by
1Q10 in DAQY cells. Future experiments should assess the changes in enzyme
activities rather expression levels of these reductases and search for other
possible molecular targets to better understand the mechanism of action of

Q10 (upstream activators and downstream signalling pathways).
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3D culture systems provide cells with a suitable ‘architecture’ to grow and to
develop into tissue-like structures that better mimic the microenvironment in
vivo compared to the traditional 2D monolayer (Edmondson et al., 2014). A
number of studies have found that cells cultured in 3D models are more
resistant to anticancer drugs than 2D cultures (Loessner et al., 2010, Karlsson
et al., 2012). Therefore, a 3D spheroid culture model was introduced in the
present study to compare the efficacy of 1Q10 between 2D and 3D cultures
using two MB cell lines DAOY and UW228-3. Both lines successfully formed
spheroids in the ULA 96-well plates and the morphologies of each cell line
were similar to those reported by previous studies (Tenga et al., 2016, lvanov
et al., 20144, Ivanov et al., 2015, Cockle et al., 2015), i.e. both cell lines formed
round-type spheroids with well-defined outlines, but unexpectedly, an
exponential growth pattern of spheroids did not occur, perhaps due to lack of
growth factors and/or nutrients. The spheroid formation protocol used in this
study may not be ideal and this could alter the findings. Further optimisation
and updated methods to produce actively growing spheroids would be useful

for future experiments.

The major differences noticed in the current study was that the UW228-3 cells
formed larger and relatively loose spheroids whilst DAQY formed smaller and
dense appearing spheroids. Although DAOY and UW228-3 are both MB cell
lines, they presented different 3D morphology that might have affected
treatment responses. A study using a panel of 25 breast cancer cell lines
showed that cell lines from the same phenotype did not necessarily share the
same 3D colony morphology (Kenny et al.,, 2007). The morphological
appearance of 3D spheroids is primarily cell line dependent, however, the
type of 3D model utilised may also affect cellular morphology (Edmondson et

al., 2014).

To further study the influence of cancer cell microenvironment on drug
response, the sensitivity of 1Q10 between 2D and 3D spheroid cell culture
models were compared using DAOY and UW228-3 cells. Before assessing the

cytotoxicity of 1Q10 in spheroids, the 2D colony formation ability of both cell
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lines after disaggregation from spheroids were initially measured. The PEs of
both cells lines extracted from spheroids were slightly lower than those
obtained from the conventional 2D culture. Consistent with current work, a
decreased PE from 3D culture as compared to 2D monolayer was also
observed with MCF10A cells (Lin et al., 2009). The results from both Resazurin
reduction and clonogenic assays demonstrated that 1Q10 was less potent
against both DAOY and UW228-3 cells grown as 3D spheroids in comparison
to cells cultured in 2D conditions. Such altered drug sensitivities in 3D culture
models have also been observed in a number of previous studies (Lovitt et al.,
2015, Nirmalanandhan et al., 2010, Brajsa et al., 2016, Horning et al., 2008).
The differential drug sensitivity between the two models is likely to be driven
by various factors, including proliferation, hypoxic microenvironment, the cell-
matrix adhesions, cell-cell junctions and communication (Hakanson et al.,
2010, Imamura et al., 2015a). It is possible that specific signals are initiated
only in the 3D cell culture systems, which encompass the complexities of the
in vivo tissue architecture. In addition, a differential drug up-take rate may
exist between different culture models which might be another factor that

affects drug sensitivity.

Using spheroids analysis in drug screening is an important step forward in
investigating the impact of hypoxia on drug sensitivity and also hypoxic
tumour biology. However, utilising spheroids can be a complicated approach
to analyse effects on the hypoxic fraction of cells, as it is difficult to
differentiate between the effects on the normoxic and hypoxic fractions. For
example, effects on cell proliferation or survival in the hypoxic fraction of
spheroids can be masked by the proliferation of the normoxic cells (Leek et al.,
2016). Therefore, based on current technologies, it is clear that corresponding
work is generally required in 2D culture with cells grown in both normoxia and
hypoxia, to help validate results from 3D culture (Leek et al., 2016). This is one
of the important reasons why the cytotoxicity of 1Q10 on brain cancer cells
was additionally examined in 2D hypoxic conditions in the current study. The

2D hypoxia data suggest that hypoxia does not affect the efficacy of 1Q10, but
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its potency decreased in 3D spheroids, indicating that hypoxia may be not a
major factor that contributes to the decreased drug sensitivity in 3D spheroids

in our case.

Numerous aspects of the microenvironment in 3D models have been widely
studied, but very little is known for other systems, such as redox regulation.
One study has reported that auranofin treatment did not cause any significant
change in expression of either Trx or TrxR in MDA-MB-231 cells cultured in 2D,
however, expression of the Trx was decreased while TrxR expression was
increased when cells cultured in 3D spheroids, indicating that the cancer cell
environment influences the expression of the Trx system upon auranofin
treatment (Bhatia et al., 2016a). These changes in Trx system expression may
have consequences for the development of drug resistance. Therefore, future
experiments might wish to focus upon redox system regulation in 3D and how
this affects the effectiveness of TrxR inhibitor 1Q10 by measuring the
gene/protein expression of Trx system upon IQ10 treatment of cells cultured
in 3D spheroids, wusing real-time RT-PCR, Western blotting and

immunocytochemistry.

To determine whether TrxR is the target for 1Q10, cell growth and clonogenic
assays were performed on TrxR knockdown cells. DAQY and SF188 cells were
transiently transfected using TrxR siRNA; and the knockdown of TrxR
confirmed by Western blotting. The current results showed that siRNA
transfection reduced up to ~65%-77% of TrxR expression and the TrxR
silenced cells became less sensitive to 1Q10 treatment. The IC50 values of
IQ10 in TrxR silenced cells were higher, by approximately 1.5-1.7 fold, than
untransfected and siRNA scrambled cells. Such results suggest that the effect
of 1Q10 in brain cancer cells is due, at least in part, to functional inhibition of
TrxR and that TrxR is an important target for 1Q10. However, other potential
targets and mechanisms may also be involved in 1Q10’s anticancer activity. In
the current study, TrxR was not completely and permanently inhibited by
siRNA, therefore it is unclear how residual TrxR activity might affect the

cytotoxic effect of 1Q10 in transfected cells. More robust models, perhaps
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using shRNA or CRISPR systems, are required to further validate the siRNA
results. In addition, it would be interesting to identify or predict other
potential drug targets to further delineate the mechanism of action of IQ10 in
the future by using some computational approaches (e.g. different kinds of

public -omics data and drug property data) (Dai and Zhao, 2015).

3.5 Conclusions

1. Trx system proteins are differentially expressed across a variety of brain
cancer cells. 1Q10 treatment significantly inhibits TrxR activity but does
not affect expression levels of Trx system proteins in brain cancer cells.

2. 1Q10 is a very potent drug exhibiting single agent anti-proliferative and
cytotoxic effects against a variety of brain cancer cells under both
normoxic and hypoxic conditions in 2D vs. 3D systems. It is approximately
30-1000 fold more potent than TMZ, a common agent currently used to
treat brain cancers.

3. The effect of IQ10 in brain cancer cells is due, in part, to functional

inhibition of TrxR with TrxR being an important target for this compound.

165



Chapter 4 Effects of the novel TrxR inhibitor 1Q10

on the radioresponse of brain cancer cells

166



Chapter 4

4.1 Introduction

4.1.1 Radiosensitisers in brain tumours

The finding that most GBMs and SHH MBs relapse either near or within the
primary site after radiation therapy has attracted great interest in the
development of radiosensitisers to prevent local recurrence (Bindra et al.,
2017, Zapotocky et al., 2018), however decades of preclinical and clinical
studies testing a wide range of novel therapeutics have failed to yield any
novel and clinically applicable radiosensitisers (Chang et al., 2007). Research
continues to develop radiosensitising agents for the treatment of patients
with brain tumours with DNA repair inhibitors recently entering clinical trials,
and represent potential potent agents for brain tumour radiosensitisation.
The following sections will present recent progress in the use of small
molecule DNA damage response inhibitors as brain tumour radiosensitisers,
recent progress in targeting hypoxia and use of targeted agents for brain

tumour radiosensitisation.
4.1.1.1 DNA repair inhibitors

A primary mechanism through which radiotherapy kills tumour cells is by
induction of single- and double-strand DNA breaks, which, if not repaired,
induce cell death (Kelley et al., 2016). To combat DNA damage, cells have
evolved a sophisticated network of DNA damage response systems (Goldstein
and Kastan, 2015). DNA damage induced by radiation can be repaired through
different DNA repair pathways such as base excision repair (BER), nucleotide
excision repair (NER), homologous recombination (HR) and non-homologous
end-joining (NHEJ) (Helleday et al., 2008, Curtin, 2012). HR and NHEJ are the
two major repair pathways that deal with DNA double-strand breaks (DSBs).
HR repair uses a sister chromatid to effect high-fidelity repair in S and G2
phases of the cell cycle; whereas NHEJ results in error-prone rejoining of
chromosomes throughout the cell cycle but is most important during G1
phase (Jackson et al., 2019). Despite many attempts to find specific inhibitors

of HR, there are very few in pre-clinical development, with most inhibiting
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Rad51 (Lv et al., 2016, Chernikova et al., 2012). Recent studies have suggested
that the Rad51 inhibitors, for example RI-1, may sensitise to alkylating agents
(Berte et al., 2016) and radiotherapy (Balbous et al., 2016) specifically in
malignant gliomas. NHEJ has been implicated as the main DSB repair pathway
for radiation-induced damage as NHEJ mutants appear to be much more
sensitive than HR mutants to killing by radiation (Chernikova et al., 2012).
NHEJ has therefore emerged as a potentially viable target for tumour cell
radiosensitisation. Goglia et al. (2015) identified a novel inhibitor of this
pathway, mibefradil dihydrochloride, which was previously approved by the
FDA for the treatment of hypertension. This drug has been repurposed in a
phase | trial as a radiosensitiser in recurrent GBM (NCT02202993) and
preliminary results suggest that mibefradil and radiotherapy can be safely co-
administered with the potential to improve disease response (Lester-Coll et al.,

2018).

Several key targets within the DNA damage response pathways have been the
focus of activity for the development of radiosensitisers (Jackson et al., 2019).
As a master regulator of DNA damage signalling, ataxia-telangiectasia mutated
(ATM) kinase regulates a multitude of cell cycle checkpoint processes and
plays a vital part in facilitating DNA repair (Tichy et al., 2010). Consistent with
this, ATM pharmacological inhibition or genetic ablation renders tumour cells
hypersensitive to irradiation (Bindra et al., 2017, Durant et al., 2018). For
example, inhibition of ATM kinase by KU-55933 produced potent
radiosensitisation of GBM cancer stem cells (CSCs) and effectively abrogated
the enhanced DSB repair proficiency at 24 h post-irradiation (Carruthers et al.,
2015a). Another ATM inhibitor AZ1390 was also reported to radiosensitise
glioma cell lines in vitro, with p53 mutant cells generally being more
radiosensitive than wild type. In in vivo patient-derived glioma models,
AZ1390 in combination with radiation significantly induced tumour
regressions and increased survival compared to irradiation alone. AZ1390 is

now in early clinical development for use as a radiosensitiser in patients with
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GBM and brain metastases from solid tumours (NCT03423628) (Durant et al.,
2018).

Chemical inhibitors of ataxia telangiectasia and Rad 3 kinase (ATR) are less
potent radiosensitisers than ATM targeting agents (Vendetti et al., 2017), but
they have also shown exciting radiosensitising activity in a variety of
preclinical models, including pancreatic cancer (Fokas et al., 2012) and GBM
(Ahmed et al.,, 2015). A phase | clinical trial (UK PATRIOT) is currently
evaluating the safety of the ATR inhibitor AZD6738, alone or in combination
with palliative radiotherapy in patients with solid tumours (NCT02223923),
but clinical studies in GBM are not currently in development (Dillon et al.,

2017).

Checkpoint kinase (Chk) 1 and 2 are two major checkpoint protein kinases
that are activated down-stream of ATM and ATR (Pabla et al., 2008). Chk1
kinase inhibitors amplify the cytotoxic effect of ionising radiation by primarily
inhibiting S and G2 phase checkpoints while Chk2 kinase inhibitors mainly
inhibit G1 arrest (Ree et al.,, 2004, Ashwell and Zabludoff, 2008). Multiple
Chk1/2 inhibitors are in pre-clinical and early clinical development in a variety
of tumours (Mohindra et al.,, 2012, Babiker et al., 2017). Non-cytotoxic
concentrations of Chkl inhibitor AZD7762 was shown to enhance the
radiosensitivity of GBM cell lines in clonogenic assays and this effect was
greater in p53 deficient cells (Mitchell et al., 2010). In xenograft models,
AZD7762 significantly sensitised lung cancer brain metastases to radiotherapy

(Rundle et al., 2017, Yang et al., 2011).

Weel, like Chk1/2, is also a cell-cycle checkpoint kinase and a key regulator of
DNA damage surveillance pathways (Tabayashi et al., 2016). In response to
extrinsically induced DNA damage, cell division is halted by Weel to allow
time for effective DNA repair (Do et al., 2013). Use of Weel inhibitors such as
MK-1775 has been shown to radiosensitise GBM and diffuse intrinsic pontine
glioma (DIPG) cells (Caretti et al., 2013, Sarcar et al., 2011). MK-1775 is

currently the only Weel inhibitor that enters phase I/1l clinical trials in
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combination with chemotherapy and radiotherapy for the treatment of

patients with GBM and DIPG (NCT01849146 and NCT01922076).

As a critical component in the BER pathway, the enzyme PARP is involved in
the repair of DNA single strand breaks (SSBs), part of the sublethal damage
produced in cells by ionising irradiation (Rouleau et al., 2010, Kelley et al.,
2016). PARP inhibitors have recently emerged as potential radiosensitising
agents (Corso and Bindra, 2016, Lesueur et al., 2018) and there is a significant
body of pre-clinical data supporting the use of PARP inhibitors in combination
with both radiotherapy and TMZ to increase treatment responses (Chalmers,
2010). PARP inhibitors including ABT-888 (veliparib) and AZD-2281 (olaparib)
have been shown to cause in vitro and in vivo radiosensitisation of glioma
(Kelley et al., 2016) and are currently being investigated in clinical phase I/l
trials to assess their toxicity and efficacy in malignant gliomas (veliparib

NCT03581292 and olaparib NCT03212742).
4.1.1.2 Hypoxic radiosensitisers

Hypoxic tumour cells are usually 2-3 times more resistant to radiation than
those with normal levels of oxygen (Brown and Wilson, 2004) thereby
resulting in decreased efficacy of radiotherapy. The hypoxia-induced
radioresistance has been demonstrated in most solid tumours including
primary brain tumours and brain metastases (Mohindra et al., 2012). Hypoxic
cells prevalent in the solid tumours can be selectively targeted by hypoxia-
activated prodrugs (HAP) whose activation are limited to hypoxic tumour
regions thus minimising the systemic side effects (Xu et al., 2017). The most
extensively studied hypoxic radiation sensitisers in brain tumours were the
HAP family of nitroimidazoles (Bindra et al., 2017). However, a relatively large
number of trials evaluated nitroimidazole-derived compounds in gliomas
without clinical benefit (Overgaard, 2007). This is mainly due to the long half-
lives of these compounds in humans that result in greater toxicities,
preventing the high doses necessary to cause sufficient tumour drug

concentration for radiosensitisation (Mistry et al., 2017).
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Quinones and their derivatives are the earliest developed HAPs (Zeng et al.,
2018). EOQ9, an indolequinone bioreductive prodrug, has been used to
selectively target hypoxic cells over normoxic cells in malignant gliomas. In a
murine model of human GBM, a combined treatment of EO9 and radiation
increased tumour doubling time by 8.5 days, more than twice the effect of
EO9 or radiation alone (Burd et al., 2005, Mistry et al., 2017). The addition of
EO9 to radiotherapy did not increase the normal tissue toxicity (Burd et al.,
2005), suggesting that EQ9 is a promising radiosensitiser that should be
explored further. However, EO9 exhibits poor systemic pharmacokinetics,
hindering evaluation in tumour types in which local-regional administration is

not possible (Workman et al., 1992, Phillips et al., 2013).

N-oxides are promising HAPs as they can be selectively reduced to effective
therapeutic agents in hypoxic tumour regions. The most common and
clinically advanced N-oxide analogue prodrug is the tertiary amine-oxides
banoxantrone (AQ4N), whose reductive compound AQ4 can compete with
topoisomerase Il for binding to double strand DNA subsequently leading to
apoptosis and tumour cell death (Zeng et al., 2018). AQ4N has been shown to
enhance the antitumour response to radiation, cisplatin, and other
chemotherapeutics in tumour models in vivo (Williams et al., 2009a). A phase
| clinical trial demonstrated that AQ4N effectively crossed the BBB and was
activated selectively in hypoxic regions of solid tumours in patients with GBM
(Albertella et al., 2008). Unfortunately, the development of this promising
therapeutic has not progressed further than phase Il trials. A phase Il trial
investigating the efficacy and safety of AQ4N in combination with
radiotherapy and TMZ for GBM patients was started in 2006, but no results
have been published (NCT00394628).

Hyperbaric oxygen (HBO:) therapy is a treatment modality in which a patient
breathes pure O, while exposed to increased atmospheric pressure (Thom,
2011). Previous experimental and clinical studies have indicated that HBO;
therapy could enhance the therapeutic effect of radiotherapy due to the

increased oxygen supply to hypoxic tumour cells (Yahara et al., 2017). Several
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phase Il trials in patients with HGG have demonstrated that conventional
radiotherapy delivered immediately after HBO, with chemotherapy was safe
and effective, although the combined therapy was complex and time-
consuming (Beppu et al., 2003, Ogawa et al., 2012). In addition, HBO: therapy
shows promising potential for the treatment and/or prevention of delayed
radiation injury of the brain (Kohshi et al.,, 2013). The above observations
suggest that HBO, may be an attractive approach that warrants further

investigation.
4.1.1.3 Targeted agents as radiosensitisers

Many molecularly targeted therapeutics have shown great promise as
radiosensitisers through a variety of pathways (Linam and Yang, 2015).
Bevacizumab, a recombinant antibody against the angiogenesis stimulator
VEGF, has shown great promise as a radiosensitising agent in trials of patients
with locally advanced cervical cancer (Schefter et al., 2014) and head and neck
cancer (Fury et al.,, 2012). Although the mechanism of radiosensitisation is
incompletely understood, it has been suggested that bevacizumab leads to a
normalisation of the abnormal tumour vasculature, allowing for increased
blood flow and improved oxygen delivery, which in turn enhances the
effectiveness of radiotherapy (Winkler et al.,, 2004). However, in two
randomised clinical trials, bevacizumab did not improve OS in patients with
newly diagnosed GBM. PFS was prolonged but did not reach the prespecified

improvement target (Chinot et al., 2014, Gilbert et al., 2014).

Recently EGFR has emerged as a highly attractive therapeutic target in GBM
based on its high frequency of gene amplification (40-50%) and mutation
(Pang et al.,, 2017, Reardon et al., 2014). Multiple preclinical models have
demonstrated that inhibition of EGFR can increase radiosensitivity of
malignant gliomas (Lammering et al., 2001, Krishnan et al., 2003), however,
no evidence of improved survival was observed in early clinical trials of the
EGFR/tyrosine kinase inhibitor gefitinib/erlotinib in patients with recurrent or
newly diagnosed GBM (Lieberman et al., 2004, Uhm et al., 2004, Chakravarti

et al.,, 2006). In a phase Il trial, a combined treatment of bevacizumab,
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erlotinib, TMZ, and radiotherapy appeared to be well tolerated and effective
in improving PFS but the primary endpoint of improved OS was not achieved

(Clarke et al., 2014).
4.1.2 Redox homeostasis modulators in radiotherapy

One of the major mechanisms of radiation-induced cell death is based on
ROS-mediated oxidative DNA damage. A large number of studies have
indicated that compounds regulating redox homeostasis can increase the
radiosensitivity of cancer cells and may be used as an effective strategy to

enhance tumour radioresponse.
4.1.2.1 Oxidative stress modifiers

Cancer cells are frequently under higher oxidative stress compared with
normal cells. Targeting oxidative stress may represent a unique approach to
selectively enhance cancer cell killing while simultaneously reducing normal
tissue cytotoxicity (Xu et al., 2013). With its unique mechanism of action,
generating ROS through futile redox cycling, MGd has been shown to enhance
radiation responses in both animal models and clinical trials (Mehta et al.,
2002, Mehta et al.,, 2003, Miller et al., 1999). MGd appears to selectively
concentrate in tumours to a greater extent than normal tissue, showing
promise in phase | clinical trial for patients with GBM (Ford et al., 2007),
however, in a later phase I/1l trial, MGd in combination with radiotherapy and
TMZ did not result in a significant survival benefit compared to historical
control (Brachman et al.,, 2015a). Over the past 20 years, a class of redox-
active manganese (Mn) porphyrins (MnPs) has been developed as mimics of
SOD enzymes. They are potent anti-inflammatory agents that catalytically
inactivate a range of ROS and interact with transcription factors (Gad et al.,
2016). MnPs have shown the unique function of protecting normal tissues
against late radiation damage while also radiosensitising tumours in
preclinical GBM and head and neck cancer models (Ashcraft et al.,, 2015,
Weitzel et al., 2015). Based on these promising results, the lead MnPs
compound, MnBuOE has entered into a phase I/Il trial in patients with newly
diagnosed HGG (NCT02655601) (Bindra et al., 2017).
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4.1.2.2 Metabolism related redox homeostasis modulators

Malignant tumours are strongly dependent on glycolysis as a source of cellular
metabolic energy (Seyfried et al., 2011). Enhanced glycolysis generally
observed in cancer cells may be responsible for the radioresistance, partly by
enhancing the repair of DNA damage (Bhatt et al., 2015). Among the
chemotherapy drugs, 2-deoxy-D-glucose (2-DG) is an effective inhibitor of
glycolysis, glucose metabolism and the production of ATP (Oladghaffari et al.,
2017). It has been found that the glucose-deprivation induced by nontoxic
doses of 2-DG led to concentration-dependent inhibition of cell proliferation
and radiosensitisation in malignant glioma cells (Kalia et al., 2009). A
combined treatment of 2-DG and 6-aminonicotinamide induced
downregulation of y-glutamylcysteine synthetase, GR and GPx, resulting in
abrogation of GSH-mediated defence, in turn, led to an accumulation of ROS
and increased radiosensitisation of both head and neck carcinoma and glioma
cells (Sharma and Varshney, 2012). In addition, several investigations have
suggested that 2-DG also enhances radiation-induced DNA, chromosomal, and
cellular damage and acts as a radiosensitiser in other types of cancer cells,
including lung carcinoma, breast cancer and oral squamous carcinoma
(Pirayesh Islamian et al., 2017, Kawata et al., 2017, Oladghaffari et al., 2017,
Bhardwaj et al., 2012). 2-DG and radiotherapy was safely used in clinical trials
against GBM, and trial results from over 100 patients revealed a modest
survival advantage with improvement in patient quality of life (Shah et al.,,

2019).
4.1.2.3 Neutraceuticals

A number of mild pro-oxidant compounds derived from natural herbal
medicines might increase the radiosensitivity by modulating the redox state of
cancer cells to high pro-oxidant levels (Xu et al., 2013). Curcumin, a natural
plant polyphenol derived from the dietary spice turmeric, possesses diverse
pharmacologic effects including anti-inflammatory, antioxidant,
antiproliferative and antiangiogenic activities (Anand et al., 2007). When

combining with radiotherapy, curcumin has been shown to increase the

174



Chapter 4

radiosensitivity of head and neck squamous cell carcinoma (HNSCC) cells via
inhibiting TrxR activity (Tuttle et al., 2012). Additionally, a study in human
gliomas has demonstrated that tetrahydrocurcumin (a major metabolite of
curcumin) also exhibited promising radiosensitising potential both in vitro and
in vivo (Zhang et al., 2018). Indeed, a large volume of evidence demonstrates
that curcumin is a potent radiosensitiser of multiple malignancies as well as a
radioprotector of normal tissues (reviewed in (Goel and Aggarwal, 2010,
Verma, 2016)). So far, however, no clinical evidence of radiosensitisation was
observed and further research is urgently needed to strength curcumin’s

major weakness of poor oral bioavailability (Verma, 2016).

Parthenolide is a naturally occurring sesquiterpene lactone, which can easily
be extracted from herbal plant feverfew (Tanacetum parthenium), that
exhibits excellent anti-inflammatory and anti-tumour effects, making it an
attractive candidate for further studies and drug development (Mathema et
al., 2012). Parthenolide was able to selectively enhance radiosensitivity of
prostate cancer cells without injury to normal prostate epithelial cells in vitro
by increasing ROS generation and decreasing antioxidant defence capacity
through activation of NADPH oxidase (Sun et al., 2010). The radiosensitising
and protective effects of parthenolide was further confirmed in mouse

xenograft tumours (Xu et al., 2013, Morel et al., 2017).

Pharmacological ascorbate (vitamin C) has been proposed as a potential anti-
cancer agent when combined with radiation and chemotherapy (Schoenfeld
et al., 2017). At pharmacologically relevant doses (> 1 mM), ascorbate acts as
a pro-oxidant, generating extracellular ascorbyl radicals that drive H;0,-
mediated oxidative stress leading to intracellular free radical production and
damage to macromolecules. Pharmacological ascorbate radiosensitised GBM
primary cells to a much greater extent than astrocytes (Herst et al., 2012). In
GBM xenografts, ascorbate combined with radio-chemotherapy significantly
increased OS, as compared to radio-chemotherapy alone. A phase | clinical
trial demonstrated that pharmacological ascorbate was safe, tolerable, and

potentially efficacious in combination with radio-chemotherapy in GBM (NCT
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01752491) (Schoenfeld et al., 2017). A variety of other neutraceuticals are
also reported to enhance the radiosensitivity of tumour cells by modulating
redox homeostasis, including ferulic acid, isoliquiritigenin, tinospora cordifolia,

resveratrol and piperine (Zhang and Martin, 2014).
4.1.3 Radioresponse of cells in 3D culture

The cellular responses to ionising radiation have predominantly been
measured in 2D monolayer cultures. Although convenient for biochemical
analysis, it is not always reflective of the in vivo cellular environment and such
studies may not represent the true nature of radiation-induced responses
(Sowa et al., 2010). In many studies, an enhanced cancer cell resistance to
radiotherapy is sometimes observed in 3D cultured cells (Lin et al., 2009). 3D
culture of human HNSCC and lung carcinoma cells has been shown to
promote radioresistance compared with 2D culture, accompanied with
reduced numbers of DNA DSBs and lethal chromosome aberrations (Storch et
al., 2010b). Long-term culture of human mammary epithelial cells (MEC) in 3D
was shown to offer a protective effect on cell survival after irradiation and the
likely mechanism underlying the differential radiosensitivity observed in 3D
structures versus 2D monolayers was the decreased amount of radiation-
induced apoptosis (Sowa et al., 2010). In contrast, Lin et al. (2009) found no
significant differences in the radioresponses of human MEC MCF10A cells in
2D or 3D cultures. Only very few studies have reported alterations of
radioresponse between 2D and 3D cultures in brain cancer cells. One study
with 3 patient-derived GBM lines demonstrated no difference in radiation
sensitivity between 2D and 3D cultures, as measured by clonogenic survival
assay (Gomez-Roman et al., 2017). Recently, a study conducted in 3 human
bladder cancer cell lines reported that the difference in radiosensitivity
between 2D and 3D culture systems was highly dependent on the cell line

(Bodgi et al., 2019).
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4.1.4 Hypotheses and Aims
4.1.4.1 Hypotheses

1. The intrinsic radiosensitivity of brain cancer cells varies between different
lines.

2. Brain cancer cells cultured in hypoxic or 3D conditions are more resistant
to radiation, as compared to cells grown in 2D normoxic conditions.

3. The TrxR inhibitor 1Q10 radiosensitises brain cancer cells with the drug
being more effective under 3D and hypoxic conditions.

4. Increased ROS generation and subsequent oxidative DNA damage are

mechanisms associated with IQ10-induced radiosensitisation.
4.1.4.2 Aims

1. Assess the intrinsic radioresponse of different brain cancer cell lines.

2. Assess and compare the radiation responses of brain cancer cells in
normoxic vs. hypoxic conditions and also in 3D vs. 2D cultures.

3. Investigate the in vitro radiosensitising effects of the novel TrxR inhibitor
Q10 on brain tumour cells in normoxic vs. hypoxic conditions and also in
3D vs. 2D cultures.

4. Investigate the potential mechanisms underlying the radiosensitising
effect of 1Q10 by measuring the intracellular ROS levels and quantifying
DNA damage.

4.2 Methods

4.2.1 Cellirradiation

Subconfluent cells or 4-day old spheroids were irradiated using an Xstrahl
RS225 cabinet at room temperature with 195 kV and 10 mA x-rays at a dose
rate of 0.87 Gy/min. The cabinet was fitted with a 0.5 mm copper filter and
used at a 48.4 cm focus-to-skin distance. X-ray irradiation was carried out at a
single dose of 2, 4, 6 or 8 Gy. Sham irradiated cells were used as controls.
Dosimetry was routinely checked by Radiotherapy physicist in the Department

of Radiotherapy Physics, Nottingham University Hospitals NHS trust, City
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Hospital campus. Following irradiation cells or spheroids were immediately
trypsinised and plated for clonogenic survival assay as described in Section

3.2.4and 3.2.8.

When investigating the effect of hypoxia on radioresponse, cells were seeded
into T25cm? tissue culture flasks with plug-seal caps and allowed to attach
overnight. Cells were then transferred into a hypoxic incubator (37°C, 1% O, 5%
CO3) and incubated under hypoxia for 48 h with the caps unsealed. A longer
period of incubation time was applied here to ensure that adequate levels of
intracellular hypoxia were reached prior to irradiation. Afterwards, the flasks
were immediately sealed once the hypoxic incubator was opened, and cells
immediately irradiated then plated for clonogenic survival as discussed above.
The caps of flasks were kept sealed during the irradiation procedure in order
to avoid reoxygenation which might influence results. Control flasks were

sham irradiated.
4.2.2 Drug-radiation combination

The effect of 1Q10 on radiosensitivity of brain cancer cells was assessed by
clonogenic survival assay under both normoxic and hypoxic conditions and in

both 2D and 3D spheroid cultures.
4.2.2.1 Drug-radiation combination in 2D culture

Cells were seeded at a density of 1x10° cells/ml in T25cm? tissue culture flasks
for 24 h to attach. The cells were pretreated with 1 uM of 1Q10 (maximal
inhibition effects of TrxR activity was observed at this concentration (Section
3.3.2.1)) or relative DMSO control for 4 h followed by mock or 2-8 Gy
irradiation in a single fraction. Directly after irradiation, cells were trypsinised
and plated for clonogenic survival as described in Section 3.2.4. When
investigating the effect of hypoxia in these conditions, cells were treated with
clonogenic IC50 dose of 1Q10 under hypoxia (1% O;) for 48 h prior to

irradiation and plated for clonogenic survivals as discussed above.
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4.2.2.2 Drug-radiation combination in 3D spheroid culture

To observe the effect of IQ10 on radiosensitivity of cells in 3D spheroid culture
model, cells were seeded in ULA 96-well plates and left in the incubator for 4
days to form mature spheroids (spheroid formation method and cell seeding
number are described in Section 3.2.8.1 and 3.3.4.1, respectively). For each
condition, at least 12 spheroids were prepared. 4-day-old spheroids were
pretreated with 1 uM of 1Q10 or relative DMSO for 4 h (a 4-h drug exposure
time was able to allow drug penetration through spheroids, as revealed in
Section 3.3.4.3) and irradiated with a single dose of 2, 4, 6, or 8 Gy (cells with
sham irradiation were set as 0 Gy). Following irradiation, cells were
disaggregated from spheroids immediately and plated for assessment of
clonogenicity using the conventional clonogenic survival assay as described in
Section 3.2.8. 2D controls were plated one day before drug treatment and
subjected to 1 uM 1Q10 or DMSO treatment for 4 h followed by irradiation at
the same time as those in 3D spheroids. Following irradiation, 2D control cells

were immediately trypsinised and plated for clonogenic assay.
4.2.3 TrxR knockdown and irradiation

DAOY and SF188 cells were transfected with 10 nM siRNA, to transiently
knockdown expression of TrxR, using the protocol described in Section 3.2.7.
After 48 h of transfection, cells were plated in T25cm? flasks at a density of 1 x
10° cells/ml and cultured overnight to allow adherence. Cells were then
irradiated with single doses of 2, 4, 6, or 8 Gy (cells with sham irradiation were
set as 0 Gy) and subjected to clonogenic assay as described in Section 3.2.4.

Cells with mock transfection and mock irradiations were set as control.
4.2.4 Measurement of intracellular ROS levels

The cell-permeable dye 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA)
(Invitrogen) was used to detect intracellular ROS levels in DAOY and UW228-3
cells. H,DCFDA is an oxidation-sensitive fluorescent probe which passively
diffuses into cells and is retained in the cells after cleavage by esterases. Upon

oxidation by ROS, the nonfluorescent H,DCFDA is converted to the highly
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fluorescent 2', 7'-dichlorofluorescein (Vaughn and Deshmukh, 2008).
Subconfluent cells were treated with various concentrations of 1Q10 or
auranofin (a positive control and comparator) for 4 h either alone or with
subsequent 1 mM H;0. exposure (ROS positive control) for 1 h. Cells treated
with DMSO, at the same dilution ratio as 1Q10 in complete cell culture
medium, were set as negative controls. After treatment, cells were washed in
PBS and stained with 1 uM H;DCF-DA in fresh medium at 37°C for 30 min.
Cells were then harvested and resuspended in PBS at a concentration of 1 x
10° cells/ml. The ROS-dependent fluorescence intensity was immediately
measured by a MACSquant flow cytometer (Miltenyi Biotec). A gate was set to
include only healthy living cells in the analysis and gate out the dead cells.
Data were analysed using FlowlJo7.6.1 software (TreeStar) to obtain the
median fluorescence intensity (MFI) of each group representing the amount

of intracellular ROS generation.
4.2.5 Immunofluorescence

To assess DNA DSB damage following treatment, immunofluorescent staining
of yH2AX foci was used. Briefly, cells were plated on Biocoat™ coverslips
(Corning), allowed to attach overnight and exposed to 1 uM 1Q10, or an
equivalent concentration of DMSO as in the drug treatment group, for 4 h and
irradiated with 2 Gy or sham irradiated. 30 min after irradiation, cells were
fixed in 4% paraformaldehyde/PBS for 30 min then permeabilised and blocked
in 0.3% Triton X-100 with 3% bovine serum albumin (BSA) in PBS for another
30 min at room temperature. Afterwards, cells were stained with primary
anti-yH,AX antibody (1:500 dilution, Millipore) overnight at 4°C followed by
incubation with Alexa 647-conjugated goat anti-mouse secondary antibody
(1:200 dilution, Abcam). Nuclei were counterstained with Vectashield
containing DAPI (Vector). Imaging was performed at 63 x magnification on a
confocal microscope (Leica TCS SPE). The number of yH;AX foci was counted
using Imagel) with at least 100 nuclei analysed for each condition. Nuclei
which exhibited confluent staining for yH2AX were assumed to be in S phase

and were excluded from analysis (Carruthers et al., 2015b).
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4.2.6 Statistical analysis

Statistical analysis was performed using SPSS 24.0 software. All experiments
were repeated three times unless otherwise stated. Data points were
expressed as the mean * SD and analysed using the Student’s t-test (for
comparing 2 groups) and one-way ANOVA test (when comparing > 2 groups).
For radiation survival analysis, the SF of radiation alone was calculated as
number of colonies / (number of cells plated x PE); the SF of radiation plus
IQ10 was corrected for independent cytotoxic effects of IQ10 and calculated
as number of colonies / (number of cells plated x PE x SF of 1Q10 alone).
Survival curves were fitted to the L-Q model using the open source survival
calculation programme CS-CAL developed by the German Cancer Research

Centre (http://angiogenesis.dkfz.de/oncoexpress/software/cs-cal/). The mean

values of parameters a, B, a/B, and SF2 (surviving fraction at 2 Gy) were
calculated from the fitted curves. Sensitizer enhancement ratio (SER) was
calculated as the radiation dose needed for radiation alone divided by the
dose needed for 1Q10 plus radiation to yield a SF of 1%. The oxygen
enhancement ratio (OER) refers to the enhancement of a therapeutic or
detrimental effect of ionising radiation due to the presence of oxygen, and
was quantitatively defined as the ratio of doses required to achieve a SF of 10%
for hypoxic and normoxic cells (Pasciak et al., 2016). P values < 0.05 were

considered statistically significant.
4.3 Results

4.3.1 Intrinsic radiosensitivity of brain cancer cell lines
4.3.1.1 2D normoxia and hypoxia

To evaluate the intrinsic radiosensitivity, clonogenic survival assays were
performed on a panel of five brain cancer cell lines cultured in 2D monolayers
under normoxic conditions. The radiation survival curves fitted by the L-Q

model for each cell line are plotted in

Figure 4.1 and the radiobiologic parameters are listed in Table 4.1.
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Figure 4.1 Survival curves of brain cancer cells after single dose irradiation.
Brain cancer cells SNB19, SF188, KNS42, DAQY and UW228-3 were irradiated with single doses
of 1, 2, 4, 6 or 8 Gy and sham irradiated cells (0 Gy) were set as controls. Data represent the
mean SF + SD of at least three independent experiments, with each experiment containing six
parallel data sets. PEs of individual cell lines were as follows: SNB19—69+11%; SF188—70+10%;
KNS42-63+7%; DAOY—65+13%; UW228-3—-8519%.

Results show that radiation exposure causes a dose-dependent cytotoxic
effect on all cell lines and that radiosensitivity varies significantly between cell
lines. SNB19 and DAOY were the most radioresistant, with SF2 values of 0.48 +
0.05 and 0.57 £ 0.09, respectively. SF188 and UW228-3 were moderately
resistant with SF2 values of 0.46 + 0.08 and 0.35 + 0.07, respectively, whereas
KNS42 was highly radiosensitive with an SF2 of 0.18 + 0.02.

Table 4.1 Radiobiologic parameters of different brain cancer cell lines in 2D
cultures.

Cell line o (Gy?) B (Gy?) o/B (Gy) SF2

SNB19 0.28+0.06 0.060.01 4,53+1.31 0.48+0.05
SF188 0.1910.11 0.10£0.02 2.0311.47 0.46%0.08
KNS42 0.72+0.08 0.07+0.01 11.00+3.85 0.18+0.02
DAOY 0.12+0.04 0.09+0.02 1.54+0.89 0.57+0.09

Uw228-3 0.39+0.14  0.07+0.02  6.87+3.37  0.35%0.07

Parameters were calculated from clonogenic data fitted to a LQ model. Data represent the
mean + SD of at least three independent experiments. Abbreviation: SF2, surviving fraction at
2Gy.

The impact of hypoxic exposure on cellular radiosensitivity was evaluated
using DAOY and UW228-3 cells. Cells were incubated under normoxia or
hypoxia (1% O;) for 48 h before irradiation. As expected, both cells lines
became more resistant to radiation under hypoxic conditions compared to

that of normoxic culture conditions (Figure 4.2), with SF2 values increasing

182



Chapter 4

from 0.59 + 0.10 to 0.69 + 0.08 for DAQY (P=0.24) and from 0.35 + 0.03 to 0.56
1+ 0.12 (P=0.04) for UW228-3.
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Figure 4.2 Radiosensitivity of brain cancer cells under aerobic or hypoxic

conditions. Cell survival curves for (A) DAOY and (B) UW228-3 were fitted by the L-Q model.
PEs for DAOY and UW228-3 cells cultured in normoxia were 76% and 93% (+2% and 3%),
respectively; PEs in hypoxia were 65% and 86% (+12% and 8%), respectively. Data represent
the mean SF * SD of at least three independent experiments, with each experiment containing
six parallel data sets, which are analysed using the Student’s t-test. ** P<0.01, *** P<0.001
hypoxic cells vs. normoxic control cells.

The dose required to achieve a 1 log cell kill (SF=0.1) in hypoxia was 6.0 and
5.3 Gy in DAQOY and UW228-3 cells respectively, while under aerobic
conditions the same effect was observed at 4.4 and 3.5 Gy. The mean OERs (at
a SF of 0.1) were 1.36 + 0.03 and 1.51 + 0.21 for DAOY and UW228-3 cells,
respectively. These values were lower than a previous report which suggests
that the OERs of x-rays are usually between 2.5 and 3.5 at irradiation doses of
0-30 Gy (Hall and Giaccia., 2012), but the significantly increased SFs of the
hypoxic cells in this study still suggest that exposure to moderate hypoxia (1%)

increases radioresistance of brain cancer cells.
4.3.1.2 3D spheroids

Spheroid cultures have, given the impact of hypoxia on the efficacy of
radiation response, been a highly useful model for understanding these
tumour-microenvironmental relationships. Clonogenic survival assays were
performed to compare the effect of 2D vs. 3D cultures on radiation responses
of DAOY and UW228-3 cells. PEs for both cell lines were slightly lower in
spheroids than from conventional 2D cultures (detailed in Section 3.3.4). As

shown in Figure 4.3, both DAOY and UW228-3 cells in 3D spheroids were,
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somewhat unexpectedly, significantly more sensitive to radiation than cells
grown in 2D culture and this effect became more obvious as the irradiation

dose increased.
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Figure 4.3 Radiation response of DAOY (A) and UW228-3 (B) in 2D and 3D

spheroid culture systems. PEs for DAOY and UW228-3 cells cultured in 2D were 69% and
86% (+ 4% and 1%), respectively; PEs for spheroids were 59% and 61% (+ 5% and 15%),
respectively. Data represent the mean SF + SD of at least three independent experiments, with
each experiment containing six parallel data sets, which are analysed using the Student’s t-
test. ¥P<0.05, **P<0.01, ***P<0.001 2D vs. 3D.

The SF2s for DAOY and UW228-3 spheroids were 0.56 + 0.05 and 0.30 + 0.06,
respectively, which were slightly lower than the values of 0.57 + 0.08 and 0.34
1+ 0.06 in 2D cultures. When comparing the radiosensitivity between spheroids,
UW?228-3 was more sensitive to radiation than DAOY (SF2s of UW228-3 vs.
DAOQY; 0.30 + 0.06 vs. 0.56 + 0.05; P=0.0008), which is consistent with the data

from 2D cultures as shown above.

4.3.2 Effect of 1Q10 on radiosensitivity of brain cancer cells

4.3.2.1 1Q10 radiosensitisation of brain cancer cells cultured in 2D aerobic

conditions.

The radiosensitising effects of 1Q10 were investigated, using the clonogenic
survival assay, across a panel of 4 brain cancer cell lines using 2D culture.
Cancer cells were treated with 1 uM of 1Q10 for 4 h and subsequently exposed
to various radiation doses under aerobic conditions. As shown in Figure 4.4,
IQ10 substantially increased radiosensitivity in all but KNS42 cells with the

radiosensitising effect most pronounced in UW228-3 cells.
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Figure 4.4 Effects of 1Q10 on radiosensitivity of brain cancer cells in 2D

culture. Linear quadratic survival curves compared the effects of 1Q10 plus radiation versus
radiation alone on DAQY, UW228-3, SF188 and KNS42 cells. PEs for DAOY, UW228-3, SF188
and KNS42 cells were 63% (+14%), 79% (+16%), 81% (+2%) and 64% (+5%), respectively. Data
represent the mean SF + SD of at least three independent experiments, with each experiment
containing six parallel data sets, which are analysed using the Student’s t-test. *P< 0.05, **P<
0.01 and ***P< 0.001 control vs. 1Q10.

In addition, the SF2 values of DAOQOY, UW228-3 and SF188 cells were
significantly reduced by 1Q10, further confirming the radiosensitising effect of
IQ10 (P=0.017, P=0.001, and P=0.048, respectively). Mean SF2 values for
DAOY, UW228-3, and SF188 control cells were 0.50 + 0.05, 0.35 + 0.05, and
0.50 + 0.05, respectively, compared to 0.35 + 0.07, 0.07 + 0.03, and 0.29 *
0.12 for 1Q10 treated cells. The mean SERs of 1Q10 at 1% survival (SERo.01)
were 1.25 £ 0.03, 1.68 £ 0.25, 1.22 + 0.04, and 1.02 = 0.02 for DAOY, UW228-3,
SF188 and KNS42 cells, respectively (Table 4.2). Other radiobiologic

parameters including a, B, and a/p ratios are summarised in Table 4.2.
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Table 4.2 Radiobiologic parameters of brain cancer cells treated with 1Q10
and/or radiation in 2D culture.

Cell line o (Gy?) B (Gy?) o/B (Gy) SF2 SERo.01
DAQY
IR alone 0.21+0.07 0.07+0.01 3.01+1.28 0.50+0.05 1.25+0.03
IR+IQ10 0.34+0.14 0.10+0.02 3.81+2.09 0.35+0.07
t test P=0.142 P=0.059 P=0.535 P=0.017
UW228-3
IR alone 0.40+0.10 0.07+0.01 6.58+3.53 0.35+0.05 1.68+0.25
IR+IQ10 1.36+0.28 0.00+0.00 548.84+65.54 0.07+0.03
t test P=0.005 P=0.002 P<0.001 P=0.001
SF188
IR alone 0.15+0.05 0.10+0.00 1.56+0.50 0.50+0.05 1.22+0.04
IR+1Q10 0.48+0.27 0.08+0.04 8.22+8.39 0.29+0.12
t test P=0.111 P=0.552 P=0.242 P=0.048
KNS42
IR alone 0.69+£0.06 0.08+0.00 9.25+1.44 0.19+0.02 1.02+0.02
IR+1Q10 0.76£0.05 0.07+0.01 11.80+1.97 0.17+0.01
t test P=0.212 P=0.122 P=0.143 P=0.265

Parameters were calculated from clonogenic data fitted to a linear quadratic model. Data
represent the mean + SD of at least three independent experiments. Statistical significance
was determined by Student's t-test. The P-values are bold where they are < 0.05.
Abbreviations: IR, irradiation; SERo.01, sensitiser enhancement ratio at 1% survival; SF2,
surviving fraction at 2Gy.

a and B are experimentally derived parameters for the linear and quadratic
terms of L-Q formula, respectively. The initial slope of cell survival curves and
the effectiveness at low doses is determined by a, while B represents the
increasing contribution from cumulative damage. The a/B ratio represents the
dose at which the two terms contribute equally to the total effect (Franken et
al., 2013). 1Q10 treatment significantly increased the a-value while decreased
the B-value with cell line UW228-3. Increase of the a-value and decrease of
the B-value consequently raised the a/p ratio, indicating the efficacy of 1Q10-
induced radiosensitisation. In contrast, these parameters were not
significantly altered in any other line, suggesting a smaller or insignificant
radiosensitising effect of 1Q10. Taken together, 1Q10 treatment significantly
enhanced in most cases the radiosensitivity of brain cancer cells cultured in

2D aerobic conditions.
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4.3.2.2 1Q10 does not radiosensitise hypoxic cancer cells

In order to examine whether 1Q10 could enhance radiosensitivity of hypoxic
DAOQY or UW228-3’s each cell line was treated with the clonogenic IC50 dose
of 1Q10 and incubated under aerobic or hypoxic conditions for 48 h prior to
irradiation. Such a longer incubation time, of 48 h, was used to ensure cells
were hypoxic at the time of irradiation. In line with the results from 4-h 1Q10
treatment (Figure 4.4), under aerobic conditions, a 48-h 1Q10 exposure (IC50
dose) also significantly sensitised both DAOY and UW228-3 cells to radiation
(Figure 4.5). Following 1Q10 treatment, the SFs at 6 Gy were reduced from
1.96% to 0.93% (+ 0.49% and 0.34%, P=0.005) and from 1.05% to 0.58% (+
0.04% and 0.23%, P=0.03) for DAOY and UW228-3, respectively. However,
under hypoxic conditions, no enhanced radiosensitivity of either line could be
detected after IQ10 treatment (Figure 4.5), suggesting that Q10 is effective in
enhancing radiosensitivity in normoxia, and that radiosensitising effects are

not maintained in hypoxia.
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Figure 4.5 Effects of Q10 on radiosensitivity of brain cancer cells in normoxic

vs. hypoxic conditions. DAOY and UW228-3 cells were treated with clonogenic IC50 dose
of 1Q10 for 48 h under aerobic or hypoxic conditions. Cells were then irradiated with a single
dose of 6 Gy and plated for clonogenic assay. PEs for DAOY and UW228-3 cells cultured in
normoxia were 64% and 91% (£11% and 5%), respectively; PEs in hypoxia were 62% and 87%
(£10% and 6%), respectively. Data represent the mean + SD of three independent
experiments, with each experiment containing six parallel data sets. Statistical significance
was determined by Student's t-test. *P< 0.05 and **P< 0.01 6 Gy vs. 6 Gy + 1Q10.

It should be noted, however, that no radiosensitisation was observed after 48-
h contact with 1Q10 under hypoxia. Ideally it would have been useful to assess
the radiosensitising effect of 1Q10 after a 4-h drug exposure at a

concentration of 1 UM as these were the treatment conditions that already
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exhibited significant radiosensitising effect under 2D aerobic conditions

(Section 4.3.2.1).

4.3.2.3 1Q10 radiosensitised brain cancer spheroids

To examine if 3D growth of cell lines influenced the radiosensitising effects of
IQ10 spheroids were pretreated with 1Q10 for 4 h, irradiated then
immediately disaggregated and plated for clonogenic survival. As shown in
Figure 4.6, 1Q10 significantly enhanced the radioresponse of both DAQOY and
UW228-3 spheroids, with SERpo1 values of 1.38 + 0.31 and 1.16 % 0.01,

respectively.
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Figure 4.6 Effects of 1Q10 on radiosensitivity of brain cancer cells in 2D vs. 3D

spheroid cultures. Clonogenic survival curves comparing the radiosensitising effects of
1Q10 on DAQY and UW228-3 cells in 2D vs. 3D cultures. PEs for DAOY and UW228-3 cells
cultured in 2D were 63% (+14%) and 79% (+16%), respectively; PEs for 3D spheroids were 59%
(£5%) and 28% (+7%), respectively. Data represent the mean SF + SD of at least three
independent experiments, with each experiment containing six parallel data sets, which are
analysed using the Student’s t-test. Asterisk indicates significance (*P< 0.05 and **P< 0.01).

Table 4.3 summarises other radiobiologic parameters calculated from linear-
quadratic survival curves. When comparing the radiosensitising efficacy of
IQ10 between 2D and 3D spheroid cultures (Figure 4.6), IQ10 seems more
effective in 3D spheroid culture than in 2D culture for DAQY cells (SER3p= 1.38
+0.31 > SER2p=1.25 + 0.03, P=0.446), whereas |1Q10 became less effective for
UW228-3 spheroids (SER3p=1.16 + 0.01 < SERzp = 1.68 + 0.25, P=0.002) (Table
4.2 and Table 4.3).
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Table 4.3 Radiobiologic parameters of brain cancer spheroids treated with
1Q10 and/or radiation.

Spheroids a (Gy?) B (Gy?) o/B (Gy) SF2 SER0.01

DAOY
IRalone 0.08+0.06  0.13+0.03  0.66%0.55 0.55+0.04  1.38+0.31
IR+1Q10 0.68+0.62  0.10+0.06  14.26+19.46 0.2310.17
t test P=0.100 P=0.421 P=0.208 P=0.013
Uw228-3
IRalone 0.17+0.15  0.20+0.03  0.90+0.82 0.33+0.07  1.16+0.01
IR+1IQ10 0.28+0.30  0.24+0.06  1.41+1.74 0.23+0.08
t test P=0.599 P=0.303 P=0.669 P=0.166
Parameters were calculated from clonogenic data fitted to a linear quadratic model. Data
represent the mean + SD of at least three independent experiments. Statistical significance
was determined by Student's t-test. The P-values are bold where they are < 0.05.
Abbreviations: IR, irradiation; SERo.01, sensitiser enhancement ratio at 1% survival; SF2,
surviving fraction at 2 Gy.

The SF2 values of DAQY were significantly reduced by 1Q10 from 0.55 + 0.04
for controls to 0.23 + 0.17 for 1Q10 treated spheroids (P=0.013), further
confirming the radiosensitising effect of 1Q10. The SF2s of UW228-3 were also
reduced by 1Q10, but this did not achieve statistical significance (P=0.166).
IQ10 treatment appeared to increase the a-value while decrease the B-value
in DAQY spheroids with consequently increased a/p ratio; UW228-3 spheroids
showed some increased a- and B-values and also increased a/p ratio after
IQ10 treatment. None of these alterations of the L-Q parameters achieved
statistical significance in either cell line, suggesting that 1Q10 is probably not
effective enough to induce any significant changes of L-Q parameters in brain
cancer spheroids, but enhanced radiosensitisation obviously existed as
discussed above. Collectively, irrespective of the system used (2D or 3D) it can

be concluded that IQ10 sensitises DAOY and UW228-3 cells to radiation.

4.3.3 Downregulation of TrxR protein expression radiosensitises brain

cancer cells

Data thus far strongly suggested that, via the radiosensitising effect observed
with 1Q10, that TrxR was an important target protein that mediates such
effects. To fully evaluate the role of TrxR in regulating the radiosensitivity of
brain cancer cells, TrxR siRNA was used to downregulate TrxR expression. As

shown in Section 3.3.5, TrxR expression was, as determined by Western
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blotting, markedly decreased (~65% reduction of control for DAOY and ~77%
for SF188) in the TrxR siRNA group compared with the siRNA control group.
Clonogenic data revealed that knocking down TrxR in DAOY and SF188 cells
and irradiating at maximal knockdown resulted in enhanced sensitivity to
radiation (Figure 4.7). The SF2s values were 0.66 + 0.04 and 0.53 + 0.02 for
DAOQOY and SF188 control cells, respectively; when the cells transfected with
TrxR siRNA, the SF2s were reduced to 0.53 + 0.03 (P=0.012) and to 0.39 + 0.02
(P<0.01), respectively (Table 4.4). However, the magnitude of the
radiosensitising effect of TrxR siRNA was smaller than that of 1Q10, i.e. the
SERo.01 values for cells treated with TrxR siRNA were 1.11 + 0.04 and 1.13 *
0.03 for DAQY and SF188 cells, respectively, which were less than the SERo.01
values of 1.25 + 0.03 and 1.22 + 0.04 for cells treated with IQ10 (Table 4.2 and
Table 4.4). Such differences may be due to the residual, functional, protein still
present at maximal knock down (i.e. ~35% and 23% of control TrxR expression
were present for DAOY and SF188 respectively) or may indicate that 1Q10

affects other proteins, that influence radiosensitivity, other than solely TrxR.
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Figure 4.7 TrxR knockdown enhances the radiosensitivity of DAOY and SF188

cells. Clonogenic survival of DAOY and SF188 cells transfected with either TrxR siRNA or
negative siRNA control for 48 h before irradiation were investigated after a range of radiation
doses. The PEs of cells were as follows: si-NC DAQY - 56 + 12%; si-TrxR DAQY - 65 + 8%; si-NC
SF188 — 52 + 6%; si-TrxR SF188 — 55 + 11%. Data represent the mean SF + SD of three
independent experiments, with each experiment containing six parallel data sets, which are
analysed using the Student’s t-test. *P<0.05 and **P<0.01, si-NC vs. si-TrxR. Abbreviations:
NC, negative control.
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Table 4.4 Radiobiologic parameters of brain cancer cells transfected with
TrxR siRNA or negative siRNA control.

Cell line o (Gy?) B (Gy?) o/B (Gy) SF2 SER0.01

DAOY
si-NC 0.01+0.01 0.09+0.00 0.15+0.10 0.66+0.04 1.11+0.04
si-TrxR 0.13+0.06  0.09+0.01 1.53#0.96 0.53%0.03
t test P=0.027 P=0.806 P=0.068 P=0.012

SF188
si-NC 0.09+0.02 0.12+0.00 0.76+0.18 0.53£0.02 1.13+0.03
si-TrxR 0.23+0.08 0.12+0.03 2.01£1.00 0.39£0.02
t test P=0.046 P=0.685 P=0.101 P<0.01

Parameters were calculated from clonogenic data fitted to a linear quadratic model. Data

represent the mean + SD of three independent experiments. Abbreviations: IR, irradiation; si-
NC, siRNA negative control; SERo.01, sensitiser enhancement ratio at 1% survival.

Although the radiosensitising effect of TrxR siRNA was modest, data suggest
that TrxR does exert some effects on radiosensitivity of brain cancer cells. To
more fully evaluate this, in a more robust fashion, shRNA or CRISPR systems

may have to be considered in future work.

4.3.4 1Q10induced ROS production

To understand the potential mechanisms responsible for the enhanced
radiosensitisation by 1Q10, the intracellular ROS levels in brain cancer cells
were examined by FACS using a H,DCFDA probe. The baseline ROS level in
DAOQY cells was higher than that in UW228-3 cells (Figure 4.8). The MFI of ROS
production for DAOY control group was 50.2 + 6.2, whereas a lower MFI of

36.5 + 4.8 was observed in UW228-3 control group (P=0.03).
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Figure 4.8 Effect of 1Q10 on intracellular ROS levels of brain cancer cells. Cells
treated with varying concentrations of IQ10 for 4 h with or without subsequent 1 mM of H20:
for 1 h (cells without drug treatment were set as control) were collected and subjected to
intracellular ROS level analysis by FACS. (A) Representative histogram of intracellular ROS of
DAQY and UW228-3 cells treated with 2 pM 1Q10 + 1 mM H»0., positive control (H202) and
negative control cells. (B) The median fluorescence intensity (MFI) was calculated and plotted.
Data represent the mean * SD of three independent experiments, which are analysed using
the ANOVA one-way tests. * P<0.05, ** P<0.01, *** P<0.001, 1Q10/ H.0: vs. untreated
control. # P<0.05, ## P<0.01, ### P<0.001, 1Q10 + H20; vs. H20; alone.

Both cell lines responded similarly to the positive control, H20;,, with ROS
levels increasing to 1.4-fold of control in DAQY cells (P=0.01) and 1.5-fold of
control in UW228-3 cells (P=0.008). Following 1Q10 or Q10 + H,0; treatment,
a dose-dependent increase in the intracellular ROS levels was observed in
both cell lines (Figure 4.8B). The intracellular ROS levels were elevated to 1.8-
or 2.2-fold of controls in DAQY cells after 2 uM 1Q10 or 2 uM 1Q10 + 1 mM
H,0; treatment (P<0.001 or P=0.003). In contrast to DAQY cells, the effect of
Q10 on increasing intracellular ROS levels was more pronounced in UW228-3
cells. Treatment with 1uM 1Q10 or 1uM 1Q10 + 1ImM H;0; resulted in a 2.0- or
2.9-fold increase in ROS levels compared to untreated controls in UW228-3
cells (P=0.02 or P=0.006). When the concentration of IQ10 was increased to
2uM, the intracellular ROS levels were elevated further to 3.0- or 4.3-fold of
controls (P=0.002 or P<0.001). The results listed above suggest that 1Q10

significantly impairs the cells ability to cope with oxidative stress, especially
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that induced by H20,. As ROS are super active chemical species and can cause
detrimental effects to cells through reaction with various cellular components,
including DNA, proteins and lipids. It was therefore of interest to assess if the

1Q10-induced ROS elevation could lead to DNA damage, particularly DSBs.

4.3.5 1Q10 increases yH2AX formation alone and in response to radiation

The analysis of induction of DNA DSBs was measured by immunofluorescent
detection of yH2AX foci formation. H2AX is known to be phosphorylated
rapidly in response to DNA DSBs, leading to the formation of nuclear foci that
can be visualised by immunocytochemical detection. Analysis of this
fluorescent marker allows for a quantitative measure of DNA damage. As
shown in Figure 4.9 and Appendix B-Figure B1, spontaneous DNA DSBs were
found in untreated control cells (~¥2-4 yH2AX foci/nucleus in both DAQOY and
UW?228-3). Following 1Q10 or irradiation treatment, the yH2AX foci generation
was significantly increased in both cell lines as compared to the controls, and
the increase was significantly higher in the 2Gy irradiated group than in 1Q10
treatment group (P<0.01). Furthermore, when combining Q10 with radiation,
the number of yH2AX foci was increased to an even greater extent than
achieved by irradiation alone. The average yH2AX foci number was increased
from 33.6 + 0.13 in irradiation alone group to 39.2 + 3.3 in irradiation and
Q10 combined group for DAQY cells (P=0.01), and from 30.0 + 3.0 to 46.8
6.5 for UW228-3 cells (P=0.04). When comparing between cell lines, the
effects of this combination treatment on yH2AX foci formation were more
pronounced in UW228-3 cells, but overall the same response was seen. Such
results demonstrate that 1Q10 treatment can cause DNA DSBs in brain cancer
cells, either directly or indirectly, and enhance the extent of DNA damage
induced by radiation, which may be one of the underlying mechanisms
responsible for the 1Q10-mediated radiosensitising effects seen in DAQY and
UW228-3 cells. Taken together, data indicate a possible mechanistic link
between radiosensitisation, DNA damage and ROS production induced by

Q10 through TrxR inactivation.
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Figure 4.9 Quantification of yH2AX foci in DAOY and UW228-3 cells following

treatment with 1Q10, radiation or combination of 1Q10 plus radiation. DAOY
and UW228-3 cells were treated with or without Q10 (1 uM) for 4 h prior to irradiation (2
Gy). yH2AX foci in DAOY and UW228-3 cells were quantified 30 min after treatment with 1Q10
(1 uM), radiation (2Gy), or 1Q10 plus radiation. Average number of yH2AX foci/nucleus is
shown on the y-axis. More than 100 cells were analysed for each case. Data represent the
mean + SD of three independent experiments. One-way ANOVA test was used to calculate
statistics: *P<0.05, **P< 0.01, ***P<0.001.

4.4 Discussion

In this study, the in vitro radiosensitising efficacy of a novel TrxR inhibitor 1Q10
was investigated for the first time in brain cancer cells in normoxic vs. hypoxic
and in 2D vs. 3D conditions. Data demonstrate that 1Q10 sensitises brain
cancer cells to irradiation in both 2D and 3D spheroid cultures with
preliminary data suggesting that there was, unexpectedly, no enhanced
radiation sensitisation under hypoxia. The mechanisms underlying the
radiosensitising effect of 1Q10 is possibly linked to the increased DNA damage,
induced by upregulated ROS production due to the inhibition of TrxR activity
by 1Q10.

To determine if any difference existed in the radioresponses of different cell
types, the intrinsic radiosensitivity of a panel of five brain cancer cell lines was
first compared by clonogenic survival assay. The results demonstrate that the
radiosensitivity varies significantly between cell lines, with the SF2 values
ranging from 0.18 to 0.57. The paediatric GBM cell line KNS42 had the highest
radiosensitivity, followed by another paediatric GBM line SF188 and
medulloblastoma line UW228-3, and then the adult GBM line SNB19 and
medulloblastoma line DAQOY. From previous radiosensitivity data, SF2 values

for SNB19 cell line ranged from 0.36 to 0.66 (Grabenbauer et al., 2018,
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Niewidok et al., 2012, Mirjolet et al., 2013, Djuzenova et al., 2012, Stingl et al.,
2010). In the present study, the SF2 for SNB19 was 0.48, which was within the
reported range. SF2s for DAOY and UW228-3 cells in the present study, i.e.
0.57 and 0.35, respectively, were lower than the values reported by Zhukova
et al. (2014), in which SF2s were 0.67 and 0.76, respectively. The in vitro
radiation response of cancer cells can sometimes vary a lot between different
studies due to the different cell culture conditions and growth status. One
study noted that the cell growth state played an important role in radiation
sensitivity, and the survival and growth rate of glioma cells was influenced by
serum content of culture media but not so much by culture media type
(Raaphorst et al., 1989). In addition, the degree of confluency also affects
cellular radiosensitivity as cells grown to confluency before treatment show
increased radiation resistance at low doses (Raaphorst et al., 1989). Therefore,
careful consideration should be given to culture and growth conditions when
attempting to compare the in vitro radiosensitivity of cells between different

studies.

Hypoxia, as a result of an imbalance between oxygen supply and consumption,
is a common feature of the tumour microenvironment and a well-defined
factor for clinical radioresistance (Overgaard, 2007). Tumour cells in a hypoxic
environment may be as much as 2-3 times more resistant to radiation than
those in a normal environment (Harrison et al., 2002). As expected, the results
from this study showed that hypoxia significantly increased the cell resistance
to ionising radiation in both DAOY and UW228-3 cells as compared with
normoxic controls, which are consistent with the published evidence
(Marampon et al.,, 2014). Brain tumours such as glioblastoma and
medulloblastoma are often characterised by intra-tumoural hypoxia
(Pistollato et al., 2010) and tumour hypoxia is considered as one of the most
important causes for radiotherapy failure (Wang et al., 2019). Numerous
strategies have been developed over the last six decades to overcome
hypoxia-induced radioresistance, but their clinical use is restricted by both

limited efficacy and side effects (Wang et al., 2019).
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Previous studies have reported that 3D cell culture models have diverse
regions including necrotic, hypoxic and normoxic areas which react differently
towards radiotherapy and chemotherapy (Koosha et al., 2017). Therefore, a
3D spheroid model was introduced in the present study to investigate and
compare the radiosensitivity between 2D and 3D in vitro cultures in brain
cancer cell lines, DAOY and UW228-3. Intriguingly, in 3D spheroid cultures,
both cell lines became more sensitive to radiation compared to conventional
2D cultures. This finding is in contrast to a previous study, in which human
HNSCC and lung carcinoma cells were shown to be more resistant to radiation
in 3D culture (Storch et al., 2010a). However, the radiosensitivities of patient-
derived GBM lines were reported as similar between 2D and 3D cultures
(Gomez-Roman et al., 2017). Such discrepant results obtained from different
studies might be due to cells originating from different organs responding
differently to irradiation in 3D culture, as each organ has distinct structure,
function and genetic features. What’s more, the approach applied by Storch
et al. (2010a) and Gomez-Roman et al. (2017) to examine the radioresponse
of cancer cells in 3D culture is different from the current study. The present
study, as described in the methodology section, used conventional 2D
clonogenic assay to assess the radioresponses of brain cancer cells from both
3D spheroids and 2D monolayers. However, Storch et al. (2010a) and Gomez-
Roman et al. (2017) applied an alternative 3D colony formation assay to
evaluate cell survival in 3D culture - they grow cells in a laminin-rich
extracellular matrix for 24 h or 8 h prior to irradiation, leaving colonies to
grow for 11 days or 2-3 weeks prior to staining, and counting colony numbers
according to the 2D definition for clonogenicity. As such, this 3D colony
formation assay incubates cells in ECM as 3D format throughout the entire
assay whereas in the current methodology cells are treated whilst in 3D
spheroids but then immediately disaggregated into single cells after
irradiation and plated in conventional 2D tissue-culture plastics without cell-
ECM interaction. As suggested by Gomez-Roman et al. (2017) ECM
concentrations can affect ligand binding and effects of ligands on signalling

and cell behaviour, which might have a great influence on radiation response.
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Unfortunately, time did not allow to apply this form of assessment in the
present study. Although it may be a more appropriate model to better mimic
the in vivo microenvironment of tumours, the above findings including the
current data suggest that 3D culture is a much more complicated system to
assess radioresponse in, with many factors needing to be considered. Further
studies and an agreed set of assessment procedures are required to fully

understand radioresponse of cells in 3D culture.

Radiosensitivity can be influenced by factors intrinsic and extrinsic to the
cancer cells (Karar and Maity, 2009). Intrinsic factors include the cell cycle
position, activation of apoptotic programmes, DNA damage repair proficiency,
energy metabolism, and accumulation of genetic mutations in oncogenes and
tumour-suppressor genes etc. The extrinsic factors comprise oxygen, nutrients
and metabolic-waste elimination (Bernier et al., 2004). In addition, a large
number of studies clearly show that radiation-induced cell signalling effects
amongst adjacent cells, commonly known as radiation-induced bystander
effects, have key roles in modulating overall radiation response (Butterworth
et al.,, 2013). Some of these factors may be potential explanations for the
differential radiosensitivity seen in different brain cancer cells and in different
culture conditions (2D vs. 3D and normoxic vs. hypoxic). The increased
understanding of both intrinsic and extrinsic factors has identified molecular
targets that could be manipulated pharmacologically to increase tumour-cell

killing and minimise normal-tissue toxicity (Bernier et al., 2004).

One of the major mechanisms of radiation-induced cell death is based on the
generation of intracellular ROS (Hall and Giaccia, 2012) and the potential
adverse effects of ROS are prevented by different cellular antioxidant defence
systems, which help cells in scavenging ROS and salvaging biomolecules from
oxidative damage (Mehta et al., 2016). One of the antioxidant enzymes is TrxR,
which plays a key role in regulating redox balance and maintaining redox-
regulated cellular functions, including transcription, proliferation, apoptosis,
DNA damage recognition and repair (Arner and Holmgren, 2006, Mustacich

and Powis, 2000). TrxR is often overexpressed in many aggressive tumours
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and inhibition of TrxR activity can increase cellular radiation sensitivity (Urig
and Becker, 2006, Smart et al., 2004, Karimpour et al., 2002). In addition,
inhibitors that selectively target TrxR have shown promising results as
anticancer drugs in both preclinical and clinical studies when used alone or in
combination with radiation (Karimpour et al., 2002, Carde et al., 2001,
Rockwell et al., 2002). MGd, a potent TrxR inhibitor, has been shown to
enhance cancer cell response to radiation by forming ROS (Rockwell et al.,
2002, Magda et al., 2001b) and when combining with prompt whole brain
radiotherapy, MGd prolonged time to neurologic progression in lung cancer
patients with brain metastases in a phase Il trial (Mehta et al., 2009). A study
by Smart et al. (2004) reported that Hela cells overexpressing the wild-type
TrxR were more resistant to radiation-induced cytotoxicity. While knocking
down TrxR in Hela and FaDu cells resulted in enhanced sensitivity to radiation
(Javvadi et al., 2010a), further supporting the role of TrxR as a key
determinant of intrinsic cancer cell radiosensitivity. Therefore, in the present
study, the clonogenic survival assay was used to investigate whether TrxR
could serve as a potential radiotherapeutic target and whether inhibition of
TrxR activity by 1Q10 could radiosensitise brain cancer cells. The results
demonstrated that 1Q10 significantly improved the response of DAQY,
UW?228-3 and SF188 cells to radiation, with the SER of up to 1.68 at 1% SF in
conventional 2D culture. Moreover, downregulation of TrxR levels using siRNA
also caused a significant increase in radiosensitivity of DAOY and SF188 cells.
Such data are in agreement with previous findings (Liang et al., 2014, Javvadi
et al., 2010a), in which TrxR inhibitors (i.e. selenadiazole and curcumin)
significantly enhanced the sensitivity of cancer cells to radiation and stable
knockdown of TrxR in both Hela and Fadu cells nearly abolished curcumin-
mediated radiosensitisation (Javvadi et al., 2010b). These studies, including
the current one, demonstrate TrxR as a promising target for novel

radiosensitising agents.

Although 1Q10 exhibited significant radiosensitising effects on the majority of

brain cancer cell lines investigated, it had almost no effect on the

198



Chapter 4

radiosensitivity of the paediatric GBM cell line KNS42. One of the possible
reasons for this is that different brain cancer cell lines differ in their responses
when exposed to 1Q10. From the cytotoxicity results shown in Section 3.3.3,
KNS42 cells were relatively more resistant to 1Q10 than other brain cancer cell
lines, therefore, in radiation-drug combination experiment, treating all cell
lines with the identical dose of 1Q10 (1 uM), rather than equitoxic doses,
would cause less killing in KNS42 as compared to other cell lines - this
decreased level of cell killing may indicate that the drug dose was insufficient
to cause any changes in radiosensitivity. In addition, the intrinsic
radiosensitivity may be another factor contributes to the radiosensitising
effect of 1Q10. Among the five brain cancer cell lines evaluated, KNS42 was
the most radiosensitive line and it might be possible that 1Q10 was more
effective in enhancing radioresponse of inherently radioresistant cells than
those that are already inherently radiosensitive. This potential explanation
has some basis as a study suggested that the nature of cisplatin (also a TrxR
inhibitor)-induced changes in radiosensitivity may be dependent upon the
intrinsic radiosensitivity of the cell lines, with radiosensitisation only occurring
in the most radioresistant cell lines (Britten et al., 1996). Franken et al. (2013)
also reported that radiosensitisation was appeared to be more effective in
radioresistant cell lines than in radiosensitive cell lines. Other potential
mechanisms underlining the differential radiosensitising effects of 1Q10 on
different brain cancer cells were not followed due to time limitations. If time
had allowed, the TrxR activity, intracellular ROS levels, cell cycle and apoptosis
characteristics of KNS42 cells following 1Q10 treatment could be assessed to

further understand this phenomenon.

Antioxidant systems play a central role in maintaining the redox balance in
cancer cells, and their dysregulation contributes to both normoxic and hypoxic
radioresistance. Inhibition of antioxidant proteins such as TrxR could
therefore be effective to reduce hypoxia-mediated radioresistance (Wang et
al., 2019). Indeed, in breast cancer cells, the well-characterised TrxR inhibitor

auranofin was found to overcome hypoxic radioresistance with mechanisms
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linked to ROS-mediated mitochondria dysfunction, DNA damage, and
apoptosis (Wang et al, 2017a, Rodman et al.,, 2016). Experiments
investigating hypoxia radiosensitisation were limited to only one radiation
dose and therefore care must be taken not to over interpret however, in the
current study, no significant radiosensitising effect of the novel TrxR inhibitor
Q10 on the hypoxic brain cancer cells was observed, indicating that IQ10 may
not be an ideal candidate for radiosensitising hypoxic cells. Much further work
is required to investigate this, including a full radiation-dose response
characterisation but a possible interpretation of this finding is that 1Q10,
unlike other hypoxia-activated cytotoxins, did not exhibit increased hypoxic
cytotoxicity towards the brain cancer cells (results shown in Section 3.3.3). In
addition, the treatment schedule of 1Q10 in the hypoxic experiments was
much different from the one applied in normoxic experiments (i.e. clonogenic
IC50 for 48 h in hypoxia vs. 1 uM for 4 h in normoxia). In hypoxic experiments,
cells were treated with the clonogenic IC50 dose of 1Q10 for 48 h prior to
irradiation. This extended incubation time and relatively lower drug
concentrations might impair the potency of 1Q10 so as to affect its
radiosensitising effect. New hypoxia equipment is now available locally in the
research group, adjacent to irradiation facilities, and so in future experiments
it might be worthwhile to pre-incubate the cells under hypoxia for 24 h and
treat the cells with 1 uM of 1Q10 for 4 h (the treatment setting used in

normoxic experiment) prior to radiation.

The 3D spheroid culture of cancer cells is considered to more closely reflect
the in vivo tumour conditions than conventional 2D culture and therefore
represents a promising system for chemosensitivity and radiosensitivity
testing. In the current study, the radiosensitising effects of 1Q10 were
evaluated in both 2D and 3D spheroid cultures. Consistent with the 2D data,
IQ10 also sensitised DAOY and UW228-3 spheroids to radiation but, under
similar conditions, the combination of IQ10 and radiation was more effective
on 3D spheroids than on 2D monolayers for DAQY. While in UW228-3, the

radiosensitising efficacy of 1Q10 was less effective in 3D spheroids. Although
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drug penetration was assessed (using doxorubicin) such inconsistent
radiosensitising effects of 1Q10 in different spheroid models might be due to
differences in drug penetration and the microenvironment of various layers
within the spheroids. UW228-3 generally forms larger spheroids than DAQY, it
might be more difficult for the drug to penetrate through completely, thus
resulting in the decreased efficacy of radiosensitisation but nothing is known
regarding the hypoxic fractions and if this differs between models. Although
cells from spheroids are often more resistant than monolayers, to drugs and
radiation, 1Q10 still remained effective on radiosensitisation of both DAOY and
UW228-3 spheroids, indicating that 1Q10 treatment may improve the
radiotherapy treatments of brain tumours in vivo. However, the 3D model
used here lacks important factors of the tumour microenvironment that are
known to contribute to drug and radiation response such as vasculature,
fibroblasts or immune cells. Therefore, an orthotopic mouse model would be
ideal to address the in vivo efficacy of IQ10 combined with radiation in the

future.

Based on the above results, the potential molecular mechanisms of 1Q10’s
radiosensitising effects were then investigated. It is well documented that
cancer cells harbour high levels of ROS and are constantly under oxidative
stress (Calaf et al., 2018). Maintenance of an appropriate level of intracellular
ROS is important in retaining redox homeostasis and cellular signalling (Kumar
et al., 2008); however, overproduction of ROS would result in a significant
increase of intracellular oxidative stress, leading to oxidative damage and
ultimately cause cell death (Javvadi et al., 2008). Redox enzymes such as TrxR
are essential to many cellular processes, particularly in modulating the
intracellular ROS (Roder and Thomson, 2015). Inhibition of redox enzymes
alters the redox state of cells, which can lead to increased production of ROS
that causes cellular oxidative stress (Fiskus et al., 2014). A large number of
studies have indicated the possibility of using compounds that promote
cellular ROS accumulation to effectively kill cancer cells and enhance the

treatment responses in vitro (Trachootham et al., 2006). Results from the
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present study showed that treatment with the novel TrxR inhibitor 1Q10
resulted in elevated levels of ROS in both DAOY and UW228-3 cells with
further increase when combined with H;0,, suggesting that IQ10 was able to
induce ROS-mediated oxidative stress and cells treated with 1Q10 were less
capable to deal with the oxidative stress induced by H,0,. Moreover, at the
concentration (1 uM 1Q10) where the radiosensitising effects of 1Q10 was
observed, an increased ROS production either with 1Q10 treatment alone or
with 1Q10 and H;02 combination was also revealed. Thus, 1Q10 can be
considered as an appropriate drug to be combined with oxidative stress-
inducing cytotoxins such as ionising radiation and the observed
radiosensitising effects of 1Q10 may be partly due to the decreased
antioxidant buffering induced by 1Q10. Previous studies have also reported
the role of 1Qs in regulating intracellular ROS levels. In pancreatic cancer cells,
IQs did not induce generalised oxidative stress; however, shifted the Trx redox
state from reduced form to the oxidised form and induced radical-free
oxidative stress (Jones, 2008, Yan et al., 2012). In addition, the TrxR inhibitors
auranofin and curcumin, have been shown to significantly increase the
intracellular ROS levels in breast and cervical cancer cells, respectively (Javvadi

et al., 2008, Wang et al., 2017a).

Since increased levels of intracellular ROS can directly interact with DNA to
induce oxidative DNA damage (Higgs et al., 2014), it was therefore of interest
to evaluate whether 1Q10-induced oxidative stress could result in DNA
damage or increase the DNA damage caused by radiation. yH2AX
immunofluorescence staining was employed to detect DNA DSBs at an early
stage as an indicator of oxidative DNA damage. H2AX is a variant form of the
nucleosome protein, histone H2A, which upon phosphorylation on its Ser 139
site (yH2AX) by ATM in response to DNA DSBs can be detected as ‘yH2AX foci’
using antibodies specific for yH2AX (Rogakou et al., 1998). yH2AX has been
established as a highly sensitive and specific indicator of DNA DSBs after the
action of different genotoxic stresses, including ionising radiation and

chemotherapy drugs (Solovjeva et al., 2017). Yan et al. (2009a) have detected
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DNA strand breaks in pancreatic cancer cells after a 4-h treatment of relatively
high concentrations of 1Qs (above IC50 values). In agreement with this study,
current data showed that treatment with 1Q10 or radiation alone caused a
significant increase in yH2AX foci expression, and the yH2AX levels were
further increased after the combined treatment. Taken together, these results
suggest that the radiosensitising effect of 1Q10 is likely attributable to the
induction of the ROS-mediated oxidative damage to DNA. Finally, it should be
noted that the yH2AX foci evaluations were preliminary and detected at only
a 30 mins post-irradiation time point. It is clear that more extensive
evaluation is required in future work, i.e. different doses and different times,

to monitor repair rather than only damage induction.

Although the ROS overproduction and subsequent DNA damage may be
primary mechanisms underlying the 1Q10’s radiosensitising effect, other
signalling pathways activated by ROS or other cellular events (e.g. apoptosis
and cell cycle arrest) might also be implicated in 1Q10-induced
radiosensitisation, which deserves further investigation. Previous studies have
reported that the 1Q-induced cytotoxicity in pancreatic cancer cell lines was
potentially mediated by apoptotic cell death. IQs were found to induce time-
and dose-dependent apoptosis in pancreatic cancer cells with an increase in
the amount of the cleaved form of caspase-3,-7,-8, and -9 (Yan et al., 2009a).
In addition, inhibition of TrxR by IQs resulted in a shift of Trx redox state to
the oxidised form and activation of the p38/c-Jun NH2-terminal kinase (JNK)
mitogen-activated protein kinase (MAPK) signalling pathway (Yan et al., 2012).
Oxidised Trx is known to activate ASK1, an upstream activator of p38/JNK in
the MAPK signalling pathway (Yan et al., 2012). It is likely that AKS1 is the
mechanistic link between the oxidised Trx and the activation of p38 and JNK
(Saitoh et al., 1998b) and the activated p38 and JNK has been shown to signal
to mitochondria and induce apoptosis through the intrinsic pathway (Ortiz et
al.,, 2001). These observations suggested that 1Qs induced cell death via a
mitochondria-mediated apoptotic death pathway (Yan et al., 2009a). However,

whether 1Q10 exhibited its cytotoxicity and radiosensitising effects through
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inducing apoptosis on brain cancer cells were not investigated in the present
study due to time limitation. Future experiments are needed to determine
apoptotic cell death after 1Q10 treatment. Plans and suggestions for future

work are expanded upon in Section 6.2.

Taken together, although the molecular mechanisms of the radiosensitising
effect of 1Q10 is not yet fully understood, based on the findings presented
here, a possible mechanism is proposed: 1Q10 irreversibly inhibits TrxR activity,
making the cells unable to deal with oxidative stress induced by radiation,
thereby causing increased intracellular ROS levels and subsequent DNA

damage, which ultimately leads to radiosensitisation of brain cancer cells.
4.5 Conclusions

1. The five brain cancer cell lines exhibited varying intrinsic radiosensitivities.

2. Hypoxic brain cancer cells were more radioresistant than normoxic
controls but cells cultured in 3D spheroids were more sensitive to
radiation than 2D cultured cells.

3. The redox enzyme TrxR is a promising radiobiological target and
treatment with the TrxR inhibitor Q10 results in a significant increase in
radiosensitivity of brain cancer cells in both 2D and 3D cell culture models,
but not in hypoxic conditions.

4. The TrxR inhibition by 1Q10 treatment generates ROS production and

subsequent oxidative DNA damage.
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5.1 Introduction

5.1.1 Epithelial-mesenchymal transition (EMT)

EMT is considered as one of the hallmarks of cancer and is a crucial step in the
invasion and metastasis of various cancers including brain cancers (Skovierova
et al., 2018). GBMs are frequently invasive and MBs especially group 3 and 4
are often metastatic, resulting in a poor prognosis for the patients. Given that
IQ10 has potent cytotoxic and radiosensitising effects against brain cancer
cells, it was thought worthwhile to explore 1Q10’s other anticancer effects

such as inhibition of cancer metastasis via EMT.

EMT is a reversible molecular process through which epithelial cells
transiently undergo transdifferentiation into a mesenchymal phenotype
(Kalluri and Weinberg, 2009). During this process, epithelial cells lose their cell
polarity and cell-cell adhesion to acquire migratory and invasive capabilities
(Kang and Massague, 2004). The resulting mesenchymal cells can revert back
to an epithelial state in the reverse process, known as the mesenchymal-
epithelial transition (MET), which appears to be essential for colonisation by
tumour cells at distant sites, a key step in the metastatic process (Figure 5.1).
EMT has important roles in specific steps of embryogenesis and wound
healing. Moreover, malignant progression of many types of carcinoma also
depends on EMT activation. EMT confers increased tumour-initiating and
metastatic potential and greater resistance to multiple treatment modalities

(Dongre and Weinberg, 2019).
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Figure 5.1 Outline of a typical EMT programme. Reproduced from (Dongre and
Weinberg, 2019), Nat Rev Mol Cell Biol, 20, 69-84; Copyright® 2019 by Springer Nature with
permission conveyed through Copyright Clearance Centre Inc.

Normally, epithelial cells display apical-basal polarity and are held together
laterally by tight junctions, desmosomes and adherens junctions (Figure 5.1),
the latter of which are formed by cell surface epithelial cadherin (E-cadherin)
molecules. Upon activation of EMT, E-cadherin expression is inhibited,
resulting in the loss of the typical polygonal morphology of epithelial cells. The
cells acquire a spindle-shaped mesenchymal morphology and express markers
that are associated with the mesenchymal cell status, notably neural cadherin
(N-cadherin), vimentin and fibronectin (Figure 5.1) (Dongre and Weinberg,
2019). In general, tumour cells with mesenchymal characteristics have been
associated with tumour progression, metastasis, chemo-resistance, and worse
clinical prognosis (Ye and Weinberg, 2015). The initiation of EMT and
maintenance of a mesenchymal phenotype is regulated by several families of
transcriptional factors through multiple context-dependent signalling
pathways (Nieto and Cano, 2012). Several key transcription factors, i.e. Zeb,
Twist and Snail, have been identified to regulate EMT by interacting with each
other and through responding to TGF-B and NF-kB pathways (Lamouille et al.,
2014b). EMT can also be induced by growth factors, including EGF and VEGF

when binding to tyrosine kinase receptors (Thiery and Sleeman, 2006).
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Besides, the enhanced production of protease, particularly matrix
metalloproteases (MMP), facilitates the EMT via degrading extracellular

matrix (Zhang et al., 2012, Zhao et al., 2011).

EMT has been largely studied in various types of carcinomas (epithelial cells)
but much less is known about the role of EMT-related process in nonepithelial
tumour types such as brain tumours (e.g. gliomas and medulloblastomas)
(Kahlert et al., 2017). Among all brain tumours, the involvement of EMT has
been most extensively investigated in GBM. The invasive characteristic of
GBM is, at least in part, due to their high migratory potential to invade the
surrounding tissue. EMT has been identified as one of the key mechanisms
that confer the invasive property to GBM cells (Kahlert et al., 2017, Iser et al.,
2017). Several EMT-related transcription factors have been shown to play
critical roles in the mesenchymal transformation of GBM including SNAI1/2,
and Twist-1 (Karsy et al., 2016). Lower expression of a mesenchymal signature
in GBM has been reported to correlate with longer time to recurrence and
improved response to therapy (Cheng et al., 2012). In MB cells, hypoxia is
shown to induce expression of mesenchymal markers (i.e. SNAI1, vimentin,
and N-cadherin) and reduces expression of epithelial markers (i.e Zo-1, E-
cadherin), leading to enhanced cell invasion and migration (Gupta et al., 2011).
It has been reported that SHH activation in MB cells induces the expression of
SNAI1, consequently activating the proto-oncogene N-MYC to induce cellular
proliferation and transformation (Wanshura et al., 2011). Moreover, the
expression of ZEB1 is elevated in SHH MB subgroup and inhibits granular zone
exit, which eventually contributes to tumour formation (Singh et al., 2016).
Thus, although not extensively studied as yet, EMT appears to play a role in

brain tumours.

5.1.2 Role of Trx system in EMT

Previous studies have suggested that the Trx system can enhance the invasion
and metastasis of cancer cells. In salivary adenoid cystic carcinoma (SACC)
cells, for example, overexpression of Trx increased N-cadherin and

downregulated E-cadherin expression. Trx facilitated the invasion and
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metastasis of SACC cells through mediating TGF-B-induced EMT in a xenograft
mouse model (Jiang et al., 2015). Bhatia et al. (2016b) have proved that
overexpression of Trx in breast cancer cells enhanced cell invasion and
migration in vitro. Targeting the TrxR with auranofin or other specific
inhibitors might provide improved breast cancer patient outcomes through
inhibition of cancer invasion and migration (Bhatia et al., 2016b, Cadenas et
al., 2010). In colorectal cancer cells, Trx also promoted EMT as well as
migration and invasion by up-regulating S100A4 through AKT activation (Zuo
et al., 2018). As a negative regulator of Trx, TxNIP is downregulated in various
types of human cancer and its deficiency could enhance TGF-f signalling and
promote TGF-B-induced EMT (Masaki et al., 2012). In addition, a significant
decrease of tumour progression and metastasis was observed in mice injected
with TrxR knockdown lung carcinoma cells. It was suggested that TrxR might
drive the cancer progression by catalysing Trx along with its related EMT
processes (Yoo et al., 2006). Inhibition of TrxR by BBSKE was shown to reverse
EMT phenotypes, inhibit migration and invasion of breast cancer cells both in
vitro and in vivo (Zheng et al., 2019, Dong et al., 2016). The link between Trx
system and EMT has been investigated in various cancer types, however, how

the Trx system affects the EMT process in brain tumours is unclear.

5.1.3 Hypotheses and Aims

5.1.3.1 Hypotheses

In addition to its cytotoxic and radiosensitising effects, 1Q10 exhibits potential
anti-invasive and anti-metastatic abilities shown by inhibition of EMT

characteristics.

5.1.3.2 Aims
Investigate potential anti-migratory/metastatic abilities of 1Q10 by quantifying

changes in expression of EMT related genes following drug exposure.

5.2 Materials and Methods

5.2.1 RNA isolation

Following seeding and overnight incubation DAOY and UW228-3 cells were

treated with DMSO or 1 uM 1Q10 for 4 h and incubated with the drug-free
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medium for another 4 or 20 h prior to RNA extraction. Total RNA from treated
cells was stabilised with RNA Protect Cell Reagent (Qiagen) and purified using
the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s instructions.
RNA samples from three independent experiments were pooled together.
RNA quantity and purity were determined wusing a Nanodrop

Spectrophotometer (Thermo Scientific).

5.2.2 cDNA synthesis

Total RNA was reverse-transcribed to cDNA with the RT? First Strand cDNA Kit
(Qiagen). Genomic DNA elimination mix was prepared by adding 500 ng of
RNA to buffer GE and a variable amount of RNase-free water to make up to a
10ul total volume. The mix was incubated at 42 °C for 5 min, then placed
immediately on ice for at least 1 min. 10 pl of reverse-transcription mix was
prepared according to Table 5.1 and added to each tube containing 10ul
genomic DNA elimination mix. The mix was incubated at 42°C for 15 min
following by 95°C for 5 min to stop the reaction. 91 ul of RNase-free water

was then added to each reaction to make cDNA synthesis reaction.

Table 5.1 Reverse-transcription mix.

Reagents Volume for 1
reaction (pul)

5x Buffer BC3 4

Control P2 1

RE3 Reverse Transcriptase Mix 2

RNase-free water 3

Total volume 10

5.2.3 Real-time EMT PCR array

Real-time PCR was conducted using the Human Epithelial to Mesenchymal
Transition (EMT) RT? Profiler™ PCR Array (PAHS-090Z, Qiagen) and RT? SYBR
Green Mastermixes (Qiagen). The PCR array profiles the expression of 84 key
genes associated with the EMT process. All PCR components (Table 5.2) were

combined to prepare a total volume of 2700 pl mix in a 5 ml tube. The PCR
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component mix was dispensed into a 96-well plate at 25 pl/well. The plate
was tightly sealed with adhesive film before loaded into ABI-7500 Fast real-
time PCR system (Applied Biosystems). The amplification condition was as
follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, and 60°C for

1 min.

Table 5.2 PCR components mix.

Reagents Volume (pl)

2x RT?2 SYBR Green Mastermix 1350

cDNA synthesis reaction 102
RNase-free water 1248
Total volume 2700

5.2.4 Statistical analysis
Data analysis of the PCR array was performed using the online GeneGlobe

Data  Analysis Centre  (https://www.giagen.com/gb/shop/genes-and-

pathways/data-analysis-center-overview-page/). Fold-change of target genes

against the reference gene was calculated from 222 values. The Cr cut-off
value was set at 35. Gene expression differences greater than 2-fold were

considered as differentially transcribed.

5.3 Results

The potential role for 1Q10 in the regulation of EMT was determined by using
RT? Profiler PCR Arrays, which profiled the expression of 84 EMT-related
genes in DAOY and UW228-3 cells. The gene expression patterns were first
examined in vehicle control DAOY and UW228-3 cells at 4-h/24-h time points;
and then the vehicle control group data was compared against the respective
IQ10-treated group at each time point in each cell line. When comparing
UW228-3 with DAQY, a total of 47 genes were differentially expressed. MMP3
and SPP1 genes were amongst those shown to be highly overexpressed in
UW228-3 relative to DAOY (MMP3: 167.11 fold at 4 h and 57.41 fold at 24 h,
respectively; SPP1: 61.01 fold at 4 h and 44.92 fold at 24 h, respectively),
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whereas CAV2 and IGFBP4 genes were expressed in extremely low levels in
UW228-3 (CAV2: -7022.89 fold at 4 h and -5153.72 fold at 24 h, respectively;
IGFBP4: -11539.35 and -7702.94 fold, respectively). Other differently

expressed genes are listed in Table 5.3.
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Table 5.3 Profiler PCR array results (vehicle control UW228-3 cells vs. DAOY
cells).

Fold-change
Gene Description 2n 2an

BMP7 Bone morphogenetic protein 7 -380.55 A -281.72 A

CALD1 Caldesmon 1 -2.15 \ \ \

CAMK2N1 Calcium/calmodulin-dependent -13.52 \ -25.07 A
protein kinase Il inhibitor 1

CAV2 Caveolin 2 -7022.89 A -5153.72 A

CDH1 Cadherin 1, type 1, E-cadherin 2.59 B \ \
(epithelial)

CDH2 Cadherin 2, type 1, N-cadherin -2.22 \ \ \
(neuronal)

COL1A2 Collagen, type |, alpha 2 \ \ 2.39 \

COL3A1 Collagen, type lll, alpha 1 -2.03 \ \ \

COL5A2 Collagen, type V, alpha 2 11.04 \ 11.6 \

CTNNB1 Catenin (cadherin-associated -2.18 \ -3.35 \
protein), beta 1, 88kDa

DSC2 Desmocollin 2 -27.74 A -21.27 A

DSP Desmoplakin -3290.25 A -1776.31 A

EGFR Epidermal growth factor receptor -6.01 \ -4.41 \

ERBB3 V-erb-b2 erythroblastic leukemia 2.69 A 13.09 A
viral oncogene homolog 3 (avian)

ESR1 Estrogen receptor 1 \ \ -3.3 B

F11R F11 receptor \ \ 2.58 \

FGFBP1 Fibroblast growth factor binding -4.26 B -10.77 B
protein 1

FN1 Fibronectin 1 -12.64 \ -15.22 \

FOXC2 Forkhead box C2 (MFH-1, -1794.19 A -824.68 A
mesenchyme forkhead 1)

FzD7 Frizzled family receptor 7 -4.41 \ -3.75 \

GNG11 Guanine nucleotide binding protein -2.13 \ \ \
(G protein), gamma 11

GSC Goosecoid homeobox -156.79 A -196.15 A

GSK3B Glycogen synthase kinase 3 beta -2.66 \ -2.27 \

IGFBP4 Insulin-like growth factor binding -11539.35 A -7702.94 A
protein 4

ILIRN Interleukin 1 receptor antagonist -95.04 A -15.92 A

ILK Integrin-linked kinase -2.49 \ \ \

ITGAS Integrin, alpha 5 (fibronectin 3.51 \ 3.85 \
receptor, alpha polypeptide)

KRT14 Keratin 14 -11.10 A -6.21 A

KRT19 Keratin 19 20.94 A 8.3 B

KRT7 Keratin 7 \ \ -2.67 B

MMP2 Matrix metallopeptidase 2 -20.86 \ -15.57 \

(gelatinase A, 72kDa gelatinase,
72kDa type IV collagenase)

MMP3 Matrix metallopeptidase 3 167.11 A 57.41 A
(stromelysin 1, progelatinase)
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MMP9 Matrix metallopeptidase 9 -51.41 A -55.45 A
(gelatinase B, 92kDa gelatinase,
92kDa type IV collagenase)
MST1R Macrophage stimulating 1 receptor 2.96 B -16.34 A
(c-met-related tyrosine kinase)
NODAL Nodal homolog (mouse) -27.81 B -19.77 B
NOTCH1 Notch 1 \ \ 2.85 A
NUDT13 Nudix (nucleoside diphosphate -5.86 A -4.26 A
linked moiety X)-type motif 13
OCLN Occludin -11.90 -8.10 \
PDGFRB Platelet-derived growth factor -13.37 B -13.65 B
receptor, beta polypeptide
PLEK2 Pleckstrin 2 -88.98 A -269.41 A
PTK2 PTK2 protein tyrosine kinase 2 -3.01 \ -2.95 \
SERPINE1 Serpin peptidase inhibitor, clade E -3.57 \ -8.62 \
(nexin, plasminogen activator
inhibitor type 1), member 1
GEMIN2 Survival of motor neuron protein -2.45 \ -2.52 \
interacting protein 1
SNAI1 Snail homolog 1 (Drosophila) -79.23 A -72.45 A
SNAI2 Snail homolog 2 (Drosophila) -4.33 \ -4.49 \
SNAI3 Snail homolog 3 (Drosophila) -6.62 B -11.02 B
SPARC Secreted protein, acidic, cysteine- 2.21 \ 2.67 \
rich (osteonectin)
SPP1 Secreted phosphoprotein 1 61.01 \ 44.92 \
STEAP1 Six transmembrane epithelial -2.84 \ -2.28 \
antigen of the prostate 1
TFPI2 Tissue factor pathway inhibitor 2 -99.82 \ -134.92 \
TGFB2 Transforming growth factor, beta 2 8.44 \ 6.52 \
TGFB3 Transforming growth factor, beta 3 5.50 \ 6.07 \
TMEFF1 Transmembrane protein with EGF- -6.24 \ -4.63 \
like and two follistatin-like domains
1
TMEM132A Transmembrane protein 132A -4.43 \ -3.42 \
TSPAN13 Tetraspanin 13 -4.23 \ -2.79 \
TWIST1 Twist homolog 1 (Drosophila) -6.22 \ -4.78 \
VCAN Versican 2.65 \ 2.65 \
VIM Vimentin -2.02 \ \ \
WNTS5A Wingless-type MMTV integration -32.64 \ -26.38 \
site family, member 5A
ZEB2 Zinc finger E-box binding -2.14 \ \ \

homeobox 2

A: This gene’s expression is relatively low (threshold cycle> 30) in one sample and reasonably
detected (threshold cycle < 30) in the other sample suggesting that the actual fold-change
value is at least as large as the calculated and reported fold-change result.

B: This gene’s average relative expression level is low (threshold cycle> 30) in both control
and test samples.
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To investigate the anti-migratory/metastatic potential of 1Q10, EMT-related
gene expression between vehicle control groups and 1Q10-treated groups
were compared at 4-h and 24-h post-treatment time points. For the DAQY cell
line, a full list of the differentially expressed (> 2-fold) EMT-related genes is
presented in Table 5.4. 1Q10 treatment significantly induced expression of 2
genes whilst repressing 18 genes at 4-h. The largest changes in gene
expression upon Q10 treatment was observed with KRT19 (9.49 fold) and
SNAI3 (-5.75 fold). At the 24-h time point, 1Q10 significantly upregulated 3
genes and downregulated 17 genes. ERBB3 (5.94-fold) and MST1R (-69.07-fold)
showed the largest changes in gene expression with 1Q10 treatment. Of the
genes upregulated by 1Q10, KRT19, an epithelial marker, is known to be
usually downregulated during EMT or metastasis (Nozato et al.,, 2012).
Amongst those genes significantly downregulated by 1Q10, fourteen are
commonly upregulated during EMT (COL1A2, FN1, FOXC2, FZD7, ITGAS,
SERPINE1, SNAI3, TCF4, TWIST1, VPS13A, WNT5A, WNT5B, ZEB1 and ZEB2)
(Groger et al., 2012, Venkov et al., 2011).
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Table 5.4 Profiler PCR array results for DAOY cells (1Q10-treated group vs.
vehicle control group at two time points).

Gene Description Fold-change
Up-regulated gene expression in DAOY 4h 24h
V-erb-b2 erythroblastic leukemia viral oncogene 5.94 (B)
ERBB3 homolog 3 (avian) \
Guanine nucleotide binding protein (G protein), 216
GNG11 gamma 11 \ )
JAG1 Jagged 1 \ 2.85
KRT19 Keratin 19 9.49 \
SNAI1 Snail homolog 1 (Drosophila) 2.37 \
Down-regulated gene expression in DAOY 4h 24h
COL1A2 Collagen, type |, alpha 2 \ -2.79
COL3A1 Collagen, type lll, alpha 1 \ -2.06
DSP Desmoplakin -2.05 \
EGFR Epidermal growth factor receptor -2.34 \
ERBB3 V-erb-b2 erythroblastic leukemia viral oncogene 2,98 (B) \
homolog 3 (avian)

ESR1 Estrogen receptor 1 \ -2.69 (B)
FGFBP1 Fibroblast growth factor binding protein 1 -3.85(B) -3.46(B)
FN1 Fibronectin 1 \ -2.23
FOXC2 Forkhead box C2 (MFH-1, mesenchyme forkhead 1) \ -2.39
FZD7 Frizzled family receptor 7 \ -2.19
GSK3B Glycogen synthase kinase 3 beta -2.27 -2.00
ILIRN Interleukin 1 receptor antagonist -2.01 -6.02 (A)

ITGAS Integrin, .alpha 5 (fibronectin receptor, alpha .02 \
polypeptide)
Integrin, beta 1 (fibronectin receptor, beta
ITGB1 polypeptide, antigen CD29 includes MDF2, MSK12) \ 251
KRT7 Keratin 7 \ -9.25 (B)
MAP1B Microtubule-associated protein 1B -2.13 \
MST1R Macr.opha.ge stimulating 1 receptor (c-met-related \ -69.07
tyrosine kinase) (A)
NOTCH1  Notch 1 -2.40 (A) \
Nudix (nucleoside diphosphate linked moiety X)- -11.39
NUDT13 type m(otif 13 PP v \ (A)
PDGERB PIateIet-c.Ierived growth factor receptor, beta \ 817 (B)
polypeptide
PTK2 PTK2 protein tyrosine kinase 2 -2.23 \
Serpin peptidase inhibitor, clade E (nexin,

SERPINE1 plasminogen activator inhibitor type 1), member 1 \ -3.46
SNAI3 Snail homolog 3 (Drosophila) -5.75 (B) \
TCF4 Transcription factor 4 -4.27 \
TGFB2 Transforming growth factor, beta 2 -4.21 \

TWIST1 Twist homolog 1 (Drosophila) -2.02 \
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VPS13A  Vacuolar protein sorting 13 homolog A (S. cerevisiae)
Wingless-type MMTV integration site family, member

WNT5A 5A
WNTSB zVB'ng|e$S-type MMTV integration site family, member

ZEB1 Zinc finger E-box binding homeobox 1
ZEB2 Zinc finger E-box binding homeobox 2

\
-2.3

-5.52

-2.40
-2.70

-2.87
-2.25

\

\
\

A: This gene’s expression is relatively low (threshold cycle> 30) in one sample and reasonably
detected (threshold cycle < 30) in the other sample suggesting that the actual fold-change

value is at least as large as the calculated and reported fold-change result.

B: This gene’s average relative expression level is low (threshold cycle> 30) in both control

and test samples.
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For the UW228-3 cell line, a full list of the differentially expressed (= 2-fold)
EMT-related genes is presented in Table 5.5. IQ10 treatment significantly
induced expression of 8 genes whilst repressing 14 genes at the 4-h time point.
The largest changes in gene expression upon 1Q10 treatment were seen with
SNAI3 (4.72 fold) and KRT19 (-4.38 fold). At the 24-h time point, 1Q10
significantly upregulated 5 genes and downregulated 39 genes. PLEK2 (7.01
fold) and KRT19 (-18.77 fold) had the largest changes in gene expression after
Q10 treatment. Of those genes upregulated by IQ10, two (DSP and RGS2) are
known to be downregulated during EMT or metastasis. In addition, among
those genes significantly downregulated by 1Q10, fourteen are usually
upregulated during EMT (CALD1, CDH2, COL1A2, COL5A2, FZD7, IL1RN, ITGAS,
ITGAV, SPARC, TCF4, TMEFF1, VIM, VPS13A and ZEB2) (Groger et al., 2012,
Venkov et al., 2011).
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Table 5.5 Profiler PCR array results for UW228-3 cells (IQ10-treated group vs.
vehicle control group at two time points).

Gene Description Fold-change
Up-regulated gene expression in UW228-3 4h 24h
BMP2 Bone morphogenetic protein 2 \ 5.43 (A)
Calcium/calmodulin-dependent protein kinase I
CAMK2N1 inhibitor 1 \ 4.56 (A)
DSP Desmoplakin 2.11 (B) \
ESR1 Estrogen receptor 1 2.55(B) \
FOXC2 Forkhead box C2 (MFH-1, mesenchyme forkhead 1) 3.39 (B) \
IGFBP4 Insulin-like growth factor binding protein 4 3.34 (B) \
JAG1 Jagged 1 \ 2.31
KRT14 Keratin 14 2.23(B) \
Matrix metallopeptidase 3 (stromelysin 1,
MMP3 progelatinase) \ 2.23
PLEK2 Pleckstrin 2 \ 7.01
RGS2 Regulator of G-protein signalling 2, 24kDa 2.20 \
SNAI2 Snail homolog 2 (Drosophila) 2.87 \
SNAI3 Snail homolog 3 (Drosophila) 4.72 (B) \
Down-regulated gene expression in UW228-3 4h 24h
AKT1 V-akt murine thymoma viral oncogene homolog 1 \ -2.22
CALD1 Caldesmon 1 \ -5.50
CDH1 Cadherin 1, type 1, E-cadherin (epithelial) -3.07 (B) \
CDH2 Cadherin 2, type 1, N-cadherin (neuronal) \ -3.73
COL1A2 Collagen, type |, alpha 2 \ -8.40
COL3A1 Collagen, type lll, alpha 1 \ -3.03
COL5A2 Collagen, type V, alpha 2 \ -5.50
CTNNB1 Catenin (cadherin-associated protein), beta 1, 88kDa \ -2.13
DSC2 Desmocollin 2 \ -%37)1
ERBB3 V-erb-b2 eryth‘roblastic leukemia viral oncogene 12,50 (A) -2.33
homolog 3 (avian) (A)
F11R F11 receptor \ -3.84
FzZD7 Frizzled family receptor 7 -2.17 -2.95
GEMIN2 iurvival of motor neuron protein interacting protein \ 243
GSK3B Glycogen synthase kinase 3 beta -2.17 -2.55
ILIRN Interleukin 1 receptor antagonist \ -2.43
ILK Integrin-linked kinase \ -2.39
ITGAS Integrin, ?Ipha 5 (fibronectin receptor, alpha \ 235
polypeptide)

Integrin, alpha V (vitronectin receptor, alpha
polypeptide, antigen CD51)

Integrin, beta 1 (fibronectin receptor, beta
polypeptide, antigen CD29 includes MDF2, MSK12)

ITGAV \ -3.07

ITGB1 \ -2.75

219



Table 5.5 (continued).

Chapter 5

KRT19 Keratin 19 -4.38 (A) -18.77 (B)
MAP1B Microtubule-associated protein 1B -2.55 -2.22
MSN Moesin \ -2.46
MST1R Macr.opha.ge stimulating 1 receptor (c-met-related 3.51(B) \
tyrosine kinase)
NOTCH1  Notch 1 -432(A)  -6.68(A)
NUDT13 Nudix (nu.cle05|de diphosphate linked moiety X)- \ .85
type motif 13
OCLN Occludin \ -7.62
PTK2 PTK2 protein tyrosine kinase 2 -2.08 \
Ras-related C3 botulinum toxin substrate 1 (rho
RAC1 family, small GTP binding protein Racl) \ 257
SMAD2 SMAD family member 2 \ -2.19
SPARC Secreted protein, acidic, cysteine-rich (osteonectin) \ -2.08
STAT3 Signal transducer and activator of transcription 3 \ 281
(acute-phase response factor)
Transcription factor 3 (E2A immunoglobulin
TCF3 enhancer binding factors E12/E47) \ 3.07
TCF4 Transcription factor 4 -2.16 -2.19
TGFB1 Transforming growth factor, beta 1 \ -2.14
TGFB2 Transforming growth factor, beta 2 \ -2.97
TGFB3 Transforming growth factor, beta 3 -2.10 -8.57
Transmembrane protein with EGF-like and two
TMEFF1 follistatin-like domains 1 \ -4.96
TWIST1 Twist homolog 1 (Drosophila) -4.29 -2.45
VIM Vimentin \ -2.14
VPS13A Vacuglér protein sorting 13 homolog A (S. \ 551
cerevisiae)
WNTSA Wingless-type MMTV integration site family, .89 \
member 5A
WNTSB Wingless-type MMTV integration site family, -4.00 4.9
member 5B
ZEB2 Zinc finger E-box binding homeobox 2 \ -2.68

A: This gene’s expression is relatively low (threshold cycle> 30) in one sample and reasonably
detected (threshold cycle < 30) in the other sample suggesting that the actual fold-change
value is at least as large as the calculated and reported fold-change result.

B: This gene’s average relative expression level is low (threshold cycle> 30) in both control
and test samples.

In both DAOY and UW228-3 cell lines, 21 EMT-related genes were
concordantly altered by 1Q10, at more than 2-fold following treatment. Q10
had an appreciable effect on the expression of several key EMT effectors,
including N-cadherin (CDH2), vimentin (VIM), snail (SNAI) and zinc finger E-
box-binding (ZEB). Such data suggest that IQ10 may play an important role on
the expression of a variety of genes involved in EMT, suggesting that 1Q10
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treatment in DAOY and UW228-3 cells may be able to inhibit tumour invasion
and metastasis by modulating a set of genes required for EMT. However,
additional validation studies are required to confirm the changes seen in the
arrays by measuring gene expression of the top genes (> 5 fold) or concordant
altered genes using qRT-PCR, by conducting Western-based experiments to
examine protein expression of the genes, and potentially by validating data in

patient tumour specimens (either via RNA-CISH or standard IHC).

5.4 Discussion

EMT is characterised by the loss of cell-cell adhesion and an increase in cell
motility. It is a key process in cancer progression and metastasis, making EMT
inhibition an attractive therapeutic strategy (Lim and Thiery, 2012). Recent
studies have suggested that the Trx system may play an important role in the
process of EMT. In breast cancer cells, for example, overexpression of Trx was
shown to enhance cell invasion, and treatment with auranofin inhibited the
TrxR activity and cell migration (Bhatia et al., 2016b). In another study, Trx
was shown to play a key role in SACC invasion and metastasis through the
modulation of TGF-B-Akt/GSK-3B on EMT (Jiang et al., 2015). Current IHC data
described in Chapter 2 suggest that the overexpression of Trx or TrxR is
associated with poor prognosis of brain tumour patients, therefore, the role
of Trx system in the regulation of EMT was assessed by expression profiling as
alterations to this process may be associated with the decreased OS seen in

the patient samples.

EMT array results revealed that TrxR inhibition by 1Q10 markedly down-
regulated a large number of EMT-related genes in DAQY and UW228-3 cell
lines, including several master EMT effectors N-cadherin, Snail, Twist,
Vimentin, and Zeb, which are usually increased during EMT (Dongre and
Weinberg, 2019). N-cadherin, encoded by CDH2, is a calcium-dependent cell
adhesion glycoprotein. Overexpression of N-cadherin is associated with
mesenchymal transition and metastatic activity of cancer cells (Nakajima et al.,
2004). Snail belongs to a family of zinc-finger transcription factors that is

essential for embryonic development and well-known to induce EMT
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(Barrallo-Gimeno and Nieto, 2005). Twist is a key transcription factor involved
in embryonic morphogenesis and development, and also functions to induce
EMT and migration (Je et al., 2013). Like Snail and Twist, ZEBs bind E-boxes
and function as transcriptional repressors and activators, thereby repressing
some epithelial junction and polarity genes and activating mesenchymal genes
that define the EMT phenotypes (Lamouille et al., 2014a). Vimentin is an
intermediate filament which is characteristically upregulated in cells
undergoing EMT. Vimentin acts as a positive regulator of EMT and
upregulation of Vimentin appears to be a prerequisite for EMT induction

(lvaska, 2011).

While a large number of EMT-related genes were down-regulated by TrxR
inhibition with 1Q10, several genes (i.e. KRT19, DSP and RGS2) were
upregulated during treatment. Keratin (KRT) is an epithelial marker, and
downregulation of keratin is associated with EMT. Dysregulation of keratin
expression has long been recognised as a feature of epithelial tumour
progression (Nozato et al.,, 2012). Desmoplakin (DSP) is an obligate
component of functional desmosomes that anchors intermediate filaments of
desmosomal plaques and desmosome components. A decrease in the
expression of DSP has been associated with the reduction of cell-cell adhesion,
which is key to EMT (Kubelt et al., 2015). Regulator of G-protein signalling 2
(RGS2) is a member of a larger family of RGS proteins that control signalling
through G-protein coupled receptors (Linder et al., 2018). Decreased levels of
RGS2 has been reported for several cancer types in association with tumour

progression and EMT (Linder et al., 2018).

While DAQOY has been suggested to belong to the SHH subtype of MB, the
exact UW228-3 subtype is not yet clearly established. Thus, identifying protein
markers and pathways in relation to EMT would also help elucidate their
subtype classification. In this study, a large number of EMT-related genes
were differentially expressed between the two cell lines, which may provide
greater insight into the differences in their biological behaviour. Among the

genes with differential expression between the two cell lines, the
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upregulation of DSP and EGFR in DAOY relative to UW228-3 is consistent with
a previous report that profiled the total transcriptome and proteome of these
two lines (Higdon et al., 2017). Moreover, a comparative expression analysis
of signature proteins and key components of signalling pathways indicated
SHH as the primary signalling pathway in DAQOY, and WNT as the main
signalling pathway involved in UW228 (Higdon et al., 2017).

To our knowledge, few studies have been conducted to explore the relevance
between the Trx system and EMT in brain cancers. This study identified for
the first time that targeting TrxR by 1Q10 might inhibit the migration and
invasion of brain cancer cells through inhibiting pivotal EMT-related genes.
However, as the data obtained from EMT arrays were not confirmed by
repeat using single gene qRT-PCR or Western blotting, further verification of
the link between Trx system inhibition and EMT-related gene expression

needs to be conducted.

5.5 Conclusions

In addition to its cytotoxic and radiosensitising effects, 1Q10 treatment
significantly downregulated a number of pivotal EMT associated gene
expression in brain cancer cells, suggesting that 1Q10 might be a potential

anti-migratory agent.
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6.1 General discussion

Brain tumours are the 9™ most common cancer in the UK, accounting for 3%
of all new cancer cases (Cancer Research UK, 2016a). Among all types of
malignant brain tumours, GBM is the most common and aggressive type in
adults; while in children the most prevalent type is MB. Despite the use of
multimodal treatment strategies, including surgery, radiation and
chemotherapy, the prognosis of malignant brain tumours remains poor
(Zhang et al., 2017c), indicating the need for further understanding of disease
onset, progression and response to treatments. Unfortunately, the potential
molecular mechanisms underlying brain tumour carcinogenesis and
progression remain unclear. Hence, identification and characterisation of the
key clinicopathological factors underlying brain tumour progression and
prognosis are needed to increase the efficacy of medical treatments so as to

improve patient outcomes.

The Trx system is a key antioxidant pathway involved in defence against
oxidative stress, and participates in various cellular processes including
transcription, DNA damage recognition and repair, proliferation and apoptosis
(reviewed in (Powis and Montfort, 2001, Biaglow and Miller, 2005, Gromer et
al., 2004, Nguyen et al., 2006)). Elevated expression of Trx and TrxR are found
in many human cancers including breast (Bhatia et al., 2016b), lung (Selenius
et al., 2012), colon (Raffel et al., 2003), hepatoma (Choi et al., 2002), and
pancreas (Powis and Kirkpatrick, 2007), and are associated with poor patient
prognosis and treatment resistance. The protein expression of Trx system in
brain tumour patients has also been reported, (Gollapalli et al., 2017, Jarvela
et al., 2006, Haapasalo et al., 2003, Esen et al., 2015, Kemerdere et al., 2013,
Zhang et al., 2017b), but almost all such studies focused on adult gliomas with,
to the best of our knowledge, no studies having been conducted in paediatric
brain tumours such as paediatric gliomas and MB. Moreover, among the
limited studies that have been conducted very few assessed the

prognostic/predictive value of Trx system proteins. Therefore, the clinical
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importance of Trx system in brain tumours, especially paediatric gliomas and

MB, is still largely understudied.

The current study assessed the expression of Trx system proteins, namely
TrxR, Trx and TxNIP, in four independent brain tumour cohorts (i.e. adult GBM,
paediatric LGG, paediatric HGG, and MB); and the association between
protein expression and patient prognosis or clinicopathological variables was
analysed. This is the first study to report upon the expression of all three
members of Trx system proteins together in such a broad variety of brain
tumour types and to evaluate their prognostic values. The results showed that
all three members of the Trx system were expressed in all brain tumour types
tested and significant variations in their expression between different tumour
types/grades/regions were observed. Although some mixed results from
survival analysis existed between different cohorts, there was a consistent
finding that high levels of cytoplasmic TrxR equated to a worse prognosis in all
tumour types studied, suggesting that it is potentially a very important
therapeutic target in brain cancers generally. Therefore, using small molecules
to specifically target TrxR might enhance the treatment efficacy in brain

tumours.

There are a number of TrxR inhibitors that have been developed as potential
anti-cancer agents, or as adjuncts to existing therapy, over the years (Gandin
and Fernandes, 2015). Prof. Chris Moody’s research group (School of
Chemistry, University of Nottingham) developed a series of novel TrxR
inhibitors, namely 1Qs, which exhibited potent anti-tumour activity against
several types of human cancers both in vitro and in vivo (Yan et al., 2009a).
However, the efficacy of these novel IQs had never before been examined in
brain cancer cells. Hence, 1Q10, one of the most potent IQs, was examined in
the current study as a single agent and as a potential radiosensitiser. IQs were
previously found to be potent inhibitors of TrxR activity both in pancreatic
cancer cells and in cell-free systems (Yan et al., 2009a) so the insulin reduction
assay was first conducted in the current study to assess whether 1Q10 could

also inhibit TrxR activity in brain cancer cells. As expected, data showed that
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Q10 potently inhibited TrxR activity in a dose-dependent manner at both 4
and 48-h post-treatment in different types of brain cancer cells. The inhibitory
potency of 1Q10 was equivalent to the well-characterised TrxR inhibitor

auranofin, used as a positive control.

Having confirmed the effect of IQ10 on TrxR activity, the role of 1Q10 in
regulating TrxR expression was assessed by Western blotting. After 48 hours’
Q10 treatment, no significant alterations of TrxR expression was observed in
brain cancer cells. Such data are consistent with a study conducted by Yan et
al. (2009a), which also found that total TrxR protein levels were not altered
after 1Q treatment, albeit 1Q3, in pancreatic cancer cells. Taking TrxR
expression data together with activity results suggests that 1Q10 potently
inhibits TrxR activity but does not affect its expression in brain cancer cells,
suggesting that 1Q10 works by inhibiting TrxR function rather than regulating

TrxR expression.

The current study then went on to assess the cytotoxicity of 1Q10 in brain
cancer cells in normoxic vs. hypoxic conditions and in 2D vs. 3D cultures.
Results demonstrate that 1Q10 substantially decreases proliferation and
clonogenic survival of brain cancer cells under both normoxic and hypoxic
conditions with the IC50s in the sub- to low micromolar range. In comparison
to TMZ, a standard chemotherapeutic treatment for brain tumours, 1Q10 was
much more potent at decreasing proliferation and survival. The growth
inhibitory and cytotoxic activity of 1Qs has also been assessed in previous
studies (Yan et al.,, 2009a, 2012), in which they found that 1Qs displayed
potent cytotoxicity against pancreatic cancer cell lines with growth inhibitory
IC50s in the low nanomolar range. In addition, selected 1Qs were screened
against the NCI-60 panel and were found to be particularly effective against
colon, renal, and melanoma cancer cells (Yan et al., 2009a). Moreover, two of
the most potent IQs, i.e. IQ9 and 1Q10, have been shown to exert significant
cytotoxic effects on breast and pancreatic cancer cells in studies conducted by
Nurul Abdullah and Khaled Alhadyan, previous PhD students, in our research
group. Taken together, all these findings including the current one suggest
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that 1Qs may exhibit potent anticancer activity against a wide range of cancer

types.

Tumour hypoxia is a well-established biological phenomenon that affects the
curability of solid tumours, regardless of treatment modality (Walsh et al.,
2014). In brain tumours, especially GBM, hypoxia is strongly linked to tumour
progression, chemoradiotherapy resistance and poor patient outcomes
(Cavazos and Brenner, 2016). Hence, agents capable of overcoming hypoxia
resistance would be beneficial for brain tumour treatment. Since TrxR has
been reported to be upregulated during hypoxia (Berggren et al., 1996), it was
of interest to know whether 1Q10 would be more effective under hypoxic
conditions. Data show that 1Q10 is equally effective in both normoxic and
hypoxic conditions. An enhanced cytotoxicity of 1Q10 under hypoxia was
however, and somewhat unexpectedly, not observed with the underlying
causes for such results remaining unclear. The cellular reductases such as
NQO1, NQO2 and P450 may contribute to the hypoxic bioactivation and
cytotoxicity of 1Q10 in brain cancer cells but further experiments are needed
to assess the changes in the reductase enzyme activities following 1Q10
treatment under both normoxic and hypoxic conditions, to firmly confirm the
activation mechanism in brain cancer cells. The mechanism of action of the
IQs in pancreatic cancer cells has been proposed to involve metabolic
reduction by cellular reductases, loss of a leaving group to generate a reactive
electrophile resulting in alkylation of the selenocysteine residue in the active
site of TrxR (Yan et al., 2009a). Dehn et al. (2006) reported that IQ1 exhibited
its antitumour activity via inhibiting NQO1 in pancreatic cancer cell lines. In
addition, NQO2 was shown to be able to activate 1Qs in cell-free systems (Yan
et al.,, 2012). NQO1 and P450 were capable of reducing the indolequinone-
based compound EQ9 (Phillips et al., 2013). These findings suggest that the
two electron reductases NQO1 and NQO2 and the one-electron reductase

P450 may be involved in the reduction step of IQ10.

The traditional, and still widely used, 2D cell culture model used in the current
investigation cannot fully mimic in vivo cellular microenvironments with
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conclusions made from such 2D models requiring careful interpretation. In
order to make in vitro models potentially more clinically applicable, 3D culture
models have been developed and are being increasingly utilised in preclinical
studies. Currently, multicellular tumour spheroids are considered as one of
the most promising and popular 3D models for preclinical evaluation of novel
anticancer agents (Ferreira et al., 2018, Li and Kumacheva, 2018). Therefore,
the current study used a 3D spheroid model to compare the efficacy of 1Q10
on brain cancer cells in 2D and 3D side by side. Compared with the 2D data,
brain cancer cells cultured in 3D spheroids became more resistant to 1Q10.
Consistent with such data, a number of studies have also found that cells
cultured in 3D systems are more refractory to anticancer drugs than cells
grown in 2D cultures (Lovitt et al., 2014, Cox et al., 2015, Loessner et al., 2010,
Karlsson et al., 2012). Such changes in drug sensitivity between 2D and 3D
culture models are likely to be driven by various factors, including the cell-cell
interactions, signalling pathway activations, cellular microenvironment and
also drug uptake rate (Lee et al., 2013, Hakanson et al., 2010, Imamura et al.,

2015b).

It has been reported that TrxR is often overexpressed in many aggressive
cancers and that inhibition of TrxR can sensitise cancer cells to radiation (Urig
and Becker, 2006, Smart et al., 2004, Karimpour et al., 2002). TrxR inhibitors
such as MGd (Rockwell et al., 2002), auranofin (Wang et al., 2017a), and
curcumin (Javvadi et al., 2010b) have been shown to act as promising
radiosensitisers in the treatment of various cancer types. Therefore, in this
study, 1Q10 was assessed as a potential radiosensitiser in brain cancer cells.
Clonogenic survival data demonstrate that, in normoxic conditions, 1Q10
significantly increases radiosensitivity in all but the KNS42 cell line. The
somewhat aberrant KNS42 paediatric GBM cell line data may be a reflection
of the experiment using a uniform, and rather low, concentration of 1Q10 (1
uM) for KNS42s, that might not be sufficient to cause any changes in its
radiosensitivity — using equitoxic doses in the future would be of interest. In

addition, the intrinsic radiosensitivity might be another factor affecting the
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radiosensitising effect of 1Q10 as radiosensitisation is appeared to be more
effective in radioresistant cell lines than in radiosensitive lines (Franken et al.,
2013). Thus, as the most radiosensitive line among all the brain cancer cell
lines evaluated, KNS42 was more difficult to be radiosensitised by 1Q10 as it is
already very sensitive to the Kkilling effects of ionising radiation. Other
potential mechanisms underlining such results were not followed due to time
limitations. If time had allowed, the TrxR activity, intracellular ROS levels, cell
cycle and apoptosis characteristics of KNS42 cells could be assessed to further
understand this phenomenon. In a previous study reported by de Andrade et
al. (2016), KNS42 was rather radioresistant with only 20% reduction of colony
formation after 4-Gy of irradiation; however there was a 98% reduction in the
current study. Moreover, KNS42 was able to be significantly radiosensitised by
chemotherapeutic agents such as the PARP inhibitor olaparib (van Vuurden et
al., 2011). Such conflicting data on the in vitro radiation response of KNS42
cell line between different studies may lie with the different cell culture

conditions and growth status (Raaphorst et al., 1989).

Hypoxic cancer cells are well recognised to be more resistant to radiotherapy
and to represent the most aggressive fraction of a tumour. It is therefore
important to develop effective therapeutic strategies to directly target
hypoxic cancer cells in attempt to improve treatment (Pires et al., 2012). It
was thought that inhibition of TrxR could be an effective way to sensitise
hypoxic cancer cells to radiotherapy. Thus, the potential of IQ10 as a hypoxic
radiosensitiser was evaluated in brain cancer cells. Unexpectedly, no
radiosensitising effect induced by 1Q10 was detected in brain cancer cells
under hypoxic conditions, but such data are very preliminary and that much
more work needs to be done to draw any firm conclusions as only one
radiation dose was used and the drug treatment schedule was not ideal,
making interpretation difficult and comparisons to normoxic data almost
impossible. New hypoxia equipment is now available locally, adjacent to
irradiation facilities, and so in future experiments it might be worthwhile to

treat the hypoxic cells with 1 uM of 1Q10 for 4 h (the treatment setting used in
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normoxic experiment) prior to radiation. Since the hypoxic radiosensitising
effect of IQ10 was evaluated based on two MB cell lines in the present study
which may not be representative enough, more brain cancer cell lines
including adult/paediatric glioma lines should be tested in the future work to

verify the current findings.

As the behaviour of 3D cultured cells is more reflective of in vivo cellular
responses (Edmondson et al., 2014), the 3D spheroid model was introduced to
investigate and compare the radiosensitivity in 2D and 3D in vitro cultures of
brain cancer cell lines. Interestingly, brain cancer cells cultured in spheroids
became more sensitive to irradiation than cells grown in 2D monolayers — this
finding is in contrast to others as cancer cells are generally found to be more
radioresistant in 3D cell culture (Lin et al., 2009). The reason for these
divergent results remains unclear. Possible explanations could include
different methodological approaches and/or individual characteristics of the

cell lines. These issues are discussed in greater detail in Section 4.4.

The effects of 1Q10 on radioresponses of brain cancer cells was also evaluated
using 3D spheroid model. Consistent with the results from 2D cultures, 1Q10
also significantly sensitised brain cancer spheroids to irradiation. Although
cells from spheroids are generally more resistant than monolayers to drugs
and radiation, 1Q10 still maintained its potent radiosensitising effect on
spheroids, further suggesting that 1Q10 may be a valuable radiosensitiser
candidate for brain cancer treatment. As radiotherapy is conventionally
delivered by fractionation, it would be interesting, in the future, to examine
the radioresponse of 1Q10 in 3D to fractionated irradiation, to further confirm

its radiosensitising effects.

An important component of the present study was to evaluate and validate
whether or not TrxR is the target for 1Q10 to exert its cytotoxic and
radiosensitising effects. A siRNA approach was used to knockdown TrxR
expression in brain cancer cells, and the current results indicate that the
cytotoxic and radiosensitising effects of 1Q10 are due, in part, to functional
inhibition of TrxR. In addition, TrxR is suggested to be one of the main targets
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for 1Q10 and targeting TrxR by 1Q10 can be considered as a promising strategy
to improve radioresponse. However, other targets and mechanisms may also

be involved in 1Q10’s anticancer activity.

After confirming the role of TrxR as a regulator of radiosensitivity in brain
cancer cells, the current study further investigated potential mechanisms
underlying the radiosensitising effects of 1Q10. The results from Chapter 4
showed that treatment with 1Q10 resulted in elevated levels of ROS in brain
cancer cells with a further increase when combined with H,0,, suggesting that
IQ10 is able to increase oxidative stress and cells treated with 1Q10 are less
capable to deal with the oxidative stress induced by H;0,. In line with this
result, 1Q10 was found to increase the radiation-induced DNA damage as
assessed by the yH2AX foci formation assay. Taken together, current results
suggest that 1Q10 inhibits TrxR activity, which induces intracellular ROS
production and subsequent oxidative DNA damage, and ultimately allows the
radiosensitisation of brain cancer cells. Additional mechanisms may also
operate, for example, apoptosis and cell cycle progression might be induced

by 1Q10 and contribute to the radiosensitisation.

Additional experiments, in the present study, found that 1Q10 markedly
down-regulated a large number of EMT-related genes in brain cancer cells,
indicating that targeting TrxR by 1Q10 might inhibit the migration and invasion
of brain cancer cells through inhibiting pivotal EMT-related genes. To the best
of our knowledge, this is the first high-throughput screening study that has
been conducted to explore the relevance between the Trx system and EMT in

brain cancers, but further studies are needed to confirm current findings.

6.2 Limitations and suggestions for future work

Although the IHC study offers several strengths, there are also some
limitations. The study did not compare the protein levels of Trx system in
brain tumours with that found in corresponding normal tissues. It would be
useful to include normal brain tissue as a comparator in the future to better

understand the function of Trx system. In addition, a large amount of
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important data was missing from the clinical database, due to the challenges
facing data retrieval (the cases were collected as early as 1950s from multiple
hospitals across England), and a proportion of cores within the TMAs could
not be assessed due to missing tissue, cancer necrosis, or insufficient cancer
cells, which reduced the number of cases that could be used for statistical
analyses. Furthermore, the sample size of the cohorts, particularly the adult
GBM cohort, was relatively small (n=18), but even so, with the interesting
results presented, further investigation of these observations in larger cohorts
are warranted. Finally, the expression of all three members of the Trx system
proteins, i.e. TrxR, Trx, and TxNIP, were separately analysed in each tumour
cohort, while the future work can be conducted using a bioinformatic

approach to combine all markers to get a Trx system score.

It has been reported that certain TrxR inhibitors can preferentially kill cancer
cells and spare normal cells. In order to investigate whether 1Q10 also
possesses such preference, MRC5 fibroblast cells were used to assess its
cytotoxicity against normal cells. The results demonstrated that 1Q10 seemed
less toxic to MRC5 cells than to the majority of brain cancer cell lines tested.
However, due to time limitations, the present study did not assess the
cytotoxic and radiosensitising effects of 1Q10 on a normal brain cell line (e.g.
normal human astrocytes). As patients with brain tumours are particularly at
risk for adverse late brain effects after (chemo)-radiotherapy, further
experiments are required to explore the neurotoxic effects of 1Q10 and

radiation on at least one normal brain cell line.

To better understand the bioactivation of Q10 against brain cancer cells, in
this study, alterations in the protein expression of three reductases, namely
NQO1, NQO2 and cytochrome P450, were evaluated following Q10 treatment
under both normoxic and hypoxic conditions. Results demonstrated that 1Q10
did not affect expression levels of these reductases, except for NQO2, which
was downregulated by IQ10 but only in DAQOY cells under hypoxia. The current
study only evaluated the function of reductases at protein level, the changes

in their enzymatic activity were not measured due to time limitations. Since
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protein levels may not necessarily reflect the corresponding enzyme activity,
more experiments are required to measure the enzymatic activity of these
reductases and search for other possible molecular targets to better
understand the mechanism of action of 1Q10 (upstream activators and
downstream signalling pathways). Reducing enzymes such as cytochrome b5
reductase (b5R) and xanthine oxidase/xanthine dehydrogenase (XO/XDH) may
also contribute to the bioreduction or cytotoxicity of IQ10 in cancer cells (Yan
et al., 2008), therefore, it might be useful to include these reductases in future
experiments. It is interesting to additionally assess 1Q10 toxicity in a panel of
reductase deficient cell lines, or in lines over-expressing specific reductase

enzymes to identify the activation mechanism.

It should be noted that complete knockdown is often difficult to achieve by
siRNA or shRNA methodologies with some residual protein, and therefore
enzymatic activity, potentially remaining. In line with this, the TrxR activity, in
the present study, could not be completely blocked by siRNA, thus causing
data to be interpreted with some caution. To obtain entire removal of the
protein CRISPR-Cas9 technology should to be considered even though the
technique is time-consuming, laborious and expensive, particularly when
applied to cancer cells that usually have a large number of chromosomal

abnormalities.

As introduced in Section 1.2.2, Trx system regulates multiple cellular functions
through interactions with different signalling molecules. Thus, TrxR inhibitor
IQ10 may be expected to affect various downstream signalling pathways.
Inhibition of such downstream functions, affected by 1Q10, could be examined
in future assays to confirm the specificity and mode of action, such as
measuring protein and mRNA expression of Prx system by Western blotting
and gRT-PCR, assessing apoptosis by annexin V-FITC apoptosis assay,
examining transcription factors binding activities by inserting reporter gene
and detecting enzyme by Luciferase assay, and determining the cell cycle

block by propidium iodide staining and flow cytometry.
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The BBB is a selective barrier formed by the endothelial cells that line cerebral
microvessels (Abbott et al., 2006). It is estimated that >98% of drugs with
molecular weights as low as 500 Da cannot pass through the BBB (Sarkar et al.,
2014). While the presence of brain tumours compromises the integrity of BBB,
the brain-tumour barrier is still a major obstacle to effective drug delivery into
brain tumours (Karathanasis and Ghaghada, 2016). Indeed, poor drug
penetration across the BBB is one of the largest barriers to effective
treatments in brain tumours (Chornenkyy et al.,, 2015). Therefore,
determination of drug’s BBB permeability is a prerequisite for screening drugs
which could take effects in CNS (Gao et al., 2017). For molecules to penetrate
the BBB, a polar surface area (PSA) < 90 and a molecular weight <500 Da are
usually needed (Hitchcock and Pennington, 2006). With a PSA of 68.31 and a
molecular weight of 450.41, 1Q10 may have the potential to cross the BBB. As
such, experiments were conducted to predict the BBB penetration ability of
Q10 using caco-2 in vitro system with preliminary data suggesting that 1Q10
was reasonably permeable and was not a substrate for efflux transporters
(experiments were carried out by the contract research company Sygnature
Discovery). TMZ, a standard chemotherapeutic treatment for various brain
tumours and a control drug used in the present study, can efficiently cross the
BBB due to its small molecular weight (194 Da) and lipophilicity (Schreck and
Grossman, 2018). TMZ is a substrate for efflux transporter p-glycoprotein
(PGP) and breast cancer related protein (BCRP) but not multidrug resistance
protein 1 (MRP1) (Tivnan et al., 2015). Based upon the in vitro data discussed
above, a further study to assess the BBB penetration of 1Q10 in male CD-1
mice is ongoing (experiments are being conducted by Axis Bioservices, a
Belfast based contract research company), with such data generated in the
future, the BBB penetration ability of 1Q10 will be better understood. If BBB
penetration limits drug delivery there are other potential delivery strategies
that could be considered, such as direct intratumoural delivery via convection-
enhanced delivery (Hdeib and Sloan, 2011), ultrasound-mediated delivery

(Choi et al., 2010), peptide carrier-mediated delivery (Sarkar et al., 2014),
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nanoparticle delivery or intracerebral implants (Lu et al., 2014), intrathecal

delivery (Nailor et al., 2016), and hydrogel-based delivery (Basso et al., 2018).

Apart from the IHC data, all results in this study were obtained using
established in vitro cell line models; therefore, additional studies may wish to
consider using primary, patient derived cells (e.g. the locally available GIN
lines, which were derived from the invasive edge of the adult GBM tumours
by a research group in Nottingham), tumour xenografts or ideally orthotopic
mouse models to confirm the current findings and to further link
experimental studies with the clinical setting. More importantly, the
pharmacokinetic (PK, concentration vs. time) and pharmacodynamic (PD,
effect vs. time) parameters of IQ10 should be examined in animal models, as
PK/PD profiles are crucial for the prediction of drug efficacy in humans. In
addition, the PK/PD data can help to guide the subsequent study design of the

in vivo drug-radiation combination and fractionation experiments.

Data from the current study suggest that targeting TrxR by 1Q10 might inhibit
the EMT process in brain cancer cells. However, as the data obtained from
EMT arrays were not confirmed by independent repeats (a single analysis of
pooled mRNA from three independent experiments was conducted), further
verification experiments such as gRT-PCR on specific genes or Western
blotting should be conducted. It would also be useful to assess whether such
changes in gene expression translate into a phenotypic difference in cell
migration and/or invasion by conducting appropriate endpoint assays such as
scratch wound migration and transwell invasion assays (Justus et al., 2014).
Although the correlation between the Trx system and invasion/migration has
been investigated in various cancer types (Farina et al., 2001, Farina et al.,
2003, Wang et al., 20153, Bhatia et al., 2016b, Yoo et al., 2006, Goldberg et al.,
2003), few studies have been conducted with brain cancer lines, so it would
be interesting to examine, in future work, the role that the Trx system plays in
modulating brain cancer cell migration and invasion and whether this can be

modulated by 1Q10.
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6.3 Final conclusions

The results of the current study are summarised in Table 6.1. In conclusion,
the retrospective histopathology IHC based study demonstrates that Trx
system proteins, namely TrxR, Trx and TxNIP, are widely expressed across a
variety of brain tumour types with high cytoplasmic TrxR expression
consistently associated with a worse prognosis in all brain tumour types
studied, suggesting that TrxR is potentially a very important therapeutic target
in brain cancers generally. The in vitro results show that IQ10 is a very potent
TrxR inhibitor exhibiting single agent anti-proliferative and cytotoxic effects
under both normoxic and hypoxic conditions and in both 2D and 3D culture
systems. 1Q10 was up to 1000 fold more potent than TMZ, the agent used
clinically to treat brain tumours and used as a comparator in the current study.
TrxR was confirmed as an important target of IQ10 and inhibition of it by 1Q10
substantially sensitised both 2D and 3D cultured brain cancer cells to radiation,
with this radiosensitising effect due, in part, to functional inhibition of TrxR
activity, making cells less able to deal with oxidative stress with this leading to
increased oxidative DNA damage and cell killing. In addition to its cytotoxic
and radiosensitising effects, IQ10 might be a potential anti-migratory agent as
treatment significantly downregulated pivotal EMT associated gene
expression in brain cancer cells. Collectively, although further confirmation is
required both in vitro and in vivo, the current study highlights TrxR as a
potential therapeutic target and suggests that 1Q10 could be a promising
agent, either single or combined with radiation, to improve outcome in brain

tumours.
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Biomarkers Adult GBM pLGG pHGG MB
Cytoplasmic TrxR N, N, N, N,
IHC | Nuclear TrxR X N, X X
(OS) | Cytoplasmic Trx X N, N, N
Nuclear Trx X N, X N,
TxNIP X N, X X
Endogenous
expression of SNB19 SF188 KNS42 DAOY Uw228-3
Trx proteins
TrxR KNS42 > SF188 > UW228-3 > SNB19 > DAQY
Trx KNS42 > UW228-3 > SNB19 > DAOY > SF188
TxNIP UW228-3 > SNB19 > KNS42 > SF188 > DAQY
Intr|_n5|c - SNB19 SF188 KNS42 DAOY Uw228-3
Radiosensitivity
2D KNS42 > SF188~UW228-3 > SNB19~DAOY
3D UW228-3 > DAQY
Hypoxia UW228-3 > DAQY
Response to 1Q10 SNB19 SF188 KNS42 DAOY Uw228-3
TrxR activity —_— _— —_—
TrxR expression 0] 0]
In Trx expression 0] 0
vitro | TxNIP expression o} 0
Toxicity
2D + ++ + ++ ++
3D ++ ++
Hypoxia ++ ++
EMT —_— —_——
Radiosensitivity
2D ++ 0] ++ ++
3D ++ ++
Hypoxia 0 ]
ROS level ++ ++
YH2AX foci ++ ++
TrxR knockdown SNB19 SF188 KNS42 DAOY Uuw228-3
Toxicity of 1IQ10 + +
Radiosensitivity + +
Abbreviations: “v” significant association; “x” no association. “— —" significant decrease; “+ +”

significant increase;

“u_n

moderate decrease; “+” moderate increase; “O” no change.
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Table A1 Cell culture media formulations.

Appendix A

Cell Line Reagents Source Volume
SNB19 Minimum essential medium eagle (MEM) (with Earle’s salts and sodium M2279, Sigma, UK 500 ml
DAOY bicarbonate, without L-glutamine)
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 58 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P0781, Sigma, UK 5.8 ml
L-Glutamine (200 mM) G7513, Sigma, UK 5.8 ml
MEM non-essential amino acids solution (100x) M7145, Sigma, UK 5.8 ml
Sodium pyruvate solution (100mM) $8636, Sigma, UK 5.8 ml
SF188 Dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM/F-12) 21331-020,Gibco, Life Technologies, UK~ 500 ml
KNS42 Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 57 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P0781, Sigma, UK 5.7 ml
L-Glutamine (200 mM) G7513, Sigma, UK 5.7 ml
UW228-3 Dulbecco’s modified eagle’s medium/Nutrient Mixture F-12 Ham D6421, Sigma, UK 500 ml
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 91.5 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) G7513, Sigma, UK 6.1 ml
L-Glutamine (200 mM) S8636, Sigma, UK 6.1 ml
Sodium pyruvate (100mM) P0781, Sigma, UK 6.1 ml
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Table Al Continued.

Appendix A

Cell Line Reagents Source Volume
MDA-MB-231 Minimum essential medium eagle (MEM) (with Earle’s salts and sodium bicarbonate, M2279, Sigma, UK 500 ml
without L-glutamine)
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 57 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P4333, Sigma, UK 5.7 ml
L-glutamine (200 mM) G7513, Sigma, UK 5.7 ml
MEM non-essential amino acids solution (100x) M7145, Sigma, UK 5.7 ml
MCF-7 Dulbecco’s Modified Eagle’s Medium (DMEM) (with 4500 mg/L glucose, L- D5796, Sigma, UK 500 ml
glutamine, and sodium bicarbonate, without sodium pyruvate)
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 56 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P4333, Sigma, UK 5.6 ml
MRC5 Minimum essential medium eagle (MEM) (with Earle’s salts and sodium M2279, Sigma, UK 500 ml
bicarbonate, without L-glutamine)
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 59 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P0781, Sigma, UK 5.9 ml
L-glutamine (200 mM) G7513, Sigma, UK 5.9 ml
MEM non-essential amino acids solution (100x) M7145, Sigma, UK 5.9 ml
Hepes solution (1 M) H0887, sigma, UK 5.9 ml
Sodium carbonate solution (7.5%) S$8761, Sigma, UK 5.9 ml
FB83 RPMI-1640 medium R8758, Sigma, UK 500 ml
Heat inactivated iron supplemented donor bovine serum Gibco, Life Technologies, UK 56 ml
Penicillin/Streptomycin (10,000 units penicillin and 10 mg streptomycin/ml) P4333, Sigma, UK 5.6 ml
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Appendix A

Table A2 Buffers for Western blotting.

Buffer

Preparation

1X Running buffer

1X Transfer buffer

0.1% PBS/Tween (PBS/T)
Blocking buffer

50 ml 20X Bolt™ MES SDS running buffer (ThermoFisher
Scientific) supplemented with 950 ml distilled H,0.

50 ml 20X Bolt™ Transfer Buffer (ThermoFisher
Scientific) mixed with 100 ml methanol to a total volume
of 500 ml with distilled H,O.

1 ml Tween 20 (Sigma) dissolved in 1000 ml PBS.

2.5 g milk powder (Marvel Original dried skimmed milk
powder) dissolved in 50 ml 0.1% PBS/Tween.

Abbreviations: SDS, sodium dodecyl sulfate; PBS, phosphate buffered saline.
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Table A3 Statistics of H-score of TrxR, Trx and TxNIP in adult GBM, paediatric LGG, paediatric HGG and MB cohorts.

Appendix A

Adult GBM
- - - Paediatric LGG Paediatric HGG MB
Core Rim Invasive margin
Statistics
TrxR Trx  TxNIP TrxR Trx TXNIP  TrxR Trx TXNIP  TrxR Trx TXNIP  TrxR Trx TxNIP  TrxR Trx TxNIP
N (Valid) 14 12 16 15 15 15 12 7 7 87 87 89 104 107 95 82 80 79
N 4 6 2 3 3 3 5 10 10 49 49 47 63 60 72 32 34 35
Mean 100.7 98.1 152.7 1144 1013 1443 80.5 110.0 158.6 1189 100.8 154 80.6 117.2 180.6 130.3 1345 1489
SEM 135 195 14.4 8.8 15.4 14.2 5.6 6.8 12.0 5.1 5.7 7.7 6.3 6.5 6.7 5.9 7.1 7.4
Median 78 122 168 100 105 140 86 105 170 120 97 173 67 110 192 130 137 150
SD 50.4 67.6 57.5 34.2 59.7 55.1 19.3 18.0 31.8 47.8 53.1 72.8 64.5 66.8 65.1 53.4 63.4 65.8
Range 157 180 198 113 198 192 55 50 80 230 273 280 217 283 270 270 280 258
Minimum 30 5 30 77 0 30 50 90 115 5 0 0 0 0 10 0 0 12
Maximum 187 185 228 190 198 222 105 140 195 235 273 280 217 283 280 270 280 270

Abbreviations: SEM, standard error of mean; SD, standard deviation.
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Appendix A

Table A4 Statistics of nuclear score of TrxR and Trx in adult GBM, paediatric LGG, paediatric HGG and MB cohorts.

Adult GBM Paediatric Paediatric
Core Rim Invasive LGG HGG MB
Statistics TrxR Trx TrxR Trx TrxR Trx TrxR Trx TrxR Trx TrxR Trx
N (Valid) 14 12 15 15 12 7 87 87 104 107 82 80
N (Missing) 4 6 3 3 5 10 49 49 63 60 32 34
Mean 47 35 72 34 79 52 55 19 36 30 64 38
SEM 7.1 9.8 6.3 8.4 52 101 3 2.1 3.1 2.7 3.3 3.0
Median 485 375 80 23 85 60 57 12 275 20 73 34
SD 264 339 240 32. 181 26.7 284 192 314 279 30.2 26.7
Rang 88 90 85 90 53 75 95 88 100 98 100 99
Minimum 7 0 15 0 45 10 0 0 0 0 0 0

Maximum 95 90 100 90 98 85 95 88 100 98 100 99

No nuclear staining was observed for TxNIP expression. Abbreviations: SEM, standard error of mean; SD, standard deviation.
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Appendix A

Adult GBM
(patient 4.2)

Adult GBM
(patient 103)

Breast tumours
(+/- control)

Figure Al Optimisation of anti-TrxR antibody on adult GBM and breast tumour tissues. Brain and breast tissue sections were subjected
to immunohistochemistry. (A and B) 1:100 dilution of primary antibody; (C and D) 1:150 dilution; (E and F) 1:300 dilution. Photomicrographs are at 10X
magnification. Scale bar represents 100 pum.
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Appendix A

Adult GBM
(patient 103) |

Breast tumours |
(+/- control)

Figure A2 Optimisation of anti-Trx antibody on adult GBM and breast tumour tissues. Brain and breast tissue sections were subjected to
immunohistochemistry. (A and B) 1:2000 dilution of primary antibody; (C and D) 1:3000 dilution; (E and F) 1:4000 dilution. Photomicrographs are at 10X
magnification. Scale bar represents 100 pum.
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Appendix A

Adult GBM
(patient 4.2)

Adult GBM
(patient 103)

Breast tumours
(+/- control)

Figure A3 Optimisation of anti-TxNIP antibody on adult GBM and breast tumour tissues. Brain and breast tissue sections were
subjected to immunohistochemistry. (A and B) 1:250 dilution of primary antibody; (C and D) 1:500 dilution; (E and F) 1:1000 dilution. Photomicrographs are
at 10X magpnification. Scale bar represents 100 um.
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Appendix A

Table A5 Associations between TrxR expression and clinicopathological
variables in adult GBM (Core).

Cytoplasmic TrxR

Nuclear TrxR

Variable
Low High P-value Low High P-value
Age (years)
<59 5 4 1.000 7 2 0.580
= (35.7%)  (28.6%) (50.0%)  (14.3%)
559 2 3 3 2
(14.3%)  (21.4%) (21.4%)  (14.3%)
Gender
Male 2 5 0.592 6 1 0.559
(14.3%) (35.7%) (42.9%) (7.1%)
Female 4 3 4 3
(28.6%) (21.4%) (28.6%) (21.4%)
Tumour site
Parietal 3 4 0.613 7 0 0.008
(21.4%) (28.6%) (50.0%) (0.0%)
Temporal 1 2 0 3
P (7.1%)  (14.3%) (0.0%)  (21.4%)
Occipital L 0 . 0
P (7.1%)  (0.0%) (7.1%) (0.0%)
Frontal 2 L 2 L
(14.3%)  (7.1%) (14.3%)  (7.1%)
Resection
status
5 8 0.429 o 7 1.000
Complete (35.7%)  (57.1%) 6(42.9%)  (50.0%)
, 1 0 . 0
Partial (7.1%) (0.0%) 1(7.1%) (0.0%)
IDH-1 status
Wild-tvpe 7 6 1.000 10 3 0.286
P (50.0%)  (42.9%) (71.4%)  (21.4%)
0 1 0 1
Mutant (0.0%)  (7.1%) 0.0%)  (7.1%)

The P values are resultant from the Pearson ¥ test of association or Fisher’s Exact test if a cell
count was less than five. Significant P values are indicated in bold. The number and
percentage of observations for cohort is shown for each clinicopathological variable.
Abbreviations: GBM, glioblastoma.
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Appendix A

Table A6 Associations between TrxR expression and clinicopathological
variables in adult GBM (Invasive margin).

Cytoplasmic TrxR

Nuclear TrxR

Variable
Low High P-value Low High P-value
Age (years)
<59 5 3 0.545 5 3 0.545
= (41.7%)  (25.0%) (41.7%)  (25.0%)
559 1 3 1 3
(8.3%) (25.0%) (8.3%) (25.0%)
Gender
Male 0 5 0.015 1 4 0.417
(0.0%) (41.7%) (8.3%) (33.3%)
Female 6 L 0 /
50.0% 8.3% 0.0% 58.3%
( ) ( ) ( ) ( )
Tumour site
. 1 3 0.096 o 1 0.379
Parietal (8.3%) (25.0%) 3 (25.0%) (8.3%)
Temporal 4 0 L 3
P (33.3%)  (0.0%) (8.3%)  (25.0%)
Occipital 0 L 0 L
P (0.0%)  (8.3%) (0.0%)  (8.3%)
Frontal L 2 L 2
8.3% 16.7% 8.3% 16.7%
( ) ( ) ( ) ( )
Resection
status
Complete 2 7 0.236 4 5 1.000
P (16.7%)  (58.3%) (33.3%)  (41.7%)
Partial 2 L 2 L
(16.7%)  (8.3%) (16.7%)  (8.3%)
IDH-1 status
Wild-tvpe 5 6 1.000 6 5 1.000
P (41.7%)  (50.0%) (50.0%)  (41.7%)
1 0 0 1
Mutant (8.3%)  (0.0%) (0.0%)  (8.3%)

The P values are resultant from the Pearson ¥ test of association or Fisher’s Exact test if a cell
count was less than five. Significant P values are indicated in bold. The number and
percentage of observations for cohort is shown for each clinicopathological variable.
Abbreviations: GBM, glioblastoma.
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Figure A4 Kaplan-Meier survival curves of TrxR, Trx and TxNIP expression and

overall survival in the adult GBM cohort (core). No significant associations were
found between TrxR (A and B), Trx (C and D) and TxNIP (E) expression and overall survival (all P
values > 0.05). Curves show low (blue line) and high protein expression (green line) with
significance determined using the log-rank test.
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Figure A5 Kaplan-Meier survival curves of TrxR, Trx and TxNIP expression and
overall survival in the adult GBM cohort (invasive margin). No significant
associations were found between TrxR (A and B), Trx (C and D) and TxNIP (E) expression and
overall survival (all P values > 0.05). Curves show low (blue line) and high protein expression
(green line) with significance determined using the log-rank test.
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Table A7 Associations between TrxR, Trx and TxNIP expression and clinicopathological variables in paediatric LGG.

Cytoplasmic TrxR Nuclear TrxR Cytoplasmic Trx Nuclear Trx Cytoplasmic TxNIP
Variable
Low High P Low High P Low High P Low High P Low High P
Age
<3 13 5 0.292 9 10 0.752 3 16 0.403 9 9 0.778 3 16 0.395
(15.1%)  (5.8%) (10.3%) (11.5%) (3.4%) (18.4%) (10.6%)  (10.6%) (3.4%) (18.0%)
>3 58 10 35 33 6 62 36 31 6 64
(67.4%) (11.6%) (40.2%) (37.9%) (6.9%) (71.3%) (42.4%) (36.5%) (6.7%) (71.9%)
Gender
Male 32 6 0.833 18 20 0.887 5 33 0.712 16 21 0.155 4 34 1.000
(44.4%) (8.3%) (24.7%)  (27.4%) (6.8%) (44.6%) (22.2%) (29.2%) (5.3%) (44.7%)
Female 28 6 16 19 3 33 21 14 5 33
(38.9%)  (8.3%) (21.9%) (26.0%) (4.1%) (44.6%) (29.2%))  (19.4%) (6.6%) (43.4%)
Tumour site
Supratentorial 12 7 0.003 10 10 0.649 2 19 1.000 11 10 0.733 7 15 0.041
(17.4%) (10.1%) (14.3%) (14.3%) (2.8%) (26.8%) (15.9%) (14.5%) (9.7%) (20.8%)
Infratentorial 47 3 22 28 6 44 23 25 29 21
(68.1%) (4.3%) (31.4%) (40.0%) (8.5%) (62.0%) (33.3%) (36.2%) (40.3%)  (29.2%)
Recurrence
No 42 3 0.006 17 29 0.029 3 44 0.116 21 24 0.285 4 43 0.273
(60.0%) (4.3%) (23.9%) (40.8%) (4.2%) (61.1%) (30.0%) (34.3%) (5.4%) (58.1%)
Yes 16 9 16 9 5 20 15 10 5 22
(22.9%) (12.9%) (22.5%) (12.7%) (6.0%) (27.8%) (21.4%) (14.3%) (6.8%) (29.7%)

The P values are resultant from the Pearson X2 test of association or Fisher’s Exact test if a cell count was less than five. Significant P values are indicated in bold.
The number and percentage of observations for cohort is shown for each clinicopathological variable. The table does not include the number of observations
Abbreviations:

where

clinicopathological

data

or

scores

were

not

available.

LGG,

low-grade

glioma.
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Table A8 Associations between Trx expression and clinicopathological
variables in paediatric HGG.

i Cytoplasmic Trx Nuclear Trx
Variable . .
Low High P-value Low High P-value
Age
<3 16 2 0.145 17 1 0.188
(15.0%)  (1.9%) (15.7%)  (0.9%)
>3 62 27 72 18
(57.9%) (25.2%) (66.7%) (16.7%)
Gender
Male 41 9 0.564 41 9 0.520
(51.3%) (11.3%) (51.3%) (11.3%)
Female 23 7 27 3
(28.8%)  (8.8%) (33.8%) (3.8%)
Histological
subtypes
AA 16 2 0.008 16 2 0.189
(20.8%)  (2.6%) (20.8%)  (2.6%)
GBM 42 9 44 7
(54.5%) (11.7%) (57.1%)  (9.1%)
AO 3 5 5 3
. 0 . (o] . (o] . (]
(3.9%) (6.5%) (6.5%) (3.9%)
Tumour site
Supratentorial 52 14 1.000 55 11 1.000
(67.5%) (18.2%) (71.4%)  (14.3%)
Infratentorial 9 2 10 1
. (o] . (o] . (o] . (]
(11.7%)  (2.6%) (13.0%) (1.3%)
WHO grade
1} 19 6 0.545 21 4 0.741
. (0] . 0 . 0 . 0
(24.7%)  (7.8%) (27.3%)  (5.2%)
v 43 9 45 7
. 0 . 0 . 0 . ()
(55.8%) (11.7%) (58.4%) (9.1%)
Extent of resection
Gross total 12 1 0.446 13 0 0.141
(18.5%)  (1.5%) (20.0%)  (0.0%)
Subtotal 25 8 25 8
. 0 . 0 . 0 . ()
(38.5%) (12.3%) (38.5%) (12.3%)
Biopsy 15 4 16 3
. 0 . 0 . 0 . ()
(23.1%) (6.2%) (24.6%) (4.6%)
Recurrence
No 10 0 0.189 9 1 1.000
(14.5%)  (0.0%) (13.0%)  (1.4%)
Yes 46 13 50 9
(66.7%)  (18.8%) (72.5%) (13.0%)

The P values are resultant from the Pearson ¥ test of association or Fisher’s Exact test if a cell
count was less than five. Significant P values are indicated in bold. The number and
percentage of observations for cohort is shown for each clinicopathological variable.
Abbreviations: HGG, high-grade glioma; AA, anaplastic astrocytoma; GBM, glioblastoma; AO,
anaplastic oligodendroglioma.
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Table A9 Associations between
variables in paediatric HGG.

Appendix A

TxNIP expression and clinicopathological

Cytoplasmic TxNIP

Variable
Low High P-value
Age
<3 6(6.3%) 11(11.6%) 0.114
>3 44 (46.3%) 34 (35.8%)
Gender
Male 21(30.0%) 25(35.7%)  0.314
Female 14 (20.0%) 10 (14.3%)
Histological subtypes
AA 12 (17.9%) 3 (4.5%) 0.009
GBM 17 (25.4%) 28 (41.8%)
AO 5 (7.5%) 2 (3.0%)
Tumour site
Supratentorial 25 (36.8%) 32 (47.1%) 0.021
Infratentorial 9(13.2%) 2 (2.9%)
WHO grade
i 16 (23.9%)  5(7.5%) 0.005
v 18 (26.9%) 28 (41.8%)
Extent of resection
Gross total 8 (13.3%) 4(6.7%) 0.333
Subtotal 13(21.7%) 18 (30.0%)
Biopsy 9(15.0%)  8(13.3%)
Recurrence
No 7(11.3%) 3 (4.8%) 0.167
Yes

24 (38.7%)

28 (45.2%)

The P values are resultant from the Pearson ¥ test of association or Fisher’s Exact test if a cell
count was less than five. Significant P values are indicated in bold. The number and
percentage of observations for cohort is shown for each clinicopathological variable.
Abbreviations: HGG, high-grade glioma; AA, anaplastic astrocytoma; GBM, glioblastoma; AO,
anaplastic oligodendroglioma.

309



Appendix A

Table A10 Association between Trx expression and clinicopathological

variables in MB.

. Cytoplasmic Trx Nuclear Trx
Variable - -
Low High P-value Low High P-value
Age
<3 7 5 0.495 9 3 0.711
(8.8%) (6.3%) (11.3%) (3.8%)
>3 49 19 54 14
(61.3%) (23.8%) (67.5%) (17.5%)
Gender
Male 35 15 0.859 40 10 0.690
(46.7%) (20.0%) (53.3%) (13.3%)
Female 17 8 19 6
(22.7%) (10.7%) (25.3%)  (8.0%)
Histological subtypes
Classic 28 15 0.149 35 8 0.041
(45.2%) (24.2%) (56.5%) (12.9%)
Desmoplastic/nodular 7 1 7 1
(11.3%)  (1.6%) (11.3%)  (1.6%)
MB with extensive 0 2 0 2
nodularity (0.0%) (3.2%) (0.0%) (3.2%)
Large cell/ anaplastic 5 2 4 3
(8.1%) (3.2%) (6.5%) (4.8%)
Medullomyoblastoma 2 0 2 0
(3.2%) (0.0%) (3.2%) (0.0%)
Extent of resection
Complete 26 11 0.559 20 2 0.179
(44.1%) (18.6%) (33.9%) (3.4%)
Partial 17 5 27 10
(28.8%)  (8.5%) (45.8%) (16.9%)
Recurrence
Yes 18 14 0.031 21 11 0.016
(28.1%) (21.9%) (32.8%) (17.2%)
No 26 6 29 3
(40.6%)  (9.4%) (45.3%) (4.7%)
Metastasis
Absence 28 10 0.482 31 7 1.000
(45.9%) (16.4%) (50.8%) (11.5%)
Presence 15 8 19 4
(24.6%) (13.1%) (31.1%) (6.6%)

The P values are resultant from the Pearson ¥ test of association or Fisher’s Exact test if a cell
count was less than five. Significant P values are indicated in bold. The number and
percentage of observations for cohort is shown for each clinicopathological variable.

Abbreviations: MB, medulloblastoma.
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Appendix B

Uuw228-3

YH2AX DAPI Merge

Control

1Q10

IR

1Q1+IR

Figure B1 Representative images of yH2AX immunofluorescent staining in DAOY and UW228-3 cells (63X). Red, yH2AX; Blue, DAPI

fluorescent stain. Scale bar = 40 um.
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