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Abstract

Glioblastoma (GBM) is the most common primary malignancy in the central nervous system
and the most devastating, with a median survival of 18 months from diagnosis. The
development of models to research and understand GBM tumourigenesis and progression, as
well as for drug screening is paramount to tackling this disease and determining new and
effective therapeutic interventions. Microfluidics models have been developing over the past
several years with the aim of maintaining tissue viability over several days and presenting a
more patient-personalised and clinically relevant model of GBM. The University of Hull have
driven the manufacture of a novel perfusion device which allows a micro-biopsy of the tissue
to be maintained for up to 8 days for drug screening and evaluation of aspects of the tumour

microenvironment.

Type I protein arginine methyltransferases (PRMTs) are responsible for the deposition of
asymmetric dimethyl marks on arginine residues of both histones and proteins, whereas type
II PRMTs deposit symmetric dimethylation marks and type III perform monomethylation,
solely. Methylation is a very common and stable post-translational modification and can alter
protein expression and function. PRMTs are upregulated in and have been associated with
dysregulation of a variety of pathways in GBM and have been involved in clinical trials for a
variety of cancers, including GBM. The overarching hypothesis for this study was that
GSK3368715 could cause cell death in GBM patient tissues in the novel perfusion device. This
was investigated by evaluating cell death through histology and cellular stress assays,
determining transcriptomic changes as a result of treatment and comparing the outcomes of

these results to healthy mouse brains maintained in the novel perfusion device.

Type I PRMT inhibition using GSK3368715 was evaluated in U87-MG cells and in GBM
patient tissue in the novel perfusion device throughout this research. No significant cellular
stress was found between individual time points in control GBM and healthy mouse or cichlid
brain tissues, maintained in the perfusion device for 8- (GBM, F=1.11,df=7, p =0.37; Mouse,
F=1.45, df=5, p=0.22) or 12- days (GBM, F=1.38 , df =11 , p =0.22) after the first 48 hours.
Similarly, no significant changes in apoptosis were determined between pre- and 8- (cleaved
PARP: GBM, w=38, p=0.151, Mouse, t =0.020, df =2, p = 0.99; Annexin V: GBM, t =-0.064,
df=13.76, p = 0.95, Mouse, t =-0.23, df = 6, p = 0.8), or 12-day (cleaved PARP: GBM, t = -
0.40, df = 4.75, p-value = 0.71; Annexin V: t = -0.064, df = 13.76, p = 0.95) post-perfused
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tissue in GBM, or healthy mouse brain tissues. Together with the presence of mitoses in
histological staining and cytokine profile shifts, which showed greater changes in cytokine
profiles after 12 days, this indicated that tissues could be maintained for up to 8 days on chip,
but further optimization would be required to extend perfusion to 12 days. Cichlid brain tissues
were also found to be able to maintained in the perfusion device through no significant change
in cellular stress for up to 6 days (F=1.73, df=1, p=0.21), lack of significant cellular death up
to 4 days (X?=5.50, df = 3, p = 0.14) and presence of live cells seen through histology.

GSK3368815 was found to cause a 2.17-fold increase in apoptotic cleaved PARP expression
in GBM tissue in the perfusion device, after 8§ days (t=—4.52, df =9, p=0.001), but did not
show synergy with other drugs (X = -0.41, df = 14,42, p = 0.69). This was not recapitulated
with the Annexin V apoptotic marker (t=-0.41, df = 14.42, p = 0.69). Variation between GBM
response to treatment, as well as extension of time on-chip beyond 8 days requires further
exploration and optimisation. GSK3368715 and TMZ also caused changes to cytokines,
including decreased expression of matrix metalloproteinase 9 (logFC=-0.07, t=-43.32,
padj=0.0046) and vascular endothelial growth factor (logFC=-0.08, t=-4.25, padj=0.0004), as
well as an increase in mesenchymal cell phenotype marker chitinase 3 like 1 (logFC=0.05, t=-
2.97, padj=0.0088), which has been implicated in successful treatment of GBM. Differential
gene expression of treated tissue was also determined, with gene ontology indicating reductions
in protein synthesis capacity and increase in cell death with GSK3368715 treatment, supporting
apoptotic marker expression in the tissue. Hundreds of alternatively spliced genes and links
with fused in sarcoma (FUS) suggested that this may be a mechanism by which PRMT
inhibition functions to cause apoptosis. This data was then compared to healthy mouse brain
controls, in which GSK3368715 did not cause any apoptotic effects (cleaved PARP: t=-1.20,
df=5, p=0.28; Annexin V: t=-0.47, df=6, p=0.65).

In conclusion, GSK3368715 was found to cause apoptosis in 8-day post-perfused GBM patient
tissue. This could be caused by PRMT-inhibition induced alternative splicing and involvement
of FUS, which may lead cells to be driven to a more differentiated phenotype, resensitisation
of cells to TMZ and reduction of tumour microenvironmental factors associated with

aggressive GBM phenotypes.
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perfusion.

Appendix 12: Representative images of Annexin V-stained fish brain tissue pre- and 8-days

post-perfusion and treated with luM GSK3368715.

Appendix 13: Representative images of cleaved PARP-stained healthy mouse brain tissue

pre- and 8-days post-perfusion and treated with 1luM GSK3368715.

Appendix 14: Representative images of Annexin V-stained healthy mouse brain tissue pre-

and 8-days post-perfusion and treated with luM GSK3368715.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. Aetiology and Epidemiology of Glioblastoma multiforme

Gliomas are cancers of glial cells, which make up the supportive tissue located in the brain and
spinal cord and are the most common cancers of the central nervous system (CNS) (Cancer
Research UK, 2021). Gliomas can arise in three types of glial tissue: astrocytes, forming
astrocytomas, which are the most common; oligodendrocytes, forming oligodendrogliomas
and ependymal cells, forming ependymomas (Weller et al., 2015). Astrocytes contribute to
50% of overall brain mass (Kimelberg and Norenberg, 1989) and are essential for CNS
homeostasis. Star-like projections, astrocytes form interactions with other neural cells and
mediate response to external stimuli (Vasile et al., 2017), being involved in regulation of blood
pH and ion concentrations, glycogen and energy substrate synthesis and maintaining

neurotransmission (Verkhratsky and Semyanov, 2022).

Glioblastoma (GBM) is a Grade 4, diffuse adult astrocytic glioma (Louis ef al., 2021) and the
most common form of glioma, with 32% of primary brain tumour diagnoses in England being
GBM, between 1995 and 2017 (Cancer Research UK, 2021). It is the most aggressive and
therefore most devastating form of glioma, with a median survival of 1.5 years from initial
diagnosis (Ostrom et al., 2021). Prior to the 2021 reclassification (Louis et al., 2021), gliomas
which arose from neuronal, or glial stem cells at various stages of differentiation, were also
classed as GBM (Phillips et al., 2006). De novo disease is present in 90% of cases, with only
5% of patients having progression from lower WHO grade II/III gliomas (Janjua ef al., 2021).
Ionising radiation has been shown to stimulate development of GBM. Relatively little else is
known about the causes of GBM (Ellor ef al., 2014), although there are several theories.
Germline predisposition occurs in less than 5% of cases, with syndromes such as
Neurofibromatosis I (NfI1) (D'Angelo et al., 2019); Li-Fraumeni, characterised by mutations in
the tumour protein (TP53) gene (Shinagare et al., 2011); Turcot, with mutations in
adenomatosis polyposis coli tumour suppressor (APC) and hereditary nonpolyposis colorectal
cancer (HNPCC) genes (Harned et al., 1991) and Ollier (Hori et al., 2010). There is also some
debate as to whether traumatic brain injury may drive development of GBM, due to the
infiltration of inflammatory factors, progenitor cells, or astrocytic dedifferentiation (Al-

Kharboosh et al., 2020, An et al., 2024).



There are several recognised variants of GBM, including: giant cell, characterised by large
multinucleated cells; gliosarcoma, with sarcomatous tissue and epithelioid, which have an
eosinophilic cytoplasm and vesicular chromatin (Louis ef al., 2021). It is widely accepted that
GBM cells can exist in at least three subtypes, in different clonal regions, in different patients,
determined using data from The Cancer Genome Atlas (TCGA): classical (CL), proneural (PN)
and mesenchymal (ME) (Neftel er al., 2019). These subtypes contain varying proportions of
GBM cells in four transcriptional states, indicated by single cell ribonucleic acid (RNA)
sequencing: oligodendrocyte progenitor cell like (OPCs), astrocyte like (ACs), neural
progenitor cell like (NPCs) and mesenchymal cell like (MES) (Wang ef al., 2017, Verhaak et
al., 2010). The classical subtype is more associated with ACs and some MES cells, the ME
subtype is characterised by MES cells and the proneural subtype contains more NPCs and
OPCs (Neftel et al., 2019). Each of the cell states is characterised by different biological
markers. ACs display epithelial growth factor receptor (EGFR) aberrations and chromosome
7 gain/chromosome 10 loss (+7/-10), whereas NPCs and OPCs contain high levels of platelet-
derived growth factor receptor (PDGFRA) and cyclin dependent kinase (CDK4) and MES cell
states are associated with loss of function NfI mutations and chromosome 5q deletions (Neftel
et al., 2019), as well as presence of chitinase-3-like-1 (C3L1) and cluster of differentiation 44
(CD44) (Kanderi et al., 2024). There are several hypotheses on the developmental origin of
GBM. The hierarchical theory suggests that glioma stem cells (GSCs) are responsible for
gliomagenesis, whereas the dedifferentiation model hypothesises that OPCs, ACs and NPCs

are responsible (Jovcevska, 2019).

Akin to many cancers, GBM is a disease of age, with the mean age of patients being 62 years.
Men also appear to be more affected by GBM than women, with men being ~60% more likely
to develop a primary GBM tumour and women tending to have increased survival (Carrano et
al.,2021). There is a higher incidence of left-sided, frontal primary tumour presentation in men
(Li et al., 2018), with higher androgen levels being associated with having a transcriptional
effect on neural stem cells (NSCs), and inhibition of androgen receptor signalling being found
to cause GBM cell death (Bao ef al., 2017a, Bramble ef al., 2016). An anti-inflammatory
environment, more often seen in men, is also associated with worse prognosis (Sorensen et al.,

2018) and greater tumour growth is associated with expression of genes such as sonic hedgehog



(shh), which is linked with tumour invasion and progression (Buczkowicz et al., 2014) (Kfoury
et al., 2018). Conversely, women more commonly appear to develop secondary GBM tumours
(those resulting from lower grade gliomas) in the right temporal lobe (Li ef al., 2018), with the
effect of oestrogen found to be protective in mobilising NSCs (He et al., 2015), therefore
displaying longer survival in pre-menopausal women (Altinoz et al., 2019). The pro-
inflammatory environment, interestingly, is associated with longer survival, with oestrogen
exhibiting a sex-specific effect on interleukin-1p (IL1B), subsequently producing opposing
inflammatory effects on microglia in the different sexes (Gold et al., 2019). NfI inactivation
and retinoblastoma 1 (Rb1) have also been seen to reduce tumour growth, driving cells more
towards the mesenchymal phenotype and causing a sexually dimorphic effect, whereby CDK
inhibitors p16, p21 and p27 are increased, thereby reducing tumour growth in females, but not
in males (Kfoury et al., 2018, Buczkowicz et al., 2014). There is also a higher prevalence of
0O6-methylguanine-methyltransferase (MGMT) promoter methylation in women (80%), vs

men (27%), which conveys better prognosis (Franceschi ef al., 2018).

As well as differences in sexes and higher prevalences in older age groups, GBM incidence
and survival varies between ethnicities. After adjustments for age, gender, primary tumour site,
tumour size and surgical implications, patients from Asian and Pacific Island backgrounds were
generally found to have a prognostic advantage, followed by those with Hispanic heritage,
Black African and Black Caribbean backgrounds and then by those of a Caucasian ethnic
origin, with 3-year survival rates being 36.6%, 32.3%, 28.8% and 27.7%, respectively
(Crimmins et al., 2021, Bohn et al., 2018). The reasons behind these figures have been
speculated to be socioeconomic, with those from Asian and Pacific Island backgrounds due to
the general presence of extended family, who may notice neurological changes quicker than
those in the stereotypical nuclear family associated with Caucasian communities, therefore
leading to earlier diagnosis, conferring better survival outcomes (Patel et al., 2019). A lower
incidence (-42%) of GBM has also been found in people with diabetes (Kitahara et al., 2014)
and individuals from Black and South Asian origins are at an increased risk of developing
earlier onset type II diabetes, therefore potentially conveying a reduced risk of developing
GBM (Whyte et al., 2019). Further research would be required to elucidate ethnic differences

in GBM occurrence.



1.2. Clinical Presentation and Diagnosis

Patient presentation of GBM is dependent upon the location of the tumour. Patients with
suspected lesions within the frontal, or temporal lobes and the corpus callosum (Figure 1.1)
usually present with mood disorders and some memory loss, whilst patients with tumours in
other areas may suffer from seizures, compromised vision, or motor function (Kanderi et al.,
2024). Computed Tomography (CT) scans may indicate irregular thick margins, with a dense
necrotic centre and surrounding oedema from loose gap junctions (Gaillard, 2008). Magnetic
resonance imaging (MRI) scans confirm GBM through identifications of a ring-enhancing
lesion with central necrosis, surrounded by a ring of peri-tumoural oedema (Alexander and
Cloughesy, 2017). Figure 1.1.2(taken from (Melhem et al., 2022)) shows several MRI imaging

techniques of a patient with a left frontal GBM tumour.
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Figure 1.1.1.: Schematic of the lobes of the brain

Midsagittal diagram indicating the main features and lobes of the brain. Figure taken from
‘Internal Brain Regions’ by Casey Henley and is licensed under a Creative Commons
Attribution Non-Commercial Share-Alike (CC BY-NC-S4) 4.0 International License. ~(

https://openbooks.lib.msu.edu/introneurosciencel/chapter/external-brain-anatomy/).
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Figure 1.1.2.: Contrast-enhanced T1 imaging of patient with IDH-wildtype GBM.

A) TI-W1 dynamic susceptibility contrast MRI of a large necrotic mass in left frontal region.
B) Elevated cerebral blood volume on magnetic resonance (MR) perfusion correlates to areas
of enhancement in MRI. C) Compared to diffusion weighted imaging (DWI) map, D) cellular
heterogeneity is evident within the tumour fields as more hypercellular areas demonstrates
higher signal drop on the apparent diffusion coefficients (ADC) map (GBM has a lower ADC
compared to gliomas of lower grades). Image taken from (Melhem et al., 2022).

Histopathology of GBM sections may indicate high mitotic and angiogenic marker expression;
microvasculature; central necrosis, or multiple foci surrounded by pseudopalisading cells and
Weibel-Palade bodies, which contribute to inflammation and angiogenesis (Kanderi et al.,
2024). Magnetic resonance (MR) spectroscopy indicating an elevated choline peak also
confirms changes in brain metabolism, including necrosis and increased cellular proliferation
(D1 Costanzo et al., 2006). Histopathological analysis is also performed on patient tissues for
IDH-wildtype status, glial fibrillary acidic protein (GFAP) and prognostic MGMT promoter
methylation (Stoyanov et al., 2019). GFAP is a cytoskeletal protein which is highly expressed
in GBM, but not in other primary brain tumours, or brain metastases (Jung et al., 2007). Various
other genetic testing also determines confounding molecular biomarkers present in the tumours

of patients, which aid towards diagnosis and prognosis of the patient.

1.2.1. Classification

During the course of this work, GBM has been reclassified by the WHO (Louis et al., 2016,
Louis ef al., 2021) and therefore the threshold for the types of tissue that this project has



received has altered slightly. There are a few GBM tissue samples which fall under the realm
of the pre-2021 molecular classification; however, the majority of tissues adhere to the new

definition of GBM.

Pre-2021, GBM was defined as a grade IV astrocytoma and could be isocitrate dehydrogenase
1 (IDH1) wildtype, or mutated. Grade II was labelled diffuse astrocytoma, Grade III anaplastic
astrocytoma and Grade IV GBM, which may or may not have alpha-thalassaemia syndrome
X-linked (ATRX) loss, TP53 mutation and Cyclin-dependent kinase inhibitor 2A/B
(CDKN2A/B) loss (Louis et al., 2016). Reclassification means that GBM has been defined as
a diffuse astrocytic adult glioma, which now must display I/DHI wildtype homozygosity, as
well as histone 3 lysine 27 (H3K27) wildtype status, whereby H3K27 is trimethylated. GBM
may also display: telomerase reverse transcriptase (7ERT) promoter alterations, +7/-10, EGFR
amplification, CDKN2A/B homozygous deletion. Necrosis, or microvascular proliferation may
also be present, but this is not a necessity, if the molecular pre-requisites are met (Sareen et al.,
2022, Louis et al., 2021). Any glioma which meets the 2021 molecular classification
requirements is automatically classified at Grade 4 GBM, replacing the Grade II-IV of the 2016
revision (Louis et al., 2021). MGMT promoter methylation remains an important predictive
and prognostic biomarker (Park et al., 2023). GBM is highly genetically heterogenous, both
between patients and in within the tumour of an individual patients and therefore, there are

several molecular markers associated with GBM (Miranda et al., 2017).

1.2.1.1. IDH]I and IDH?2

IDH1 and IDH2 are involved in the production of alpha-ketoglutarate (a-KG), from isocitrate,
via reduction of nicotinamide adenine dinucleotide phosphate (NADP+) to NADPH, in the
Krebs cycle. The former carries out this reaction in the cytoplasm, whilst the latter carries out
this reaction within the mitochondria . Prior to WHO 2021 classification, /DHI mutation,
IDH1 R132H formed a subtype of GBM, associated with better overall survival, than in
patients with the wildtype IDH1 gene (Khan et al., 2017). This mutation is cause by a single
nucleotide polymorphism (SNP) (G to A) at the codon encoding for arginine at position 132,
changing the residue to a histidine (Machida et al., 2020). This mutation causes a decreased
binding affinity for isocitrate and increased binding affinity for NADPH, causing a reduction
in a-KG production and an increase in 2-hydroxyglutarate (2-HG) production, which differs
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only in a hydroxyl group, in place of the carbonyl group and acts as a competitive inhibitor of
a-KG reactions. This leads to dysregulation in deoxyribose nucleic acid (DNA) and histone
methylation, as well as hypoxia, which in turn leads to hypoxia inducible factor la (HIFIa)
upregulation and differentiation inhibition. /DH] mutation is also generally reported in
younger GBM patients, giving them a 25% overall increase in life expectancy, over patients
with wildtype IDHI (Ahmadipour et al., 2019). IDHI mutation also occurs early in the glioma
forming process and is therefore present in lower grade gliomas, as well as GBM, therefore it
is not the only biomarker utilised to clinically diagnose GBM (Watanabe et al., 2009). IDH?2
R172H/S mutation occurs at arginine residue 172 of the /[DH?2 gene. It is less common than its
IDHI R132H counterpart in gliomas, but is generally mutually exclusive to /DHI mutation
and also confers better prognostic outcome to patients (Cho et al., 2021b). On the
recommendation of the Consortium to Inform Molecular and Practical Approaches to CNS
Tumour Taxonomy (cIMPACT-NOW) (Tesileanu et al., 2020), in 2021, the WHO
reconsidered /DH1/2 mutant tumours to be alternative gliomas to GBM, with GBM being
classified as only having wildtype /DH /2, which may have several other molecular biomarkers

(Louis et al., 2021).

1.2.1.2. TERT Promoter Alterations

TERT are nucleoprotein complexes, found at the ends of telomeres and are responsible for
maintaining telomere integrity to allow accurate cellular division, until telomeres shorten
enough to lead to senescence, or cell death (Kim et al., 1994). TERT promoter alterations are a
common feature in many cancers which do not have an abundance of self-renewing tissue,
including GBM (Yuan et al., 2019). Mutually exclusive cytidine to thymidine dypyrimide
transition in TERT promoters occur at 124bp (C228T) and 146bp (C250T) upstream of the
translational start site, in the promoter region (Olympios et al., 2021). Other alterations,
including tandem nucleotide duplications and methylation occur much less frequently, but
many of these TERT promoter variants are gain of function and cause upregulation in the
production of TERT (Pierini et al., 2020). Activation of TERT is essential in tumourigenesis,
as it allows cancers to develop the characteristic “immortality” cancer hallmark (Hanahan and
Weinberg, 2000, Hanahan and Weinberg, 2011). Due to the activation of TERT, telomeres are
repaired and cells acquire the ability to replicate, without entering senescence, or leading to

cell death and this makes them more susceptible to chemotherapy which targets rapidly



dividing cancer cells, over healthy cells which replicate at a normal rate (Bell et al., 2016). In
IDH-wildtype gliomas, TERT promoter alteration has been linked with a more clinically and

biologically aggressive phenotype (Arita et al., 2020).

1.2.1.3. Chromosomal abnormalities

Several losses and gains of chromosomes, resulting in copy number variation, are found in
GBM. The most common are: loss of heterozygosity of chromosome 10 which is associated
with phosphatase and tensin homolog (PTEN) (10g23.31) and phosphatidylinositol 4-kinase
type 2A (PI4K2A) (10g24) loss; this happens in concurrence with polysomy of chromosome
7, which is associated with EGFR (7p12) and mesenchymal-epithelial transition (MET) (7q31)
copy number amplification and homozygous 9p21 loss is associated with CDKN2A loss

(Brennan et al., 2013, Verhaak et al., 2010).

Other, less frequent alterations in chromosome number occur in chromosomes: 4q12 leading
to PDGFRa amplification; 721 polysomy increasing CDK6 expression; 12q resulting in the
increase of CDK4 (12q14) and murine double minute 2 (MDM?2) (12q15); 13q14 which is
associated with loss of Rb1 and 17q11.2 hemizygous deletion containing NfI (Verhaak et al.,
2010).

1.2.1.4. EGFR signalling

EGFR is a transmembrane receptor tyrosine kinase (RTK) and key regulator of epithelial cell
development and homeostasis and is often dysregulated in many cancers, including in GBM
(Sigismund et al., 2018), being associated more with classical GBM subtype (Verhaak et al.,
2010). In a study by Higa et al. (2023), copy number amplification and subsequent
overexpression of EGFR, associated with chromosome 7p gain, occurred in approximately
23.9% GBM patients and 10% had other EGFR mutations. Other sources report a prevalence
of EGFR alteration in ~50% of patients (Brennan ef al., 2013). EGFR alteration leads to
increased signalling and activation of transcriptional pathways responsible for proliferation,

differentiation and survival (An et al., 2018).



EGFR triggers a series of signalling pathways (Higa ef al., 2023) (Figure 1.1.3). The rat
sarcoma (RAS) (e.g. NfI)/mitogen activated protein kinase (MAPK)/extracellular signal-
related kinase (ERK) pathway, leads to transcription factor motility (Deschenes-Simard et al.,
2014). After ligand binding, EGFR may also bind phosphoinositide 3-kinase (PI3K), which
causes a phosphorylation cascade, converting phosphatidylinositol-3, 5-bisphosphate (PIP2)
into phosphatidylinositol-3, 4, 5-bisphosphate (PIP3), which subsequently phosphorylates
protein kinase B (PKB/Akt), involved in the mammalian target if rapamycin (mTOR)
signalling cascade and proliferative and metabolic regulation (Lemmon et al., 2014, Thorpe et
al., 2015). This pathway is also negatively regulated by PTEN, which has been found to be lost
with chromosome 10 deletion in GBM, thereby preventing inhibition of the PI3K/Akt pathway
(Ozawa et al., 2014). EGFR also initiates the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway, which facilitates inflammation-associated
tumourigenesis and migration (O'Shea et al., 2015). STAT proteins can also be motivated by
EGFR-mediated Akt activation, mediating DNA methylation (Kim et al., 2013). The presence
of EGFRVIII drives PTEN loss-induced malignant transformation of astrocytes, which is
otherwise repressed by transcription factor STAT3 activation (de la Iglesia et al., 2008,
Hashemi et al., 2023). The protein kinase C (PKC) pathway is associated with angiogenesis
and inflammation (Garg et al., 2014), with high levels of PKC denominations being associated
with poor survival (Mawrin ef al., 2003). EGFR can also affect signalling molecules, including
DNA protein kinase (DNA-PK) and histone H4. EGFR oncogenic variant EGFRVIII is formed
when there is a deletion of EGFR exons 2-7, which renders the variant constitutively active, as

do other point mutations, such as R108K and G598D (Furnari et al., 2015).

There has been some debate as to whether EGFR amplification in GBM displays a more
aggressive phenotype and is associated with reduced survival (Guo et al., 2022), or has the
opposite effect on prognosis (Higa et al., 2023). Interestingly, Guo et al. (2022) determined
that constitutively high expression of EGFR ligand results in small hyper-proliferating, but
non-invasive tumours and thereby becoming tumour-suppressive via inhibiting a dedicator of
cytokinesis 7 (DOCK7)-regulated Rho guanosine triphosphate(GTP)ase pathway. Several
drugs have been trialled to target EGFR overexpression, via tyrosine kinase inhibitors,
including gefitinib, erlotinib and afatinib (An ef al., 2018) with limited success (Vivanco et al.,

2012).
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Figure 1.1.3.: Receptor tyrosine kinase (RTK) signalling pathways

RTKs include: epidermal growth factor receptor (EGFR); vascular endothelial growth factor
receptor (VEGFR); fibroblast growth factor receptor (FGFR), platelet-derived growth factor
receptor (PDGFR) and mesenchymal epithelial transition (MET). Mitogen-activated protein
kinase kinase (MEKK), c-Jun N-terminal kinase (JNK), phospholipase C gamma (PLCy), rat
sarcoma GTPase (RAS); rapidly accelerated fibrosarcoma (RAF),; mitogen-activated protein
kinase (MEK); extracellular signal-related kinase (ERK); beta-catenin (f-catenin); non-
receptor tyrosine kinase (SRC), nuclear factor kappa B (NFxB); IxB kinase (IkK), inhibitor of
NFkB (IkB); Janus kinase (JAK), phosphoinositide 3 kinase (PI3K),; phosphatidyl inositol 4,
S-bisphosphate (PIP2); phosphatidyl inositol 3, 4, 5-trisphosphate (PIP3); protein kinase B
(AKT), glycogen synthase kinase o/f (GSKa/p); mammalian target if rapamycin (mTOR);
phosphatase and tensin homolog (PTEN), signal transducer and activator of transcription
(STAT); mouse double minute protein 2 (MDM?2); ADP-ribosylation factor (ARF),; enhancer
of zeste homolog 2 (EZH2); cyclin-dependent kinase 4/6 (CDK4/6); p21; retinoblastoma 1
(Rb1) and eukaryotic transcription factor 2 (E2F). Resulting downstream effects and potential
effectors include: stemness, methyltransferase-like 3 (METTL3), survival, B cell lymphoma 2
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(BCL2), invasion, matrix metalloproteinase 7 (MMP?7),; angiogenesis, hypoxia inducible factor
1 (HIF'1) and proliferation, chitinase 3-like 1 (C3L1).

1.2.1.5. Other receptor tyrosine kinase signalling

Fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and wvascular
endothelial growth factor (VEGF) RTK signalling have also been described in the progression
of GBM (Figure 1.1.3). FGF modulates tissue repair and regeneration though proliferation,
GSC self-renewal and morphogenesis, via the RAS/MAPK, PI3K/Akt, phospholipase C
gamma (PLCy) and STAT pathways, by stimulating production of e.g. matrix
metalloproteinase 7 (MMP7), causing angiogenesis (Farooq et al., 2021, Pollard et al., 2009).
PDGF mediates signalling through PDGFRa, which is responsible for intertumour
heterogeneity and is enriched in the proneural subtype and PDGFRp, which informs
intratumour heterogeneity and is expressed in GSCs in the proneural and mesenchymal
subgroups (Verhaak et al., 2010). High PDGF expression has been linked to PTEN loss in
wildtype GBM, as well as simultaneous mutations in other RTKs, such as EGFR and MET.
VEGEF is a mediator of hypoxia-induced glioma progression and is found to be expressed with
the necrotic core of GBM, stimulating pro-angiogenic activity (Chi et al., 2009, Ahir et al.,
2020). N6-methyladenosine (m°A) is a transcriptional modification, which accumulates in
GSCs, induced by PDGF signalling, as well as EGFR and VEGF signalling (Yue et al., 2015).
m®A helps to target mRNA for splicing, export and translation and its regulators have been
reported to be positively correlated with VEGFR, EGFR and PDGFR signalling pathways and
negatively correlated with enhancer of zeste homolog 2 (EZH2). m°A accumulation as a result
of constitutive PDGF signalling and via methyltransferase-like 3 (METTL3) has been linked
to GSC proliferation and stemness (Lv ef al., 2022). This has been recapitulated by Lane et al.
(2022) who found that inhibition of PDGFR induces differentiation of GSCs into neural-like
cells, slowing proliferation and invasion, via the Akt/MAPK pathway. Neurotrophic RTK
oncogenic gene fusions have also been found in GBM, albeit at a lower rate than some other
RTKs at 1.69%, (Wang et al., 2020b) again allowing dysregulation of the PI3K/AKT/mTOR,
PLCy/PKC and RAS/RAF/ mitogen-activated protein kinase (MEK)/ERK pathways (Cocco et
al., 2018).
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1.2.1.6. p53 pathway

P53 is a transcription factor that is widely mutated in many cancers, including GBM, where
mutations appear in approximately 84% of patients (Brennan et al., 2013). Gain of function of
oncogenic variants causes dysregulation of the p53/p14/MDM2 axis, leading to genomic
instability, angiogenesis and evasion of apoptosis (Zhang et al., 2018b). P53 is generally
activated in response to cellular stress, such as hypoxia and DNA damage and mutational
variants result in p53 inactivation (England et al., 2013). Dysregulation of the p53 pathway
(Figure 1.1.4) is linked to CDKNA2/p14 locus deletion, which then inhibits the degradation of
MDM2, therefore allowing degradation of p53 and leading to a suppression of the DNA
damage response (DDR) (Figure 1.1.5) and apoptotic response associated with p53-regulated
genes (Leroy et al., 2013). Adenosine diphosphate (ADP) ribosylation factor (ARF)/p14 has
also been shown to upregulate tissue inhibitor of metalloproteinase-3 (TIMP3), therefore
dysregulation of this pathway leads to GBM cell migration (Zerrouqi et al., 2012). TP53 loss
of functions mutations are mutually exclusive to MDM?2 amplifications (Ghimenti et al., 2003).
The p53 pathway is also linked to Rbl, whereby eukaryotic transcription factor 2 (E2F)
dissociation from Rb1 and subsequent activation is stimulated by the MAPK/CDK4/6 pathway,
leading to stimulation of p14 to inhibit MDM2 (Dono et al., 2021). Rb1 mutations have been
found to convey improved progression-free survival in GBM patients, with decreased
frequency of CDKN2A/B loss and EGFR amplification. Loss of function of Rbl leads to
replication stress and initiation of the DDR, leading to GBM cell death (Dono ef al., 2021).
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Figure 1.1.4.: P53 pathway

Meiotic recombination 11-RADS50-Nijmegen breakage syndrome 1 (MRN) recognises double
strand breaks (DSBs) and recruits ataxia telangiectasia mutated (ATM). The phosphorylation
cascade affects: p53, which induces p21 to inhibit cyclin dependent kinase 2 (CDK2) and cyclin
A/E, arresting the cell cycle at the gap phase (G)1/synthesis (S) transition, or checkpoint 2
(Chk2), which inhibits phosphatase cell division cycle 25 homolog A (CDC25A4) through
ubiquitination and degradation, which would otherwise continue the G2/mitosis (M) transition.
P53 also inhibits enhancer of zeste homolog 2 (EZH2), preventing histone methyltransferase
activity and pl4/ADP-ribosylation factor (ARF), which inhibits MDM?2. Cyclin-dependent
kinase 4/6 (CDK4/6) and cyclin D also inhibit EZH?2, as well as encouraging dissociation of
inhibitory retinoblastoma 1 (Rbl) from eukaryotic transcription factor 2 (E2F), allowing
transcription. E2F is also activated by CDK2/Cyclin E at the G1/S transition and activates
CDK2/Cyclin A. Ataxia telangiectasia and rad3 related (ATR) is recruited to replication
protein A (RPA)-coated single stranded DNA overhangs, alongside ATR-interacting protein
(ATRIP) and DNA topoisomerase Il binding protein 1 (TOPBP1), leading to checkpoint protein
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1 (Chkl) phosphorylation and subsequent inhibition of phosphatase cell division cycle 25
homolog C (CDC25C) and activation of phosphatase WEE 1, which prevents cyclin dependent
kinase 1 (CDK1) and cyclin B for progressing the G2/M cell cycle transition. The pathways
also cause cross inhibition of cell cycle phases (Ding et al. 2020)(Kung and Weber, 2022)(Choi
and Lee, 2022).

1.3. Treatment

1.3.1. Current Methods

Upon diagnosis of a patient with a brain tumour, patients are immediately put on
Dexamethasone (DEX), a synthetic glucocorticoid, to reduce inflammation and cerebral
oedema at the tumour site, thereby alleviating cranial pressure and often, some of the symptoms
that the patient may have been experiencing (Cenciarini ef al., 2019). DEX is given twice per
day, at the time of initial diagnosis and through imaging. Standard procedure is that patients
receive 8 mg Dex for at least 48 hours, which is then reduced to between 2—4 mg until the day
of surgery. Dose is then increased back to 8 mg on the day of surgery for 48 hours, and then
again reduced to 2 mg (Barry et al., 2023). Gross total resection (GTR) is the preferred outcome
of surgery, where possible, with progression-free survival (PFS) increasing by 50% over
supramaximal resection (SMR) and maximum tumour resection (MTR) of more than 89% also
leading to a better prognosis (Wang et al., 2019a). Resection is guided by intraoperative
imaging with 5-aminolevulinic acid (5-ALA), which identifies the infiltrative margin of the
tumour to get as close to GTR as possible (McCracken et al., 2022). Awake craniotomy is
preferred, should the patient tolerate it, to reduce further damage to areas of the brain which
may impact quality of life, such as the motor cortex, or speech centre (Ramakrishnan et al.,
2024). The diffuse nature of GBM, however, makes GTR and MTR very difficult, therefore
recurrence after resection is highly likely (The GLASS Consortium, 2018).

Surgery is followed by adjuvant radiotherapy and chemotherapy with alkylating agent
temozolomide (TMZ) (Kaina, 2023), known as the Stupp Regimen. lonising photon
radiotherapy is generally given at 60 Grays (Gy) over the course of 6 weeks, or between 25-
40Gy in 5-15 daily fractions, depending on the tolerance of the patient (Perry et al., 2017,
Minniti et al., 2019). Radiation causes single and double stranded DNA breaks in the rapidly
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dividing cells, which cannot then be repaired by the DDR (Figure 1.1.5), therefore the cells are
marked for senescence, or apoptosis. lonising radiation triggers a cascade involving ataxia
telangiectasia mutated (ATM) protein and p53, which induces apoptosis by p21-mediated
inhibition of CDKs and also by stimulating apoptotic B-cell lymphoma 2 (Bcl-2) and Bcl-2-
associated X protein (Bax) expression, preventing gap phase (G)1 to synthesis (S) phase

transition (Jonathan et al., 1999).

TMZ has many advantages that lend itself to being a good first line chemotherapy for GBM.
These include oral administration and excellent bioavailability, allowing almost 100% of the
drug to enter circulation; stability in high acidity environment, allowing spontaneous
breakdown into its active form monomethyl triazene 5-(3-methyltriazen-1-yl)-imidazole-4-
carboxamide (MTIC) with the increasing pH of the GBM tumour microenvironment (TME)
(Zhang et al., 2012); and in conjunction with other drugs and its ability to penetrate the blood
brain barrier (BBB) (Hu ez al., 2020b). TMZ adds an alkyl group to guanine N7 residues, within
guanine-rich regions, as well as less frequently at O6 residues and N3 adenine residues.
Alkylation induces adducts in the DNA, which are then repaired by base excision repair (BER)
(Figure 1.1.5) and MGMT enzyme repair (Figure 1.1.6) (Bobola et al., 2012). TMZ is S-phase
dependent, as it causes mispairing of bases which is then detected by mismatch repair (MMR)
proteins, resulting in double stranded breaks through S-phase development, therefore

performing its cytotoxic effect (Kaina, 2023, Kaina and Christmann, 2019).
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Figure 1.1.5.: DNA damage response (DDR) pathways.

DNA damage by double strand breaks (DSB) is repaired by homologous recombination (HR),

or non-homologous end-joining (NHEJ). For HR to occur, the sister chromatid is used. Upon

DSB, ataxia telangiectasia mutated (ATM) is recruited by the meiotic recombination 11-

RADS50-Nijmegen breakage syndrome 1 (MRN) complex, which stabilises the chromatin.

Ataxia telangiectasia and rad3 related (ATR) is recruited to replication protein A (RPA)-

coated single stranded DNA overhangs. (BRCAZ2) then recruits radiation sensitive protein 51
(RADS51) to the DSB and replaces RPA, forming a D-loop with the invading 3’ ssDNA and

homologous chromosome. Strands are repaired by DNA polymerase é (pold) and ligated by

Bloom syndrome protein (BLM) helicase (Ranjha et al. 2018). NHEJ is less accurate but is

quicker as the broken ends are ligated together. The DNA-binding regulatory subunits Ku70

and Ku80 dimers recognise the DSB and recruits DNA-dependent protein kinase catalytic

subunits (DNA-PKc), which autophosphorylate and recruits further factors, including Poll/u

to synthesise DNA to repair the gap and ends are then joined by X-ray repair cross-

complementing protein 4 (XRCC4), XRCC4-like factor (XLF) and ligase 1V (Lieber, 2010).

The base excision repair (BER) pathway repairs single strand breaks (SSB), caused by reactive

oxygen species (ROS), or alkylating agents, by short- (1 nucleotide), or long-patch (2-10

nucleotides) repair. Aberrant bases are excised by mono- or bi-functional glycosylases, leaving

an apyrimidine (AP) site. This is recognised by AP endonucleases (APE1/2) which cleave the
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site, leaving a 5 deoxyribose phosphate (dRP) termini, which is cleaved by PolB/d/e, aided by

proliferating cell nuclear antigcen (PCNA) and the nick repaired by ligase I with flap structure

specific endonuclease 1 (Fenl) for short-path repair, or XRCC1 and ligase Il for long-patch
repair (Caldecott 2014). (MutS) and (Mutl) detect DNA base mismatches caused during

replication and lead to cleavage of DNA. Exonuclease I (Exol), replication factor C (RFC) and

PCNA ensure cleavage of the nascent strand and Pold and RPA fill the resulting gap. Ligase |

then completes the mismatch repair (MMR) (Jiricny 2006). Bulky adducts, such as thymine

dimers, through ultraviolet light (UV) exposure, are detected using xeroderma pigmentosum
complementation group C (XPC), centrin-2 (CETN2) and RAD23B in the global genome NER
(GG-NER), or Cockayne syndrome group B (CSB), CSA and RNA Polymerase II (RNAPII) in

the transcription-coupled NER (TC-NER). These converge through the processing complex,
which includes XPG endonuclease, RPA, XPA and transcription factor IIH (TFIIH) and then
excision repair protein (ERCC1) and XPF, removing the bulky adduct. Pold/s, PCNA and RFC

synthesise the DNA to fix the bulky adduct and Ligase I completes the nucleotide excision
repair (NER) (Scharer, 2013) (Moon et al., 2023).

MGMT is a DNA repair enzyme which has been associated with resistance to alkylating
chemotherapy reagents, such as TMZ. MGMT removes O6-guanine residues from alkyl
adducts from DNA, placed there by alkylating chemotherapy agents and irreversibly sequester
it to cysteine-145 within its own active site, allowing replication to continue (Mansouri ef al.,
2019, Raghavan et al., 2020). MGMT suppression occurs though the methylation of cytidine-
phosphate-guanine (CpG) islands in the promoter region of glioma cells (Figure 1.1.6) (Bobola
et al., 2015). MGMT promoter methylation switches off the MGMT gene, located on
chromosome 10q26, involved in the repair of DNA damage, caused by TMZ (Alexander and
Cloughesy, 2017, Binabaj et al., 2018). Upon MGMT promoter silencing, unrepaired O6-
guanine residues are mismatched with thymine, which is excised by the MMR, however
leaving behind the original lesion. The cycle continues until the replication fork collapses and

the DNA begins to break, leading to replicative arrest and apoptosis (Mojas et al., 2007).
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Figure 1.1.6.: MGMT repair pathway

Alkyl adducts (O6-methylguanine (O°-meG)) are added to DNA by temozolomide (TMZ) and
mismatched with thymine residues (orange T). If the O6-Methylguanine-SNA
methyltransferase (MGMT) promoter is unmethylated, MGMT sequesters the adduct to

cysteine-145 (c) in its active site, allowing continuation of DNA replication and cell survival.
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If the MGMT gene is silenced by methylation, the mismatch repair (MMR) pathway attempts
to remove the adduct. Exonuclease I (Exol), replication factor C (RFC) and proliferating cell
nuclear antigen (PCNA) ensure cleavage of the nascent strand and DNA polymerase (Pold)
and replication protein A (RPA) fill the resulting gap. Ligase I then completes the MMR (Mojas
et al., 2007). If the lesion remains, the futile cycle repeats until replication fork collapse and
arrest and cell death (Fan et al., 2013).

MGMT is also affected by chromosome 10q deletion and patients who have this alteration and
MGMT promoter methylation have an improved response rate to TMZ and radiation than those
who have one aberration or the other (Chiang et al., 2019). In a study performed to determine
the prognostic effect of MGMT promoter methylation, patients with methylation had increased
survival of 21.2 months, compared to 14 months in the non-methylated group (Gilbert et al.,
2013). Survival has also been linearly correlated with the number of methylated CpG sites
(Siller et al., 2021). Meta-analysis studies have also indicated that patients with MGMT
promoter methylation, and therefore suppressed MGMT expression, have longer overall
survival and a generally better prognosis than patients with unmethylated MGMT promoter
regions (Binabaj et al., 2018). There is, as of yet, no optimal cutoff for promoter methylation
for the best overall survival, with a study by Nguyen ef al. (2021) suggesting 21%. Clinically,
different National Health Service (NHS) trusts stratifty MGMT promoter-methylated GBMs at
various levels of methylation, with some trusts utilising a threshold of 8.7% (Khor, 2017);
whereas Hull NHS Teaching Hospitals Trust regards methylation between 10-15% as
equivocal and anything over this as positive for MGMT promoter methylation. Patients with
IDHI mutations also have longer overall survival when in conjunction when the mutations
appear alongside MGMT promoter methylation (Chai et al., 2021), although this no longer
applies to GBM under the new definition (Louis et al., 2021).

Extending median life expectancy after diagnosis from 12.2 to 14.6 months (Stupp ef al., 2009),
this meagre improvement in survival has largely been attributed to MGMT promoter
methylation as a prognostic biomarker (Alexander and Cloughesy, 2017). Despite this
improvement, the prognosis for GBM patients remains poor. This has become the driving force

for identifying, not only new therapies for GBM, but also biomarkers for earlier diagnosis.
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1.3.2. Monitoring, Metastasis and Recurrent GBM

Due to the inevitability of recurrence in GBM, patients living with GBM are monitored
frequently for pseudoprogression, recurrence and metastasis, with scans every 8-12 weeks
(Gaillard, 2008). Extracranial GBM metastasis is very rare, occurring in less than 2% of
patients (Tiirkes and Sagmen, 2018). Despite this, GBM can undergo glial to mesenchymal
transition (GMT), equivalent to epithelial to mesenchymal transition (EMT), which stimulates
MMP upregulation and inhibits E-cadherins, which loosen gap junctions and facilitate GBM
cell invasion (Kim et al., 2022). It is associated with cerebrospinal fluid dissemination and is
the only primary CNS tumour that can produce metastasis (Stoyanov et al., 2023). GBM can
metastasise to the peritoneum (Fecteau et al., 1998), lungs (Tiirkes and Sagmen, 2018), lymph
nodes (Wassati et al., 2016), bones (Conte et al., 2022) and other soft tissues (Lewis et al.,
2017). The rarity of metastases could potentially be down to the comparatively short period of
time that patients survive with GBM, in comparison with other cancers in which metastatic

disease in more prevalent (Stoyanov et al., 2023).

Complications is monitoring recurrence are hindered by the incidence of pseudoprogression
and radionecrosis. Pseudoprogression is when tumour bulk increases, usually 3 months post-
therapy and then stabilizes, or reduces and is seen in around 30% of patients. Radionecrosis,
as mentioned previously, is an unwanted side effect of radiotherapy, where cells necrose
instead of undergoing apoptosis and being cleared by the body, occurring up to 12 months after
chemoradiation (Zikou et al., 2018). Recurrence is much more likely than metastasis and
occurs in all GBM patients who survive beyond the primary tumour and treatment. If tolerated
by the patient, recurrence can again be resectioned, improving prognosis should GMR again
be achieved (Brown et al., 2016). Unfortunately, recurrent tumours tend to have become more
heterogenous than their primary counterparts and clonal expansion post-treatments means that

these tumours are often resistant to first line TMZ chemotherapy (Wang et al., 2016).

There are also several second line therapies which have been implemented in other countries.
Lomustine (1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU)), Fotemustine (FTMU) and
Carmustine ((1-3-bis(2-chloroethyl)-1-nitrosourea (BCNU)) are lipid soluble, alkylating
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nitrosourea drugs, which work similarly to and in combination with TMZ, particularly with
MGMT promotor methylated tumours. They are generally administered locally, as wafers, in a
resection site, which then reduces the effects of side effects, such as pulmonary fibrosis and
liver toxicity (Herrlinger ef al., 2019, Weller and Le Rhun, 2020, Xiao et al., 2020, Reithmeier
et al., 2010). Bevacizumab is a VEGF inhibitor and is used to combat angiogenesis. Despite
improvements PFS, oedema, oxygenation and reduction in necrosis associated with radiation

treatment, Bevacizumab has been linked to haemorrhaging and thromboembolism (Fu et al.,

2023, Gil-Gil et al., 2013).

1.3.3. Treatment Resistance

Around 70% of GBMs recur with de novo or treatment-acquired resistance (Seystahl et al.,
2020), leading to poor prognosis, with median overall survival at around 9.9 months (Robin et
al.,2017). There are several methods of resistance employed by GBM to evade surgical, radio-
and chemotherapeutic cells death. The first is the physical ability for drugs to cross the
selectively permeable BBB and the blood brain tumour barrier (BBTB), with 98% of developed
drugs, including recombinant proteins, adenovirus and antibodies being unable to permeate the
endothelial cell tight junctions (Pandit et al., 2020) and many lipophilic substances having
limited diffusion due to polarised efflux transporters (Abbott et al., 2010). In cases where the
BBB and BBTB are weakened by GBM invasion, pro-oncogenic chemokine, cytokine and
immune cells, such as prostaglandin E2, interleukin-10 (IL10), tumour associated macrophages
(TAMs) and natural killer cells (NTKs) can infiltrate the normally immune-distinct site,
causing an immune suppressive environment in which GBM thrives (Goenka ef al., 2021).
GBM cells also avoid immune surveillance through modulators, such as transforming growth
factor-B (TGF-B), which stimulates CD4+ thymus lymphocyte (T cell) differentiation into
regulator T cells (Treg) cells, inhibiting production of T helper Th1 and Th2 cytokines, as well
as normal T cell proliferation. Cytolytic gene products, such as Fas ligand and interferon-y
(IFN-y) are also inhibited, preventing CD8+ T cell cytotoxicity (Rocha Pinheiro et al., 2023).
In tumours which do have a high mutational, or MMR burden, tumour antigens which are
sometime present in GBM cells, are reduced, therefore inhibiting effective drug targeting as
well as conveying immune evasion (Wang, 2021). Tumour microtubes, which extend into the

surrounding brain tissue and enable to development of multicellular networks, such as
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vasculature, aiding in the progression of neoplastic lesions and contribute to the diffusiveness

of GBM (Weil et al., 2017).

Clonal expansion theory dictates that selective pressures in the TME, including hypoxia,
immune evasion and treatment allow the rapid expansion of clonal colonies of cells containing
cumulative mutations which support their development (Marjanovic et al., 2013). Some of
these cells include GSCs, which contribute to the multiple lineages of cells, post-recurrence
and have been linked to cytotoxic agent and radiation resistance via mechanisms like the
G2/mitosis (M) DNA damage checkpoint, nuclear factor kappa B (NFkB), EZH2, PARP and
wingless/integrated (Wnt)/B-catenin signalling pathway (Dymova et al, 2021). The
dysregulation of various RTKs, including EGFR and PDGFR may also be responsible for
development of resistance, due to their multiple modalities of signalling, ensuring that there
are a multitude of alternative pathways that could be disrupted, as outlined previously (1.2.1.4

and 0) entering cells into a state of disequilibrium (Tilak ez al., 2021).

Suppression of long non-coding RNAs (IncRNAs), such as SLC26A4-AS1, has also been
associated with pro-angiogenesis in GBM (Li et al., 2021a). Post-treatment hypermutation is
hypothesized to be linked to DNA polymerase, leading to aberrant expression and MMR
defects, whereby treatment induces double stranded DNA breaks which MMR fails to detect,
therefore causing base mismatch tolerance and hypermutation, driving acquired resistance
(Garnier et al., 2018, Daniel et al., 2019). Alternative splicing is a system which is dysregulated
in many cancers, altering functionality and expression of transcriptional variant proteins
(Larionova et al., 2022). Alterations in expression of small nuclear ribonucleoprotein-
associated proteins B (SNRPB), heterogenous nuclear ribonucleoproteins (hnRNPs) and
polypyrimidine tracts-binding protein (PTB) have been shown to be involved in alternative
splicing and tumour progression (Correa et al., 2016). Micro RNAs (miRNAs) have been
shown to degrade messenger RNA (mRNA) and therefore decrease expression of target
proteins, for examples, miR-1271 targets apoptotic factor Bcl-2 for degradation, thereby
impacting the apoptotic pathway in GBM (Yang et al., 2018). Certain competing endogenous
RNA regulator network (ceRNETSs) is a promising new mechanism of post-transcriptional gene
regulation, driven my miRNAs which may lead to methods of earlier diagnosis (Dymova et

al., 2021, Bryant et al., 2021).
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1.3.4. Emerging Therapies

Due to high prevalence of treatment resistance in GBM to first and second-line therapies, it is
paramount that research into the mechanisms behind this resistance endeavours in order to
employ alternative methods of therapy. There are several niches of alternative treatment
discovery occurring in this area, ranging from targeting the TME (Rocha Pinheiro et al., 2023),
RTK pathways (Vaz-Salgado et al., 2023) and radiation techniques (Angom et al., 2023).

1.3.4.1. Immunotherapies

In order to counteract the immunosuppressive TME of GBM, studies into pro-inflammatory
cytokines, such as IFN-a, tumour necrosis factor (TNF)-a and IL12 have indicated increased
activity of T cells and improved chimeric antigen receptor-T cell (CAR-T) efficacy, as well as
reduced tumour growth in mouse models. There are currently, however, systemic toxicity and
associated negative side effects of these therapies and they require further development
(Enderlin et al., 2009, Agliardi et al., 2021, Birocchi et al., 2022). Immune checkpoint
inhibitors, for which receptors are found on immune cells, such as T and bone marrow
lymphocytes (B), NTK and dendritic cells, have also been highlighted as a potential therapeutic
alternative. The aim of these drugs is to intercept interactions between GBM cells and the
immune cells, which enable checkpoint inhibition, thereby maintaining immune cell activation.
Resistance to immune checkpoint inhibitors, through programmed cell death protein-1 (PD-1)
and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) prevent the negative regulation of
the immune cell checkpoint of T cell activation (Zhang et al., 2021). The PD-1 receptor, for
example, in bound by PD-L1 expressed by GBM cells, leading to T cell apoptosis and
inflammatory mediator production prevention (Ghouzlani ef al., 2021). Mouse models treated
with anti-PD-1 immune checkpoint inhibitor, nivolumab, displayed good anti-tumour efficacy,
but this was not recapitulated in the CheckMate-548 (Lim et al., 2022), -498 (Omuro et al.,
2023) and -143 (Reardon ef al., 2020) phase III clinical trials in humans (Park ef al., 2019a,
Reardon et al., 2020).

Cancer vaccines have also been developed which aim to stimulate effector T-cell recruitment

to target the antigens (Saxena et al., 2021) presented on GBM cells. Peptide vaccines, such as
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rindopepimut (against EGFRVIII), mimic antigens presented on GBM cells, therefore eliciting
an innate immune response from the host, which will them target the cancer cells (Calvo Tardon
et al., 2019). Dendritic cell vaccines, such as DCVax-L (Liau et al., 2023), take the patient’s
own dendritic cells, culture them with haematopoietic progenitor cells or monocytes and
cytokines to stimulate dendritic cell differentiation before loading the tumour antigen (Xiong
et al., 2024). The dendritic cells are then injected back into the patient to elicit an adaptive
immune response (Palucka and Banchereau, 2012) and phase I clinical trials of DCVax-L have
shown that it is well tolerated in patients and overall survival compared favourably with
historical controls (Hu et al., 2022). mRNA vaccines have gained traction in the last few years
and aim to introduce the mRNA of GBM antigens into the host and again stimulate an immune
response (Hu et al, 2022). Ongoing clinical trials have not yet come to a conclusion
(NCT04573140 and NCT04573140), however, trials into mRNA vaccines for similar antigens
in other cancers have shown favourable patient outcomes (Rittig et al., 2011). There are,
however, drawbacks to vaccine therapy in the heterogeneity of GBM and therefore of the
antigens and requirement for customisation (Zhao et al., 2022a). CAR-T cell therapy involves
the reprogramming of T lymphocyte immune functions, using synthetic receptors (Brown et
al., 2024) and has displayed positive results in blood-bourne malignancies (Rocha Pinheiro et
al.,2023). CAR-T treatment against EGFRVIII is being explored and although it has not shown
anti-tumour efficacy, due to inducing an immunosuppressive cascade, it has displayed

successful trafficking to the tumour and lack of toxicity (O'Rourke et al., 2017).

Oncolytic viruses, such as adenovirus and reovirus, are also in clinical trials and are weak
pathogenic viruses which can be manipulated to selectively infect tumour cells, delivering
therapeutic genes, or replicate, inducing the host’s innate immune system to promote cell lysis
and adaptive immune system to cancer antigens (Peruzzi and Chiocca, 2018, Rong et al., 2022).
Phase I and II trials into oncolytic virus DNX-2401, in combination with PD-1 immune
checkpoint inhibitor pembrolizumab in recurrent GBM indicated that there was a prolonged

survival in patients receiving this dual therapy (Nassiri et al., 2023).
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1.3.4.2. Tyrosine Kinase Inhibitors

As mentioned previously, tyrosine kinase receptor elevation and their dysregulation are heavily
involved in the malignancy of GBM. A well as VEGF inhibitor bevacizumab, this has led to
the development of several multi-kinase inhibitors, such as regorafenib, cediranib and
sunitinib, which have been explored further in clinical trials. Regorafenib indicated a median
overall survival of 1.8 months longer than patients treated with Lomustine, in a phase II trial
(Lombardi et al., 2019), however, both cediranib (Batchelor ef al., 2023)and sunitinib (Kreisl
et al., 2013) did not show any significant improvements in progression free survival over
current second-line therapies. First and second-generation EGFR inhibitors, such as erlotinib
(van den Bent et al., 2009) and afatinib (Reardon et al., 2015) have shown limited activity in
both primary and recurrent GBMs. Third generation pan-EGFR inhibitors, however, remain
under investigation with Osimertinib being able to cross the BBB, block ERK signaling in pre-
clinical models (Liu et al., 2019) and showing long-lasting benefits in a subgroup of GBM
patients (Cardona et al., 2021). EGFR-targeting, tumour-specific antibody-drug conjugate
depatuxizumab-mafodotin produced a 1.4-month median overall survival in recurrent GBM
patients, when used in combination with TMZ, compared with the TMZ treatment only (Van
Den Bent et al., 2020), but this was not recapitulated in a phase III trial with newly diagnosed
GBM patients (Lassman ef al., 2023). Carbozatinib targets both MET and VEGFR2 receptors
and had a progression free survival response rate of 17.6% in recurrent GBM patients, over the
control in a phase II trial (Wen et al., 2018), where crizotinib, an anti-anaplastic lymphoma
kinase (ALK) and anti-MET compound showed promising overall survival of 22.6 months
(Martinez-Garcia et al., 2022). Due to the ability of GBM to evade EGFR and MET inhibition
via FGFR pathways (Day et al., 2020), FGFR inhibitors, such as igrafitinib (Lassman et al.,
2022) and erdafitinib (Di Stefano et al., 2015) are also being trialed with minor improvements
in patient survival and stable disease. Larotrectinib is a pan-RTK, food and drug administration
(FDA)-approved drug against neurotrophic tyrosine kinase gene oncogenic fusions, which has
produced prolonged responses in GBM patients (Doz et al., 2022) and second-generation
inhibitors, such as repotrectinib are being developed with reduced induction of treatment

resistance (Drilon ef al., 2018).
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1.3.4.3. Radiation, Laser and Tumour Treating Fields Therapy

Use of the gamma knife increases precision of stereotactic radiotherapy delivery to GBM,
thereby reducing the chance of radiation injury, such as radionecrosis mentioned previously,
to neighbouring healthy tissue and requires only one session (Sanders et al., 2019).
Brachytherapy can be delivered via implant at the time of surgery, again improving precision
of radiotherapy, whilst the cesium-131 isotope has displayed improved survival rates and
reduced radionecrosis when used in conjunction with bevacizumab (Wernicke et al., 2020).
Laser interstitial thermal therapy (LITT) is a minimally invasive technique, whereby heat is
used to destroy tumor cells and is highly useful for treating patients with GBM located deep
into the brain. The lasers, guided by MRI, will also damage the BBB, leading to more effective
delivery of a wider range of chemotherapeutic drugs. Proton beam therapy has also been
suggested as an alternative to photon beam therapy as the larger protons are able to decelerate
more quickly at the depth site of the tumour and deposit higher proportions of energy at the
specific site, rather than the dispersal that is seen with photon beam therapy. This also reduces
the dose of radiation to which the surrounding healthy tissue is exposed (Weber et al., 2020)
(LaRiviere et al., 2019). There are currently only two centres in the United Kingdom (UK)
offering proton bean therapy, due to the cost (Cancer Research UK, 2021). The NovoTTF-
100A System is a tumour treating fields (TTFIELDS) therapy which is FDA approved for
recurrent GBM and employs alternating electric fields to the tumour, at low intensity. This
disrupts the rapid formation of polar mitotic spindles, thereby forcing cells into mitotic arrest
and cell death. Limitations include that the therapy should be administered for around 18 hours
per day, per 4-week cycle, with transducers placed ion the patient’s shaved scalp. (Fabian et
al., 2019). TTFIELDS have, however, been shown to be comparable to chemotherapy in
prolonging patient survival, with increased safety profiles and patient quality of life and when
used in conjunction with TMZ, overall survival (OS) increased by a further 4.9 months over

TMZ alone (Stupp et al., 2017).

1.3.4.4. Other therapies

PARP inhibitors are widely used in other cancers and clinical trials into PARP1 and PARP2
inhibitors, veliparib (Robins ef al., 2016) and Olaparib (Hanna et al., 2020), have indicated a
slight increase in PFS of around 2 months. Voltage-gated calcium channels are often
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overexpressed and dysregulated in GBM, leading to disruption to the cell cycle and resistance
to TMZ function (Valerie ef al., 2013). “Time sequential therapy” can be employed, whereby
T-type calcium channel inhibitors, such as Cav3.3-specific inhibitor Mibefradil, are given
concurrently with TMZ to force GBM cells into S phase and resensitise cells to TMZ, leading
to GBM cell apoptosis (Zhang et al., 2017b). Type III, or T-type voltage gated calcium
channels are low-voltage and therefore low-calcium and transiently activated via inhibitory
post-synaptic potentials and activation of potassium channels. They allow regulation of
neuronal excitation around resting membrane potential (Lory et al., 2020) and calcium entry
causes GSC renewal and entry into the cell cycle through the expression of early genes (Zhang

et al.,2017b).

1.4. Modelling GBM

In order to understand biological characteristics and pathology of GBM, it is imperative that
accurate models of the disease are developed which aid, not only in the characterisation of the
genesis and progression of GBM, but in its response to various treatments (Purshouse et al.,
2024). Despite the fact that tumours of the CNS are relatively isolated from the rest of the body,
there are still many complex factors which affect how GBM responds to treatment and
therefore, there is not one specific pre-clinical model which is able to entirely and accurately
recapitulate GBM behaviour in the human body and mirroring patient biology in brain tumours
in particularly complex (Rominiyi ef al., 2019). This is due to aspects of brain biology, such as
the BBB and the TME and the complex heterogenous nature of GBM. There are, therefore,
several models which are routinely used in pre-clinical research, from which data can be
collated to better understand GBM and several more models which are being developed to
better represent GBM and its environment (Purshouse ef al., 2024) and initiatives such as
GlioModel aiming to bring institutions together for a more collaborative approach to tacking

GBM (GlioModel., 2012).

1.4.1. Cell Lines

Immortalised and patient-derived cell lines are routinely used for pre-clinical studies, as they
carry very few ethical implications and are relatively cheap compared to other models

(Notarangelo et al., 2014). Immortalised cell lines are originally taken from patients and

27



undergo an immortalisation process, such as telomere lengthening. GBM- cell lines include
U87-MG and U-251 cells, which can be easily grown in serum-containing medium; however,
the serum in the medium induces differentiation of the cells, meaning that they no longer
accurately represent the GBM from which they came from and are not the most relevant model
(Lathia et al., 2015, Timerman and Yeung, 2014, Freedman et al., 2015). They are, however,
a good starting point for early-stage experiments into GBM. Patient-derived cells, or glioma
stem cells (GSCs) are more difficult to propagate than immortalised cell lines but are a much
better representation of GBM (Paolillo ef al., 2021). They are generally cultured in serum-free
medium, meaning they do not differentiate as readily; although, they do fluctuate gene
expression patterns dependent on culture and treatment conditions (Prager ef al., 2020). GSCs
also have a shorter passage life than immortalised cell lines. Cell lines in generally do have the
drawback that they are comprised of one cell type and do not reflect the heterogeneity of GBM,
nor the infiltrative nature and therefore, multiple cell lines should be used and compared

alongside other models (Ding, 2000, Gomez-Oliva et al., 2020).

1.4.2. Organoids

Organoids are comprised of multiple cell types and aim to better reflect the 3-dimensional (3D)
structure of organs and the interactions between various cells within that organ. Earlier
organoid, or tumouroid, models consisted of patient-derived tumours minced and implanted
into a matrigel (Hubert et al., 2016), which, when orthotopically implanted into mice, displayed
very similar features and responses to treatment as the patients from whence they were derived
(Goff et al., 2019). Brain organoids can also be generated from induced-pluripotent stem cells
(iPSCs), and tumorigenesis encouraged using clustered regularly interspaced short palindromic
repeats (CRISPR) techniques (Bian et al., 2018, Wang et al., 2024), presenting as a brain
organoid with an invading tumouroid. Using this technique, however, does potentially limit the
scope of heterogeneity displayed by GBMs in the native environment (Rybin et al., 2021).
Cerebral organoid gliomas (GLICOs) are also generated iPSCs and cocultured with patient
derived GBM cells, which then form invasive microtubules and differential sensitivities to
treatment, reminiscent of GBM (Osswald et al., 2015, Linkous et al., 2019). Although GLICOs
benefit from being patient-specific, they do not recapitulate the immune environment, or
vascularisation (Rybin et al., 2021); however, implantation into mice allows these interactions

to be visualised (Wang et al., 2023b). Other cells can also be introduced to these organoids,
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such as microglia, which reflects the immune system of the brain and can be used to help

understand the TME (Zhang et al., 2023).

1.4.3. Animal Models

Mouse models are the current gold standard when it comes to testing drug efficacy as the effects
of a drug can be seen interacting throughout the entire mammalian system. It is possible to
track potential side effects of the drug, as well as how well drugs permeate the BBB and the
efficiency with which they reduce tumour burden (Haddad et al., 2021). Syngenic mouse
models are immunocompetent mice, which can also help to understand the host’s anti-tumour
immune response and have been used to test out immune-targeting therapies, such as the PD-
1 immune checkpoint inhibitors mentioned previously (Genoud et al., 2018). Patient derived
xenografts (PDXs) are patient-derived tumour spheres which are subcutaneously, or
orthotopically injected into immunodeficient mice and propagated through generations,
reflecting patient histology and genetics (William et al., 2017, Hidalgo et al., 2014); however,
this is not a standardised process and not all tumours propagate within the mice (Kim et al.,
2016). Genetically engineered mouse models are also ideal for targeting specific genetic
alterations within GBM, but this does not reflect the clonal heterogeneity, particularly of
recurrent tumours (Huszthy et al., 2012). Zebrafish have also been used as models of GBM
due to similarities in tumourigenesis pathways (Huang et al., 2016). Fluorescent tumour cells
are injected into zebrafish embryos and invasion tracked, or cells are implanted into zebrafish
brains, similarly to murine models (Eden ez al., 2015). Animal systems are not exactly the same
as human systems (Wong et al., 2023, Kalueff et al., 2014) and it is often the case that great
efficacy of drugs in animal models is not translated to human clinical practise, or there may be
intolerable side effects in human patients (El Meskini et al., 2015). There are also
impracticalities with drug screening at scale and ethical implications in the use of animal
models and there are ongoing efforts to replace, and reduce the number of, animals used in

medical research (Olubajo ef al., 2020).

Mouse, PDX and organoid models are costly and time consuming and do not provide the
personalised medicine scope offered by other models, being more suited to drug development

testing (Olubajo et al., 2020).
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1.4.4. Microfluidics

Microfluidics has become an increasing research area of interest in several cancers, including
GBM, over the past several years. The premise of microfluidics is to maintain a micro-biopsy
of tissue with a microfluidics chip, which maintains a constant flow of medium, with a
Reynold’s number of less than 100 (Zidtkowska, 2011), preventing the tissue from dying
rapidly over the course of several days or weeks (Bolivar ef al., 2011). The fluid represents the
interstitial flow which tissues are constantly exposed to in the body, through blood, lymph and
interstitial fluid and is able to constantly remove cellular waste from the tissue and provide
cells with fresh nutrients, as would occur within the body (Zidtkowska, 2011). The
microfluidics system recapitulates the TME and can be scaled up for drug testing, making the
model a potentially high-throughput operation (Gomez-Oliva et al., 2020). Maintaining and
treating individual patients’ tissues over an extended period of time and monitoring tumour
response aims to determine potential patient-personalised treatments. There are several
microfluidics devices being used for research and the type of chip is entirely dependent on the
type of tissue in use and the types of experiments that are being performed on the tissue
(Sylvester, 2013, Dawson et al., 2016, Astolfi et al., 2016). Some microfluidics models aim to
mimic the BBB, which can comprise of cocultures of astrocytes, pericytes and endothelial cells
(Cho et al., 2017); or enable the study of the tumour necrotic core and the behaviour of the
tumour in response to blood vessel obstruction (Ayuso et al., 2017). Others, including the
microfluidics system utilised in this communication, mimic the TME and provide real-time
insights into tumour adaptation (Barry et al., 2023, Samuel et al., 2021) in a shorter period of
time than afforded by the murine models (Olubajo et al., 2020).

1.5. Post-translational modifications

Post-translational modifications (PTM), such as phosphorylation, hydroxylation,
ubiquitylation, SUMOylation, acetylation and methylation, allow the rapid, fine-tuned control
of proteins involved in many cellular processes and can all be dysregulated in cancer
(Pienkowski et al., 2023).Figure 1.1.7, Figure 1.1.8 and the proceeding information give a brief
outline of some of the PTMs and examples of which are found to be involved in the

development, progression and treatment of GBM.
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1.5.1. Phosphorylation

Phosphorylation is involved in the regulation of around 30% of proteins and helps to modulate
signalling in a variety of pathways, including RTKs, CDKs and metabolism pathways. Protein
kinases catalyse the addition of a phosphate group to the hydroxyl or amine group of an amino
acid, triggering a conformational shift and change in protein function. Phosphorylation can
then be reversed by protein phosphatases, which remove the phosphate group upon reception
of'a negative feedback stimulus (Bhullar ez al., 2018). Protein kinases and phosphorylases work
in tandem to augment protein activity, such as activation of tumour suppressor, p53, through
phosphorylation (Singh et al., 2017). Phosphorylation has been linked to the development and
progression of glioma, via several pathways. Casein kinase (CK)la and glycogen synthase
kinase-3p (GSK3p) prime and phosphorylate histone demethylase 1A (KDM1A) serine-683,
inducing its deubiquitylation and tumourigenesis through demethylation of H3K4 and
transcriptional activation of cancer stem cell renewal and tumorigenic factors, such as cyclin
dependent kinase N1A (CDKN1A) (Zhou ef al., 2016). Inhibition of GSK3f phosphorylation
by ERK and mTOR targeting, consequently allows microtubule-associated protein 1B
(MAP1B) phosphorylation and resensitises GBM cells to chemotherapy (Laks et al., 2018).
Phosphorylation of YTH N6-methyladenosine RNA binding protein 2 (YTHDF2) serine-39
and threonine-381, in the EGFR/SRC/ERK pathway, reduces liver X receptor a (LXRa) by
m°®A-mediated mRNA decay, thereby increasing intracellular cholesterol required for GBM
cell growth, again contributing to glioma development (Fang et al., 2021, Bovenga et al.,
2015). Inhibition of tyrosine-56 phosphorylation in thyroid receptor interacting protein-13
(TRIP13) was also found to attenuate EGFR/EGFRUVIII signalling and GBM growth in glioma
spheroids and mice xenografts (Hu et al., 2020a). Phosphorylation of proteins and its
dysfunction occurs frequently in the cell cycle and therefore is an attractive target to treat
rapidly dividing GBM cells. Fasudil is a cytoskeletal regulatory protein rho-kinase 2 (ROCK?2)
inhibitor that has been shown to inhibit cell proliferation and migration in TMZ-resistant GBM
cells, speculatively through abrogation of the ROCK2/moesin/B-catenin/adenosine
triphosphate (ATP)-binding cassette G2 (ABCG2) phosphorylation cascade, which may be
important for drug efflux in the BBB (Zhang et al., 2018a). It has also been suggested that
therapeutic induction of phosphorylation of oligodendrocyte transcription factor 2 (OLIG2)
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may inhibit migration of GBM, via attenuation of TGFB2 expression, which otherwise

promotes invasive mesenchymal properties of GBM cells (Singh et al., 2016, Pi et al., 2022).

1.5.2. Hydroxylation

Hydroxylation involves the addition of a hydroxyl (-OH) group, usually onto a carbon atom of
an alkyl side chain, or aromatic ring of an amino acid, by hydroxylase enzymes. This allows
proteins to form hydrogen bonds with various other molecules. One of the most important
examples of hydroxylation in GBM is that of HIF1a by prolyl hydroxylase (PHD) (Domenech
et al.,2021). Under normoxic, oxygen-rich conditions, PHD hydroxylates two proline residues
in the oxygen-dependent degradation domains (ODDD) of HIFla, leading to degradation
targeted by E3 ubiquitin-ligase Von Hippel-Lindau (VHL) (Kamura et al., 2000). Under
oxygen-deprived, hypoxic conditions, stable HIF 1 a translocates to the nucleus, dimerises with
HIF1B and induces transcription of genes involved in angiogenesis and cell invasion. This
attempts to increase blood and oxygen flow, which is required for cellular survival, and which
is highly modulated in the tumour, due to the hypoxic core (Semenza, 2004, Domenech et al.,
2021). Factor-inhibiting HIF (FIH) asparagine hydroxylation of HIF1 also blocks its binding
to transcriptional activating factors, again exemplifying hydroxylation as an important
modulator of hypoxic response in GBM (Monteiro ef al., 2017) and the potential for therapeutic
targeting of hydroxylases (Sturla et al., 2016). PHD inhibitor, Roxadustat, amplifies the HIF
pathway in GBM cells, encouraging iron-dependent cell death (ferroptosis), thereby tackling

invasive mesenchymal GBM cells, which have higher levels of free iron (Su et al., 2023).

1.5.3. Ubiquitylation

Ubiquitination is a very versatile PTM and generally targets proteins for enzymatic destruction
by the proteasome complex (Humphreys et al., 2021, Maksoud, 2021). The ubiquitin enzymatic
cascade begins with an El-activating enzyme binding ATP and magnesium ions ( Mg**) and
loading several small ubiquitin molecules, which are then transferred to a cognate E2 ubiquitin
conjugating enzyme. The ubiquitins are finally transferred to E3 ubiquitin ligases, before being
attached to substrate lysine residues of target proteins (Scholz et al., 2020). Dependent upon
the location and extent of ubiquitination, this PTM can induce several downstream functions.

Polyubiquitylation of target proteins occurs via linkage of ubiquitin molecules to their own
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lysine residues, or N-terminal methionine and ligation to a protein targets it for proteasomal
degradation (Chau et al, 1989). Monoubiquitylation of K63 has also been linked with
autophagy (Pickart, 1997), whereas polyubiquitination of the lysine residue leads to trans-
aconitate decarboxylase (TAD1) phosphorylation of inhibitor of NFkB (IxB) kinase (IxK), K48
polyubiquitination, degradation of IxK and subsequent transcriptional activation of NFkB
genes (Wang et al., 2001), involved in the DDR (Gallo et al., 2017). The constitutive
photomorphogenesis 9 (COP9) signalosome complex subunit (CSN6) is overexpressed in
GBM, and it is postulated that it may destabilise EGFR by interfering with E3 ligase carboxyl
terminus heat shock chaperone (Hsc)70-interacting protein (CHIP), promoting
autoubiquitination of CHIP and dysregulation of EGFR signalling (Zhou et al., 2003); as well
as E3 ubiquitin ligase tripartite motif containing 11 (TRIM11), which modulates EGFR-driven
GBM cell stemness (Di et al., 2013). Mothers against decapentaplegic homolog 7 (Smad?7) is
an inhibitory protein of TGFp signalling, which has been shown to contribute to aggressive
GBM mesenchymal cell states (Bruna et al., 2007), and is also a docking site for E3 ubiquitin
ligase ubiquitin carboxyl-terminal hydrolase 15 (USP15), which prevents polyubiquitination
of TGFBR and USP15 knockdown has been shown to decrease tumourigenesis in GBM
(Eichhorn et al., 2012). E3 ubiquitin ligase homologous to the E6-AP carboxyl
terminus (Hect3) has also been associated with K63-liked polyubiquitination of USP7 and
downstream HIF 1 a activation, leading to glioma to mesenchymal transition (GMT) (Wu et al.,
2016b). Overexpression of E3 ubiquitin ligase MDM2 is also linked to p53 ubiquitination and
targeted degradation by the proteasome, thereby attenuating its tumour suppressor function and

promoting unchecked cell proliferation (Iyappan et al., 2010).

1.5.4. SUMOylation

SUMOylation is a dynamic PTMs and involves the addition of a small ubiquitin-like modifier
(SUMO) to target proteins, many of which are involved in the cell cycle and DDR. Much like
the ubiquitination cascade, there is a SUMOylation cascade whereby the E1 SUMO-activating
enzyme 1 and 2 (SAE1, SAE2) heterodimer activates mature SUMO proteins, leading to
translocation of SUMO to the E2 SUMO-specific conjugating enzyme (Ubc9), joining with the
target protein and completing the transfer via SUMO E3 ligases, such as inhibitor of activated
STAT (PIAS) and Ras-related nuclear protein (Ran) binding protein 3 (RanBP3), both of which
have extensive functionalities (Fox et al., 2019, Gu et al., 2023a, Gu et al., 2023b). CDKs are

33



known SUMOylation targets and the PTM has been shown to be increased in the presence of
DNA damage, targeting proteins for destruction and dysregulation promotes pathological cell
cycle progression. SUMOylation of CDK6 in GBM means that the protein is not targeted for
degradation after G1 arrest, by ubiquitylation, as it normally might be, and the cell cycle is
driven through G1-S transition (Bellail et al., 2014). Topotecan is a topoisomerase inhibitor
with a secondary function in inhibiting SUMOylation and has been shown to reduce cell cycle
progression, as well as augmenting cellular metabolism via inhibition of CDK6 and HIFla
(Bernstock et al., 2017), which it stabilises, driving angiogenesis and GMT (Xu et al., 2015).
Global upregulation of SUMOylation-related machinery is upregulated in GBM (Yang et al.,
2013), for example, SAE1 overexpression was found to increase SUMOylation of Akt,
alongside phosphorylation, thereby inducing both in vivo and in vitro glioma cell growth (Yang
et al., 2019). Radiotherapy resistance has also been attributed to SUMOylation, whereby
radiation induces PIASI interaction with stress-inducible phosphoprotein 1 (STII), causing

nuclear accumulation and GBM radioresistance (Soares et al., 2013).

1.5.5. Acetylation

Proteins and histones are acetylated by lysine (KAT) and histone acetylases (HAT) and
deacetylated by deacetylases (KDAC/HDAC)(McCornack et al., 2023). Acetylation of H3K9
by HATs allows transcription to occur through neutralisation of the lysine by the acetyl group
and the dissociation of the DNA from the histone, opening up the chromatin and allowing
transcription complex access (Jones et al., 2019). Akin to other PTMs, this process can be
dysregulated in GBM to aid, or hinder development and progression of the tumour. Inhibition
of HDACI leads to hyperacetylation of NFkB subunit p65, which prevents interaction with
KAT2B/3B, instead promoting interaction with tumour suppressor inhibitor of growth family
member 4 (ING4) and resensitisation of GBM cells to TMZ-induced cell death (Li ez al., 2016,
Dali-Youcef et al., 2015). P53 acetylation is mediated by KAT cyclic adenosine
monophosphate (cAMP)-response element binding protein (CREB) binding protein
(CBP)/p300 and general control non-depressible 5 (GCNS5)/P300/CBP-associated factor
(PCAF), which then allow downstream transcription of p21, mediating cellular apoptosis under
G1 arrest (Barlev ef al., 2001). In GBM, overexpression of EP300-interacting inhibitor of
differentiation 3 (EID3) prevents the acetylation of p53, thereby allowing the cell cycle to
continue on, unchecked (Diao et al., 2020). KAT6A acetylates H3K23, recruiting nuclear
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receptor binding protein TRIM24, activating PI3K catalytic subunit alpha (PIK3CA)
transcription and allowing PI3K/AKT-mediated proliferation of GBM cells. Conversely, when
PIK3CA is overexpressed, or KAT6A is inhibited by pan-PI3K inhibitor LY294002, the
growth-promoting effects of KATO6A are silenced (Lv et al., 2017). Yan et al. (2023) performed
a whole transcriptome analysis of GBM patients from the TCGA and gene ontology (GEO)
databases in order to identify histone acetylation gene-based biomarkers within the GBM TME.
The results indicated that histone acetylation enrichment is positively correlated with immune
cells, known to be involved in tumour immunity, such as B cells and myeloid dendritic cells,

reinforcing the important role of acetylation in tumour treatment response.

Acetylation is diametrically opposed by methylation, in terms of histone PTMs, with this fine
balance of crosstalk being dysregulated in GBM (Azab, 2023, McCornack et al., 2023). Ye et
al. (2024) observed H3K9 acetylation may increase recruitment of the SP1 transcription factor
to the MGMT transcription factor binding site, leading to an increase in MGMT expression in
MGMT unmethylated promoter GBM. In post-treatment, recurrent samples, it was also
determined that there was an increase in H3K9 acetylation, specificity protein 1 (SP1) and

MGMT, compared to their matched primary, treatment-naive samples.

1.5.6. Methylation

Protein methylation is the transfer of a methyl (CH3) group, onto the cationic guanidino group
(N"H) of an arginine, or lysine residue. This facilitates a switch to a more hydrophobic residue,
by removing the hydrogen bond donor (Bedford and Richard, 2005) and dispersing the cationic
charge towards the methyl group. Methylation then alters arginine, or lysine interactions with
nucleic acids and other proteins, with the bulkier residue preferring to form aromatic clusters
(Beaver and Waters, 2016, Tripsianes ef al., 2011) with residues such as phenylalanine and
tryptophan, such as those within Tudor domains, in the case of arginine methylation(Chen et
al., 2011, Cote and Richard, 2005, Guccione and Richard, 2019) (Figure 1.1.7). Whilst both
types of histone methylation facilitate the fine-tuned control of gene expression, non-histone
methylation is also involved in the control of various other cellular processes, such as
transcription, translation, RNA binding, chaperone and membrane proteins (Wei, 2019).
Lysine methylation is performed by a family of eight methyltransferases which mono-, di- and
tri-methylate lysine side chains and is a dynamic and transient process (Jones ef al., 2019). An
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example of lysine methylation in GBM is through tonicity-responsive enhancer binding protein
(NFAT). EGFR activation, which has been described previously to be a dysregulated pathway
in GBM (section 1.2.1.4) phosphorylates serine-21 of EZH2 and subsequent methylation of
K668 of NFATS. This hinders lysosomal degradation of NFATS, promoted by E3 ligase TNF
receptor associated factor (TRAF6) and resultant MGMT upregulation, which is a poor
prognostic biomarker in GBM, due to its ability to repair alkylating adducts introduced by TMZ
(section 1.3.1) (Li et al., 2023a).

Arginine methylation is generally considered to be more a more stable and ubiquitous mark,
performed by PRMTs, which mono-, or di-methylate arginine side chains. Arginine residues
(pKa 13.8) have an aliphatic side chain consisting of three carbon atoms and ending with a
positively-charged (Fitch et al., 2015) guanidino group (Figure 1.1.7), allowing m-stacking
interactions with other aromatic residues (Gallivan and Dougherty, 1999). Proteins involved in
the methylation process form approximately 1% of the functional genome, allowing regulation
of cellular processes, including gene transcription (Katz ef al., 2003). PRMTs are responsible
for the deposition of both activating (histone 4 arginine 3 asymmetric dimethylation (aDMA)
(H4R3me2a), histone 4 arginine 3 symmetric dimethylation (sDMA) (H3R2me2s),
H3R17me2a, H3R26me2a) and repressive (H3R2me2a, H3R8me2a, H3R8me2s, H4R3me2s)
histone marks (Blanc and Richard, 2017), as well as non-histone targets, including 53BP1
(Boisvert et al., 2005a, Boisvert et al., 2005b) and Sm proteins (Owens et al., 2020).

Methylation patterns have been shown to play an important role in GBM.

1.6. Protein arginine methyltransferases (PRMTs) in GBM

PRMTs methylate arginine residues of proteins involved in the DNA damage response,
alternative splicing and gene regulation; therefore, PRMT upregulation found in various
cancers facilitates tumourigenesis (Wang et al., 2019b, Jarrold and Davies, 2019). There are
nine PRMTs, which can be subdivided into three types: I, II and III. All PRMTs are able to
perform monomethylation (mMA) of one guanidino group of an arginine residue. Type |
PRMTs perform aDMA of a guanidino group and include PRMT]1, 2, 3, 4 (also known as
coactivator-associated arginine methyltransferase 1 (CARM1)), 6 and 8. Type II PRMTs
include PRMTS and 9 and cause SDMA. PRMTY7 is the only enzyme classed as Type III, as it
can only perform mMA (Jarrold and Davies, 2019).
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PRMTs facilitate the addition of a methyl group from S-adenosyl-L-methionine (SAM/
AdoMet) to the arginine guanidino group, forming arginine methylation and S-adenosyl-L-
homocysteine (SAH/ AdoHcy) (Figure 1.1.7). PRMTs are ubiquitously expressed in both the
cytoplasm and the nucleus, as well as at tissue level, with the exception of PRMTS, which is
associated with the plasma membrane and is exclusively located within the CNS (Lee et al.,

2005) and PRMT®6, which is largely nucleic (Veland et al., 2017).
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Figure 1.1.7.: Arginine Methylation by PRMTs

All protein arginine methyltransferases (PRMTs) monomethylate (mMA) arginine residue
guanidino groups. PRMTs bind S-adenosyl-L-methionine (SAM/AdoMet), which donates the
methyl group to the substrate residue, forming a methylated arginine and S-adenosyl-L-
homocysteine (SAH/AdoHcy) still bound to PRMTs.

Most PRMTs have a conserved catalytic N-terminal Rossman fold, which is comprised of six
signature motifs. The AdoMet binding pocket consists of VLD/VGXGXG, V/I-X-G/A-X-D/E,
E/K/CDII and LK/XXGXXXP which form the core of the binding site, form hydrogen bonds
with AdoMet and form two B-sheets to stabilise the interaction, respectively. The EE loop
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(SEXMGXXLXXEXM) is responsible for holding the arginine substrate and the THW loop,
near to the active site, stabilises the N-terminal a-helix, and is required for substrate binding.
The a-helices within the Rossman fold domain then bind the AdoMet substrate and the arginine
residue to facilitate methyl transfer. At the C-terminal there is a 7 strand B-barrel, for substrate
recognition and binding. The dimerization arm is an a-helix, which extends into the Rossman
fold, from the B-barrel (Zheng et al., 2023). Individual PRMTs have unique protein interaction
domains at the N-terminus (Schapira and Ferreira de Freitas, 2014, Tewary et al., 2019).
PRMTs are regulated through a myriad of processes, including: splice variants, post-
translational modifications, miRNAs and other protein-protein interactions (Samuel et al.,

2021) (Figure 1.1.8).
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Figure 1.1.8.: Schematic of PRMT structure and examples of function.
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Type I protein arginine methyltransferases (PRMTs) (PRMTI, PRMT2, PRMT3, PRMTHY,
PRMT6 and PRMTS) perform asymmetric dimethylation (aDMA) and monomethylation
(mMA) of arginine. Type Il PRMTs (PRMTS5 and PRMT9) perform symmetric dimethylation
(sDMA) and mMA. Type Il PRMTs (PRMT7) perform mMA only. Domains highlighted in key:
Src homology 3 (SH3), zinc finger (ZNF); plekstrin homology (PH), myristylation (Myr);
triosephosphate isomerase (TIM) and tetratricopeptide (Tri-TPR) . PRMT7 methylates (me)
arginine (R)194, 206, 218, 225 and 232 of human nuclear ribosomal nucleoprotein Al
(hnRNPAI) in the spliceosome to produce alternatively spliced isoforms. DNA damage repair
(DDR) and gene expression. DNA damage recruits the ion chloride nucleotide-sensitive
protein (pICln) and PRMTS methylosome to the DNA double strand breaks. PRMTS deposits
an sDMA mark on R3 of histone 4 (H4R3) which allows transcription of DDR genes, such as
WEE]I, breast cancer gene 1 (BRCAI) and non-homologous end-joining 1 (NHEJ1). Activation
of gpl30 receptors, such as interleukin-6 receptor (IL6R) causes Janus kinase (JAK)
phosphorylation of signal transducer and activator of transcription (STAT) and PRMTI-
mediated methylation. STAT dimerization and translocation to the nucleus occurs, inducing
transcription of genes associated with astrocytic lineage differentiation of glial stem cells
(GSCs), including glial fibrillary acidic protein (GFAP). Figure adapted from (Wu et al., 2023,
Owens et al., 2020, Bryant et al., 2021).

1.6.1. Type I PRMTs

Type I PRMTs facilitate aDMA, which transfers two methyl groups onto the same nitrogen
atom of the guanidino group. Type I PRMTs contains 3 active site a-helices, which are
stabilised upon AdoHcy binding. Substrate arginine is also surrounded by two methionine
residues within the PRMT active site, which sterically inhibit conformational change of the
substrate in the active site after addition of the first methyl group, thereby ensuring aDMA and
not SDMA (Cheng et al. 2005). The dimerization arm of type | PRMTs allows for the formation
of a doughnut-shaped homodimer (Zheng et al., 2023). Overexpression of type | PRMTs has
been shown to lead to alterations in gene expression and oncogenesis, as well as proliferation
and invasiveness of solid and hematopoietic cancers, including GBM, through aDMA of
histone and non-histone substrates (Hwang et al., 2021, Fedoriw et al., 2019, Cheung et al.,
2007). Inhibition of aDMA though type I PRMT inhibitors may therefore lead to a decrease in
tumour cell proliferation (El-Khoueiry et al., 2023).
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1.6.1.1. PRMT1I

PRMTTI is a predominantly nuclear 361 amino acid (aa) protein and the first PRMT to be
classified (Lin et al., 1996) and is responsible for the vast majority of aDMA. PRMT1 causes
H4R3me2a, leading to transcriptional co-activation of genes associated with cell cycle
progression, DDR and epigenetic regulation (Bedford and Clarke, 2009, Auclair and Richard,
2013). Knockdown of PRMT1 has been shown to interrupt cell cycle progression in mouse
xenograft models and induce apoptosis (Wang et al., 2012) by inducing chromosomal
instability, DNA damage and increased sensitivity to chemotherapeutic agents (Yu et al.,
2009). Other known substrates of PRMTI1 include DSB recognition protein meiotic
recombination 11 (MRE11) and DNA binding protein 53BP1, through which aDMA limits
their association with sites of DNA damage (Boisvert et al., 2005a, Boisvert et al., 2005b).
MREI1 associates with DSB ends and recruits and activates ATM serine/threonine kinase
which initiates the phosphorylation cascade leading to activation of tumour suppressors such
as p53, which instigates cell cycle arrest (Lee and Paull, 2005). Knockout of PRMT1 in mouse
models also indicated that the protein plays a role in glial cell lineage determination through
methylation of STAT3 within the JAK/STAT pathway (section 1.2.1.4), leading to
transcription of genes associated with astrocytic identity, including GFAP (Honda et al., 2017,
Takizawa et al., 2001, Liang et al., 2018). Knockdown also results in the loss of
oligodendrocyte maturation and axon myelination, which then leads to reactive astrogliosis,

whereby there is an increase in astrocytes due to the CNS damage (Hashimoto ef al., 2021).

PRMT]1 has seven isoforms which contribute to a variety of methylation activity, dependent
upon their N-terminal sequence and residues M48 and M115, some of which also have the
ability to perform sDMA. PRMTI1v2 is an isoform of PRMTI1, which is localised to the
cytoplasm, due to the presence of a constitutive nuclear export sequence (NES) (Goulet et al.,
2007) and has been linked to breast cancer cell aggression by reducing cell-cell adhesion
(Baldwin et al., 2012). MiRNA-503 can also regulate PRMT1 by binding the 3’-untranscribed
regions (3°’UTR) of PRMTI, sequestering it and inhibiting the EMT in hepatocellular
carcinoma (Li et al., 2015). Phosphorylation of PRMT1 by CK1lal regulates PRMT1 binding
to chromatin and downstream cell self-renewal pathways (Bao et al., 2017b) and the PRMT
can also be ubiquitinated by E3 ligase E4B (Bhuripanyo et al., 2018), targeting it for
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proteasomal degradation. Methylated proteins which are degraded by the proteasome leave
behind metabolites NG,NG-dimethyl-L-arginine, NG,N’G-dimethyl-L-arginine and NG-
monomethyl-L-arginine as products of aDMA, sDMA and mMA, respectively (Tsikas et al.,
2018). Dimethylarginine dimethylaminohydrolase (DDAH) hydrolyses mMA and aDMA into
mono- and di-methylamine and citrulline before excretion, whilst SDMA remains intact (Said
et al., 2019). Alternatively, alanine:glycoxylate aminotransferase 2 (AGXT2) transaminates
aDMA and sDMA into a/symmetric a-keto-dimethylguanidinovaleric acid (Jarzebska et al.,
2019).

1.6.1.2. PRMT?2

PRMT?2 is a 433aa primarily nuclear protein, although it is found at low levels in the cytoplasm
and contains an N-terminal Src homology domain (SH3) domain. PRMT?2 has weak enzymatic
activity but has been shown to associate with other proteins and PRMTs to elicit various
responses, including promotion of apoptosis. PRMT2 has been shown to interact with Rb,
leading to a delay in cell cycle progression from G1/S (Yoshimoto et al., 2006). PRMT2 has
been shown to promote inhibition of IkB-a complex nuclear export and reduction in NFxB
binding to DNA, and therefore in the transcription of genes associated with inflammation and
immunity, again inducing apoptosis (Ganesh ef al., 2006). PRMT2 has also been associated
with several splicing factors, including those associated with apoptotic protein B cell
lymphoma X (BCL-X) (Vhuiyan et al., 2017). The unique SH3 domain recognises proline-rich
motifs within splicing factors such as PRMT1 substrate Src associated in mitosis of 68 kDa
(SAM68). Heteromeric binding of PRMT1 and PRMT?2 increases the enzymatic activity of
PRMT1 (Pak et al., 2011), leading to promotion of the small, pro-apoptotic BCL-X, via
SAMG68 (Paronetto et al., 2007). This phenomenon is more prevalent in cells with increased
levels of inflammatory marker TNFa, potentially encouraged by the induction of NF«xB,
indicating that PRMT2 promotes apoptosis, via alternative splicing, under inflammatory
conditions (Vhuiyan et al., 2017). Zhang et al. (2024a) recently confirmed this finding,
identifying that association of PRMT2 and MAPK substrate chromosome 15 open reading
frame 39 (C150rf39) causes a downregulation of NFkB signalling, leading to a reduction in
IL6 and TNFoa inflammatory markers and allowing regulation of microglia-mediated
inflammation, which is involved in a multitude of glia-associated diseases. The SH3 domain

of PRMT?2 also associates with actin nucleator protein cordon-bleu (Cobl) and R1226me2 and
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R1234me2 of Cobl allows its binding to actin and induces dendritic arborisation and
dendritogenesis, required for neuronal signalling, proliferation (Hou et al., 2015, Hou et al.,

2018) and T-cell mediated immunity (Hervas-Stubbs et al., 2011).

Dong et al. (2018) identified PRMT?2 as a pro-tumourigenic factor, which is increased in GBM
and correlates with poorer prognosis. Knockdown of PRMT?2 consistently reduced cell growth
across various GBM cell lines, as well as GSC sphere formation and decrease in stem-cell-
associated genes, sex determining region (SRY)-related high mobility group (HMG)-box
transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) and tumour
formation in mouse xenografts. There are also recorded interactions with oestrogen receptor o
(Shen et al., 2018) and androgen receptors (Meyer ef al., 2007), which increase transcriptional
activity, leading to proliferation and cell cycle progression (Cura and Cavarelli, 2021).
Additionally, cell-cycle-associated genes such as CDK4 and CDK6 and oncogenic signalling
pathways, such as JAK/STAT are also significantly downregulated upon PRMT2 depletion.
Chromatin immunoprecipitation (ChIP) analysis of promoter and enhancer regions of genes
such as CDK6 indicated that loss of PRMT2 caused loss of repressive histone mark
H3R8me32a which results in activation and maintenance of oncogenic transcription, leading
to tumour growth (Dong et al., 2018). PRMT?2 is alternatively spliced into four isoforms, found
in breast cancer cells, each of which have varying levels of methyltransferase activity and
localisation due to truncation within the third domain of the protein and the THW loop (Zhong

etal.,2012).

1.6.1.3. PRMT3

Cytoplasmic PRMT3 is a 531aa protein and contains a zinc finger (Znf) binding domain, which
tethers it to its substrates (Tang et al., 1998). Differential expression analysis found that type I
PRMT3 expression is highly enriched in GBM and is correlated with poorer survival rate.
PRMTS3 has been associated with ribosomes, through methylation of 40S ribosomal protein S2,
although the biological importance of this is yet to be determined (Swiercz et al., 2007). Other
PRMT3 substrates include p53 and voltage-gated sodium channel Nay1.5 (Beltran-Alvarez et
al., 2013). Although the former interaction has not yet been characterised, it is mediated by
tumour suppressor proteins VHL30 and ARF (Lai ef al., 2011). The latter are upregulated in
many cancers and are the targets of therapeutic research in glioma (Griffin et al., 2020).
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Knockdown and pharmacological inhibition of PRMT3 has been shown to attenuate G2/M
phase proliferation and migration in GSCs as well as tumour growth in mouse xenografts. This
coincides with an increase in apoptosis, detected via western blotting and immunostaining for
cleaved PARP and caspase-3 and wound healing assays, which found reduced wound closure
in the absence of PRMT3. This effect could be reversed upon overexpression of PRMT3 in
GSC lines, determining that the observed effect was specific to PRMT3 presence or absence.
This has been found to be due to the promotion of glycolysis by the presence of PRMT3, which
encourages GSC growth via HIFla (Liao et al., 2022). HIF1la expression is significantly
upregulated with overexpression of PRMT3, and co-immunoprecipitation indicated that the
proteins form a complex under hypoxic conditions. PRMT3 inhibits polyubiquitination of
HIF1la, which would otherwise lead to its degradation (Tarade and Ohh, 2018), and allows

glycolytic gene expression.

1.6.1.4. PRMT4/CARM1

PRMTH4 is a 608aa nuclear protein with a unique plekstrin homology (PH) domain, which aids
in forming large protein complexes (Chen et al., 1999, Lemmon, 2007). PRMT4 prefers
methylation of proline rich motifs (Shishkova ef al., 2017). PRMT4, or CARMI, is a type |
PRMT which is recruited to transcription sites by p300/CBP-mediated acetylation of H3K18
and H3K23 and is associated with switch/sucrose non-fermentable (SWI/SNF) chromatin
remodelling proteins (Xu et al., 2004). CARMI then causes H3R17me2a and H3R26me2a,
which in turn methylate and recruit SRC1-3, resulting in transcriptional activation (Bedford
and Clarke, 2009). Affected genes include stem-cell genes, such as Nanog, Sox2 and Oct4,
which form part of a regulatory network for the determination of astrocytic cell lineage,
impeding differentiation, through miR10a, miR92a, miR575 and CARMI1 methylation (Selvi
etal.,2015 {Wu, 2009 #776, Cho et al., 2011). It has also been shown to methylate and regulate
RNA-binding proteins, such as splicing factor CA150. This aids CA150 in tethering
transcriptional machinery to the spliceosome and regulating transcription elongation by

repressing RNA polymerase II (RNAPII) (Goldstrohm et al., 2001, Sims et al., 2011).
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Through transfection of CARM1 mutants, alongside a minigene, which can be alternatively
spliced to include or exclude exons, into cells, CARMI1 has been found to cause alternative
splicing by exon skipping (Cheng, 2006). Inhibition of CARMI in CD8 T cells resulted in
increased tumour cell killing in vitro, depicting CARMI1 as a negative regulator of tumour-
targeting T cells. CARMI inhibition in melanoma and breast cancer mouse models displayed
reduced tumour growth and reduction in CD8 T cells restored tumour growth, indicating that
CARMI plays a role in the TME-mediated therapeutic resistance of tumours (Kumar et al.,

2021), which is known to be important in GBM (Sharma et al., 2023).

CARMI is regulated by several pathways. WD repeat domain 5 (WDRS), which is
overexpressed in GBM, has been shown to promote binding of myelocytomatosis
oncogene (Myc) transcription factor to the CARM1 promoter, thereby inducing its expression,
leading to tumourigenesis and proliferation of GBM cells (Wang et al., 2020a). MiRNAs, such
as miR-181c, are also significantly increased in CARMI1 overexpressing cells and post-
transcriptionally regulate CARM1 through direct repression of its 3’UTR (Xu et al., 2013).
PRMT4 can be phosphorylated to regulate activity, including at S572 BY P38MAPK, which
prevents nuclear translocation and subsequent myogenesis (Chang et al., 2018). PRMT4 also
has the ability to auto-methylate R550, which allows regulation of transcriptional coactivator
and splice protein interaction (Kuhn et al., 2011). Regulation can also be achieved through
alternative splicing of CARMI1 into two known isoforms, of which PRMT4A15 eliminates the

automethylation ability, but maintains catalytic activity (Wang et al., 2013a).

1.6.1.5. PRMT6

PRMT6 is a 375aa nuclear protein (Lander ef al., 2001) and is primarily responsible for the
H3R2me2a mark, which prevents trimethylation of the H3K4 residue and the H3R17me2a
mark, alongside PRMT4 (Cheng et al., 2020). The arginine residue sterically blocks lysine
methyltransferase mixed lineage leukaemia (MLL) complex subunit WRDS5 binding (Guccione
et al., 2007). It is therefore associated with transcriptional repression of tumour suppression
genes, including Myc targets, reducing senescence and increased proliferation (Kleinschmidt
et al., 2012). Homeobox protein A (HOXA) genes, which affect neuronal differentiation, have
also been shown to be affected by PRMT6 and elements of the Polycomb repressive complexes
(PRC), which recognise histone methylation marks and lead to transcriptional repression (Stein

46



et al., 2016). The H3R2me2a mark produced by PRMT6 has also been associated with the
maintenance of cell division cycle 20 (CDC20) transcription, which leads to the ubiquitination
and subsequent degradation of CDKNI1B (p27) and stalling of GO/G1 phase (Wang et al.,
2023a). PTEN is known to be activated upon R159me by PRMT6, leading to inhibition of the
PI3K/AKT signalling pathway, thereby acting in a tumour suppressive manner (Feng et al.,
2019). PRMTE6 is also known to be involved in anti-retroviral pathways through methylation
and inhibition of human immunodeficiency virus-1 (HIV1)-associated proteins, such as Tat
(Boulanger et al., 2005) and as an androgen receptor (AR) coactivator (Scaramuzzino et al.,

2015).

Phosphorylation and subsequent deubiquitylation of PRMT6 by CK2a also promote PRMT6-
mediated R214 methylation of regulator of chromatin condensation 1 (RCC1) (Huang et al.,
2021). RCCI is a guanine nucleotide exchange factor (GEF) for RAN-GTPase, which is
methylated by PRMT6 and targeted to the chromatin, where it is required for mitotic spindle
assembly (Clarke and Zhang, 2008). Overexpression of PRMT6 in mouse xenograft models
rescued tumour sphere growth cause by PRMT6 depletion, thereby suggesting n oncogenic role
of PRMT6 in GSC proliferation (Huang et al., 2021). PRMT6 can be regulated via other
PRMTs, such as PRMT1, which methylates R106 and increases enzymatic activity (Cao et al.,
2023) and is also capable of automethylation at R35, whereby it increases its stability, leading

to an increase in activity (Singhroy et al., 2013).

1.6.1.6. PRMTS

PRMTS is the smallest PRMT protein with 394aa and is uniquely localised to the plasma
membranes of the brain through its N-terminal myristylation site (Sayegh et al., 2007). It is
also the only known PRMT to function dually as a phospholipase (Kim et al., 2015). Its
phospholipase activity converts phosphatidylcholine into choline, which is then converted to
acetylcholine and used in neurotransmission for neural plasticity, as well as promoting
dendritic arborisation (Park et al., 2019b). Much like some other PRMTs, expression of
PRMTS has been found to be linked to pluripotency associated transcription factors, such as
SOX2, OCT4 and Nanog, which are responsible for neural progenitor cell differentiation (Solari
et al., 2016). Whole genome sequencing (WGS) of GBM not only indicates that PRMTS is
generally depleted, but that SNPs in the PRMTS8 promoter could be linked to familial
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gliomagenesis (Liu et al., 2012). When this PRMTS8 depletion is recapitulated in mouse

embryonic stem cells, these markers of gliomagenesis are increased (Simandi ef al., 2015).

Methylation of Ras GTPase accelerating protein (GAP) SH3 domain-binding protein 1
(G3BP1) by PRMT&8 modulates production of stress granules, brought about by oxidative stress
(Lo et al., 2020). The fork head-associated (FHA) domain of antigen Kiel 67 (Ki-67) (NIFK)
is a methylation substrate of PRMT8 which is required for large subunit ribosomal RNA
maturation (Lee et al., 2005). Co-expression of voltage-gated sodium channel, Nay1.2 and
PRMTS, as well as increased Nay1.2 methylation in mouse seizure models, causes a large
increase in the current passing through the channel, which is required for neuronal signalling
(Baek et al., 2014). As mentioned previously, voltage-gated sodium channels are currently of
therapeutic interest in GBM. PRMTS8 expression is also regulated by nuclear retinoid receptor-
mediated transcription and in later stages of cellular development, through dimerisation with
PRMTI, becomes a coactivator of retinoid receptor signalling (Simandi ef al., 2015). PRMTS
has been found to have interactions with several splicing-related transcriptional cofactors, such
as fused in sarcoma (FUS) and Ewing sarcoma (EWS) members of the ten-eleven translocation
(TET) family (Pahlich ef al., 2008) and inhibition of PRMTS8 was found to reduce FUS
accumulation in amyotrophic lateral sclerosis (ALS) cell models (Scaramuzzino et al., 2013).
PRMTS can also automethylated at its N-terminal, resulting in prevention of AdoMet from

entering the catalytic site and prevention of further methylation activity (Sayegh et al., 2007).

1.6.2. Type I PRMTs

Type I PRMTs perform sDMA, whereby one methyl group each is placed on adjacent nitrogen
atoms of the same arginine guanidino group (Figure 1.1.7). Type Il PRMTs contains 2 active
site a-helices and there is a resulting motif change in the a-helices, from YFXXY in Type I,
which forms hydrogen bonds within the EE loop to hold substrate arginine, to PLXXN in Type
II, which aids in AdoMet recognition. Substrate arginine is also surrounded by phenylalanine
and serine residues and mutational studies by Sun et al. (2011) found that PHE379 was critical

for ensuring sSDMA, but that sSDMA and aDMA shared similar catalytic activities.
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1.6.2.1. PRMT5

PRMTS is a 637aa protein found in the nucleus, cytoplasm and Golgi apparatus and contains a
triosephosphate isomerase (TIM) barrel which is required for oligomerisation into tetramers,
resulting in a shorter dimerization arm in the B-barrel and for binding of co-protein
methylosome protein 50 (MEP50), which is required for efficient catalytic activity
(Antonysamy et al., 2012). PRMTS recognises GAR motifs in its substrates, resulting in
substrate specificity, distinct from its PRMT9 type II counterpart (Hadjikyriacou ef al., 2015).

PRMTS has been shown to promote tumourigenesis through alternative splicing and inhibition
has been shown to lead to cell cycle defects, resulting in apoptosis (Braun et al., 2017,
Sachamitr et al., 2021). PRMT5-mediated H3R8me2s and H4R3me2s marks are associated
with global transcriptional repression of downstream genes, whereas H3R2me2s is linked to
impediment to corepressor binding (Migliori, 2012) (Saha et al., 2016). sDMA of H4R3 by
PRMTS is associated with undifferentiated neural stem cells (Chittka et al., 2012) and has also
been indicated in the regulation of glial cell differentiation (Favia et al., 2019). Knockdown of
PRMTS causes an increase in inhibitor of differentiation/DNA binding 2 and 4 (Id2 and Id4)
levels, associated with hypomethylation of promoter CpG islands and decrease in
differentiation promoter Sox10. Methylation of these CpG islands is normally performed
through PRMT5-mediated H4R3me2s, recruiting DNA methyltransferase 3S (DNMT3A),
leading to Id2 and Id4 inhibition. Together, these findings suggest that PRMTS is involved in
the self-renewal of glioma cells, cell-cycle progression and therefore, tumourigenesis (Huang

etal., 2011, Bezzi et al., 2013).

PRMTS is known to deposit the R1810me2s mark on subunit RNA polymerase II subunit A
(POLR2A), at the C terminal of RNAPII. This then recruits the Tudor domain of the survival
motor neuron (SMN) protein and this complex, alongside helicase senataxin, resolves
DNA/RNA R-loops and allows termination and dissociation of RNAPII from the
template(Zhao et al., 2016). PRMTS5 has been shown to interact with Sm proteins via
methylosome component and assembly chaperone, ion chloride nucleotide-sensitive protein
(pICln), whereby pICln forms a ring complex with Sm proteins (Owens et al., 2020). These
are then methylated by the PRMT5/pICIn methylosome complex and phosphorylation of pICln
allows the transfer of Sm proteins to the SMN complex, leading to the formation of small
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nuclear ribonuclear proteins (snRNPs) required for RNA splicing (Pesiridis et al., 2009). The
pICIn-PRMTS interaction, potentially independently of MEP50, has also been associated with
becoming an epigenetic activator and direct regulator of DSB repair genes (Schmitz et al.,
2021). PRMTS is also known to interact with Myc and plays a role in MYC target gene
silencing, which is overcome by oncogenic variations of Myc in GBM, thereby leading to

tumourigenesis (Mongiardi et al., 2015).

Induction of DNA damage increases expression of both proteins, leading to upregulation of
DDR and G2 arrest genes, such as radiation sensitive protein 51 (RADS51) and WEEI,
respectively. It is thought that PRMTS5 directly targets serine/threonine checkpoint kinase
WEE], allowing G2 arrest and subsequent DSB repair by RADS51 and other proteins (Owens
et al., 2020). Indirectly, PRMTS depletion has been shown to induce p53-mediated apoptosis
in response to DNA damage. Upon DNA damage, stress-responsive activator of p300 (STRAP)
is phosphorylated by ATM and forms an association with p53 cofactor junction-mediating and
regulatory protein (JMY) and p300, which then recruits PRMTS5 to the p53 protein. PRMTS
methylates p53, affecting oligomerisation and altering p53 promoter binding activity. Lower
levels of PRMTS influencing apoptotic peptidase activating factor 1 (4PAF'1) transcription and
therefore apoptosis and higher levels contributing to p2/ transcription and G1 arrest upon the
induction of DNA damage (Jansson et al., 2008). PDGFRa and EGFR are targets of PRMTS
methylation. sSDMA of E3 ligase casitas B-lineage lymphoma (Cbl) prevents its targeting of
PDGFRa for proteolysis, thereby maintaining its proliferative activity (Calabretta et al., 2018).
Dephosphorylation and inhibition of RAS pathway proteins is mediated by a complex of
autophosphorylated EGFR in conjunction with protein-tyrosine phosphatase Src homology
region 2 domain-containing phosphatase-1 (SHP1), initiated by PRMTS5 methylation of EGFR
R1175 (Hsu et al., 2011). Inhibition of PRMTS5 has also led to resensitisation of GBM
neurospheres and in vivo GBM mouse models to MEK inhibitor trametinib, through the
reduction of trametinib-induced EGFR/AKT activity. It has been suggested that inhibition of
PRMTS5 may be used in conjunction with existing chemotherapies in order to eliminate tumour

escape pathways (Banasavadi-Siddegowda et al., 2018).

Small Nucleolar RNA host gene 16 (SNHG16) is a IncRNA which is upregulated in GBM

tissues and has been found to absorb PRMTS5 regulator miR-4518, resulting in increased
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viability of GBM cells and a reduction in apoptosis (Pal et al., 2007, Zhang et al., 2017a). Upon
SNHG16 depletion, anti-apoptotic Bcl-2, phosphorylated AKT and PRMTS5 levels were
reduced, whereas pro-apoptotic Bax and miR-4518 were upregulated, suggesting that SNHG16
regulates apoptosis and PI3K/AKT signalling via sequestration of miR4518, leading to release
of PRMTS (Lu et al., 2018). PRMTS is regulated by phosphorylation, whereby addition of a
phosphate group at residues T132, T139 and T144 are required for PRMTS activation.
Phosphorylation at Y304 and Y307, downregulate PRMTS5 activity, by interrupting protein-
protein interactions with its coactivator MEP50 (Liu et al., 2011). ILIP induces PKC
phosphorylation of PRMTS at S15, which allows NF«B activation (Hartley et al., 2020).
PRMTS is also regulated by glutathionylation, which is the reversible addition of a glutathione
group to a cysteine residue of proteins experiencing oxidative stress, which reduces PRMTS5

catalytic activity by disrupting MEPS50 interaction (Y1 et al., 2020).

1.6.2.2. PRMT9

PRMTO is the largest PRMT protein and the least well characterised, with 845aa, an N-terminal
tetratricopeptide (Tri-TPR) domain and two catalytic domains (Tewary et al., 2019,
Hadjikyriacou et al., 2015). It is described as having functions in splicing, through sDMA of
spliceosome-associated protein 145 (SAP145) at R508, generating a binding site for SMN
protein and thereby encouraging U2snRNP maturation (Yang ef al., 2015). Shen et al. (2024)
have also found PRMT9 to methylate splicing factor 3B subunit 2 (SF3B2), therefore being
involved in alternative splicing dysregulation, leading to abnormal synapse development and
impaired memory and learning in knockout mouse models. PRMT9 can be regulated by miR-
543 (Pal et al., 2007, Zhang et al., 2017a) and has been found to target the 3’UTR region of
PRMT9 mRNA, inhibiting its translation. Knockdown of miR-543 results in PRMT9 increase
and G1/S arrest and overexpression increase glycolysis and, in PDX mouse models, promotes
tumorigenesis. Reduction of PRMT9 stabilises HIFla in osteosarcoma cells, leading to an
increase in cellular proliferation (Zhang et al., 2017a), suggesting that PRMT9 may act as a
tumour suppressor (Ju et al., 2015). Ju et al. (2015) suggests that this may be due to the F-box
domain of PRMT9, which allows the PRMT to act as an E3 ubiquitin ligase, targeting HIF1a
mRNA for proteasomal degradation. Dong et al. (2024) found that PRMT9 ablation in acute
myeloid leukaemia (AML) leads to a reduction in methylation of DDR and translation effectors

and suppression of cancer stem cell maintenance, as well as playing a role in cancer immune
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evasion. Knockdown of PRMTY is significantly affected methylation of poly adenylate (polyA)
binding protein cytoplasmic 1 (PABPC1) and 5°-3” exoribonuclease 2 (XRN2), which reduces
the efficacy of translation (Qi ef al., 2022) and triggers the DDR. This triggers IFN pathways
through activation of cyclic guanosine monophosphate (GMP)-AMP synthase (cGAS), which
then alters T cell populations and affects immune memory, effectively resensitising aberrant

cells to host immunity (Dong et al., 2024).

1.6.3. Type III PRMTs

Type III PRMTs can only perform mMA and thus far, PRMT?7 is the sole enzyme in this group.
In PRMT?7, the N-terminal a-helix sequence changes to VSLIE and is arranged such that the
AdoMet binding pocket is more exposed. Substrate arginine is also surrounded by methionine
and alanine residues, which ensure a small binding pocket which does not allow for the addition

of a second methyl group (Wang et al., 2014).

1.6.3.1. PRMT7

PRMT?7 is a 692aa protein which consists of two tandem repeat PRMT modules, each with a
Rossman fold, and B-barrel with a dimerization arm. The two double E loops are required for
preferential methylation of RXR substrate sequences (Feng et al., 2013). The two modules are
linked by a zinc finger motif, which locks the C-terminal PRMT module in an inactive
conformation when bound to SAH (Halabelian and Barsyte-Lovejoy, 2021). The C-terminal
PRMT module, however, does not contain several of the motifs required for SAM/AdoMet
binding, thereby it is generally accepted that it is catalytically inactive. PRMT7 functions as a

monomer, with the tandem repeated domains forming a pseudodimer (Cura et al., 2014).

PRMT?7 is involved with transcriptional, DDR and splicing regulation and although some
studies have shown that PRMT7 mutations were present in a small sample of patients with
brain tumours, implying that there may be some indications of PRMT7 involvement in
neuropathogenesis (Birnbaum et al., 2019), no established role in GBM development or
progression have been discovered (Bryant ez al., 2021). The type III PRMT has, however, been
implicated in the EMT in breast cancer metastasis through modulation of the H4R3me2s mark.
Automethylation of PRMT7 R531 causes PRMT7-HDAC3 recruitment to the E-cadherin
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promoter by yin-yang 1 (YY1), thereby maintaining the repressive histone mark, reducing E-

cadherin expression, leading to cell migration and invasion (Geng et al., 2017).

Methylation of an RXR motifin eukaryotic initiation factor 2a (e[F2a) by PRMT?7 is important
in the cellular stress response. elF2a is phosphorylated at ser-51 upon induction of cellular
stress and this is made possible due to PRMT7-mediated methylation of the protein at R54
(Haghandish et al., 2019). Heat shock protein 70 (HSP70) is another known methylation target
of PRMT?7, with R249me also being important for stress granule formation (Szewczyk et al.,
2020a, Szewczyk et al., 2020b). This response has been associated with neurodegeneration
through initiation of protein aggregation and growth arrest and DNA damage-inducible protein
34 (GADD34) transcription (Bond et al., 2020). PRMT?7 is also known to be involved in the
DDR by epigenetic methylation of H2R3 and H4R3, which represses expression of DNA
polymerase subunit POLD1 and other genes involved in DNA repair (Karkhanis et al., 2012).
Loss of PRMT7 has also been shown to inhibit MLL4 recruitment to chromatin and subsequent
methylation of H3K4, thereby losing self-renewal capability of neural stem cells and forcing
entry into the MLL4-driven differentiation program (Dhar ef al., 2012). Additionally, PRMT7
has been shown to methylate splicing factor hnRNPAT1 at several sites and depletion of the

PRMT lead to several thousand alternative splicing events (Li et al., 2021b).

1.6.4. PRMT Inhibition

There are several PRMT inhibitors which have been proposed for use in a variety of cancers
and are currently in clinical trials. PRMT inhibitors can target the AdoMet/SAM binding
pocket, or the substrate binding pocket, competitively, or non-competitively. A more recent
development in PRMT inhibition is the use of proteolysis-targeting chimera (PROTACS),
which targets proteins for ubiquitylation by E3 ubiquitin ligases and subsequent degradation
by the proteasome. The use of this technology opens up the possibility of overcoming
chemotherapeutic resistance to small molecule inhibitors and provides flexibility to the specific

proteins the therapies could target (Sun et al., 2019, Li et al., 2022a).
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1.6.4.1. Type I PRMT Inhibitors

Type I PRMT inhibitors have proven difficult to synthesise and translate into effective
inhibitors in preclinical studies (Hwang et al., 2021), which is what makes it imperative to
repurpose the drugs that have shown effectivity in other cancers and diseases. AMI-1 was the
first type I PRMT inhibitor, discovered by Cheng et al. (2004), spurring the development of
other PRMT inhibitors, such as Furamidine (Yan et al., 2014) and Allantodapsone (Spannhoff
et al., 2007), which were found to have high PRMTT1 specificity and being entered into pre-
clinical trials (Smith ef al., 2018). Inhibitors such as these have been used in combination with
immunotherapies, such as anti-PD-L1 antibodies, which upregulated CD8 T-cell infiltration
into pancreatic tumour cells and increased apoptosis (Zhang et al., 2020). SGC707 is an
AdoMet non-competitive inhibitor and an allosteric inhibitor of PRMT3 which is being used
as a template for further SAM-binding non-competitive inhibitors (Kaniskan et al., 2015).
EZM2302 and TP064 are PRMT4/CARMI inhibitors with higher potency than their earlier
counterpart SGC2085 (Ferreira de Freitas et al., 2016, Sack et al., 2011, Smith et al., 2018).
Inhibitors with increased selectivity, such as compound 49, were also developed from previous,
weaker iterations of drugs (Guo et al., 2019). PRMT6 inhibitor EPZ020411 was shown to
increase in vivo survival in conjunction with ionising radiation, by inducing differentiation of
GSCs and cell cycle arrest (Banasavadi-Siddegowda et al., 2018). MS023 was developed by
Eram et al. (2016), from 6’-methyleneamine sinefungin (GMS) (Wu et al., 2016a), which led
to the development of MS049, a PRMT4/PRMT6 dual inhibitor (Shen et al., 2016).

1.6.4.1.1. MS023

MS023 is a cell-active, non-competitive, potent inhibitor, selective of type I PRMTs, which
binds to the substrate binding site of its target. It has been reported to decrease levels of histone
arginine asymmetric dimethylation, whilst also increasing monomethylation and symmetric
dimethylation (Eram et al., 2016). MS023 was designed (Figure 1.1.9) by Eram et al. (2016),
based upon previous PRMT-specific inhibitor discoveries of: EPZ020411, targeting PRMT6
(Mitchell et al., 2015) and campomelic dysplasia 1 (CMPD-1), targeting PRMT4 (Sack et al.,
2011). MS023 consists of an arginine mimetic ethylenediamine side chain, as well as a para-
isopropoxy and terminal amino group for type I PRMT inhibitory properties, two basic amino
groups for increased potency and a pyrrole ring (Figure 1.1.9). MS023 was found to potently
inhibit PRMT1 (50% inhibitory concentration (ICso) = 30 + 9 nM), PRMT3 (ICs50 = 119 + 14
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nM), PRMT4 (ICso = 83 + 10 nM), PRMT6 (ICso = 4 + 0.5 nM) and PRMT8 (ICso =5 £+ 0.1
nM), but not any type II or IIl PRMTs, or lysine demethylases.

S023

Figure 1.1.9.: MS023 Chemical Structure

Ethylenediamine side chain shown in blue. Para-isoproproxy group shown in purple circle.
Amino groups shown in yellow circles. Pyrrole ring shown in green circle. Taken from Eram

etal 2016.

Pharmacological inhibition of PRMTs by MS023 in cells resulted in a decrease of basal
H4R3me2a levels, a histone mark attributed to PRMT1 (Strahl ez al., 2001), as well as global
Rme2a levels, similar to PRMT1 knockdown (Eram et al., 2016). Levels were not affected by
treatment with the negative control, MS094, which contained several variations of the MS023
structure. Cell growth studies on eight cell lines indicated a decrease in cell growth, after
several days, at concentration above 1puM(Eram et al., 2016). Previous studies have indicated
that inhibition of type I PRMTs contributed to decreased proliferation and increased cellular

senescence (Elakoum et al., 2014).
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1.6.4.2. GSK3368715

GSK5568715 is a general type | PRMT inhibitor (Figure 1.1.10). Its effects involve inhibiting
arginine methylation of hnRNPs, thereby altering exon usage and RNA splicing (Fedoriw et
al., 2019). It was developed, alongside GSK3368712, from Epizyme’s protein

methyltransferase biased compound collection, as a PRMT]1 inhibitor.

Figure 1.1.10. GSK3368715 chemical structure

Schematic of GSK3368715, taken from Fedoriw et al. 2019. Amino groups shown in yellow

circles. Pyrazole ring shown in green circle.

GSK3368715 is a reversible, but potent, non-competitive type [ PRMT inhibitor. GSK3368715
displays ICso values of 3.1nM (PRMTI1), 48nM (PRMT3), 1148nM (PRMT4), 5.7nM
(PRMT6) and 1.8nM (PRMTS) and displays time-dependent inhibition. Proliferation assays
across 12 tumour types, represented by 249 cell lines indicated greater than 50% growth
reduction over most cell lines. Mouse models of Toledo pancreatic cancer cell line tumour
growth were treated with 75 mg/kg GSK3368715 and found tumour regression, along with
78% and 97% tumour regression in BxPC3 xenografts at 150 mg/kg and 300 mg/kg dosages
(Fedoriw et al., 2019).
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Previous, published studies in my host lab (Samuel et al., 2018) and in other research groups
(Dhar et al., 2013, Fedoriw et al., 2019) have indicated that inhibition of type | PRMTs through
GSK3368715 causes global reduction in aDMA and an accumulation of sDMA and mMA.
This unidirectional crosstalk in not recapitulated in reverse. Inhibition of type Il PRMTs I via
drugs such as GSK591 does not cause an accumulation of aDMA but does decrease global
sDMA (Samuel ez al., 2018). Most solid tumour cell lines tested with the drug display cytostatic
responses, whilst some cytotoxic response can be seen in other cancers, associated with
methyladenosine phosphorylase (MTAP) deficiency. MTAP loss is common in cancers due to
its proximity to tumour suppressor CDKN2A, which is commonly deleted (El-Khoueiry et al.,
2023). This causes an increase in 2-methyladenosine (MTA) in cells, which in-turn causes
inhibition of PRMTS, a type II inhibitor which has confirmed links to tumourigenesis. This
could potentially increase sensitivity of tumours to type [ PRMT inhibition and this hypothesis
has been further strengthened through studies into the synergistic effects of concurrent type I
and II PRMT inhibition in mice (Fedoriw et al., 2019). Pathway analysis of cell lines treated
with GSK3368715 showed enrichment in mRNA processing and splicing, including through
the Myc program, with downstream target pathways including cell cycle and mitosis (Favia et
al., 2019). Association of type I PRMT inhibition with splicing factor proline and glutamine-
rich (SFPQ) and FUS members of the hnRNP family are factors indicating that the method of
GSK3368715 action is through aberrant exon skipping an alternative splicing (Fedoriw et al.,
2019).

GSK3368715 was entered into a phase 1 clinical trial (NCT03666988) to determine
preliminary efficacy, safety and pharmacokinetics of the drug in advanced stage solid tumours
in adults. Part 1 of the clinical trial was halted after thromboembolic events (TEE) in 25% of
patients with 200 mg oral dose. The trial was resumed at 100 mg oral dose, where the best
response achieved was stable disease in 29% of patients, but limited target engagement within
the solid tumours was seen, leading to premature termination of the study. It was, however,
noted in the study that only one of the thirty-one patients was treated for more than 6 months,

resembling a relatively short time period (El-Khoueiry et al., 2023).
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1.6.4.3. Type Il and 11l PRMT Inhibitors

Several type Il PRMTS inhibitors have been entered into clinical trials and have displayed more
encouraging outcomes, potentially due to the large range of targets under PRMTS influence.
Binding of drugs which target the substrate binding site, including EPZ015666 (Chan-Penebre
et al., 2015) and GSL3326595, of which the latter was entered into clinical trials, is enhanced
by binding of AdoMet. As mentioned previously, MTA competes with SAM binding and
therefore, LLY-283 and JNJ-64619178 were developed to mimic AdoMet binding, the latter
of which is currently entered into phase I clinical (Hwang et al., 2021). LLY-283 was also
shown to have good BBB penetrance, which improved in vivo survival (Sachamitr ez al., 2021).
PRMTS5 inhibitors PRT811 (NCT04089449) and GSK3326595 (NCT02783300,
NCTO03614728) have been in clinical trials against cohorts of patients with GBM. Within the
same realm, the use of drugs to bring about the stabilisation of MTA, or the prevention of the
PRMT5:MEP50 interaction has also been explored. MS4322 is the first PRMT5-targeted
PROTAC and it bridges substrate binding site drug EPZ015666 with E3 ligase VHL, which
then targets PRMTS for proteasomal destruction (Shen et al., 2020, Hwang et al., 2020). The
first type III inhibitor, DS-437, showed specificity against PRMTS and PRMT7 (Smil et al.,
2015) and more recently, the more potent and PRMT7-specific SGC3027 has been found to
inhibit HSP70 R469 methylation, augmenting cellular stress response (Szewczyk et al., 2020a).

The recent research into the role of PRMTs in GBM tumourigenesis, particularly PRMTS and
PRMTI, and the use of inhibitors in haematological cancers, has led to the interest in the use
of PRMT inhibitors as potential GBM therapies (Bryant ef al., 2021). Research by Fedoriw et
al. (2019) found synergy between PRMTS and type I PRMT inhibitor GSK3368715, which
became some of the basis for this study. Further research into BBB penetrating technologies,
or modulation of small molecule inhibitors to increase penetration of the BBB are required to
increase efficacy of these drugs. In addition, investigation into the impact of these drugs on the
TME is required to further characterise their efficacy (McCornack et al., 2023) and model

development is imperative to elucidate this mechanism.

1.6.5. FUS
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1.6.5.1. Structure and Function

FUS, also known as translocated in liposarcoma (TLS), is a 70 kDa RNA/DNA binding protein
(Figure 1.1.11), hnRNP P2, belonging to the FUS/TLS, EWS, TATA-box binding protein
associated factor 15 (TAF15) (FET) family (Neumann et al., 2009a, Neumann et al., 2009b,
Neumann et al., 2006). It is normally located in the nucleus, where it is involved in the DNA
damage response, transcriptional and translational regulation, splicing and many other cellular

processes involved in genome stability and protein biosynthesis.

FUS is a 526 aa multidomain protein with an N-terminal transcriptional activation domain,
multiple nucleic acid binding domains and a C-terminal nuclear localisation signal (NLS)
domain. The intrinsically disordered, prion-like N-terminal transactivation domain (Patel ez al.,
2015) consists of an SYGQ-rich sequence (Figure 1.1.11), which has been shown to be
important for concentration-dependent liquid-liquid phase transition and liquid-to-solid phase
transition in stress granules. The C-terminal domain is comprised of a three repeat RGG/RG-
rich domain (RGG3), followed by a proline-tyrosine (PY)) domain, forming the RGG3-PY NLS
(Dormann et al., 2010). This domain interacts with nuclear import receptor Transportin

(TNPO1)/Karyopherin- 2 (Kapp2) (Lee, 2006) to translocate into the nucleoplasm.

FUS has DNA homologous pairing activity and binds to single strand DNA breaks and
promotes its annealing to complementary single stranded DNA and D-loop formation
(Baechtold et al., 1999). FUS also interacts with the transcriptional pre-initiation complex,
including RNAPII and transcription factor II D (TFIID), gene specific transcription factors
such as NF«B, binds to TCCCCGT in the promoter region of target genes, FET proteins interact
with intronic elements near to the splice site and recruit hnRNPs and the spliceosome, through
both of these interactions couple splicing and transcription, shuttles between nucleus and
cytoplasm and could play a role in mRNA export, in neurons, FUS is involved in the transport
of specific mRNAs, such as encoding actin-stabilising protein novel Kelch family gene (Nd1-

L) into dendritic ends and affect cell spreading in fibroblasts (Dormann et al., 2012).

FUS has been shown to reduce proliferator factors, such as cyclin D1 and Cdk6, whilst
increasing anti-proliferation factors and proliferative inhibitory factors such as CDK and p27
— thus increasing the rate of apoptosis in prostate cancer cells. Immunohistochemistry (IHC)
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analysis identified that there was an inverse correlation between FUS and the degree of prostate

cancer, indicating that higher FUS levels increase survival (Ghanbarpanah et al., 2018).

1 165 267 285 371 422 453 501 526
QGSY-rich RGG1 —— RRM RGG2 ZNF RGG3 — NLS
Prion-Like Domain I\ES Prion-Like Domain

Figure 1.1.11.: Structure of FUS.

FUS is a multi-domain protein, with a prion-like N-terminal domain, consisting of a QSGY-
rich sequence and RGG sequence motif. It has a central nuclear export sequence (NES),
preceding the RRM domain and a second prion-like domain, which sits within the second RGG-
rich sequence. Finally, the C-terminal contains a zinc-finger motif (ZNF) and a third RGG-

rich sequence and ends with a nuclear localisation signal (NLS).

1.6.5.1.1. Liquid-to-liquid phase transition

Molliex et al. (2015) and Patel et al. (2015) have shown that, at particular concentrations, FUS
forms protein droplets in a reversible liquid phase separation. This underpins the role of FUS
in the formation of ribonucleoprotein granules and other transient membrane free organelles
(Weber and Brangwynne, 2012), driven by cation-m interactions between tyrosines in the
intrinsically disordered low-complexity domains and arginines in the highly-structured C-
termini (whose methylation tunes these interactions (Qamar ef al., 2018)). These membrane-
free organelles organize the transport of RNA and proteins within subcellular niches, such as
components of neuronal cells. FUS knockdown abolishes serine-139 phosphorylation of H2A
histone family member X (yH2AX) formation in response to double strand breaks (Wang et
al., 2013b). Phase separation at laser-induced DSB sites transiently and reversibly reorganizes
the intracellular space by separating prion-like domain containing proteins from the soluble
intracellular space, via increasing poly-ADP ribose (PAR) levels at DSB sites (nucleic acid-
mimicking biopolymer nucleates intracellular phase separation), potentially allowing space for

DNA damage sensor proteins.
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1.6.5.1.2. Liquid-to-solid phase transition

At critical condition, this then becomes an irreversible liquid-to-solid phase transition in stress
granules to fibrous aggregates in vitro and FUS is exported from the nucleus and clusters in the
cytoplasm of neuronal and glial cells (Burke et al., 2015). This process has been demonstrated
to occur in motor neuron disease (MND) patients due to N-terminal NLS truncation (Dormann
et al., 2010); frontotemporal dementia (FTD) patients and in the post-mortem brain. Loss of
nuclear import would mean loss of nuclear functions, such as splicing, gene expression
regulation and miRNA biosynthesis, or gain of function, such as initiation of aggregation

within stress granules (Ratti and Buratti, 2016, Hofweber et al., 2018).

1.6.5.1.3. Neuropathy

Normally, FUS is located within the nucleus of neuronal and glial cells, however in post-
mortem brains and patients with ALS/MND, or FTD it is located within cytoplasmic aggregates
(Mackenzie et al., 2010). In MND patients, FUS mutations which involve the truncation of the
C-terminal NLS contribute to defective nuclear import and rapid MND onset and pathogenesis
(Dormann et al., 2010). Loss of nuclear import would mean loss of nuclear functions, such as
splicing, gene expression regulation and miRNA biosynthesis, or gain of function, such as
initiation of aggregation within stress granules (Ratti and Buratti, 2016, Hofweber ef al., 2018).
FUS null mice have been shown to have hypersensitivity to irradiation-induced chromosomal
damage, as well as issues with homologous recombination and in mice with FUS

overexpression causes motor neuron deficits and premature death (Ratti and Buratti, 2016).

1.6.5.1.4. Arginine methylation and FUS

The RGG3 domain of FUS is modified extensively with aDMA groups, by PRMTI1 and
PRMTS (Type 1). In FTD-FUS patients FUS deposits are un- or mono-methylated(Dormann
et al., 2012, Suarez-Calvet et al., 2016). RGG2-ZnF-RGG3 domain is the most likely RNA
binding domain with a preference for GU-rich motifs(Bentmann et al., 2012, Iko et al., 2004,
Lerga et al., 2001). FUS mutations in de novo and recessive inheritance most frequently occur
in the C-terminal domain. R521C within the RGG domain is most frequently seen (Ratti and
Buratti, 2016). Hofweber et al. (2018) showed that TNPO1 interacts with the arginines of the
RGG3-PY domain and acts as a chaperone, preventing the aggregation of FUS. Post-
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translational arginine methylation of the RGG domains of the C-termini contribute to the
regulation of this phase separation. Inhibition of arginine methylation also directly promotes
FUS aggregation, implying that the PTM is essential for correct nuclear import. Arginine
hypomethylation leads to the formation of stable antiparallel intermolecular B-sheet-rich
hydrogels (Patel et al., 2015), formed by residues 39-95 of the low-complexity domains
(Murray et al., 2017) which disrupt RNP function and protein synthesis (Qamar et al., 2018).
Arginine methylation regulates TNPO1 chaperone and FUS binding and nuclear import and is
defective in MND and FTD patients (Dormann et al., 2012). Both PRMT1 and PRMTS have
been linked to FUS in neurological diseases, such as ALS (Dong ef al., 2021). Mutated FUS is
a major component in the inclusion bodies, found within motor neurons of ALS patients and
this has been found alongside PRMT1 and PRMTS in patient-derived cells. Inhibition of both
PRMT1 and PRMTS have been shown to reduce FUS-positive ALS cells in vitro, although the
opposite effect was seen ex vivo in Drosophila FUS-positive ALS models (Scaramuzzino et

al., 2013).

Sf9 cells, grown in the presence of adenosine-2,3-dialdehyde (AdOx), a general PRMT
inhibitor, indicated a large reduction in aDMA FUS (Qamar et al., 2018). The use of isobaric
tags for relative and absolute quantitation (iITRAQ) and spectral counting mass spectrometry
were used to identify which arginines were differentially methylated between untreated and
AdOx-treated cells. In the presence of AdOx, several arginines (216, 259, 407, 473 and 476)
were converted from dimethylated status to mono- or unmethylated status, indicating that
PRMT inhibitors do have a profound effect on FUS methylation status. Arginines 394 and 481
remained predominantly dimethylated. Alanine mutation screens, whereby the arginines whose
methylation status was funded to be robustly changed in the iTRAQ experiments, caused
disruption of the m-cation interactions and abrogated FUS phase separation (Qamar et al.,

2018).

LncRNA a disintegrin and metalloproteinase with thrombospondin type 1 motif 9 antisense
RNA 2 (ADAMTS9-AS2) has been shown to promote TMZ resistance in GBM by directly
interacting with RNA recognition motif (RRM) and Znf RanBP2 domains of FUS and
decreasing interaction between FUS and MDM?2, inhibiting ubiquitination of K38 and
subsequent downregulation of FUS by the E3 ligase. LncRNA knockdown results in FUS
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destabilization through K38 ubiquitination and reduces progression and metastasis in TMZ-
resistant cells (Yan et al., 2019). It could be hypothesied that the induction of FUS via sDMA,
through aDMA inhibition results in the upregulation of the FUS/MDM?2 ubiquitination axis,
thereby elucidating a cause of TMZ resistance. TMZ resistance could be due to the upregulation

of FUS, through sDMA and other mechanisms.

1.6.6. Apoptosis Pathway

Apoptosis, or programmed cell death, is an essential part of cellular homeostasis and is often
manipulated and dysregulated in cancer. Cellular apoptosis can occur due to a selection of
external and internal stimuli, including radiation, alkylating agents and issues with DNA
replication. Cells undergoing apoptosis are typically shrunken, have a damaged cell membrane,
condensed chromatin and DNA cleavage (Saraste and Pulkki, 2000). Cell contents are then
packaged into membrane bound apoptotic bodies, which are cleared from tissues by
macrophages. Both the extrinsic and intrinsic pathways lead to the activation of cysteine
aspartase, or caspase proteins, which bring about final programmed cell death (Lossi, 2022).
Caspases are required for the selective proteolysis of key proteins which perpetuate the
pathways of apoptosis. There are 3 subtypes of caspases, including: inflammatory, initiator and
effector caspases which exist as zymogens before being processed by other caspases, to induce
an active proteolytic cascade, culminating in apoptosis. The caspases have a myriad of targets

which ensure the dedication of a cell to apoptosis (Shi, 2004) (Figure 1.1.12).

The intrinsic pathway is triggered by detrimental changes within the cell microenvironment,
such as DNA damage and hypoxia. It is characterised by the release of cytochrome C, second
mitochondria-derived activator of caspase (Smac)/ direct inhibitor of apoptosis-binding protein
with low pi (Diablo) from the mitochondrial intermembrane space and into the cytosol,
triggering the formation of an apoptosome. Stress sensor p53 is phosphorylated by ATM and
checkpoint factor 2 (Chk2) and MDM2-mediated ubiquitination of p53 is inhibited. p53 is
targeted to the Bcl-2 gene family promoter region and activates transcription of pro-apoptotic
genes and represses transcription of anti-apoptotic genes (Ren et al., 2010). p53 is also
responsible for upregulating p53-upregulated modulator of apoptosis (PUMA), PTEN and
APAF1 which contribute to increase in mitochondria-damaging reactive oxygen species (ROS)
and the apoptotic response (Lahav, 2008). The damaged mitochondria then release Smac,
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Diablo and Omi/high temperature requirement protein 2 (HTRA2), which prevent activation
of inhibitor of apoptosis proteins (IAPs), allowing cleavage and activation of caspase 3 (Cagnol
et al., 2011). Caspase 3 cleaves inhibitor of caspase-activated DNase (ICAD), releasing CAD,

allowing oligomerisation, DNA fragmentation and chromatin condensation (Figure 1.1.12).

The extrinsic pathway is induced by perturbations in the extracellular microenvironment,
which can follow either a receptor activation pathway, or cytotoxic stress pathway. Receptor-
mediated pathways are activated by death receptors of the tumour necrosis factor receptor
(TNFR) family and contain a death domain (Muntane, 2011). These include death receptor
(DR)4/DRS, Fas and TNFRI1. As an example, Fas ligand binding to Fas causes receptor
oligomerisation and Fas-associated death domain (FADD) cofactor death effector domain
(DED) binding. FADD recruits procaspase 8, which oligomerises and self-cleaves, from which
then proceeds the caspase pathways, whereby caspases 3 and 7 are activated (Schneider and
Tschopp, 2000). Caspase 8 cleaves Bcl2 interacting protein (BID), which triggers cytochrome
C release from mitochondria. Cytochrome C then binds to APAF1 and procaspase 9, which is
then also activated, which in turn activates procaspase 3. Alternatively, caspase 8§ directly
cleaves procaspase 3. Activation of TNFR1 causes dynamic activation of apoptosis. When
associated with TNFR1 associated death domain (TRADD), recruits TNF receptor associated
factor-2 (TRAF2), cellular inhibitor of apoptosis-1 (CIAP1), receptor-interacting protein-1
(RIP1) kinase and subsequently IkK, which activates NFkB and cell survival. Upon sufficient
recruitment of NF«xB, Fas-associated death domain protein-like interleukin-1a-converting
enzyme-like inhibitory protein (FLIP) inhibits caspase 8. Dissociation of TRADD from TNFR1
leads to recruitment of FADD and initiator caspase 8 when NF«kB recruitment is insufficient.
Growth factors and their associated receptors activate PI3K and Akt, which modulates pro-
apoptotic Bcl2-antagonist of cell death (BAD) (Shirley et al., 2011, Shi, 2004, Valdes-Rives et
al.,2017) (Figure 1.1.12).

Cellular stress, such as from cytotoxic radiation or drugs, also induces apoptosis. Mitochondrial
membrane permeabilisation (MitoMP) may occur through association of voltage dependent
anion channel (VDAC), adenine nucleotide transporter (ANT), peripheral-type benzodiazepine
receptor (PBR) and cyclophilin D, along with BAX, Bcl2 antagonist killer 1 (BAK1), BIM, or

BcIXL, to form and regulate opening and closing of the permeability transition pore complex
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(PTPC) (Ren et al., 2010). Alternatively, or additionally, BAX and BID may translocate to the
nucleus and oligomerise, forming pores. The former is released from microtubules and the
latter is activated through cleavage by caspase 8 via DR signalling (Flores-Romero et al., 2020,
Oropesa-Avila et al., 2013, Kantari and Walczak, 2011).

TRAIL (DR4/5), FasL (FGFR),
TNF-a (TNFR1) etc.

Death signal .

Smac/DIABLO,
HirA2/Omi

Mitochondrion Caspase
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Figure 1.1.12.: Schematic of the apoptosis pathway

TNF related apoptosis inducing ligand (TRAIL); Death receptor 4/5 (DR4/5); apoptosis

antigen (Fas), Fas ligand (FasL), fibroblast growth factor receptor (FGFR); tumour necrosis

factor-o. (TNF-a), tumour necrosis factor receptor 1 (TNFRI1); Fas associated death domain

(FADD),; TNFRI associated death domain (TRADD), apoptosis inducing factor (AIF), caspase
65



activated DNase (CAD), poly-ADP ribose polymerase (PARP), apoptosis associated factor 1
(APAF'1); apoptotic B-cell ymphoma 2 (Bcl-2); inhibitor of apoptosis protein (IAP); second
mitochondria-derived activator of caspase (Smac); high temperature requirement protein A2

(HTRA2).

1.6.6.1. Cleaved-PARP as a marker of cell death

PAR polymerase 1 (PARP1) is a double zinc finger DNA-break binding protein, which
catalyses DNA repair via the BER pathway. The N-terminal DNA binding domain binds at the
site of a DNA break. The C-terminal catalytic domain then catalyses the transfer of PAR from
the nicotinamide adenine dinucleotide (NAD+) substrate to protein acceptors within the
chromatin, which then recruits other repair proteins, such as MREI11 and topoisomerase-1, to
the DNA break site (Chaitanya et al., 2010). Cleavage of PARP into 89kDa and 24kDa
fragments by caspases 3 and 7, ensures cellular breakdown and irreversibility of apoptosis,

through prevention of DNA repair (Gobeil et al., 2001).

1.6.6.2. Annexin V as a marker of cell death

Annexin A5/V is thought to compete for phosphatidylserine binding sites with prothrombin
and to inhibit phospholipase A1 by shielding and blocking negatively charged phospholipids,
from entering into blood coagulation reactions. Normally, phosphatidylserine residues reside
on the cytosolic side of the plasma membrane (Crowley ef al., 2016). Expression of Annexin
V indicates that phosphatidylserine residues are being expressed on the cell surface (Banfalvi,

2017), which is a feature of apoptosis and other forms of cell death (Kari et al., 2022).
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HYPOTHESIS AND AIMS

Hypothesis:

Type I PRMT inhibitor GSK3368715 causes apoptosis of GBM tissue maintained in a novel

perfusion system ex vivo.

Aims:

* Determine the ability of GSK3368715 to cause apoptosis using GBM patient

biopsies in a novel perfusion device.

» Assess/evaluate transcriptomic changes upon treatment of GBM with GSK3368715
ex vivo, with the ultimate goal of identifying novel drivers of GBM formation and
indicators of lethality, synergising with personalised patient care and precision

medicine

* Investigate the differences between healthy brain tissue and GBM, in response to
GSK3368715, ex vivo, at the molecular level.
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CHAPTER 2: GENERAL METHODS AND MATERIALS

2.1. Immortalised cell lines

U-87 MG cells (ATCC® HTB-14™) (Allen et al., 2016) were obtained from colleagues at the
University of Hull. U-87 MG cells were thawed for one minute in a 37 °C bead bath, from
liquid nitrogen storage, at passage 20. Warmed Dulbecco’s Modified Eagles Medium (DMEM)
(Table 2.1) was added dropwise to the cells, up to 5 ml, to prevent osmotic lysis, transferred to
a 15 ml centrifuge tube and cells pelleted in a centrifuge at 300xg, for 5 minutes, to remove
dimethyl sulfoxide (DMSO). The supernatant was removed, and cells were resuspended in 5
ml DMEM, transferred to a filtered T25 flask (Sigma) and incubated at 37°C with 5% carbon
dioxide (CO2). After ~7 days, DMEM was removed and the cells washed with warmed
phosphate buffered saline (PBS), prepared by dissolving 1 tablet in 200 ml deionised water
(diH20) and autoclaving in a Duran bottle) (Sigma). The adherent cells were dislodged from
the bottom of the flask with warmed 2 ml 1x 0.25% Trypsin- Ethylenediaminetetraacetic
acid (EDTA) solution (Sigma), which was then neutralised with 10 ml DMEM upon cell
suspension and transferred to a 15 ml centrifuge tube. Cells were centrifuged at 300xg, for 5
minutes, the supernatant discarded, and cells resuspended 1:10 in an appropriate volume of
DMEM, to be transferred into a larger filtered T175 flask (Sigma). Medium was discarded and
replaced every 2-3 days and cells passaged every 4-5 days, once ~75% confluency was reached.
To freeze down cells for storage, media was removed from 75% confluent T75 flasks, adherent
cells dislodged using trypsinisation and cells pelleted using centrifugation, as described
previously. The pellet was resuspended in 3 ml of medium with 10% DMSO, before
transferring into 1 ml cryovials and freezing in an isopropanol bath overnight at -80°C and

long-term storage in liquid nitrogen.

Table 2.1.: Constituents of immortalised cell line medium

Reagent Final Concentration | Manufacturer | Catalogue no.

Dulbecco’s Modified Eagle’s Medium | 1x Sigma Aldrich | D5796
(DMEM) (1x) (4500 mg/L glucose, L-
glutamine, and sodium bicarbonate,

sterile-filtered)
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FCS 10% (v/v) Sigma-Aldrich | F7524

Sodium pyruvate (100mM) 1mM/1% (v/v) Gibco 11360070

Antimycotic/antibiotic cocktail (100x) | 1x/1% (v/v) Sigma Aldrich | A5955
(10,000 units penicillin, 10 mg
streptomycin and 25 pug amphotericin B

per mL, 0.1 um filtered)

2.2. MTS Assay

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay is a colorimetric assay which quantitatively determines the level of
proliferation of cells, to investigate the action of anti-tumour drugs on cell lines (Primon ef al.,
2013). Due to the novelty of PRMT inhibitor GSK3368715, MTS assays were employed to
ascertain changes to U87-MG cell line proliferation through treatment with the drug and in

combination with other PRMT inhibitors. This was performed both in 2D and in 3D cultures.

2.2.1. 2D Cells

Cells were plated onto 96-well plates (Corning) at a density of 20,000 cells/well and allowed
to incubate at 37 °C for 24 hours before treatment was applied. Cultured cells are incubated
with 10% (v/v) MTS reagent (Abcam), for 30 minutes at 37 °C, 5% CO,. Outer wells were
filled with PBS (grey) to prevent sample media evaporation and to maintain inner plate

temperature.

2.2.2. Spheroids

Cells were plated into 96-well round-bottom plates (Corning), containing 100ul 1% sterile
agarose (Sigma) at a density of 20,000 cells/well. Spheroids were allowed to form for 72 hours
at 37 °C, 5% CO». Media was then changed, taking care not to disturb the spheroid, or the
underlying agarose and treatments added. The MTS reagent was added to the spheroids for 3
hours at 37 °C, 5% COaz. Spheroids are exposed to the reagent for a longer time period due to

the reduced volume: surface area ratio.
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2.2.3. Reading absorbance

Plates are then placed onto a shaker for 2 minutes to diffuse the colour. An equal amount of
solution from each well was then transferred to the corresponding well of a clean, flat-bottomed
96-well plate, taking care not to transfer cells. Absorbance is then read at 490 nm, using the
BioTek™ ELx800™ absorbance microplate reader, correcting for 680 nm. Media-only
absorbance values were subtracted from the treated well absorbance values and all values

normalised to the DMSO control and multiplied by 100 to attain percentage cell viability.

2.3. Nuclear and Cytoplasmic extraction

U87-MG cells were seeded at a density of 1x10° into 150mm cell culture plates (Corning) and
allowed to adhere for 24 hours, at 37 °C, 5% CO» before treatment with PRMT inhibitors. Cells
were treated with: 1 pM GSK3368715; 1 uM Furamidine; 1 pM GSK3368715 + 1 uM
Furamidine; 1 pM GSK3368715 + 1 uM GSK591; 1 uM GSK3368715 + 1 uM Furamidine +
1 uM GSK591 and a DMSO negative control. After 48 hours, the media was aspirated, and
cells were washed twice with PBS. Cells were then harvested using PBS containing
phosphatase and protease inhibitors by scraping and aspirating into a 15 ml falcon tube. Cells

were then pelleted at 500xg, 5 minutes, PBS aspirated and stored at -80 °C.

Cells were thawed on ice and 100 pl transferred to 1.5 ml microcentrifuge tubes, pelleted at
500xg for 3 minutes and the supernatant discarded. Using the NE-PER™ Nuclear and
Cytoplasmic Extraction kit (ThermoFisher Scientific) and following the manufacturer’s
instructions, 100 pul per 10 ug packed-cell volume of ice-cold CERI was added to the cells,
agitated via vortex for 15 seconds and incubated on ice for 10 minutes. Ice-cold CERII was
then added at 11:200 with CERI and vortexed for 5 seconds before incubation on ice. After 1
minute, the samples were vortexed again and centrifuged at ~17,000xg, 5 minutes. The
cytoplasmic supernatant was transferred to a clean, pre-chilled microcentrifuge tube and stored
at -20 °C before use. NER was added to the remaining pellet at 100: 11 CERII and samples
kept on ice and agitated for 15 seconds, every 10 minutes, for 40 minutes. Samples were

centrifuged at 17,000xg for 10 minutes and the nuclear supernatant transferred to a clean, pre-
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chilled microcentrifuge tube and stored at -20 °C for immediate use. The remaining chromatin

fraction pellet was also stored at -20 °C. Long-term storage of the extracts was at -80 °C.

2.4. LI-COR Odyssey Clx

U87-MG cells were seeded at a density of 1x10° in 6-well plates (Corning) and treated with a
combination of PRMT inhibitors, including 1 uM GSK3368715; 1 uM Furamidine; 1 uM
GSK3368715 + 1 uM Furamidine; 1 pM GSK3368715 + 1 uM GSK591; 1 uM GSK3368715
+ 1 uM Furamidine + 1 uM GSKS591 and a DMSO negative control. They were then harvested
using radioimmunoprecipitation assay (RIPA) buffer and protein concentration determined
using Bicinchoninic acid (BCA) assay analysis as described previously. Samples then
underwent sodium dodecyl sulphate — poly-acrylamide gel electrophoresis (SDS-PAGE) and
western analysis, however, were transferred onto a polyvinylidene difluoride (PVDF)
membrane, which has a higher protein binding capacity, and a low background, making it more
sensitive and giving a cleaner signal: noise ratio. PVDF membranes were activated for 10
seconds in 100% methanol and then allowed to soak in transfer buffer before use. Membranes
were blotted with FUS, sDMA and a-tubulin proteins (Table 2.2) overnight, rolling at 4 °C and
then incubated with a cocktail of IRDye® secondary antibodies (Table 2.3) for 2 hours, rolling

at room temperature.

Table 2.2.: Primary and secondary (Horseradish Peroxidase (HRP)-conjugated) antibodies

used for western blotting.

Antibody against HRP Specles Manufacturer Catalogue no.
conjugated? | Raised
FUS/TLS No Mouse | Protein Tech 60160-1-1g
FUS/TLS No Rabbit | Abcam Ab70381
a-tubulin No Mouse | Protein Tech 66031-1-1g
sDMA No Rabbit | Cell Signalling | 13222S
aDMA No Rabbit | Cell Signalling | 13522S
Dimethyl arginine No Mouse | Abcam Ab412
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Mouse Yes Rabbit | Dako PO161

Rabbit Yes Goat Dako P0448

Table 2.3.: IRDye® Secondary antibodies used for LI-COR Odyssey Clx

IRDye® Species Catalogue no.
Antibody against

wavelength Raised
Mouse 800CW Goat 926-32210
Rabbit 680RD Goat 926-68071

2.5. A novel perfusion device

Organ-on-chip technology has been developed over the past several years as a tool of precision
and personal medicine, to mimic the in vivo settings of various tissues, with the aim of
predicting patient outcome in a relatively real-time setting. There are several tumour-on-chip
models which have been used to model of a variety of disease conditions and tissue systems
(Riley et al., 2021, Rodriguez et al., 2020), including brain tissue (Cho et al., 2021a, Olubajo
et al., 2020). Tissues are micro-dissected from patient biopsies and, sustaining their structure
and microenvironment, are maintained ex vivo, allowing continuous supply of nutrient medium
and removal of waste from tissues. It has been documented that the microenvironment is
extremely important in the propagation and success of cancer and there are many studies,
including in GBM, which target the microenvironment as a potential therapy (Liu et al., 2022).
This choice of ex vivo perfusion devices reduces the requirement for speciality fabrication
equipment, thereby overcoming common barriers of expertise and cost that prevent the

widespread implementation of additional, valuable research models.

Custom-designed chips () were made in-house, by Alex Iles, from four individual laser-cut
(LS6840, HPC Laser, UK) polymethyl methacrylate (PmMA) pieces (Barry et al., 2023),
bonded together with chloroform, making up one 30 mm chamber (Akhil et al., 2016). The

central piece contains a semipermeable barrier, with 37 X 100 um holes, to allow media to flow
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through, whilst retaining the tissue in the 4 mm diameter internal chamber. The chip chamber
is flanked by 1/32” Tygon 66 silicon inlet and outlet tubes (Coleparmer), connected by

female/male Luer connects (Ibidi) ( and Figure 2.2).

3 mm 15 mm

15 mm C E 4 mm c

12 mm

100 pm
B ]

A

I

Figure 2.1.: Diagram of the GBM-on-chip chamber.

The chip is assembled from three polymethylmethacrylate (PmMA) components, fused together

using chloroform. A) female Luer connector to attached to syringe-filter; B) 1/32” Tygon

silicon inlet tube; C) male Luer connectors, inserted into inlet and outlet chambers; D) 12 mm

x 15 mm inlet chamber, housing the tissue within 4 mm diameter internal chamber; E) micro-

dissected tissue (~ 3 mm diameter); F) 3 mm x 15 mm central frit, permeability barrier,

allowing media to flow through without losing the tissue; G) 100 um diameter pore within the

permeability barrier; H) 15 mm x 15 mm outlet chamber; 1) 1/32” Tygon silicon outlet tube.
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A few drops of chloroform are pipetted onto the surface of each piece to dissolve the PmMA,
taking care to not allow chloroform to enter the frit in the permeability barrier, when fusing it
to the outlet section and to the chip chamber, as to not block the flow of media. The pieces are
then pressed together for several seconds, to allow the chloroform to evaporate and the pieces

to fuse together.

+ H&E
« JHC
« TUNEL

RNA-seq
et SDS-PAGE
R IP/MS
@
DMEM + PRMTi (GSK3368715) + TMZ efays ) - LDH
mmmm==) + Proteome Profiler
« ELISA

Figure 2.2: Novel perfusion device schematic and workflow.

Brain tumour samples are received from Hull Roval Infirmary and micro-dissected into 20-

30mg sections. They are then inserted into a PmMA chamber, pre-filled with medium, which is

fed by a filtered syringe at a rate of 3ul/minute through inlet and outlet tubes. Effluent is

collected from the outlet tube every 24 hours. This can be used lactate dehydrogenase (LDH)

assay, proteome profiler and enzyme-linked immunosorbent assays (ELISA). Pre-perfused and

post-perfused tissue can then be fresh-frozen or formalin-fixed paraffin embedded for

haematoxylin _and eosin (H&E) staining, immunohistochemistry (IHC), terminal

deoxynucleotidyl transferase biotin- 2’-Deoxyuridine, 5 '-Triphosphate (dUTP) nick end

labelling (TUNEL); snap frozen in liquid nitrogen for RNA-sequencing; or lysed in 1% Triton

X-100 (+PBS) for sodium dodecyl sulphate — poly-acrvlamide gel electrophoresis (SDS-

PAGE)) and immunoprecipitation (IP) and/or mass spectrometry (MS) preparation.
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2.6. Ethical Patient Participation

This project received ethical approval from the Integrated Research Application System
(IRAS) Ethics Committee of the Faculty of Health Sciences at the University of Hull and the
National Institute for Health and Care Research (NIHR), with the chief investigator being
Professor John Greenman at the University of Hull and the NHS contact being Mr Shailendra
Achawal (IRAS project code: 131630, Local Research Ethics Committee (LREC) ethics code:
13/YH/0238). Brain tumour tissue, which was not needed for histopathological analysis and
suspected to be GBM, was donated between 2020 and 2023 from Hull Royal Infirmary (HRI),
Hull University Teaching Hospitals NHS Trust. Informed, written consent was obtained from
patients with suspected primary or recurrent GBM, by Mr Amr Moursi, Neurosurgery Registrar
at HRI and M.D. student at the University of Hull. Brain tumours were diagnosed via
neuroimaging and patients may or may not have undergone prior treatment with radiotherapy
and TMZ. Patients were given § mg anti-inflammatory corticosteroid DEX twice per day for
48 hours, upon initial diagnosis, which was reduced to 2-4 mg, twice per day, until the day of
surgery. Dose increased to 8 mg immediately post-surgery for 48 hours and again reduced to 2
mg. Pathology results were not known upon initial chip setup. In total 36 brain tumour samples

have been collected since the start of this project.

2.7. Fluidics System Setup

In a class II biological hood, High glucose DMEM (Table 2.1) was treated with the appropriate
drugs (Table 2.4), in 50 ml falcon tubes. Sterile, single-use syringes (BD Biosciences) were
used to draw up >20 ml medium. The air bubble was then pushed out of the syringe, before it
was connected to the 33 um filter (Starlabs). The filter was then connected to the inlet tube and
medium pushed all the way through the perfusion device, ensuring the absence of air pockets.
These were then stored in an egg incubator at 37°C for up to 4 hours, until use. After micro-
biopsies were added to the chambers, the syringes were then loaded onto a Harvard Apparatus
PHD-ULTRA syringe pump, set to allow the medium to flow through the perfusion systems at
a rate of 3 pl/min. The foot of the syringe depressor in slotted into the back of the apparatus,
whilst the wings of the syringe are made flush with the front of the apparatus, to prevent the
syringe sliding, rather than depressing. The bar across the top was also screwed down, to clamp
the syringes in place. Ten devices were routinely set up in parallel to enable dynamic

throughput. Calculated Reynold No. was 0.5 x 1072 with shear stress calculated at 4.9 x 105
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dyne per cm? (Equation 2.1 and Equation 2.2). The media flows over the tissue in the perfusion
device chamber and exits via the outlet tube into a 15 ml falcon tube, which is collected every
24 hours and stored at 4°C short term and -80°C long-term. The entire microfluidics system
sits within a custom-built Perspex temperature-controlled insulated box, set to 37°C and
monitored with a digital thermometer (Figure 2.3), to mimic optimal in vivo temperatures.
Alternatively, the chip chamber, along with the effluent tubes, may sit inside an egg incubator
(Amazon, UK) set to 37°C and monitored with a spirit-filled thermometer, whilst the syringes

may sit in the syringe pump outside of the incubator.

Table 2.4.: Treatments infused in DMEM

Treatment Type Manufacturer | Catalogue
No.

Dimethyl sulfoxide Control/vesicle Sigma Aldrich D8418

GSK3368715 dihydrochloride | Type I PRMT Inhibitor | Cambridge HY-128717A

(25mg) Bioscience Ltd

Furamidine dihydrochloride (25mg) | Type I PRMT Inhibitor | Tocris 5202

/DB75 Bioscience

GSK591 dihydrochloride (10mg) Type Il PRMT Inhibitor | Tocris 5777
Bioscience

Temozolomide (TMZ) Alkylating agent Sigma-Aldrich | T2577

Equation 2.1.: Calculation of the velocity (u):

Relation between fluid velocity and the flow rate: Q = A.u
Q = flow rate (m’s!) =2 plmin' = 3.33 10! m3s™!
A = Area (m?) =7 (d/2)* =1.25x 10° m?

Q=Au—u=Q/A=26x10°ms’

Equation 2.2.: Calculation of Reynold number (Re):

Re = p.u.d/p (non-dimensional, Freund et al., (2012)) where:

76



p = Density of the medium (kgm™) = 1007 kgm™ (Poon, 2022)

u = Velocity of the liquid in the channel (ms™) =2.6 x 10° ms™! (Equation 2.1)
d = Diameter of the microchannel of the chip (m) =4 mm =4 x 10° m

= Dynamic viscosity (Nsm?) = 9.4 x 10-4 Nsm™ (Frohlich et al., 2013)

Re=0.5x 102

Figure 2.3: Perfusion system setup.

Up to 10 syringes can be loaded onto the Harvard Apparatus Ultra PHD pump system. The

back of the syringes slot into the pump and the hydraulic arms are adjusted so that the syringe

wings sit against the front of the syringe rest. The syringes are clamped down to ensure they

do not move, and the backs also pushed into place to ensure no sliding, Outlets are placed into

collection tubes The entire pump is situated inside an insulated Perspex box, which is

maintained at 37°C through a heated mat and monitored via digital thermometer. Access to

the box is through a Perspex door covering two access point in the front of the box. Inset: Brain

tumour tissue in the chamber section of the fluidic device.

2.8. Preparation of tissues

Chips had first been sterilised with 70% ethanol. Brain tumour tissue samples were transported

in 10 ml DMEM (Table 2.1), in an insulated box. The box was always collected directly from
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theatre by myself, or Amr Moursi and the journey from HRI to the lab took 25-45 minutes.
Upon receipt, brain tissue biopsies were turned out onto a 20 mm petri dish (Corning) in an Air
Stream Esco class II hood. Initial samples weighed between 35 mg to 3 g. Taking care to avoid
areas of cauterised tissue, visible necrosis and blood vessels, tissue was manually micro-
dissected, with the guidance of Amr Moursi, into 20-30 mg (= 10%) samples, using single use,
sterile Swann—Morton curved blade no. 2 scalpels and forceps. Samples were generally
spherical, around 3 mm in diameter (for an approximate volume of 14 mm?®). Micro-biopsies
were then weighed using a microbalance and biopsies trimmed, using the scalpel, until they
reached the standardised weight. ‘Pre-perfused’ tissue samples were immediately fresh-frozen,

or formalin-fixed and paraffin-embedded.

The remaining samples were randomly allocated to the pre-filled PmMA chambers within an
hour of receipt and within two hours of resection (Figure 2.2 and inset Figure 2.3). This was
done by removing the inlet tube, whilst keeping the outlet tube pointing upwards, to prevent
media leakage. The micro-biopsy was carefully inserted into the chamber using forceps and
any air pockets replaced manually with medium, before the inlet tube was replaced, tightly, to
ensure no leakage. The syringe-perfusion chambers were then inserted into the custom-made
box (Figure 2.3). Over the next few hours, the chip system was monitored to ensure no leaks
and connections tightened, should these appear. Tissue was maintained in the system for
between 8 and 12 days, experiment dependent. After 4 days, the syringes and perfusion devices
were removed from the system, in order to replace the medium in the syringes. These new
syringes of treated medium were prepared at the time of the first syringes and stored at 4°C
until use. The new syringes were brought up to 37°C in an incubator, prior to installation. In
an Air Stream Esco class II hood, the inlet tube was again removed, with the outlet tube
pointing upwards to prevent leakage. The old and empty syringe and filter were removed from
the other end of the inlet tube and the new syringe and filter attached. The new media was
flushed through the inlet tube to remove the old media and any air pockets in the chamber
manually refilled, before reattaching the inlet tubing. This process took ~ 20 minutes and the
replenished perfusion devices were immediately put back onto the Harvard Apparatus PHD-
ULTRA syringe pump, in the heated box and the pump restarted for the remaining time. If
tissues were being perfused for 12 days, there was a second syringe change at day 8. The media
in the syringes were made fresh, prior to the syringe change, to ensure drug activity was
maintained in the media.
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At the end of the time in the perfusion system, the syringes are removed from the apparatus
and, in an Air Stream Esco class II hood, the inlet tube removed and tissues extracted from the
chamber using forceps, taking care not to damage the tissue. Processing of the tissue is

dependent upon downstream analysis and is described in the following sections.

2.9. SDS-PAGE and Western Analysis

SDS-PAGE and western analysis was performed on both 2D U-87 MG cells and tissues.

2.9.1. Lysate preparation of 2D cells

U-87 MG cells were trypsinised, spun down and resuspended in medium. Cell count was
measured using a haemocytometer and cells diluted accordingly, in order that they could be
seeded at a density of 1x10° in 6-well plates (Corning), with a maximum of 2 ml medium and
allowed to adhere for twenty-four hours at 37 °C, 5% COs,. Cells were then treated with a
combination of PRMT inhibitors (Table 2.4) for forty-eight hours, at 37 °C, 5% CO>. The media
was then aspirated, and wells were washed twice with 1 ml warmed PBS, before harvesting
into a 1.5 ml microcentrifuge tube, with 1% NP40 + 1% Triton X-100 in PBS plus protease
inhibitor cocktail (Pierce Protease Inhibitor Tablets (ThermoFisher)) and a cell scraper. Tubes
were incubated rotating at 4°C for 1 hour, then at centrifuged at 16,200xg for 20 min at 4°C.
The supernatant was transferred to a pre-chilled 1.5ml microcentrifuge tube and stored at -

20°C, whilst the cell debris pellet was discarded.

2.9.2. Tissue lysate preparation

Protein lysates were produced from GBM biopsies both pre-perfusion and post perfusion, after
extraction from the chamber. Tissues were homogenised manually in 200 pL 1% Triton X-100
in PBS plus protease inhibitor cocktail (Pierce Protease Inhibitor Tablets (ThermoFisher))
using a plastic Dounce homogeniser. Crude lysates were incubated on a rotating wheel for 1

hour at 4 °C and centrifuged at 13 000xg for 15 minutes at 4 °C. The aqueous layer was
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siphoned off as the protein lysate, taking care not to disturb the nucleic acid and cell debris

pellet. Tissue lysates were stored at -20 °C until use.

2.9.3. BCA Assays

BCA assays (Pierce), or Smith assays were performed on all cell harvests which would undergo
SDS-PAGE and western analysis, to determine the quantity of protein to load. The BCA assay
is a biochemical assay which determines protein concentration in a sample, compared to a
standard curve of known protein concentrations (Table 2.5). Cupric ions (Cu®*) are reduced to
cuprous ions (Cu’) by the sample protein peptide bonds, which then captured by two BCA
molecules, forming a BCA-Cu' complex (Figure 2.4) and producing a violet colour, which
emits light at a wavelength of 562 nm and the intensity of which is directly proportional to

protein concentration (Chen et al., 2012).

Figure 2.4: Chemistry of the BCA Assay.
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Cu’" ions are chelated by the sample protein and are reduced to Cu” ions by the peptide bonds.
Bicinchoninic acid (BCA) then interacts with the Cu" ions, releasing light at 562 nm. The more
reduced copper cations, the more intense the violet colour of the assay and the higher the

protein concentration.

Table 2.5.: Standard concentrations of BSA for BCA assay

Standard | Volume of diluent (ul) | Volume and source of BSA (ul) | Final BSA concentration
(ng/ml)

A 0 100, stock 2000

B 32.5 112.5, stock 1500

C 97.5 97.5, stock 1000
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D 525 52.5,B 750
E 97.5 975,C 500
F 97.5 97.5,E 250
G 97.5 97.5,F 125
H 120 30,G 25
I 120 0 0

The diluent used to make up the bovine serum albumin (BSA) was the harvesting reagent, PBS

+ 1% Triton-X100.

The working reagents A and B are combined at a ratio of 50:1, according to manufacturer’s
instructions and 200 pl of this added to 25 ul sample to be tested, per well of a 96-well, flat-
bottomed plate. The plate is incubated for 30 minutes at 37 °C, 5% CO», before absorbance is
measured using the BioTek™ ELx800™ absorbance microplate reader, at 595 nm. This is
within the range of detection for BCA assay, which absorbs light at a maximum of 562 nm and
allows for limitations of the equipment. Diluent-only control absorbance values are subtracted
from the sample absorbance values and these are then normalised to the I standard which does

not contain any protein. From this, protein concentration per pul of sample can be calculated.

2.9.4. SDS-PAGE

Samples were aliquoted into 10 pg fractions in microcentrifuge tubes according to BCA assay
analysis and the appropriate volume of 4x Laemmli loading buffer (Table 2.6) added to each
sample, according to the lowest concentration of protein lysate. Volumes were made up to the
total using PBS. Samples were then boiled at 100 °C, on a hot block, for 10 minutes, to denature
the proteins, before loading onto a 12% polyacrylamide gel (Table 2.7Table 2.7), in
electrophoresis running buffer (Table 2.6) alongside a pre-stained ladder of known

recombinant protein sizes (Spectra Multicolour Broad Range Protein Ladder (ThermoFisher
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Scientific, USA)) and subject to electrophoresis at 120 V for 90 minutes, using the Mini-
PROTEAN Tetra Cell (Bio-Rad).

Table 2.6.: List of reagents and compositions required for SDS-PAGE and western blotting.

Reagent Reagent Ingredients (final concentrations)
320 nM Tris-hydrochloric acid (HCI), pH6.8, 8% SDS,
SDS-Sample buffer (4x Laemmli
. 40% glycerol, 10% p-mercaptoethanol (B-ME), 0.04%
loading buffer)
bromophenol blue, ddH,O
Running buffer 25 mM Tris, 190 mM glycine, 1.8 mM SDS, ddH>O
20 mM Tris, 150 mM glycine, 3.5 mM SDS, 10%
Transfer buffer
methanol, ddH,O
TBS 150 mM sodium chloride (NaCl), 200 mM Tris-HCI
pH7.6, ddH.O
150 mM NaCl, 200 mM Tris-HCI pH7.6, 0.1% Tween-
TTBS
20, ddH>O

Table 2.7: Reagents required for two 12% 1.5 mm polyacrylamide gels for use in western blotting.

Reagent Running Gel (12%) Stacking Gel (5%)
Acrylamide (40%) 4.3 ml (12%) 500 pl (5%)
ddH20 6.8 ml (16.5% v/v) 3.1 ml (32.7% v/v)
1.5 M Tris-HCI, pH 8.5 3.75 ml /
0.5 M Tris-HCI, pH 6.8 / 1.25 ml
SDS (10%) 150 pl 50 ul
N, N, N, N’-
Tetramethylethan- 23 ul (0.002% v/v) 10 ul (0.0012% v/v)
1,2diamine (TEMED)
Ammonium persulphate

69 ul (0.1%) 30 ul (0.2%)
(APS) (10%)
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Total 15.092 ml 4.94 ml

After electrophoresis, the protein gel was removed from between the glass plates and placed
onto Whatmann™ paper (GE Healthcare Life Sciences), soaked in transfer buffer (Table 2.6),
with nitro-cellulose membrane (enhanced chemiluminescence (ECL) Hybond), also soaked in
transfer buffer, placed on top. The bubbles were then smoothed out. This was sandwiched
between another layer of soaked Whatmann™ paper and wire sponges, encased in a cassette.
Transfer was performed in transfer buffer at 30 V, for 16 hours, before blocking in 5% milk
(Marvel)/Tris-buffered saline (TBS) (w/v) solution for one hour at room temperature.
Membranes were washed twice in TBS with 1% Tween-20 (TTBS) (Table 2.6) for 5 minutes,
rocking, before incubation at 4 °C for 16 hours in 10 ml 1% milk (w/v) diluents containing
1:1000 antibody dilutions (Table 2.6). Membranes were washed twice in TTBS for 10 minutes,
rocking at room temperature, before incubation with an appropriate horseradish peroxidase

(HRP)-conjugated secondary antibody (Table 2.2) at a dilution of 1:2000.

Membranes were washed twice for 10 minutes in TTBS and once for 10 minutes in TBS.
Clarity™ ECL Western substrate (Bio-Rad) was added to the membranes for 1 minute, before
exposure using a ChemiDoc™ Imaging system (Bio-Rad). Densitometry analysis was
performed in ImageJ (1997) and relative expression of target proteins determined through

Equation 2.3. All values were then normalised to the negative control.

Equation 2.3.: Protein expression index:

Peak Area (Intensity)of protein of interest
Peak Area (Intensity) of loading control protein

2.9.5. Fresh-frozen tissue

Micro-biopsies were immediately acclimatised in Optimal Cutting Temperature compound
(OCT) (TissueTek®), in tissue cryomoulds (TissueTek®) for 10 minutes. Cryomoulds

containing the tissue were then submerged in in an aluminium can, which was one-quarter
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filled with methylbutane (Honeywell) and had been pre-chilled in liquid nitrogen, for
approximately 10 minutes, until a frost formed around the inside perimeter of the aluminium
container. Taking care not to allow the methylbutane to cover the OCT-coated tissue, the
cryomould was inserted into the chilled methylbutane until ~1 mm OCT remained unfrozen.
These frozen blocks were then wrapped in aluminium foil and stored at -80°C. This ensured
more even and quicker freezing than the formaldehyde fixing method, but also helped to

prevent cell damage and artefacts caused by snap freezing directly in liquid nitrogen.

2.9.6. Formalin-fixed paraffin-embedded (FFPE) tissue

Alternatively, micro-biopsies were fixed for ~16 hours in 4% formaldehyde (ThermoFisher)
and then stored in 70% ethanol, at 4°C. To prepare for paraffin embedding, tissues were
dehydrated in increasing concentrations of ethanol (90% 30 minutes, 90% 15 minutes, 95% 30
minutes, 95% 15 minutes, 100% 30 minutes, 100% 15 minutes) before being incubated in
Histoclear clearing agent (Histochoice®), twice, for 30 minutes. They were then submerged
in liquid paraffin wax at 62°C for one hour and this step was repeated for 30 minutes before
embedding. Embedding was performed using the Leica Biosystems embedding station, using
paraffin wax, heated to ~62°C. Tissue was placed into the metal tray mould, wax poured into
the tray and the embedding cassette placed on the top, ensuring no tissue floated through the
cassette at it was pushed down to create the wax seal. Tissue cassettes were placed onto a cold
plate set to -5°C to allow the wax to set, before being removed from the metal mould trays.

FFPE tissues were stored at room temperature until sectioning.

2.10. Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different cell types and
is a well-established and reliable indicator of cellular toxicity. Damage of the plasma
membrane results in a release of LDH into the surrounding cell culture medium. This
extracellular LDH can be quantified by a coupled enzymatic reaction in which LDH catalyses
the conversion of lactate to pyruvate via NAD+ reduction to NADH. Diaphorase then uses
NADH to reduce a tetrazolium salt (INT) to a red formazan product that can be measured at
490 nm (Figure 2.5). The level of formazan formation is directly proportional to the amount of

LDH released into the medium (Vanderlinde, 1985).
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Figure 2.5.: Lactate dehydrogenase assay reaction schematic.

Cell stress causes disruption to the cell membrane, releasing LDH into the surrounding
medium. LDH catalyses the conversion of lactate into pyruvate, through conversion of NAD"
to NADH + H". In turn, this causes the catalysis of tetrazolium salt (vellow) into formazan salt

(red) by diaphorase, in the catalyst-dye solution, through the loss of H' from NADH.

LDH assays were performed on the effluents collected for each 24-hour period and stored at 4
°C. Assays were performed on the last day of effluent collection, using the Cytotoxicity
Detection KitPLUS (Roche), according to the manufacturer’s instructions. Effluents (50 pl)
were analysed in duplicate in a 96-well plate (Corning), with an equal volume of catalyst-dye
solution (1:45). Two wells in each plate also contained medium-only, which had not been
passed through the fluidics system. After 30 minutes at 37 °C in the absence of light, I M HCI
(25 ) was added to stop the reaction. Absorbance was recorded at 495 nm, correcting at 690
nm, using the BioTek™ ELx800™ absorbance microplate reader with Gen5 software 1.08.
The medium-only absorbance was subtracted from effluent sample absorbance and the average

absorbance for each sample was calculated and normalised per mg of starting tissue weight.

&5



2.11. Immunohistochemistry

2.11.1. Slide Preparation

Twin frost 76mm x 26mm x Imm microscope slides (VWR) for use in IHC were coated with
poly-L-lysine (Sigma). These slides were first soaked in 1 M HCI with 1:100 70% ethanol and
incubated in a drying oven, at 30 °C for ~16 hours. This was to remove any residue on the slides
and increase porosity of the glass slides. Slides were then cleaned with 70% ethanol before
soaking for 5 minutes in poly-L-lysine, diluted 1:10 with ddH>O. The slides were allowed to
dry for several hours before use. The poly-L-lysine coats the slides with a positively charged
residue, which increases the electrostatic interaction with the cell surface membranes of the

tissue, thereby promoting tissue adhesion to the glass slide.

2.11.2. Sample preparation and sectioning

Pre- and post-perfusion tissue samples were extracted from the perfusion device chamber using

forceps, taking care not to perforate, or tear the tissue.

2.11.2.1. Fresh frozen micro-biopsies

Samples between D1 and D28 were fresh frozen. Samples frozen in OCT were sliced to a
thickness of 8 pm using a cryostat (Leica Microsystems, Germany) and displayed on the poly-
L-Lysine coated microscope slides. They were then stored at -20°C until use. Samples required
fixing prior to staining and this was performed in 100% methanol, for 10 minutes, which had

been pre-chilled at -20 °C.

2.11.2.2. FFPE micro-biopsies

Samples from D29 onwards were formalin-fixed and paraffin embedded. FFPE samples were
sliced to a thickness of 5 um using the microtome (Leica Biosystems, Germany). Samples were
sliced into ribbons using the automatic setting and placed into a water bath at 50°C. Wax-
embedded tissue ribbons were then scooped onto poly-L-lysine coated slides, placed in the

water. The wax was left to melt onto the slides, on a hot plate at >62°C for 5 minutes and then
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racked to allow water to run off the slides and dried overnight at room temperature. Slides were

stored at room temperature until use.

FFPE samples were first heated above 62 °C on a hot block and then were incubated in
Histoclear (Histochoice®), twice for 30 minutes. Tissues were then rehydrated in decreasing
concentrations of ethanol (100%, 90%, 70%, 40%) for 5 minutes each and then in diH>O for 5
minutes. Slides were racked and covered with citric acid antigen retrieval buffer (2BScientific),
diluted 1:100 with diH»O. The buffer-coated slides were heated on high power in an 800 W
microwave until the buffer just started to boil. The microwave power was then reduced to low
to maintain buffer temperatures of just below boiling to ensure optimal antigen retrieval, whilst
reducing the risk of lifting tissue from the slides due to the boiling action. Hot buffer was then

replaced with cold diH>O under a steady stream before the IHC process could begin.

2.11.3. Antibody incubation and staining

All sample slides were incubated for 15 minutes, in 3% hydrogen peroxide (H202) in 100%
methanol to block endogenous peroxidase activity. Slides were then placed in TBS, before
loading onto sequenza racks. Slides were washed 3 times with TBS, by filling up the reservoir
at the top of the holder using a 20 ml syringe. The Vectastain Elite kit (Vector Laboratories)
protocol was then followed to complete the IHC. Slides were incubated with 100 pul normal
horse serum (1 drop (50 pl) normal horse serum in 5 ml TBS), for 15 minutes, to block non-
specific binding. 3 drops of Avidin solution, followed by 3 drops of Biotin solution were then
added to each slide, for 20 minutes each and separated by 3 TBS washes, to further block non-
specific binding. Slides were then incubated with primary antibody, diluted in accordance with

the manufacturer’s instructions with TBS, for ~16 h, 4 °C.

Slides were washed 3 times with TBS and then incubated with secondary antibody (2 drops
biotinylated secondary antibody and 2 drops normal horse serum in 5 ml TBS, with all 5 ml
distributed equally between slides) for 30 minutes. After 3 more washes in TBS, the slides were
racked in ddH>O and one tablet each of 3,3-Diaminobenzidine (DAB) and H,O; dissolved in
ddH>O. Slides were dried carefully, avoiding the samples and the DAB solution applied to each

sample for 5 minutes, before rinsing with ddH>O. Samples were then counterstained for 15
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seconds with Harris haematoxylin and again rinsed with ddH>O. Samples were then dehydrated
in increasing grades of ethanol (70%, 90%, 100%) for 1 minute each, before being sequentially
submerged in Histoclear I and II, each for 1 minute. Slides were allowed to dry completely
before mounting glass coverslips (VWR) using Histomount (National Diagnostics) and drying

overnight, at room temperature.

Table 2.8: Primary antibodies used in IHC

Antibody against | Species raised | Species Against | Manufacturer | Catalogue no.

Cleaved-PARP Rabbit Human Cell Signalling | 5625S

(Asp214)

(D6E10)

Annexin V Mouse Human, Nordic MUbio | MUBO106P
Zebrafish

Annexin V Rabbit Human, Mouse, | Thermofisher PAS5-78784
Rat

2.12. TUNEL ASSAYS

Terminal deoxynucleotidyl transferase 2’-Deoxyuridine, 5’-Triphosphate (dUTP) nick end
labelling (TUNEL) assays are a method for distinguishing cells that have undergone apoptosis
through detecting excessive DNA fragmentation. The terminal deoxynucleotidyl (TdT)
enzyme preferentially attaches fluorochrome fluorescein to 3’-hydroxyl termini of DNA
double strand breaks caused by apoptosis and not from necrosis, cytostatic drugs or irradiation
(Ferreira and Afreen, 2017) and visualisation using a fluorescence microscope allows
quantification of apoptosis in individual cells. TUNEL assays were performed on GBM tissue
using the in-situ cell death detection kit, Fluorescein (Merck) according to the manufacturer’s

instructions.

2.12.1. in situ CELL DEATH DETECTION

88



Samples from SD0032 onwards required fixing prior to TUNEL assay which was performed
in fixing solution (4% paraformaldehyde (PFA), PBS, pH 7.4) for 20 minutes, at room
temperature. If storing at this stage, slides were dehydrated in ethanol (70%, 90%, 100%) and
stored at -20°C. Cells were then permeabilised using permeabilization solution (0.1% Triton-
X100, 0.1% sodium citrate) for 2 minutes, on ice and then the slides flooded twice with PBS
for 5 minutes, to wash. The positive control was incubated for 10 minutes, at room temperature,
with DNasel recombinant enzyme (30 U/ml, 50 mM Tris-HCl pH 7.5, 1 mg/ml BSA) to induce
DNA damage, prior to labelling. The positive control was then washed twice with PBS, for 5
minutes. Two negative controls were incubated with 50ul label solution each and the remaining
label solution (450ul) added to the TdT enzyme (50ul) and aliquoted between each of the other
slides (~50ul), including the positive control. Slides were then incubated for 1 hour, at 37°C,
in a humidified, dark box. Slides were washed three times with PBS, for 5 minutes before
drying around the samples and mounting coverslips with Vectashield 4',6-diamidino-2-

phenylindole (DAPI). The samples were stored at 4 °C.

2.12.1.1. Fluorescence Microscopy

TUNEL assay slides were visualised within 24 hours using the Zeiss confocal microscope, at
x10 and x40 magnification with DAPI and green fluorescent protein (GFP) light filters, using

the Zen software.

2.12.1.2. Quantification of TUNEL using CellProfiler

TUNEL samples were quantified using the CellProfiler program, using the pipeline displayed
in Figure 2.6. A percentage of cells undergoing apoptosis in each image was calculated by
dividing the number of green, fluorescent cells by the total number of green and blue
fluorescent cells and multiplying by 100. The average percentage of cells undergoing apoptosis

for each sample was then calculated.
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Figure 2.6: Cell Profiler Pipeline for TUNEL assay cell counting.

Overall pipeline - Settings are altered and run through in ‘Test Mode’ to determine the most

ideal conditions for image processing the full pipeline for image processing is split into 12

modules. The eye icon, when ‘switched on’ will show the results of each step of the pipeline;

B) NamesAndTypes; C) ColorToGray - converts all objects with highest green pixel density to

grey;, D) ColorToGray — converts all objects with high blue pixel density to grey;, E)
IdentifyPrimaryObjects —  identifies DAPIl-stained objects  (blue channel); F)

IdentifyPrimaryObjects — identifies enzyme labelled objects (green channel); G)RelateObjects

— identifies colocalization of blue and green stains; H) FilterObjects — changes blue/green

relationship into binary e.g. if there is blue=1, if there is no blue=0,; I) MeasureObjectintenstiy

— measures green stain intensity within each nuclei object; J) OverlayQutlines — outlines

objects of interest in corresponding colours; K) DisplayDataOnlmage — intensity threshold for

green stain; L) ClassifyObjects; M) CalclateMath — calculates percentage positive green and

apoptotic _cells overlapping (coexpressed with) DAPI-stained live cells and N)

ExportToSpreadsheet.

2.12.2. Microscopy
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Images were taken of the DAB-stained THC slides at x40 magnification using the Olympus
IX71 inverted fluorescence microscope, on the brightfield setting, phase 2 and using CellSens

software 1.18.

2.12.3. Quantification of cleaved PARP IHC using CellProfiler

Images were then fed into a Cell Profiler 4.1.3. pipeline (Figures 2.7 to 2.13), which was
designed and developed by myself to distinguish DAB-stained positive cells from
haematoxylin counter-stained negative cells and to provide the cell count output. The average

positive cell index per treatment was calculated using:

Equation 2.4: Calculation of cleaved PARP expression index

DAB — stained cells (positive)
Haematoxylin — stained cells (negative) + DAB — stained cells

= C:\Users\646843\OneDrive - hull.ac.uk\PhD\IHC\IHC Images\Ki67\SD0032 Ki6T\pre 1
top 1 x40 2.tif
top 1 x40 3 if
top 1x40 4.4if
top 1x40 5.tif
top 1 x40 6.
top 1 x40 7.tif

Show files excluded by filters

Filter images? Images only

E] CellProfiler 4.1.3: IHC_Cell_Counts_SD; _validation Apply filters to the file list| Apply filters to the file list
File Edit Test Windows iii
©

Images
& Metadata Extract metadata? () Yes @ No
& NamesAndTypes
& Groups v
Assign a name to All images hd
Process as 3D? (D) ves @ No
Select the image type Color image ~
Name to assign these images| raw
Set intensity range from | Image metadata
v

Do you want to group your images? (7) ves (@ No

Figure 2.7: CellProfiler Data Input

(i) Initial setup menu. ii) A list of images was compiled into the ‘Images’ tab. iii) Image

metadata was not required and ‘No’ was selected in the ‘Metadata’ tab. iv) Images were
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labelled ‘raw’ to distinguish the original image from the processed image, in the
‘NamesandTypes’ tab. v) Images were not grouped in the ‘Groups’ tab as different groups of

images, such as from different slides, or samples, were processed separately.

I
Output Settings  View Workspace
? Adjust modules:  + - A v
¥ Run P Step
B Exit Test Mode &= Next Image Set
I
P | © B UnmixColors
I KNl ldentifyPrimaryObjects
. @ & Measurelmagelntensity
I IdentifyPrimaryObjects
. < & Measurelmagelntensity
|1l ® & OverlayOutlines
|11 @ & Savelmages
11 9> 4 ExportToSpreadsheet
I
Select the input colorimage raw | (from NamesAndTypes)
Name the output image| Hematoxylin
Stain| Hematoxylin v
Name the output image| DAB
Stain| DAB ~
Remove this image
Add another stain

Figure 2.8: CellProfiler Pipeline Schematic — UnmixColors module.

i) Settings are altered and run through in ‘Test Mode’ to determine the most ideal conditions
for image processing. ii) The full pipeline for image processing is split into 8 modules. The eye
icon (shown in the red circle), when ‘switched on’ will show the results of each step of the

pipeline. Modules can be run through stepwise in ‘Test Mode’. The following images depict
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the settings for each modules of the pipeline. iii) UnmixColors — transforms images into

greyscales, to distinguish colours in cells due to pixel intensity.
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Assign pixels in the middle intensity class to the foreground or the background§, Background

Use advanced settings? @) ves (O No

Select the input image | Hematoxylin | (from UnmixColors #05)

Name the primary objects to be identified| unstained

Typical diameter of objects, in pixel units {Mirl,Max

Discard objects outside the diameter range? (§) ves (O No

Discard objects touching the border of the image? (7 yes @ No

Threshelding meth
Two-class or three-class thresholdir

Thresheld smoothing scale| 13488~

Threshold correction f; 1.25

Lower and upper bounds on ﬂmsholdElIl

Log transform before thresholding? () yes @ Mo

Automatically calculate size of smoothing filter for declumping? @) ves (O No
Automatically calculate minimum allowed distance between local maxima? @) ves (Mo
Speed up by using lower-resolution image to find local maxima? (@) ves () No

Display accepted local maxima? () yes @ No

Fill holes in identified objects? After both thresholding and declumping v}
Handling of objects if excessive number of objects identified| Continue

Clpag Mrown UnrminColors #0%)

B Hematonyin (from UnmixCelors #0%)

s (from Hamesindopes)
Sedect images to mesure

Mesiure the intenity sl from area enchoned by ebyecti] v (Mo

] st aimed throm idemtdyPromary Obyects #06)

Sebect sput SBiect Lets.

Calculate custom percentibes () vy (&) Mo
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Figure 2.9.: CellProfiler Pipeline Schematic — 1) IdentifyPrimaryObjects and ii)

Measurelmagelntensity modules

Identifies the haematoxylin counter-stained cells in the image. Cell diameter was always set
between 15 uM and 100 uM (blue circle) and any cells that lay outside of this range were
discarded, but those touching the border of the image were retained in the final count. Objects
(cells) were distinguished from the background using the Global Otsu method (orange circle).
This splits pixel intensity into 3 categories (low, medium and high), with low and mid-intensity
pixels being classed as background and not cells. High intensity pixels were determined to be
the nucleus of cells. High intensity pixels were distinguished from neighbouring pixels using
shape (purple circle), which decides that only smooth, more rounded objects can be cells. The
threshold correction factor (green circle) changed for each batch of images to account for
differences in the intensity of the staining between slides, tissue quality etc. Local maxima were
determined automatically as the centre of a cell, which would have the highest pixel density.
Gaps between the cells were finally filled after these thresholding and declumping steps (yellow
circle) for the best results in haematoxylin-stained cells. This module was supported by

Measurelmagelntensity (ii).
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Use advanced settings? @) ves () No

Select the input image DAB w | (from UnmixColors #05)

Name the primary objects to be identified| DAB_stained

Typical diameter of objects, in pixel units (MinMax) 15 | 100 |

Discard objects outside the diameter range? @) yes () No

Discard objects touching the border of the image? () va: @ No

Threshold strategy Global  ~
Thresholding method Otsu -
Two-class or three-class thresholding? | Three classes
Assign pixels in the middle intensity class to the foreground or the background? Background

Threshold smoothing sul:i 1.3488

Threshold comection flﬁtﬂi 1.6

Lower and upper bounds on ﬂ'imlloid!' 0.0 ]_1 0 1
Log transform before thresholding? (™) yeg ®No

Method to distinguish clumped objects Shape
Method to draw dividing lines between clumped objects Shape ~

Automatically calculate size of smoothing filter for declumping? () ves @ No

Size of smoothing filter| 15

Automatically calculate minimum allowed distance between local maxima? () ves @ No

Suppress local maxima that are closer than this minimum allowed dimm:eI 30

Speed up by using lower-resolution image to find local maxima? @® Yes O No

Display accepted local maxima? O Yes @ No

Fill holes in identified objetts? After declumping only ~
Handling of objects if excessive number of objects identified Continue ~

A DaB ffrom Unma Colors #05)
] Hemateayhn {lrem UnminColors #05)
rew (From NamesingdTypes)

Select images te messure

Messure the intensity only from sreas enclosed by objects? ®ves O N

] DAB_ttaimed (frem |dentity Premsr Objects 208)
[ unstained (Hrom identdyPrnan Objects #06)

Select input obyect sets

Calculate custom percentiles (*) vy (@) No
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Figure 2.10.: CellProfiler Pipeline Schematic —i) IdentifyPrimaryObjects and ii)

Measurelmagelntensity modules

The same parameters were used to distinguish the DAB-stained cells. Threshold correction
factor was changed and the gaps between objects were filled after declumping only. This

module was supported by another Measurelmagelntensity module (ii).

Display outlines on a blank image? () yes @) No

Select image on which to display outlines | raw w | (from NamesAndTypes)

Name the output image| OrigOverlay

Outline display mode  Color W

How to outline| lnner

Select objects to display | DAB_stained | (from |dentifyPrimaryObjects #08)

Select outline color |

Select objects to display | unstained w | (from |dentifyPrimaryObjects =0g)

Select outline color [IE——

Remove this outline

Add another outline

Figure 2.11.: CellProfiler Pipeline Schematic — OverlayQutlines module

The software outlines the DAB-stained cells in red and the haematoxylin-stained cells in green

for easier distinction.
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Select the type of image to save Image w
Select the image to save OnigOverday v (from OverlayQOutlines #10)
Select method for constructing file names From image filename

Select image name for fibe prefic raw ~ | (from NamesAndTypes)

Append a suffix to the image file name? §) yes (ONo

Text to append to the image name _outhines
Saved file format png v
Output file location Default Output Folder w [ C:\Users\£46843\ OneDrive - hull.ac.uk\PhDNHCIHC Images\Ki6T\SD0032 Ki6T )

Crverwrite existing files without waming? @) ves () Ne

When to sive Every cycle ~

Record the file and path information to the saved
”“ raoe? O'Yes ©No

Create subfolders in the output folder? @) ves (O No

Base image folder Default Output Folder | [ C\Users\ 646843\ OneDrive - hull.ac.ul\ PROVHC\IHC Images\KiST\SD0032 KI6T )

Figure 2.12.: CellProfiler Pipeline Schematic —Savelmages module

Images are then saved to a designated location, outlines in Output Settings (i) and the outlines

images given a name.
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Select the column delimiter| Tab e

Default Output Folder sub-folder | [ C:\Users\646843\OneDrive - hull.ac.uk\ PhDAHCUHC Images)\ KigT\5D0032 Kig7 )
Clutputf-le lacation
Sub-folder: Results

Add a prefix to file names? ® Yes ()Mo
Filename prefic| Prel_
Overwrite existing files without waming? @) ves ()Mo

Add image metadata columns to your object data .
file? O Yes @ No

Add image file and folder names to your object =
data file? () Yes @1 No

Representation of Nan/Inf MaM -~
Select the measurements to export (§) yes CINe

Press button to select measurements Press button to select measurements

Calculate the per-image mean values for object .
measurements? () Yes (8 No

Calculate the per-image median values for object .
measurements? () Yes @ No

Calculate the per-image standard deviation values _ ;
for object measurements? () Yes ® Ne

Create a GenePattern GCTfile? (™) vee (@) Mo

Export all measurement types? () ves ()Mo

Figure 2.13.: CellProfiler Pipeline Schematic —ExportToSpreadsheet module

The final count data (DAB-stained vs haematoxylin-stained, is then put into an Excel document.

The use of this automated cell counting pipeline was validated using the D37 sample (Appendix
1), which had been blotted with 1:200 Ki67 antibody (mouse, M7240, Dako). It was determined
that the threshold value for each set of images should be altered for each tissue slice, to obtain

the most accurate index value for the automated counts.

2.12.4. Quantification of Annexin V IHC using CellProfiler

Annexin V is presented on the outside membranes of apoptotic cells and therefore a different

approach was required when identifying positive staining through CellProfiler, however, using

the same modules (Figure 2.7 to Figure 2.13). Initially, the image was processed in the same

way, through the UnmixColors module to change the image to greyscale and the

IdentifyPrimaryObjects module, to identify haematoxylin-stained nuclei.

IdentifySecondaryObjects was utilised to identify the whole section of tissue in the field of
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view and this was quality-controlled against the identification of nuclei and from the raw
image. The second IdentifyPrimaryObjects module highlighted the DAB-stained sections of
tissue from the tissue sections. Due to the extensive nature of the staining and the lack of
cytoplasmic marker, the threshold was altered to detect the most intense staining. The
MeasurelmageOccupied module then measured the number of pixels occupied by the entire
tissue section and the DAB-stained sections. The remaining three modules were the same as

for cleaved PARP measurement. Annexin V index was calculated using the equation:

Equation 2.5: Calculation of Annexin V expression index

Area occupied by DAB stained tissue

Total area occupied by tissue

2.13. Haematoxylin and Eosin Staining

Haematoxylin and eosin (H&E) staining was performed for pre- and post-chip slides to
determine whether regions of necrosis were dependent upon whether the samples had
undergone microfluidic perfusion for 8 days, or if the regions of necrosis were routine present

in GBM samples, before they went onto the perfusion device.

Tissues were sliced and mounted onto poly-L-lysine coated slides and stored, as described
previously. Slides were allowed to defrost to room temperature for 10 minutes, prior to H&E
staining. Tissues were fixed with 4% PFA for 10 minutes at room temperature and endogenous
peroxidase blocked with 3% H20O2 with 100% methanol for 20 minutes. Slides were dipped in
a Coplin jar of haematoxylin for 3 minutes and then rinsed for 6 minutes under running tap
water. Tissues were partially dehydrated in 20%, 40%, 70% and 90% ethanol for one minute
each, before dipping in a Coplin jar of eosin for 1 minute. Tissue was then fully dehydrated in
90% ethanol for 30 seconds and 100% ethanol for 1 minute before dipping in Histoclear for 3
minutes, drying and mounting coverslips with Histochoice® mounting solution. Microscope
images were taken using the Olympus microscope and images sent to Dr Ian Scott, a Consultant

Neuropathologist at The Walton Centre NHS Foundation Trust, Liverpool, for analysis.
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2.14. Immunoprecipitation of FUS

2.14.1. 2D cell lines

U87-MG cells were seeded at a density of 5x10° in 150mm plates (Corning) and allowed to
adhere and grow for seventy-two hours. They were then washed twice with 5 ml PBS and
harvested with 5 ml 1% Triton-X100 (sigma) in PBS (Fisher Bioreagents) with complete,
EDTA-free protease inhibitors (Roche), using a cell scraper. Cell lysates were incubated on a
spinning wheel, at 4°C, for 1 hour. Samples were pelleted at ~17,000xg, 4°C for 5 minutes and
the supernatant transferred to clean microcentrifuge tubes. The remaining pellet was stored at

-80°C.

A sample of the lysate was stored at -20°C, as the input sample, which should contain an
abundance of the protein of interest. The anti-FUS antibody, raised in mice, was added to the
remaining lysate, including a lysis buffer only control, at 1:1000 and incubated on a spinning
wheel, at 4°C, for 3 hours. Protein A beads were aliquoted into microcentrifuge tubes, on a
magnetic rack, at 40 pl per 500 pl lysate and ethanol aspirated, leaving 20 pl protein A beads.
The beads were washed 3 times with lysis solution before adding the lysate-antibody mix. This

was then put back on the spinning wheel, overnight, at 4°C.

The lysates and beads were put back onto the magnetic rack and the supernatant aspirated into
a clean microcentrifuge tube as the flow through, which should not contain the protein of
interest. The protein of interest is then eluted from the beads using 50 pl 5x Laemmli loading
buffer, at room temperature for 10 minutes — agitating the beads with a pipette every 2 minutes.
The samples are put back on the magnetic rack and the loading buffer, containing the protein

of interest, is aspirated into a clean microcentrifuge tube and the beads discarded.

The appropriate volume of loading buffer is then added to the input and flow through samples,
including the lysis buffer-only controls and boiled for 10 minutes at 100°C before SDS-PAGE

and western analysis. Membranes are blotted with an anti-FUS antibody, raised in rabbits
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(Table 2.2) to prevent any crosstalk using an antibody raised in the same species and the

appropriate secondary antibody.

2.14.2. Tissue

2.14.2.1. Lysate preparation

Tissues were removed from storage at -80°C, placed on ice and washed with chilled 1x PBS
(Sigma) to remove residual media. Two biopsies from each treatment condition, from 3
patients, were pooled together to form two homogenous lysates: one control and one treated
with 1TuM GSK3368715. Biopsies were put into a pre-chilled mortar with enough liquid
nitrogen to cover them and them macerated with a pestle until they resembled a fine powder.
Tissues were lysed using the Ultra Turrax T25 homogeniser for 30 seconds in 500ul of 1X
PBS, with 1% Triton-X100 and 1mM cOmplete EDTA-free protease inhibitor (Roche). The
homogeniser tip was rinsed with a further 500ul lysis buffer, into the tube, which was incubated
on ice for two minutes before another 30 seconds of homogenisation. They were then incubated
on ice for 30 minutes, vortexing occasionally. The sample tubes were centrifuged at 10,000xg
for 20 minutes, at 4°C to pellet cell debris. Supernatant was transferred to a clean
microcentrifuge tube and protein concentration determined by BCA assay. Samples were

stored at -80°C until use.

2.14.2.2. Immunoprecipitation

Lysates were pre-cleared by adding 50ul protein A bead (Merck) slurry per 0.5mg total protein
to the lysates and incubated on a rotary mixer for 30 minutes, at 4°C. Beads were then separated
from the lysate via centrifugation at 1000rpm for 3 minutes at 4°C and the supernatant
transferred to another tube. Primary anti-FUS antibody (mouse IgGi) (Cell Signalling)
concentration was titrated between the recommended 0.5 and 4ug per 500ul lysate. A negative
control was set up using an IgG with some of the remaining pre-cleared cell lysate. This was
then incubated overnight, at 4°C on a rotary wheel, before addition of the protein A beads used
for clearing and a further 4 hours of incubation at 4°C on a rotary wheel. The IP mixture was

centrifuged at 1000rpm for 30 seconds, at 4°C to precipitate the beads and the supernatant
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transferred to another tube. The beads were washed 4 times with 1x 0.2% TBST (Table 2.6)
with 1x cOmplete EDTA-free protease inhibitor (Roche) and then centrifuged at 1000rpm for
30 seconds and the supernatant discarded. Bound protein was eluted from the beads using 50ul
4x SDS sample buffer and heated for 5 minutes at 95°C, then centrifuged at 10,000 xg for 3
minutes. Western blotting was performed on 10% of the total volume of the eluent, using PVDF

membrane, to check validity of IP.

2.14.2.3. Gel Electrophoresis

The remaining 90% of the total IP lysate volume underwent gel electrophoresis on an 10% gel.
The gel was then removed from the electrophoresis tank and separated from the glass plates
and put into a tray with 50ml GelCode Coomassie blue stain (Sigma). The gel was incubated
in the stain for 1 hour, rocking, at room temperature. The Coomassie stain was then replaced

with ddH>O to wash overnight, rocking, at room temperature to expose the 70kDa FUS band.

2.14.2.4. Digestion Theory

The Uniprot website was used to identify the location of arginine sites of interest within the
FUS protein. The FUS protein sequence was inputted into Expasy and PhosphositePlus to
determine the best digestion enzyme which would retain the arginine sites upon cleavage. It
was determined that chymotrypsin would be the best enzyme for the FUS protein, as it would

conserve the majority of the arginine sites of interest.

2.15. RNA Sequencing

2.15.1. RNA Extraction — RNeasy kits (Qiagen)

Four patient tumours were micro-dissected into 12 ~20mg pieces. Three of the biopsies were
immediately snap-frozen in 1.5 ml microcentrifuge tubes in liquid nitrogen, upon sample
receipt and stored at -80°C; three biopsies were treated in the perfusion device with the DMSO
control; three biopsies were treated on the perfusion device with TuM GSK3368715 and the
remaining three were left in static culture, in a 15ml falcon tube of 10ml DMEM, within the
incubator. After 8-days, the samples were extracted from the chamber using forceps and put

into 1.5ml microcentrifuge tubes and snap frozen in liquid nitrogen and stored at -80°C. RNA
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for RNA-sequencing was initially extracted using the Qiagen RNeasy kit, following the
manufacturer’s instructions. Individual samples were lysed using 350 ul lysis buffer, with
added B-ME, using a dounce homogeniser and then using a p200 pipette. The first lysate was
then added to the column and spun down, followed by the second lysate of the same treatment
etc. When the wash buffers were added, the filter column was rotated along the horizontal axis
to ensure all remaining lysate was washed into the RNA filter. RNA content and purity was

then measured using the Nanodrop2000 and stored at -20 °C until use.

2.15.2. RNA Extraction — TRIzol

A second method of RNA extraction was employed for a second set of samples, after the
previous samples failed the initial quality control (QC) check due to potential genomic
contamination, unqualified RNA integrity number (RIN) and low RNA yields. Five patient
GBM samples were sectioned into 12 pieces: four were immediately snap-frozen in 1.5ml
microcentrifuge tubes in liquid nitrogen, upon sample receipt and stored at -80°C; four biopsies
were treated on-chip with the DMSO control; four biopsies were treated on-chip with 1TuM

GSK3368715. This was to increase RNA yield.

TRIzol™ (ThermoFisher Scientific) was added to the pooled tissue biopsies at 10% total
volume and tissues were lysed using the Ultra Turrax T25 homogeniser (Cole-Parmer®) for
one minute. This was then incubated at room temperature for 5 minutes. Chloroform was added
1:5 to TRIzol™ and tubes inverted gently for 15 seconds until a cloudy precipitate formed and
then incubated for 3 minutes on ice. Samples were centrifuged for 15 minutes at 12,000 xg, at
4°C. The upper, colourless, aqueous phase was carefully transferred to a clean microcentrifuge
tube and isopropanol added 1:2 to TRIzol™ and the tube again inverted. Samples were then
incubated overnight at -80°C before centrifuging for 10 minutes, al2,000 xg, at 4°C.
Supernatant was removed as much as possible, without disturbing the RNA pellet. RNA was
washed twice in 75% ethanol at 1:1 with TRIzol™ and the samples vortexed briefly before
centrifuging for 5 minutes, at 7500 xg, at 4°C. The supernatant was discarded and the RNA
pellet air dried on a 37°C heat block for 5 minutes. RNA was then dissolved in RNase-free
water by pipetting and incubation on a 55°C heat block for 10 minutes. RNA content and purity
was then measured using the Nanodrop2000. RNA was stored at -80°C before packaging
samples in dry ice for transport to Novogene for RNA-sequencing.
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2.15.3. RNA-sequencing

RNA samples from and were sent to Novogene for RNA-sequencing (Figure 2.14). The initial
QC report reported that 12 of the first 16 samples failed QC due to genomic contamination and
unqualified RIN. Samples which passed QC and were taken forward with library preparation
were D27-30. These samples were checked for RNA purity, with a A260/280 ratio between

1.8-2.0 and concentration >5ng/ul.

To purify and enrich mRNA in the samples, total RNA is fragmented and ribosomal RNA
(rRNA) and other non-coding RNAs are removed from total RNA using polyT oligonucleotide-
containing magnetic beads, which attract the polyadenylated mRNA tails. mRNA is converted
to complementary DNA (cDNA) via reverse transcriptase and adapters were ligated for PCR
amplification. One the libraries were constructed, Illumina Novaseq 6000 performed paired
end reads, whereby each cDNA strand was read forwards and in reverse. Quality and accuracy
of reads was checked using base calling and subsequent bioinformatics analysis was performed

on these clean reads.

Clean reads were filtered through data QC analysis, which sequenced the error base rate and
GC content of reads. Reads where the error base rate was >1% were eliminated from analysis
(Petrackova et al. 2019). Reads are then aligned to the human reference genome version 38
(hg38). Alterations within the tumour genetic sequences were then quantified and translated
into meaningful transcriptomic information via annotation through various online genetic

databases.
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Figure 2.14.: Workflow for RNA-sequencing by Novogene®.

RNA was extracted using TRIzol™ and quantified using the Nanodrop2000, ensuring RNA
concentration was <500ng in 20-100ul and A260/4280 was between 1.8-2.0. RNA samples

were shipped to Novogene on dry ice, where they underwent source quality control (OC) using

Agilent 2100/ATTI. Samples that passed OC were taken forward for library construction,

where RNA is fragmented and polyadenylated for mRNA purification using poly thymidine

(polyT)-oligo-attached magnetic beads. The cDNA library is created using random hexamer

primers_and dUTP/deoxythymidine triphosphate (dTTP) residues. Library OC is performed

using a size distribution bioanalyser/Qubit. Paired end read RNA-sequencing then takes place

using Hlumina NovaSeq6000. Novogene then performed bioinformatics analysis using R. Raw

data underwent data OC using FastOQC and perlScripts packages. RNA fragments are then

mapped to the human reference genome (hg38) genome using hierarchical indexing for spliced

alienment of transcripts (HISAT2) and featureCounts packages. Novel transcript prediction

was calculated alongside single nucleotide polymorphism (SNP) and insertion-deletion (InDel)

analysis and alternative splicing analysis. Gene expression was quantified from the mapped

clean reads, leading to correlation analysis and gene set enrichment analysis (GSEA)

enrichment. Differential gene expression analysis was determined using the DESeq2 package,

using a log2FoldChange (Log2FC) cutoff of 0.585 in either direction and adjusted p values

(padj), using Benjamini-Hochberg correction, of <0.05 were deemed to be significant.

Functional analysis was performed using the clusterProfile package and filtered through the

106



ShinyGO, GOrilla and STRING databases, for gene ontology (GO) enrichment, KEGG

enrichment and protein-protein interaction analysis.

2.16. MaxQuant and Viper

A metadata search, using the Proteomics Identification Database European Molecular Biology
Laboratory-European Bioinformatics Institute (EMBL-EBI) (PRIDE) and using the search
term ‘Glioblastoma’ was utilised to identify mass spectrometry datasets of treated and
untreated GBM tissues and cell lines. This data would then be run through MaxQuant, a
quantitative proteomics software, to identify any proteins of interest which are routinely
methylated (mMA, sDMA, or aDMA), in the presence or absence of various treatments. Due
to the large quantity and size of files within several datasets, the Viper high performance
computing cluster at the University of Hull was employed to allow the processing of greater

quantities of data, simultaneously.

2.17. Statistical Analysis

All statistical analysis was performed using R 4.1.2., or R 4.3.1. using RStudio 2023.06.0+421
"Mountain Hydrangea" Release. Specific statistical methods are described in individual result
figure legends. Exploratory data analysis for data which contained two or more groups was
undertaken using Shapiro-Wilk normality {Gonzalez-Estrada, 2019 #952} and Levene’s
homogeneity of variance testing (Nordstokke, 2010). Should the values for these tests be
greater than 0.05, the parametricity, or homogeneity assumption of the variance is met and the
data is treated as parametric and of equal variance, respectively. In this case, a Student’s t test
(Kim, 2015), or ANOVA (Cuevas, 2004) is chosen to test the data, depending on whether there
are two, or more groups. In the case of ANOVA testing, one-way ANOVA was performed to
compare the means of two groups of one independent variable. Two-way ANOVA was used
to understand the interaction between two different independent variables, split over factors,
on a dependent variable. Bonferroni correction was used to adjust for multiple comparisons, to
account for type 1 errors, which produce false positives. Bonferroni corrections can be used for
small numbers of comparisons, as reported in this study and compensate for significance value
inflation (Cuevas, 2004). If the data do not meet these assumptions, a log10 data transformation

was performed to satisfy the normality and variance assumptions for Student’s t test or
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ANOVA. Data was transformed back for presentation (Curran-Everett, 2018). If the data
transform did not satisfy the normality assumptions, the original data was used and a Mann-

Whitney U (MacFarland, 2016), or Kruskal-Wallis (Ostertagova, 2014) test was chosen.
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Table 2.9.

Patient |Sex [Age |Primary vs Recurrent Location IDH |1p/190 |MGMT |EGFR |TERT |ATRX [Necrosis |BRAF |CDKM2A |TPS3 [PTEM [Surgery-Death [days] |Surgery-EQDC [days)

01 M 79| Metastatic adenocarcinomd left frontal 193

D2 M 4&|Recurrent right parietal - - - + - + 135

03 M 7 |Primary left parietal - + - 233

04 M 58| Primary |eft parito-occipital - - + + - - 16

05 F 70| Primary left temporal - - + - - - 490

D& F 57| Primary left frantal - - + - - - - - - 795
7 M E&|Primary right temparal - - - + - + + + 572

Dia M &5 |Primary left temporal - - = - + B33

D9 M 75| Primary |eft parietal - - + + 120

D10 M &7 |Recurrent tempo-partietal - - - - + 76

011 F 50| Primary right parieto-temporal |- - - + - + - 704

D12 M 71|Primary right frontal - - - - + 133

013 M 54| Meningioma | right occipito-parietal - 670

014 M 72|Recurrent right parieto-occipital - - - - + 234

D15 F 51|Meningioma | right tempaoral 562

D16 M &3 |Primary right parietal - - - 195

017 M &9 | Primary right frontal - - - 318

012 F £3|Dligodendroglioma Il left frantal + + + - + - - - + 455

D19 M &7 | Dligodendroglioma || parietal - - - 443

D20 F 74| Primary right tempo-parietal - - = 385

D21 F 73| Primary right cccipital - + - 44

D22 F 44|Recurrent right parietal + - - - - - + 411

D23 F 58| MSCCL metastases right fronto-parietal 432

024 M &7 |Primary right cccipital - - + - - - + 439

025 F &3 |Primary left parietal - + - + - - - 44

D26 M 70|Primary left frontal - - + - - 41

D27 M E&|Primary left frantal - - + - =+ - A5

D28 M 51|Recurrent right parietal - - + - - 326

D29 M E8|Primary left temporal - + + - - 285

D30 M 58| Primary right tempaoral - - - 286

031 M 76| Primary right frontal - + - 263

DEb M &7 |Recurrent left temporal - + 263

032 M 45| Primary |eft parieto-occipital - - + - - + 1938

033 F 55| Primary right cccipital - - + + - - + 158

034 M &2 | Primary right fronto-parietal - - + - - a5

035 M &3 |Primary right tempaoral - + - B3

D36 1l &9 |Primary right temporal - - - 20

D37 M 74| Primary Right frontal - - - 245
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Figure 2.15.: Survival curve of 37 patients involved in this study.
Survival was defined as the number of days between the first surgery and either the death of
the patient, or the end of data collection (27/08/2023).

Of the 37 patients involved in this study, 13 patients remained alive by the end of data
collection. Twenty-six of the total number of patients had confirmed primary GBM and five
had confirmed recurrence, with one of these being patient D8, from whom we received both
biopsies. Two patients had grade I meningioma, two had grade II/IIl oligodendroglioma and

two patients had distal metastatic disease (Figure 2.15).
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CHAPTER 3: INVESTIGATING THE EFFECTS OF PRMT
INHIBITION ON GBM TISSUE CELL DEATH IN A
MICROFLUIDICS SYSTEM

Results in the chapter have been published in Lab on a chip.

Barry, A., Samuel, S.F., Hosni, 1., Moursi, A., Feugere, L., Sennett, C., Deepak, S., Achawal,
S., Rajaraman, C., Iles, A., Valero, K.C.W., Scott, I.S., Green, V., Stead, L.F., Greenman, J.,
Wade, M.A, and Beltran-Alvarez, P. (2023). Investigating the effects of arginine methylation
inhibitors on micro-dissected brain tumour biopsies maintained in a miniaturised perfusion

system. Lab on a Chip, 23(11), pp.2664-2682. DOI: 10.1039/D3LC00204G.

3.1. Introduction

In this chapter, I will explore the use of PRMT inhibitors in 2D and 3D cells lines, as well as
in GBM tissue using the techniques outlined in the previous chapter. Previous work in this lab
has ascertained that other type I PRMT inhibitors such as Furamidine, lead to a reduction in
cell viability in 2D and 3D GBM cell line models (Samuel ef al., 2018). Simultaneously, I will
be assessing the fortitude of the novel perfusion system as a model of GBM and its practicality

in evaluating the efficacy of drugs used to target GBM.

3.1.1. GBM treatment through inhibition of arginine methylation

Post translational modifications, including arginine methylation, have repeatedly been shown
to be involved in the development and progression of GBM. As described previously, changes
to arginine methylation can be responsible for activation and repression of gene transcription
and alteration of protein behaviour, which may be responsible for the progression of GBM.
PRMTs are responsible for arginine methylation of proteins involved in the DDR and splicing
pathways, which will be supported in the subsequent chapters. In the Samuel ef al. (2018)
paper, the work profiled overall PRMT expression in U87-MG cell lines and found all PRMTs
to be present, including isoforms, except CARMI. In alternative studies, CARMI has been
found to be expressed in GBM, correlated with expression of genes associated with
pluripotency, such as OCT4 and SOX2 (Rios et al., 2022). As mentioned previously, most
PRMTs have been linked to, and their expression is increased in, GBM and, therefore,
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augmentation of PRMT function may be a therapeutic target for GBM (Bryant et al., 2021,
Samuel ef al., 2021, Samuel et al., 2018). Indeed, there are several investigations into the use
of PRMT inhibitors in GBM, such as abrogation of IFNy-induced de-differentiation markers
via inhibition of PRMTI1 (Ghildiyal and Sen, 2017); inhibition of Myc-driven oncogene
expression through PRMTS inhibition (Mongiardi et al., 2015) and others (Banasavadi-
Siddegowda et al., 2017).

3.1.2. Cytokines and Chemokines in GBM

Cytokines and chemokines are essential aspects of the immune system and are involved in the
migration of immune cells to sites of stress within the body and for their function once they
arrive at the injury site (Ramesh ef al., 2013). Cytokines and chemokines are associated with
inflammation, development, and progression of many diseases, including cancer. In GBM,
cytokine-chemokine ligand 12 (CXCL12)/receptor 4 (CXCR4) have been linked to GBM
progression and inhibition of the receptor indicated reduced tumour growth (Savarin-Vuaillat
and Ransohoff, 2007). As mentioned previously, the tumour microenvironment is essential for
the development and progression of GBM. The immunosuppressive mechanisms which inform
immune modulation and contribute to the dissolution of anti-tumour responses and
immunosuppressive cytokine and chemokine secretion is paramount to this (Yeo et al., 2021).
In a study by Morawin and Zembron-Lacny (2023), GBM patients were found to have 1.5-2-
fold higher expression of pro-inflammatory cytokines ILIP, IL6 and IL8 and reduced
expression of TNFa and HMGBI1. The researchers suggested that these GBM-specific
molecular signatures of cytokines may therefore be reliable prognostic indicators of GBM

progression.

3.1.3. Aims and Objectives

The overarching aims of this chapter were to explore the effect of the PRMT inhibitor
GSK3368715 on cell viability in 2D and 3D U87-MG models, before moving onto
investigating the apoptotic effects of the PRMT inhibitor in GBM ex vivo.

e Assess whether GBM can be maintained in the novel perfusion device for 8-12 days.
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Determine whether GSK3368715 causes cell death in GBM tissue in the perfusion

device.
Understand the synergy between GSK3368715, other PRMT inhibitors and TMZ.

Identify some of the patient clinical factors which may be associated with variation in

GSK3368715 treatment response, such as patient age, sex and biomarkers.
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3.2. Materials and Methods

The methodologies and statistical analysis producing the majority of the results in this chapter
were undertaken by myself and have been outlined in the previous chapter. The procedures
described in this materials and methods section were performed, for the most part, by M.D.
student Amr Moursi, towards the completion of his M.D. project, for which I was involved in
the grant and in his laboratory supervision. The statistical analysis for these methods were

carried out largely by Lauric Feugere.

3.2.1. Human XL Cytokine Array Detection

Proteome profiling was performed using the Human XL Cytokine Array Detection kits (Roche)
and was utilised to assay 105 cytokines which may be present in the effluents of GBM-on-chip
samples, taken at several time points, over the course of sample time on-chip. Effluents were
stored, long-term, at -80 °C and defrosted on ice prior to use. Membranes, pre-loaded with the
array of anti-cytokine antibodies, were blocked for one hour, before incubating overnight,
rocking at 4 °C with diluted effluent, according to the manufacturer’s instructions. The effluents
used were from two chips treated with either DMSO, or 1TuM GSK3368715 and 10uM TMZ
and at 48 hours, 96 hours, and 192 hours. Membranes were then washed three times, for 10
minutes with wash buffer, rocking at room temperature and incubated with the antibody
detection cocktail for one hour, rocking at room temperature. After a further three washes,
membranes were incubated for 30 minutes, rocking at room temperature, with streptavidin-
HRP. Membranes were washed for a final time and Clarity™ ECL Western substrate (Bio-
Rad) was added to the membranes for 1 minute, before exposure using a ChemiDoc™ Imaging
system (Bio-Rad) (Figure 3.1). Densitometry was analysed using R&D-approved software and

statistics performed by Lauric Feugere using R4.3.0.
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Figure 3.1.: Workflow of Human XL Cytokine Detection Kit

A) Effluent at 24, 48, or 192 hours, treated with DMSO control or luM GSK3368715+ 10uM
TMZ; B) Effluent is poured onto membrane containing pairs of primary antibody dots against
105 different cytokines; C) Cytokines, if present in the effluent, bind to the specific,
corresponding antibodies present at each location; D) Secondary HRP-conjugated antibody is

added to the membrane and binds the primary antibody in proportion to the amount of protein
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bound; Ei) the Chemidoc® is used to visualise HRP; Eii) Chemidoc® image of a membrane
indicating several bound cytokines; Fi) use of R&D-approved software to calculate spot
density, proportional to amount of cytokine bound to membrane; Fii) true image of reversed
colour to highlight absorbance density in R&D-approved software; G) an automatic table of
density is created by the software, where average spot density of the paired dots can be
calculated and values normalised to the positive controls; H) data is filtered to remove
negligible absorbance values and statistical significance calculated by Lauric Feugere. Images

taken by Amr Moursi.

3.2.2. ELISA

ELISAs (R&D) were performed for several cytokines, which appeared changed in the
proteome profiler array results and required more in-depth exploration. These included:
angiopoietin 2, MMP9Y, serine protease inhibitor clade E member 1 (serpin E1), C3L1, IL6, IL8
and VEGF. Samples included effluents from time points 24-, 48-, 192- and 288-hours, which
had been used for the proteome profiler arrays. Capture antibody was diluted in coating buffer,
according to the manufacturer’s instructions and used to coat 96-well plates (Corning), which
were left overnight at 4°C. The coating solution was aspirated, and plates washed with wash
buffer. All wash steps included washing plates five times using an automatic plate washer and
tapping excess liquid onto absorbent paper. Plates were then blocked with blocking buffer, for
one hour, at room temperature and the liquid then aspirated. Kit-provided standards and
effluent samples were prepared in blocking buffer and incubated for one hour at room
temperature with continuous gentle shaking ~500 rpm. Plates were then washed again and
detection antibody, diluted in blocking buffer, added for 2 hours at room temperature, with
continuous gentle shaking. Plates were washed before adding 1:5000 Streptavidin-HRP in
blocking buffer and incubating at room temperature for one hour, gently shaking. After the
final wash, TMB substrate solution was added, for 30 minutes at room temperature, to develop
colour and then stop solution added to each well. Absorbance was measured at 450nm
immediately using the BioTek™ ELx800™ absorbance microplate reader with GenS5 software

1.08. Statistical analysis was performed by Lauric Feugere using R 4.3.0.
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3.3. Results

3.3.1. GSK3368715 maintains cell viability in U87-MG cells

Prior to any experiments involving the novel GSK338715 PRMT inhibitor in GBM tissue, on
the perfusion device, its viability was tested in U87-MG cells. This was done using the MTS
cell viability assay on both 2D and 3D U87-MG cell cultures. U87-MG cells were cultured in

2D, in 96-well plates and allowed to culture for up to 72 hours, before the MTS assay was

performed.

120
@ 1uM GSK3368715

199 # 1M Furamidine
e TUM GSK3368715 + 1uM

Furamidine
¥ 1M GSK3368715 + 1uM
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24 48 72
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Figure 3.2: Percentage cell viability + SEM of U87-MG cells in 2D culture.

US87-MG cells were cultured in 96-well plates and treated with: 1 uM GSK3368715 (blue
circle), 1 uM Furamidine (red square), 1 uM GSK3368715 + I uM Furamidine (green up
triangle), 1 uM GSK3368715 + 1 uM GSK591 (purple down triangle), 1 uM GSK3368715 +
1 uM Furamidine + 1 uM GSK591 (orange diamond), DMSO negative control (black circle),
in triplicate, for 24, 48 and 72 hours before undergoing MTS assay (n=35) to determine % cell
viability. Statistical analysis was performed using two-way ANOVA with Bonferroni testing,

using Graphpad Prism 8.0.
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Despite there being a slight upwards trend in cell viability of all U87-MG cells with time
(Figure 3.2), using 1 uM of all of the treatments did not significantly affect cell viability in
comparison with the DMSO control, at any time point. The variability in cell viability between

the treatment groups was not statistically significant.

Spheroids were cultured in round-bottomed ultra-low adherence 96-well plates, containing 1%
agarose, and allowed to form for 72 hours before the treatments were applied. Media was then
changed before treatment, taking care not to disturb the spheroids. Treatment was applied to
the 3D cultures for longer periods of time than 2D cultures due to the increased volume to
surface area ratio of the spheroids, meaning that the treatment would take longer to penetrate

to the internal cells. Media was changed again after 72-hours, and fresh treatment added.

80

1uM GSK3368715

1uM Furamidine

1uM GSK3368715 + 1uM
Furamidine

1uM GSK3368715 + 1uM
GSK591

1M GSK3368715 + 1uM
Furamidine + 1pM GSK591
4 DMSO

20

1
72 96 120
Time (hours)

Figure 3.3: Percentage cell viability £+ SEM of U87-MG cells in 3D culture.

US87-MG spheroids were cultured in 96-well plates and treated with: 1 uM GSK3368715 (blue
circle), 1 uM Furamidine (red square), 1 uM GSK3368715 + 1 uM Furamidine (green up
triangle), 1 uM GSK3368715 + 1 uM GSK591 (purple down triangle), 1 uM GSK3368715 +
1 uM Furamidine + 1 uM GSK591 (orange diamond), DMSO negative control (black circle),
in triplicate, for 72, 96 and 120 hours before undergoing MTS assay (n=4) to determine % cell

118



viability. Statistical analysis was performed using two-way ANOVA with Bonferroni testing,
using Graphpad Prism 8.0.

All treatment groups appeared to show the same trend in cell viability, with levels decreasing
slightly at 96-hours, but increasing again at 120-hours (Figure 3.3). The similarity between the
treatment groups could be to do with penetrance of the drug into the core of the spheroids, or
penetrance of the MTS assay reagent. Similarly, to the 2D-cultured cells, no significance was
found in cell viability with time, in the same group, nor between each of the treatment groups,
in comparison with the DMSO control. This could suggest that the drugs should be applied

over a more continuous period of time.

3.3.2. GSK3368715 causes aDMA-sDMA crosstalk in U87-MG cells

Despite the non-significant changes to cell viability found in the initial experiments, previous
data had indicated that 1 uM GSK3368715 was sufficient to bring about a protein-level
response in 2D and 3D cells, as well as tissue (Barry et al., 2023, Samuel ef al., 2018). In
accordance with the literature, this concentration was taken forward for subsequent
experiments. U87-MG cells were treated in 2D cultures with varying concentrations of the
novel Type I PRMT inhibitor GSK3368715, or the previous Type I inhibitor MS023 for forty-
eight hours, as a positive control. Samples underwent western blot analysis whereby
membranes were blotted with antibodies against aDMA and sDMA and densitometry data

normalised to a B-actin loading control and compared to a DMSO negative control.
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Figure 3.4: GSK3368715 induces aDMA-sDMA crosstalk in U87-MG cells.

A) U87-MG cells were treated with 1 uM and 100 uM Type I PRMT inhibitors MS023 and
GSK3368715 and incubated with antibodies against aDMA (~50 kDa) and sDMA (~70 kDa,
~55kDa + ~25 kDa), along with B-actin loading control (~42 kDa) (n=1). B) Densitometry

analysis was performed using ImageJ.

Upon aDMA inhibition with Type I PRMT inhibitors (100 kDa), SDMA of proteins increases
(~55kDa) which is shown in Figure 3.4. This confirms the results from previous work in this
lab, which described this unidirectional crosstalk between aDMA and sDMA (Samuel et al.,
2018). There is also another band that appears at 70kDa upon Type I PRMT inhibition, when
sDMA is blotted for. This appears to be stronger when using the novel inhibitor, than when
using MS023, indicating that the novel inhibitor is potentially a better model and more potent
than its previous counterpart. There is no significant increase in crosstalk levels between cells

treated with 1 uM vs 100 uM GSK3368715, therefore in accordance with these findings and
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the dosage used in clinical trials, it was decided that the lower dose should be taken forward

into the GBM perfusion work.

3.3.3. GBM can be maintained in the novel perfusion device for 8 days

To address the first two objectives of this section of the project, LDH assays were performed
to understand changes in cellular stress over the course of 8 to 12 days in the perfusion chip.
Histology for apoptotic markers cleaved PARP and Annexin V, as well as for histological
markers, were also utilised to determine whether the perfusion device maintained the tissues in

a viable state and so pre- and post-perfused tissues were compared.

3.3.3.1. Low cellular stress in GBM tissues up to 12 days

Samples D3-D7, D8a, D9-D12, D14, D31 were used for 8-day LDH analysis. LDH is released
from cells upon cellular stress, LDH assays are colorimetric assays which measure absorbance
in the region of 495 nm. Absorbance is then directly proportional to LDH released into the
effluent every 24 hours from GBM tissues, whilst on-chip, which is directly proportional to
GBM-tissue cellular stress. The aim of performing LDH assays was to determine how stressed
GBM tissues were in the microfluidics device in real-time and therefore if, after 8-days, the
microfluidics system was a viable device upon which to maintain GBM tissue alive for 8 days.
Effluents, collected every 24 hours from both DMSO control and drug-treated chips, were
plated in duplicate onto 96-well plates and mixed with a dye-catalyst solution, before
incubation at 37°C for 30 minutes for the colour to develop. Absorbance was then read at 490
nm, with a wavelength correction of 690 nm, to account for wavelength artefacts, such as
scratches to the plate. Duplicate absorbance values were averaged and the negative, media-

only, control subtracted.
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Figure 3.5.: Lactate dehydrogenase expression of GBM (n=12) over 8 days, with post-

perfusion tissue lysis (n=3).

Lactate dehydrogenase (LDH) activity was measured in the effluent, collected every 24 hours
over 8 days, via absorbance at 490 nm (A**""™) (n = 12, D3-D7, D8a, D9-D12, D14, D31, see
Table 4.1). LDH activity decreased to 0.023 AU (absorbance units)/mg + 0.011 at 48 hours
and fluctuated minimally (F = 1.11, df = 7, p = 0.37) between 0.021-0.025 AU mg "' for the

remaining 6 days, these fluctuations correlated with syringe refilling with medium at day 4.

One-way ANOVA performed using R 4.2.0 after data transformation. After 8 days, tissues were

lysed to assess remaining LDH within the biopsies (n = 10), leading to a peak reading at 0.143
AU mg~' £ 0.06 (indicated by red arrow) (t = -6.64, df = 97, p = 1.80 x 10”° compared to

baseline expression). Two sample T test performed using R4.2.0. Error bars indicate standard

deviation.

Statistical analysis showed that there were no significant differences in LDH expression over
time. LDH expression and therefore absorbance started off high, which is expected due to the
stress put upon the tissue from being removed from the brain, transported and micro-dissected
and therefore not connected to a blood, or nutrient supply for approximately 2 hours. This then

decreased over the first 48 hours on-chip to a relatively low absorbance value, indicating that
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LDH release from the tissue slowed and cellular stress decreased whilst it is receiving nutrients
from the media (Figure 3.5). The baseline value was calculated as the mean LDH expression
over 24- to 192-hours, as no significant fluctuation in LDH release was found between the time
points. There was a small peak in absorbance at 120 hours, consistent with the syringe change
after 96 hours, whereby the microfluidics pump must be stopped for approximately 15 minutes,
but this quickly returned to the baseline recorded prior. At the end of the 8 days, tissue was
lysed to release any retained LDH, which was a significant amount compared to baseline

expression.

Another aim of the project was to extend the time of the tissue in the perfusion device to 12
days. LDH assays were performed for four GBM samples, which were incubated in the
perfusion device for 12 days and lysis performed on two samples of post-perfused tissue, as

previous. Samples D21, D24, D35 and D36 were used for 12-day LDH analysis.
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Figure 3.6.: Lactate Dehydrogenase expression in GBM tissue (n=4), over 12 days, with post-

perfusion tissue lysis (n=2).

Lactate dehydrogenase (LDH) activity was measured in the effluent, collected every 24 hours
over 12 days, via absorbance at 490 nm (A¥""™) (n = 4, D24, D31, D35, D36, see Table x).
LDH activity decreased to 0.031 AU (absorbance units)/mg + 0.012 at 48 hours and fluctuated
(F=1.38 , df =11, p =0.22) between 0.023-0.032 AU mg"" for the remaining 10 days, these
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fluctuations correlated with syringe refilling with medium at days 4 and 8. One-way ANOVA

performed using R 4.2.0 after data transformation. After 12 days, tissues were lysed to assess

remaining LDH within the biopsies (n = 2), leading to a peak reading at 0.094 AU mg ' +
0.005 (indicated by red arrow) (t = -7.08, df =55 , p =2.81 x 107° compared to baseline

expression). Two sample T test performed using R4.2.0. Error bars indicate standard

deviation.

The 12-day LDH assay displayed a similar output to the 8-day LDH assay, with no significant
changes in expression between consecutive time points. There was a slight upward flection at
120-hours and 216-hours, consistent with syringe changes just after the previous time points
(Figure 3.6). Coupled with the tissue lysis releasing retained LDH after 12 days, compared to
baseline expression, this again indicated that the tissues were not stressed in the perfusion

device.

3.3.3.2. Evidence of mitosis after 8- and 12-days of perfusion

To ascertain whether the novel perfusion device caused any structural abnormalities and to
ensure that the tissue was initially viable and remained so, H&E staining was performed. H&E
staining was undertaken on both fresh-frozen tissues (8-day perfusion) and FFPE tissues (12-
day perfusion). Paired GBM patient samples, pre- 8- and 12-days post-perfusion were stained
with haematoxylin and eosin and a sample set of images sent to neuropathologist Dr. Ian Scott.
The images were analysed for mitotic figures, which can be seen in the images, inset (Figure

3.7).
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Figure 3.7.: Representative H&E staining of GBM tissue pre-, 8 days and 12 days post-

perfusion [inset: mitotic figures].

Haematoxylin (purple) stains nuclear aspects of cells and eosin staining highlights cytosolic
cellular fractions. Arrows on both images highlight mitotic figures, with inset showing
magnified images. Images at x40 magnification were taken on an Olympus IX71 inverted
fluorescence microscope using CellSens software 1.18 and assessed together with

neuropathologist Dr. lan Scott.

These mitotic figures indicate that there are dividing cells, both pre- and post-perfusion. This
shows that at least some of the GBM tissue was viable upon receipt from the hospital and
maintained viability after 8 days of perfusion. Indicating that GBM tissue remained “alive” and
in a mitotic state post-perfusion. In all of the inset images, the arrangement of the chromosomal
material on the mitotic spindle appeared uneven, with there being a higher proportion of
chromatin in one half of the pre-perfused nucleus and the 8- and 12-day post-perfused nucleus
displaying chromatin which remained attached at one end of the metaphase plate. The presence
of atypical mitotic figures as it suggested that the cell division is in the tumour and not in

background, normal, "contaminant" tissue (Figure 3.7) (Appendix 2 and Appendix 3).
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3.3.3.3. Validation of the CellProfiler pipeline

The cleaved PARP Cell Profiler pipeline was used to quantify IHC staining and was validated
using a cohort of images taken from sample D37, stained for nuclear proliferative marker Ki67.
The images of the probed IHC tissues were take using the Olympus IX71 inverted fluorescence
microscope using CellSens software 1.18 and loaded into CellProfiler. The pipeline was
validated using three technical replicates (slides) each from pre-perfused tissue and 10 post-
perfused tissues (A-J). The parameters were changed in test mode for each set of images until

the most accurate test image was obtained (Figure 3.8).

Figure 3.8.: CellProfiler output image [inset: magnified section]

In the representative images, haematoxylin stains cell nuclei blue, whilst 2°2°-
diaminobenzidine (DAB) stains cleaved PARP expressing cells brown. Images at x40
magnification were taken on an Olympus IX71 inverted fluorescence microscope using
CellSens software 1.18. Green outlines highlight blue haematoxylin-stained cells, which do not
appear to be expressing the protein for which is being probed. Red outlines highlight brown

DAB-stained cells, which do appear to be expressing the protein of interest.
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The pipeline was then run on one set of images, with all images in a set from one slide. The
same images were then manually counted with the aid of ImageJ. A Ki67 index was obtained,
which was a ratio between positively stained, Ki67 expressing cells and total number of cells
(Appendix 1). This was repeated for all 33 image sets. The Ki67 index for each image set was

then compiled and the confidence intervals for the two sets of data compared (Figure 3.9).
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Figure 3.9.: Cell Profiler Validation Sample D37.

Using patient biopsy sample D37, IHC was performed with proliferative marker Ki67. A Ki67
expression index was created from both Cell Profiler cell counts and manual cell counts. Error

bars indicate standard deviation between Ki67 index in Cell Profiler counts vs Manual counts.

After running the images through CellProfiler, outliers were identified and manually counted,
for input into the final dataset. This is a practise that was carried forward throughout analysis
of subsequent images. Alternatively, outliers were rerun through CellProfiler with different
parameters to obtain a more accurate cell count for the minority of images, which may be
affected due to image, or tissue quality. This resulted in error which fell within the 95%

confidence intervals.
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3.3.3.4. No significant change in apoptosis 8-12 days post-perfusion

To ensure that any changes in apoptosis were down to the drugs being used and not due to the
microfluidics method itself, cleaved PARP expression was compared pre-, 8- (Figure 3.10)
(Appendix 4) and 12-days post-chip (Figure 3.11) (Appendix 6). The samples used for this
analysis were D3-D7, D8a, D9-D12, D14, D21, D24, D31 and D35. Histology and proteome
profiling methods were utilised to understand whether GBM tissues could be maintained in the

fluidics system for up to 12 days.
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Figure 3.10.: Immunohistochemistry of cleaved PARP expression in GBM in pre- 8-day

(n=11) representative images.

Samples used for this analysis were D3-D7, D8a, D9-D12, DI14. Immunohistochemistry of
GBM tissue pre- and 8-day post-perfusion with the apoptotic marker, cleaved PARP,
normalised to post-perfusion values. Analysis was performed using R 4.1.2. with paired Mann-
Whitney U test (w = 38, p = 0.151). Mean cleaved PARP expression pre-perfusion was 0.61 +
0.47 and 8-days post-perfusion was 1 = 0.73. Dashed lines indicate paired patient samples. In

the representative images, haematoxylin stains cell nuclei blue, whilst 2°2’-diaminobenzidine
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(DAB) stains cleaved PARP expressing cells brown. Images at x40 magnification were taken

on an Olympus 1X71 inverted fluorescence microscope using CellSens software 1.18.
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Fioure 3.11.: Immunohistochemistry of cleaved PARP expression in GBM in pre- and 12-

day (n=4) post-perfused control (DMSQO) tissue, with representative images.

Samples used for this analysis were D21, D24, D31 and D35. Immunohistochemistry of GBM
tissue pre- and post-perfusion with the apoptotic marker, cleaved PARP, normalised to post-

perfusion values. Analysis was performed in R 4.1.2., using the paired Student’s t test (t = -
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0.40, df = 4.75, p-value = 0.71). Mean cleaved PARP expression (red diamonds) pre-perfusion
was 0.82 £ 0.78 and 12-days post-perfusion was 1 £ 0.48. In the representative images,
haematoxylin stains cell nuclei blue, whilst 2’2 -diaminobenzidine (DAB) stains cleaved PARP
expressing cells brown. Images at x40 magnification were taken on an Olympus IX71 inverted

fluorescence microscope using CellSens software 1.18.

No statistically significant increase in cleaved PARP expression was found between pre-
perfused and post-perfused 8-, (Figure 3.10) or 12-day GBM control tissue (Figure 3.11). To
corroborate this finding, TUNEL assays were attempted to determine cell viability in the tissue
slides. TdT enzyme attaches fluorochrome fluorescein to 3’-hydroxyl termini of apoptotic
DNA double strand breaks, allowing them to fluoresce green under the microscope and allow
in situ cell death detection (Figure 3.12). Cell Profiler was used to automate counting of
positive cells stained with fluorescein vs total cells stained with DAPI and a percentage cell
viability calculated (Figure 3.12). TUNEL assays were performed for n=1 for sample D14 as
optimisation. Images were taken of one slice of tissue per chip cell viability of each image
calculated using Cell Profiler. Each image’s viability data was then compiled with images from
the same chip and any duplicate chips measured and into a tissue viability percentage per

treatment.
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Figure 3.12.: Percentage tissue viability of TUNEL assay images of D14 (n=1) pre-, vs 8-days

post-perfusion, with representative images

TUNEL assay of GBM tissues from sample D14, pre-perfusion (99.9%) and 8-dav post-

perfused DMSO control (93.6%). Percentage tissue viability calculated through ratio of

positive fluorescein labelled cells vs total number of DAPI stained cells. “-* ve control was

pre-perfused tissue treated with diluent only. “+” ve control was pre-perfused tissue which

had been treated with DNAse. Images at x40 magnification were taken on an Olympus IX71

inverted fluorescence microscope using CellSens software 1.18.

Percentage cell viability determined from n=1 of sample D14 did show a small drop in cell
viability between pre- and post-perfusion, consistent with the cleaved PARP expression data
(Figure 3.10). It did not, however, decrease as much as anticipated and the pre-perfused tissue
would not be expected to have remained entirely viable. This would be due to the tissue stress,
mentioned previously, which would mean that some of the tissue at least would die between
transport from the hospital to the lab, as well as the biological aspects of the tumour in itself,
whereby it would be expected to have areas of cell death. The negative and positive controls
worked well for the first TUNEL assay of this sample (Figure 3.12). No data analysis was
performed on this data due to there being only one technical, or biological repeat available.
More data would be required to ascertain whether this data is supportive of cleaved PARP

expression pre- vs post-perfusion.

Annexin V was a second apoptotic marker that was employed to determine the level of cell
death in GBM pre- vs post-perfused tissue. Immunohistochemistry was performed on the same
pre- and 8-day post-perfused tissue samples as cleaved PARP, with the exception of D14
(Figure 3.13) (Appendix 5). The annexin V data indicated the same result as the cleaved PARP
data, with a paired t-test showing no significant changes in apoptosis with time in the perfusion

device (Figure 3.10).
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Figure 3.13.: Immunohistochemistry of Annexin V expression in GBM in pre- and 8-day

(n=10) post-perfused control (DMSO) tissue, with representative images.

Samples used for this analysis were D3-D7, D8a and D9-D12. Immunohistochemistry of GBM
tissue pre- and post-perfusion with the apoptotic marker, Annexin V, normalised to post-
perfusion values. Analysis was performed in R 4.1.2., using the paired t.test function for
comparison of medians (t = -0.064, df = 13.76, p = 0.95). Mean annexin V expression (red
diamonds) pre-perfusion was 0.99 £ 0.58 and 8-day post-perfused control was 1 + 0.39.

Dashed lines indicate paired patient samples. In the representative images, haematoxylin
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stains cell nuclei blue, whilst 2°2’-diaminobenzidine (DAB) stains cleaved PARP expressing
cells brown. Images at x40 magnification were taken on an Olympus IX71 inverted

fluorescence microscope using CellSens software 1.18.

3.3.3.5. Effluent cytokine levels remain stable over 8 days of perfusion

Patient samples used for cytokine analysis were: D7, D9-12, D14, D20-21, D24, D29-31.
Proteome profiler kits (Roche) were used to determine the expression profiles of 105 cytokines
and chemokines, released into the effluent of the microfluidics chips, from the GBM micro-
biopsy tissue. Cytokine released in the effluent from DMSO control-treated GBM chips of the
initial six samples, which was published in Barry ef al.. (2023), was monitored over three time

points of 48 hours, 96-hours, and 192-hours (Figure 3.14).
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Figure 3.14.: Cytokine expression in effluent from GBM micro-biopsies treated with DMSO
at 48-, 96- and 192-hours post-perfusion (n=6).

Cytokine expression in combined duplicate effluents of control samples D7, D9- D12 and D14

(n = 6) after 48, 96 and 192 hours in the perfusion device in arbitrary units (AU). Individual

points represent each cytokine. Colours represent individual patient samples. Kruskal-Wallis

test performedin R 4.1.2 (X2 = 0.13, df = 2, p-value = 0.94). Published in Barryet al. (2023).

Over all six samples and three time points used for this analysis, 63 of 105 cytokines, on
average, were consistently detected and quantified in the DMSO-control effluents. No
statistically significant changes in cytokine secretion profiles over time were found and this
therefore supports the previous data that GBM tissues were maintained in a viable condition in
the perfusion device (Figure 3.14). Exploratory analysis of the 12-day cytokine release data

was also performed and analysed separately (Figure 3.15).
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Figure 3.15.: PCA of covariate effects on all cytokines in PC2 and PC3 planes

Central shape indicates centroids with 95% confidence intervals with shaded polygons

displaying maximum dispersion. Scattered shapes indicate individual data points.

This found that the cytokine profile at the 288-hour time point varied significantly from the
previous time points, suggesting that cytokine profile is maintained up to 96 hours (48h vs

288h, F=2.26, df=1, p=0.030; 96h vs 288h, F=2.21, df=1, p=0.042), changes at 192 hours (192h
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vs 288h, F=3.62, df=1, p=0.0049) and changes further which could not be explained by the
dispersion of the data, at 288 hours (F=0.50, p=0.69).

The most abundant and frequently expressed cytokines over all samples and across all time
points were IL8, Serpin El1, Osteopontin, C3L1, VEGF, MMP-9, macrophage migration
inhibitory factor (MIF), monocyte chemoattractant protein-1 (MCP1), insulin-like growth
factor binding protein-2 (IGFBP-2) and extracellular matrix metalloproteinase inducer

(EMMPRIN).

3.3.4. GSK3368715 causes apoptosis in GBM ex vivo

To determine whether GSK3368715 causes apoptosis in GBM patient samples in the fluidics
system, media was treated with either 1uM GSK3368715, or DMSO-control. Following the
microfluidics protocol, syringes containing fresh media and PRMT inhibitor were changed
after 96 hours. At least two chips per sample, per treatment were treated with either DMSO or
GSK3368715 to account for intra-tumour heterogeneity and for technical replicates. GBM
tissue was then removed from the chip after 8-days and fresh frozen in OCT, indirectly via
methylbutane, pre-chilled in liquid nitrogen. Tissue was sliced into 8 pm thick sections using
a cryostat onto poly-L-lysine-coated slides and stained using an antibody against cleaved PARP
using IHC. An index value of positive, cleaved PARP expressing cells and total cells was
collated for each image and this value divided by the average DMSO-control index for each of
the eleven patients to give a delta value which showed cleaved PARP expression index, relative
to the post-chip control (Figure 3.16). The 12-day post-perfused samples and pre-chip
counterparts were FFPE (Figure 3.17).
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Figure 3.16.: Analysis of cleaved PARP IHC in GBM treated with 1 uM GSK3368715, vs

DMSO control at 8-days post-perfusion (n=10), with representative images [inset: apoptotic

bodies].

Immunohistochemistry of GBM tissue pre- and post-perfusion with the apoptotic marker,
cleaved PARP, normalised to post-perfusion values. Analysis was performed using R 4.1.2.,
using the paired Student’s t test (t = —4.52, df = 9, p = 0.001). Mean cleaved PARP expression
(red diamonds) of the DMSO control was 1 = 0.61; 8-day treatment with 1uM GSK3368715
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was 2.17 £ 1.10. Dashed lines indicate paired patient samples. In the representative images,
haematoxylin stains cell nuclei blue, whilst 2’2 -diaminobenzidine (DAB) stains cleaved PARP
expressing cells brown. There is a noticeable increase in DAB-positive, cleaved PARP
expressing cells in the GSK3368715-treated cells. H&E staining shows 8-day post-perfused
1uM-GSK3368715-treated tissue, with the inset highlighting apoptotic bodies. Images at x40
magnification were taken on an Olympus IX71 inverted fluorescence microscope using

CellSens software 1.18.

Immunohistochemistry of cleaved PARP in 8-day post-perfused tissue treated with the 1uM
GSK3368715 indicated an overall significant increase in cleaved PARP expression and
therefore apoptosis, over the DMSO control (Figure 3.16) (Appendix 4). The 8-day post-
perfused tissue increased 2.17-fold over the DMSO control. This 8-day perfusion tissue was
published in Lab on a chip in 2023 (Barry et al. 2023). The representative images also depict
paired samples of the tissue which were stained for cleaved PARP, post-perfusion (Figure
3.16). The 8-day PRMT inhibitor-treated tissue appears to have much more brown positive
staining, and therefore cleaved PARP positive, staining than the DMSO control. The H&E
image of 8-day post-perfused 1uM GSK3368715 also highlight a region of pyknosis and
karyorrhexis in the tissue, whereby DNA can be seen to have condensed into apoptotic bodies

(Figure 3.16), supporting this data.

As with the pre-perfused vs 8-day post-perfused DMSO control, IHC with annexin V was
utilised to confirm the findings of the cleaved PARP data in 8-day perfused tissue samples. The
same samples were used as for the cleaved PARP expression analysis, with the exception of

D14 (Figure 3.17) (Appendix 5).
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Figure 3.17.: Immunohistochemistry of Annexin V expression in GBM in 8-day post-perfused
control (DMSO) tissue and paired 1uM GSK3368715-treated tissue (n=9) with representative

images.

Immunohistochemistry of GBM tissue treated with the DMSO control and 1uM GSK3368715
with the apoptotic marker, Annexin V, normalised to post-perfusion values. Analysis was

performed using R 4.1.2., using the paired t.test function for comparison of medians (t = -0.41,
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df = 14.42, p = 0.69). Mean annexin V expression (red diamonds) pre-perfusion was 1 = 0.39
and 8-day post-perfused control was 1.09 £ 0.53. Dashed lines indicate paired patient samples.
In the representative images, haematoxylin stains cell nuclei blue, whilst 2°2°-
diaminobenzidine (DAB) stains cleaved PARP expressing cells brown. Images at x40

magnification were taken on an Olympus IX71 inverted fluorescence microscope using

CellSens software 1.18.

No significant changes in annexin V expression were seen between the DMSO control and the
GSK3368715-treated tissues, as well as very little mean increase in annexin V overall.
Although six of the nine samples did show a marginal increase in apoptosis in the treated
tissues, there was only a 9% increase in the mean. Annexin V was a difficult antibody from

which to quantify staining, which could be reflected in the data shown (Figure 3.17).

TUNEL assays were also performed for n=1 on the 8-day post-perfused DMSO control and
IuM GSK3368715-treated tissues of D14 (Figures 3.18). Percentage cell viability was
calculated as mentioned previously. No data analysis was performed on this data due to there

being only one technical, or biological repeat available.
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Figure 3.18.: Percentage tissue viability of TUNEL assay images of D14 (n=1) 8-days post-
perfusion, DMSO-control and 10uM TMZ and 1uM GSK3368715 + 10uM TMZ-treated, with

1pM GSK3368715

representative images
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TUNEL assay of GBM tissues from sample D14, 8-day post-perfused DMSO control (93.6%)
and treated with 10uM TMZ (63.0%) and 1uM GSK3368715 + 10uM TMZ (69.7%).
Percentage tissue viability calculated through ratio of positive fluorescein labelled cells vs
total number of DAPI stained cells. Images at x40 magnification were taken on an Olympus

IX71 inverted fluorescence microscope using CellSens software 1.18.

Percentage cell viability determined from n=1 of sample D14 indicated a possible drop in cell
viability in GSK3368715-treated tissues (Figure 3.18) and the negative and positive controls
worked well for the first TUNEL assay of this sample (Figure 3.12). More data would be
required to ascertain whether this data is supportive of cleaved PARP expression and increased
apoptosis in GSK3368715-treated GBM tissue, although the preliminary data is potentially
positive. Subsequent samples were not able to produce clear images due to technical issues and
the assay then began to produce inconsistent results. Several techniques were tried to rectify
the issue, including trying with fresh vs FFPE tissue, making fresh reagents, and trying different
positive controls, such as UV exposure. TUNEL assays therefore remained as preliminary data

and alternative avenues of data support were explored.
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Figure 3.19.: Analysis of IHC in GBM treated with 1 uM GSK3368715, vs DMSO control at

12-days post-perfusion (n=>5), with representative images [inset: apoptotic bodies].

Immunohistochemistry of GBM tissue pre- and post-perfusion with the apoptotic marker,
cleaved PARP, normalised to post-perfusion values. Analysis was performed using R 4.1.2.,
using the paired Student’s t test for comparison of medians (t = -1.19, df = 7.56, p-value =
0.27). Mean cleaved PARP expression (red diamonds) of the DMSO control was 1 + 0.48 and
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12-day treatment with 1uM GSK3368715 was 1.10+0.41. Dashed lines indicate paired patient
samples. In the representative images, haematoxylin stains cell nuclei blue, whilst 2°2 -
diaminobenzidine (DAB) stains cleaved PARP expressing cells brown. Images at x40

magnification were taken on an Olympus IX71 inverted fluorescence microscope using

CellSens software 1.18.

Immunohistochemistry of cleaved PARP in 12-day post-perfused tissue treated with the 1pM
GSK3368715 indicated no significant increase in cleaved PARP expression and therefore
apoptosis, over the DMSO control (Figure 3.19) (Appendix 6). This could potentially be down
to the lack of samples, or the quality of the tissue. The representative images support this and

show no increase in DAB staining (Figure 3.19).

3.3.5. GSK3368715 shows no synergy with other PRMT inhibitors, or TMZ

Several chips were set up with 1uM GSK3368715 in combination with other drugs, including:
1uM type I PRMT inhibitor Furamidine, 1uM type II PRMT inhibitor GSK591, both PRMT
inhibitors, or 10 uM TMZ. It is imperative that any potential novel therapies are tested in
conjunction with TMZ, as the current gold standard therapy, and not just as a benchmark to
measure drug success. It is likely that any therapy will be utilised alongside TMZ, or as a
second line treatment. This is to ensure that novel therapies do not have any detrimental effects
on the therapeutic effect of TMZ and vice versa which may cause harm to the patient during
clinical trials and eventual treatment. During the 8-12 days in the perfusion device, effluent

was collected from each chip and a LDH assay performed (Figure 3.20).
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Figure 3.20.: Lactate dehydrogenase (LDH) assavs of GBM tissue effluent treated with 1uM
GSK3368715 in combination with luM type I PRMT inhibitor Furamidine, 1uM type Il
inhibitor GSK591 and 10uM temozolomide (TMZ), as well as 10uM TMZ alone.

Lactate dehyvdrogenase (LDH) activity was measured in the effluent, collected every 24 hours
over 8 (n=2, D3 and D37) and 12 days (n=5, D21, D24, D31, D35 and D36), via absorbance

at 490 nm (A*""™) D3, D37, see Table 4.1) for all treatments. Fluctuations correlated with

syringe refilling with medium at day 4. GLM was performed using R 4.2.0 which indicated no

significant changes in LDH expression between treatments at individual timepoints. Error bars

indicate standard deviation.

As expected, all biopsies begin to release high levels of LDH, between 0.052+0.001 and
0.064+0.023, in the first 48 hours of being paced into the perfusion device, seen previously
(Figure 3.5 and Figure 3.6). This then decreases to between 0.029+0.015 and 0.007+0.00 at 72
hours, with fluctuations in most of the chips, corresponding with the medium change at day 4,
which then generally returns back to baseline for the remainder of the time on chip. Treatment
with 1TuM GSK3368715 + 1uM Furamidine, however, appears to increase at 120 hours to
0.033+0.016, with the syringe change and then decreases to around 0.026+0.00 after 168 hours,
which is a higher level than the initial baseline of 0.0008+0.00 at 96 hours (Figure 3.20). This
could indicate that the combination of these drugs is inducing cellular stress and therefore the

tissues are releasing LDH.
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After 8 days on-chip, the treated tissues were removed and fresh frozen in OCT, before being
sliced using a cryostat and stained immunohistochemically stained for cleaved PARP, to
determine levels of apoptosis between the post-chip DMSO control and GSK3368715-treated
GBM. Cells in each image, taken over a large number of images which aimed to capture the
broader spectrum of cleaved PARP expression over the entire geography of the GBM tissue,
were counted and a cleaved PARP index determined, which was then divided by the average

post-chip control data across several GBM patient samples (Figure 3.21).
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Figure 3.21.: Immunohistochemistry analysis of cleaved PARP in GBM tissues treated with
luM GSK3368715 in combination with 1uM type I PRMT inhibitor Furamidine, 1uM type Il
inhibitor GSK591 and 10uM  temozolomide (TMZ), as well as 10uM TMZ alone, with

representative images.

Immunohistochemistry of GBM tissue 8-days post-perfusion treated with the DMSO control (1
+ 0.61), 10uM TMZ (1.60 +1.58 ), 1uM GSK3368715 + 1uM TMZ (2.09 +0.82 ), 1uM
GSK3368715 + 1uM Furamidine (1.67 £0.64), 1uM GSK3368715 + 1uM GSK591 (1.65+0.77
) and 1uM GSK3368715 + 1uM Furamidine + 1uM GSK591 ( 1.68+0.38 ) with the apoptotic
marker, cleaved PARP, normalised to post-perfusion DMSO values. Analysis was performed
using R 4.1.2., using Kruskal-Wallis test (X° = -0.41, df = 14,42, p = 0.69). Mean cleaved
PARP expression (red diamonds) shown in brackets. Dashed lines indicate paired patient
samples. In the representative images, haematoxylin stains cell nuclei blue, whilst 2°2-
diaminobenzidine (DAB) stains cleaved PARP expressing cells brown. Images at x40

magnification were taken on an Olympus IX71 inverted fluorescence microscope using

CellSens software 1.18.

Despite the statistical threshold of p<0.05 not being met when investigating the synergy
between GSK3368715, TMZ and other PRMT inhibitors Furamidine and GSKS591, it is
tempting to suggest that there was an apparent increase in apoptosis in treated samples.
GSK3368715 appears to increase cell death when in combination with TMZ, as well as other
PRMT inhibitors (Figure 3.21). Overall, despite the visual increase in cleaved PARP

expression from the DMSO control, there appeared to be no significant increase in apoptosis.

TUNEL assays were also performed for n=1 on the 8-day post-perfused DMSO control and
10uM TMZ and 1uM GSK3368715 + 10uM TMZ-treated tissues of D14 (Figures 3.22).
Percentage cell viability was calculated as mentioned previously and indicated some decrease

in cell viability.
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Figure 3.22.: Percentage tissue viability of TUNEL assay images of D14 (n=1) 8-days post-
perfusion, DMSO-control and 10uM TMZ and 1uM GSK3368715 + 10uM TMZ-treated, with

representative images

TUNEL assay of GBM tissues from sample D14, 8-day post-perfused DMSO control (93.6%)
and treated with 10uM TMZ (63.0%) and 1uM GSK3368715 + 10uM TMZ (69.7%).

Percentage tissue viability calculated through ratio of positive fluorescein labelled cells vs
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total number of DAPI stained cells. Images at x40 magnification were taken on an Olympus

IX71 inverted fluorescence microscope using CellSens software 1.18.

No data analysis was performed on this data due to there being only one technical, or biological
repeat available. Due to the lack of significant changes in LDH expression (Figure 3.20),
cleaved PARP (Figure 3.21) expression and limited TUNEL assay data (Figure 3.22), no
synergy between GSK3368715 and any combination of PRMT inhibitors, or TMZ.

An observation made throughout the process of IHC for cleaved PARP and annexin V was the
clustering of apoptotic cells throughout pre-perfused and post-perfused DMSO control tissue
(Figure 3.23). Although the was also some clustered apoptotic cells in treated tissue, these cells

appeared to be more dispersed throughout the tissue.
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Figure 3.23.: Representative images showing clustering of apoptotic markers in GBM

Images of sample D14 indicating clustering of cleaved PARP and annexin V apoptotic markers
(indicated by red squares) in pre- and post-perfused DMSO control tissue. 10uM TMZ, 1uM
GSK3368715 and 1uM GSK3368715 + 10uM TMZ-treated tissues show more dispersal of
apoptosis. Haematoxylin stains cell nuclei blue, whilst 2’2 -diaminobenzidine (DAB) stains
cleaved PARP expressing cells brown. Images at x40 magnification were taken on an Olympus

1X71 inverted fluorescence microscope using CellSens software 1.18.

3.3.6. Clinical Impact of GSK3368715 treatment on GBM on chip

Eighteen patient biopsies were utilised in this chapter for various experiments, of which 5
survived until the end of data collection. Of the eighteen patients, fifteen had confirmed
primary GBM and four had recurrence (including patient D8, from whom we received both
biopsies), with IDH wildtype. GBM occurred on the right side of the brain in eleven patients
and the left in 6. GBM also appeared across four main lobes of the brain: one sixth of patients
had GBM in the parietal lobe, 22.2% frontal, one third temporal and one ninth in each the
occipital, parieto-occipital and parieto-temporal lobes. Twelve patients were tested and found
negative for 1p/19q codeletion; nine tested positive for MGMT promoter methylation, 8 were
negative and 1 was equivocal. All patients that were tested for EGFR amplification, ATRX and
BRAF mutation were found to be wildtype. Four out of seven tested patients had TERT
promoter mutation and 44.4% of patients were noted to have necrosis within the GBM tissue.
CDKN2A mutation appeared in two thirds of tested patients, TP53 mutation in the one patient
tested and PTEN mutation in one of the two patients tested (Table 3.1).
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Table 3.1.: Clinical Data

Patient |Sex |Age |Primary vs Recurrent |Location IDH |1p/19Q |MGMT |EGFR |TERT |ATRX |Necrosis |[BRAF |CDKN2A |TP532 |PTEN |Surgery-Death (days)
D2 M 46|Recurrent right parietal - - + - + 199
D3 M 67|Primary left parietal + 833
D4 M 58|Primary left parieto-occipital + + - - 16|
D5 F 70|Primary left temporal + 450|
D6 F 57|Primary left frontal + Alive

D7 M 56|Primary right temporal - - - + + + + 572
D3a M 65| Primary left temporal - - = +H 683
D3 M 75|Primary left parietal + 120
D10 M 67|Recurrent parieto-temporal - - ++ 78
D11 F 50|Primary right parieto-temporal R (cel) - |- + + Alive

D12 M 71|Primary right frontal - - + 133
D14 M 72|Recurrent right parieto-occipital |- - + 234
D21 F 73|Primary right occipital - + - A4
D24 M 67|Primary right occipital - - + - - - + Alive

D31 M 76|Primary right frontal - + - Alive

D3b M 67|Recurrent left temporal - + 263
D35 M 63|Primary right temporal - + - 63
D36 M 69| Primary right temporal - - - Alive

D37 M 74|Primary right frontal - - - 245

General linear modelling of this data was undertaken to understand whether any interactions
between the clinical aspects of the data affected the variation on both LDH release and
apoptotic marker expression data. The variables explored were: treatment, time on chip, sex,
age, primary vs recurrent, tumour location, MGMT promoter methylation status, TERT
mutation and CDKN2A and PTEN prevalence. In the case of LDH analysis, treatment2 was
added, as a component of treatment and time. CDKN2A and PTEN were incorporated within
the same covariate as their presence coincided with one another in the patient samples tested.
GLMs without interactions were fitted to identify the best model, using the ‘glmulti’ package
in R. Akaike criterion (AICc) weighting was assessed to determine which variables were the
most important contributing factors to variation in LDH release, cleaved PARP and Annexin

V expression.

Through a search of models which may explain the variation in LDH, the top twelve were
within 2 AICc of the top model of -1596.668, which accounted for 6.03% of the variation. The
most frequently occurring model-averaged importance of terms included treatment2, location
and time. The final model therefore included these three terms. The coefficients suggested that
significant differences were identified in the following components of the treatment2 covariate:
DMSO at 48h (coeff. est. £SE: -0.031+0.012, t=-2.57, p=0.012%*), 72h (coeft. est. £SE: -0.024+
0.0094 t=-2.568 p=0.011), 192h (coeff. est. £SE: 0.028+ 0.012 t=2.32 p=0.021), 216h (coeft.
est. £SE: 0.035+ 0.015 t=2.32 p=0.021%*), 240h (coeff. est. £SE: 0.044+0.018 t=2.414
p=0.017), 264h (coeff. est. +SE: 0.054+ 0.021 t=2.53 p=0.012), 288h (coeff. est. £SE:
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0.066+0.024 t=2.70 p=0.0077); 1uM GSK33687125 at 72h (coeff. est. +SE: -0.029+ 0.012
t=-2.43 p=0.016 *), 96h (coeff. est. £SE: -0.021 + 0.0094 t=-2.25 p=0.026 *), 240h (coeff.
est.£SE: 0.023+£0.011 t=2.18 p=0.031 *), 264h (coeff. est.+SE: 0.029+0.012 t=2.36 p=0.019%)
and 288h (coeff. est. +SE: 0.032+0.013 t=2.40 p=0.017 *); 1uM GSK33687125 + 1uM
GSK591 at 24h (coeff. est. £SE: 0.034+ 0.017 t=2.08 p=0.039 *), 120h (coeff. est. £SE: -
0.041 £0.019 t=2.14 p=0.034 *), 144h (coeff. est.+SE: 0.054+0.022 t=2.48 p=0.014 *), 168h
(coeff. est.=SE: 0.051£0.022 t=2.28 p=0.026*) and 192h (coeff. est. =SE: 0.053+0.024 t=2.25
p=0.026 *); 1uM GSK33687125 + 1uM Furamidine at 24h (coeff. est.£SE: 0.072+0.025 t=2.82
p=0.0053*%*), 48h (coeff. est.=SE: 0.062+ 0.025 t=2.44 p=0.016 *) and 96h (coeff. est.+SE: -
0.037+ 0.016 t=-2.24 p=0.026 *); 1uM GSK33687125 + 1uM Furamidine + 1uM GSKS591 at
24h (coeff. est.+SE:-0.032+0.011 t=-2.92 p=0.0039 **); 1uM GSK3368712 + 10uM TMZ
(coeff. est.£SE:-0.022+0.0097 t=-2.22 p=0.027%*) (coeftf. est.+SE:0.028+0.012 t=2.33 p=0.021
*) (coeft. est.+SE:0.037+0.015 t=2.47 p=0.014%*) (coeff. est.+SE:.042+0.018 t=2.43 p=0.016%*)
(coeff. est.£SE:0.055+0.021 t=2.58 p=0.011%*) (coeff. est.£SE:0.067+0.024 t=2.74 p=0.0067
**) and 10uM TMZ at 120h (coeff. est.+SE:0.022+0.0096 t=2.25 p=0.025*). The location
covariate also indicated coefficient significance in the right occipital lobe (coeff.
est.£SE:0.022+0.0035 t=6.26 p=2.47x107**%*), indicating an increase in LDH above the mean.
The significant intercept coefficient (coeff. est. £SE: 0.075+0.017, t=4.30, p=2.76x107%)

indicates that there features of the tissue that cannot be explained by this model.

Finally, the estimated marginal means were calculated, using the emmeans() package. This was
performed as a post-hoc analysis of the GLM, with Tukey pairwise correction, to understand
further the relationships between each of the levels, within the variables (Figures 3.24, Figure
3.25 and Figure 3.26). Upon further exploration of the LDH expression data, no significant
differences were found between treatment at paired timepoints. Time was only shown to be
significant between 24 hours and all other time points: 48h (emmeans+SE: 3.41x102+0.0043
df=254, t=7.96, p=<.0001*%), 72h (emmeans+SE: 3.81x102+8.44, df=254, t=8.45,
p=<.0001%), 96h (emmeans+SE: 3.71x102+0.0045, df=254, t=8.22, p=<.0001%*), 120h
(emmeans+SE: -3.26e-02+0.00428 df=254, t=-7.614 p=<.0001%), 144h (emmeans+SE: -
3.70x102£0.0043 df=254, t=-8.65 p=<.0001*), 168h (emmeans+SE: -3.82x10+0.0043
df=254, t=-8.92, p=<.0001%), 192h (emmeans+SE: 3.76x102+ df=254, t=-8.79, p=<.0001%),
216h (emmeans£SE: -3.75x102+0.0051 df=254, t=-739, p=<.0001%), 240h (emmeans+SE:
3.91x102+£0.0051 df=254, t=7.72, p=<.0001%*), 264h (emmeans+SE: 3.85x1072+0.0051
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df=254, t=7.60, p=<.0001*) and 288h (emmeans+SE: 3.73x102+0.0051 df=254, t=7.37,
p=<.0001%*). This supports the explanation that LDH expression is increased upon first entry
of the tissue into the chip and from then it decreases to insignificant levels throughout the

remainder of the time in the perfusion device.
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Figure 3.24.: Emmeans comparisons of LDH release in 8-day and 12-day GBM, with tumour

location.

Six patient GBM samples, 8- and 12-days post-perfusion found in 4 different locations within
the brain had emmeans compared, according to location of the tumour in the brain. Left
Parietal (LP) (0.027+0.0021); right frontal (RF) (0.025+£0.0020); right occipital (RO)
(0.048+0.0019); right temporal (RT) (0.020+£0.0018). Averaged over treatment2 levels.
Emmeans indicated by black dots. Blue bars indicate standard error (SE). Statistical analysis

was performed using ANOVA in R 4.3.1.

Further exploration of the location covariate emmeans showed significant positive shifts in the
contrast means of the right occipital (RO) lobe and right temporal (RT) lobes (emmeans+SE:
0.028+0.0019 df=195, t=14.76, p=<.0001%*), suggesting that more LDH is released in tissues
taken from the RO, than the RT. The right frontal (RF) and RO lobes also show a significant
emmeans contrast shift (emmeans+SE: -0.023+0.0020 df=195, t=-11.31, p=<.0001%*), whereby
RO has a higher LDH release over time, indicating more cellular stress in these tissues. Overall,

RO tissues show the most cellular stress over time.

In an exhaustive search of the models to explain cleaved PARP expression variation, six models
were within 2 AICc from the top model, with the top model displaying an AICc of 115.79 and
explaining ~19% of the variation, with contributions from treatment and location in the first
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model and age, time, primary vs recurrent and CDKN2A PTEN exploratory variables in
subsequent models. Plotting the most frequently occurring model-averaged importance of
terms indicated that treatment and location appeared far more frequently than any of the other

covariates in the top models and therefore, these were taken forward in the final GLM.

The coefficient for the intercept showed significant positive regression (coeff. est. =SE:
0.85+0.29, t=2.98, p=0.0051%*). This may indicate that there are factors contributing to
variation in apoptotic marker expression, which are not fully explained by the location of the
tumour, or the treatment applied to the GBM biopsies in the perfusion device. These underlying
components could be individual patients’ genetics and epigenetics, particularly those which
were not histologically explored and recorded in clinical records. There is significant positive
regression of apoptotic marker expression in GBM tissues in the treatment predictor variable:
1uM GSK3368715 (coeff. est.: 1.01£0.19, t=5.29, p=5.42x100****): |uM GSK3368715 +
1uM GSK591 (coeff. est.: 0.76+0.32, t=2.35, p=0.024*); 1uM GSK3368715 + 1uM GSKS591
+ 1uM Furamidine (coeff. est.: 0.78+0.32, t=2.42, p=0.020); 1uM GSK3368715 + 1uM
Furamidine (coeff. est.: 0.78+0.32, t=2.42, p=0.021); 1uM GSK3368715 + 10uM TMZ (coeft.
est.: 0.824+0.26, t=3.10, p=0.0036). There is also positive significant regression in the location
covariate, including: left parieto-occipital (coeff. est.: 0.69+0.33, t=2.09, p=0.043%*); right
parieto-occipital (coeff. est.: 1.67+£0.39, t=4.32, p=0.00012***) and right parieto-temporal
(coeff. est.: 2.08+0.39, t=5.39, p=3.92x10°%).
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Figure 3.25.: Emmeans comparisons of cleaved PARP expression in 8-day and 12-day GBM,

with tumour location.

Fifteen patient GBM samples, 8- and 12-days post-perfusion found in 10 different locations

within the brain had emmeans compared, according to location of the tumour in the brain
(RT= right temporal (1.38+0.21), RPT- right parieto-temporal (3.58+0.28), RPO= right
parieto-occipital (3.17%0.28), RO= right occipital (1.63+£0.29), RF=right frontal (1.02+0.24),
PT=parietal temporal (1.00+0.28), LT= left temporal (1.13+0.24), LPO= left parieto-occipital
(2.19+£0.24), LP = left parietal (1.31+0.18), LF= left frontal (1.50+0.24)). Averaged over
treatment levels: DMSO control, 1 uM GSK3368715, 10 uM TMZ, 1 uM GSK3368715 + 10
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UM TMZ, 1 uM GSK3368715 + 1 uM Furamidine and 1 uM GSK3368715 + I uM Furamidine
1 uM GSK591. Emmeans indicated by black dots. Blue bars indicate standard error (SE).
Significant positive correlations in LDH release were found between # RPT and RT (coeff. est.:
2.19+0.33, t=6.736, df=38, p<.0001****); RPO and RT (coeff. est.: 1.78+0.33, t=5.472,
df=38, p=0.0001****): RO and RPT (coeff- est.: -1.95+0.38, t=-5.07, df=38, p=0.0004**%*);
RO and RPO (coeff. est.: -1.54+0.38, t=-3.34, df=38, p=0.0095**); RF and RPT (coeff. est.: -
2.56+0.34, t=-7.50, df=38, p<0.0001****); RF and RPO (coeff. est.: -2.15%0.34, t=-6.30,
df=38, p<0.0001****); PT and RPT (coeff. est.: -2.5789+0.37 t=-6.94 df=38, p<.0001 ****);
PT and RPO (coeff. est.: -2.1676+0.37 t=-5.83 df=38, p<.0001****); LT and RPT (coeff. est.:
-2.44+0.39, t=-6.33, df=38, p<.0001****); LT and RPO (coeff- est.: -2.03+0.39, t=-5.27,
df=38, p=0.0002***); LPO and RPT (coeff. est.: -1.3854+0.39 t=-3.59 df=38, p=0.0280%*);
LPO and RF (coeff. est.: 1.171240.35 t=3.36 df=38, p=0.0499%*),; LP and RPT (coeff. est.: -
2.2638+0.33 t=-6.91 df=38, p<.0001****): LP and RPO (coeff. est.: -1.8525+0.33 t=-5.65
df=38, p=0.0001****): LF and RPT (coeff. est.: -2.0799+0.39 t=-5.39 df=38, p=0.0002**%*)
and LF and RPO (coeff- est.: -1.6685+0.39 t=-4.32 df=38, p=0.0038***). Statistical analysis
was performed using ANOVA in R 4.3.1.

Interestingly, there appeared to be a larger positive shift in the emmeans of cleaved PARP
expression in GBM which is resected from border areas of the brain, between two lobes, for
example parieto-occipital (PO) and parieto-temporal (PT) (Figure 3.23). When compared
directly with individual lobes from which tumours are resected, GBM which spans multiple
lobes, for example between the right parieto-temporal (RPT) and RT, there was a large and
significant positive emmeans shift, indicating higher cleaved PARP expression in GBM tissues
which were taken from multiple lobes. In particular, there are significant shifts in cleaved
PARP expression between left frontal (LF), LP, left parieto-occipital (LPO), left temporal (LT),
PT, RF, RO and RT, and RPT and right parieto-occipital (RPO), with the latter two displaying
higher cleaved PARP expression. There did not appear to be any significant correlation

between tumours resected from the right or left side of the brain.
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Figure 3.26.: Emmeans comparisons of cleaved PARP in 8-day and 12-day GBM, with

treatment.

Fifteen patient GBM samples, 8- and 12-days post-perfusion found in 10 different locations
within the brain had emmeans compared, according to treatment: DMSO control (1.15+0.14),
1 uM GSK3368715 (2.16+0.14), 10 uM TMZ (1.48+0.23), 1 uM GSK3368715 + 10 uM TMZ
(1.97+0.23), 1 uM GSK3368715 + 1 uM Furamidine (1.93+0.29), 1 uM GSK3368715 + 1 uM
Furamidine + 1 uM GSK591(1.93+0.29) and 1 uM GSK3368715 + 1 uM GSK591 (1.91+0.29).
Emmeans indicated by black dots. Blue bars indicate standard error (SE). Significant negative
correlations in apoptotic cleaved PARP expression were found between the DMSO control and
GSK3368715 (coeff- est.: -1.01£0.19 t=-5.29 df=38, p=0.0001**%*) and borderline statistical
significance between DMSO and GSK33687815 + TMZ (coeff. est.: -0.82+0.27 t=-3.10 df=38,
p=0.051.). Statistical analysis was performed using ANOVA in R 4.3.1.
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Significant negative correlations between the DMSO control and GSK3368715 support the
data shown in Figure 3.16, whereby GSK3368715 causes apoptosis in 8-day perfused GBM.
The negative correlation indicates the shift in emmeans from GSK3368715-treated GBM
cleaved PARP expression to the DMSO control. Interestingly, the correlation between the
DMSO control and combination treatment of GSK3368715 and TMZ also showed a borderline
p-value, whereby there is elevated cleaved PARP expression in combination treated GBM in
the perfusion device. The remaining treatment combinations also showed increased apoptosis,
compared to the DMSO control ((Figure 3.24), which is consistent with the results shown

previously.

Upon performance of GLM for apoptotic marker annexin V data, of the clinical features tested,
there did not appear to be any influence of these covariates on the apoptosis of GBM in the
perfusion device. The top three models were within 2 AICc, of which the top model did not
include any covariates and had an AICc of 27.38 and explained ~15% of the variance. The
subsequent two models included primary vs recurrence and MGMT promoter methylation
status as potential exploratory covariates. Plotting of these covariates did not indicate that they
should be included within the model and so the final model was run with no covariates. The
intercept coefficient was 1.04+0.10 (t=10.07, p=7.98x10****) which again highlighted
potential factors which were not available to be explored in this data, which may further explain

the variance of annexin V expression in this data.

3.3.7. Primary vs Recurrent — D8 case study

One of the initial aims of the study was to determine changes in treatment response to
GSK3368715 between primary diagnosis and recurrence. Whilst previous data indicated no
significant differences in the effect of GSK3368715 on primary vs recurrent tumours; using
paired samples would highlight any patient-specific changes and capture the more personalised
approach, integral to this study model. Due to the time limitations of this study and the relative
rarity of recurrent surgeries, I received only one paired primary and recurrent sample, which
were received 420 days apart. It was therefore decided to outline a small case study based on

these samples.
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Figure 3.27.: Immunohistochemistry of cleaved PARP expression in ) D8a (primary
tumour) and D8b (recurrent tumour) in 8-day post-perfused control (DMSO) and paired
1uM GSK3368715, 10 uM TMZ and combination-treated tissue, with representative images.

Immunohistochemistry of GBM tissue treated with the DMSO control and 1uM GSK33687135,
10 uM TMZ and combination, with the apoptotic marker, cleaved PARP, normalised to post-
perfusion DMSO control values. Analysis was performed using R 4.1.2., using the paired
Kruskal.test function (X>= 10.98, df = 8, p = 0.20). Mean cleaved PARP expression (red
diamonds): primary; pre-perfusion 0.9 (n=1), DMSO control 1 £0.15 (n=2), 10uM TMZ 3.68
(m=1), luM GSK3368715 + 10uM TMZ 6.38 + 3.32 (n=2), recurrent; pre-perfusion 1 (n=1),
DMSO control 1 + 0.39 (n=2), 1uM GSK3368715 1.48, 10uM TMZ 1.13 (n=1), 1uM
GSK3368715 + 10uM TMZ 1.38 +0.023 (n=2). N number refers to the number of chips treated

per condition. Dashed lines indicate paired patient samples.

In the primary sample, the micro-biopsies for both of the GSK3368715-treated chips were too
loose and the remaining solid tissue was too small to mount onto slides and then undergo the
IHC process. Despite the fact that grouped samples did not show significant changes in
apoptosis with treatments other than GSK3368715, over three distinct locations of D8a, TMZ
alone indicated an increase in apoptosis over 8 days in the perfusion device and this was

elevated in combination with GSK3368715 (Figure 3.25).

3.3.8. Clinical impact of GSK3368715 on cytokine release over time

Through the use of Proteome Profiler ® (Roche), 105 cytokines were analysed in effluents
from GBM, treated with 1 uM GSK3368715 + 10 uM TMZ for 8 days, over the DMSO control
at 48, 96 and 192 hours, by M.D. student Amr Moursi. Statistical analysis was performed by
Lauric Feugere, PhD using R.

Due to the number of variables and covariates within the data, a multivariate analysis was
performed. No significant difference in dispersion patterns between different groups was found
within the variable of time, treatment, or with their interaction. The sample size of 78, after
normalisation and outlier screening, was smaller than the number of cytokines 105 and the data

showed multicollinearity between most cytokines. This indicated that any significant
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Permutation Analysis of Variance (PERMANOVA) testing showed differences in cytokine
profiles, rather than cytokine expression (Figure 3.26). The best fit model was chosen through
AlCec, using the treatment variable as the main factor of interest. AICc showed that an additive
effect of treatment + time + gender + age was the most parsimonious model, with the lowest
AAICc value (<2) and fewest explanatory variables. The model which incorporated all
covariates (gender, age, recurrence, MGMT status and lethality, defined as survival at 6 months
post-surgery) could not, however, be excluded from good fit models, due to p<0.05 for
recurrence and MGMT promoter methylation status. Age was binarised into patients aged >60
years and <60 years. This model indicated that time (F = 1.91, p = 0.0288), gender (F = 3.32,
p =0.0050), and age (F =4.21, p=0.0021) had a significant effect on expression of cytokines,
across all conditions, whilst no statistically significant effect of treatment (F = 1.28, p=0.1977)

was found.

The most frequent and abundant cytokines, found consistently throughout the effluents of all
11 patient samples and three timepoints were: C3L1, IL8, osteopontin, chemokine ligand 2
(CCL2), serpin-E1, MMP9 and VEGF. These cytokines consistently make up the known GBM
inflammatory microenvironment throughout the literature. Principal component analysis of all
covariates was performed to visualise PERMANOVA effects and identify any changes to
cytokine levels, dependent upon factors such as time, age, gender, recurrence, MGMT status

and lethality (Figure 3.26).
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Figure 3.28.: PCAIl, 2 and 3 planes of cytokine data, displaying time and age variables,

MGMT status, recurrence, survival at 6 months and gender covariates

Large shapes show the centroids (= 95% confidence intervals). Small shapes show individual
data points. Ellipses show the 95% confidence intervals. Polygons show the maximal

dispersion between outermost points for each group.

The PCA plots indicate clear separation between PC1 and PC2 axes for the covariates which
were identified as being significant predictors of response in the PERMANOVA and less clear
separation in those which did not feature in the PERMANOVA, or PC3 axis. PCA data showed
some separation in centroid means in time at 48 (F =2.09, p = 0.0381) and 96 hours (F = 3.09,
p = 0.0117), compared to 192 hours, along the PC1 axis, with 192 hours showing a positive
shift. This suggested that the cytokine profile was maintained up to 96 hours but changed up to
and after 192 hours. Data for patients aged >60 years, MGMT negativity, recurrence and male
patients also showed a positive PC1 shift, with patients >60 years and those showing MGMT
negativity also showing a negative PC2 shift. Male patients and those >60 years indicated a

positive PC3 shift.

Univariate analysis was also performed to extrapolate any cytokines of interest, which may
change between the treated and control patient samples, whilst accounting for covariates of
Age, Gender, and Time (Figure 3.27). Univariate analysis fitted a linear model, comparing the
control and treated GBM data with covariate adjustment, identified from AICc model selection,
using Limma and then used Partial Least Square Discriminant Analysis (PLS-DA) to mitigate

PLS-DA tendency to overfit the data.
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Figure 3.29.: Volcano plot of significant cytokine profile shift due to GSK3368715+TMZ

combination treatment after univariate analysis of time, age and gender

Large shapes show the centroids (= 95% confidence intervals). Small shapes show individual
data points. Ellipses show the 95% confidence intervals. Polygons show the maximal

dispersion between outermost points for each group.

These identified 27 cytokines which discriminated between the treatments, of which 7 were
significant after Limma, fitting the linear model accounting for covariates of Time, Age and
Gender and which decreased to three cytokines after p-value adjustment form multiple testing
(Figure 3.27). These cytokines were Angiopoietin-2, Apolipoprotein-Al and brain-derived
neurotrophic factor (BDNF) and displayed a logFC of 0.24 (t=3.58, padj=0.039), 0.17 (t=3.50,
padj=0.039) and 0.21 (t=3.30, padj=0.049), respectively. Other significant cytokines, prior to
p-value adjustment for multiple testing, included: BAFF (logFC=0.17, t=2.75, p=0.012),
Angiogenin (logFC=0.14, t=2.46, p=0.016), and Adiponectin (logFC=0.07, t=2.00, p=0.049),
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all of which were upregulated. MMP-9 (logFC=-0.11, t=-2.06, p=0.042) was the only cytokine
which appeared to be downregulated with GSK3368715 and TMZ combined treatment.
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Figure 3.30.: PCA plot of the effects of treatment for all times for cytokines of interest

Large shapes show the centroids (= 95% confidence intervals). Small shapes show individual
data points. Ellipses show the 95% confidence intervals. Polygons show the maximal

dispersion between outermost points for each group.

Multivariate analysis of this data was based on AICc model selection which found treatment
(F = 8.47, p = 0.0002) and age (F = 2.96, p = 0.0267) best described the variance in the
expression of cytokines of interest, which were most influenced by treatment. The PCA plots

(Figure 3.28) indicate clear separation on the PC1 plane, but not between PC2 and PC3 planes.

Using this data to further explore the cytokines most commonly and abundantly released by
GBM in the perfusion device and the change in profiles affected by treatment, ELISA was
performed. Seven cytokines were chosen to take forward for ELISA, which included:
Angiopoietin-2, MMP9, serpin E1, C3L1, IL6, IL8, and VEGF. Model selection indicated that
all covariates should be included in the analysis and PERMANOVA suggested that treatment
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significantly influenced the expression of the cytokines taken forward for further investigation

by ELISA (F = 4.94, p = 0.0048).
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Figure 3.31.: PCA plot of treatment predictor and all covariates for cytokine expression

explored by ELISA

Large shapes show the centroids (= 95% confidence intervals). Small shapes show individual
data points. Ellipses show the 95% confidence intervals. Polygons show the maximal

dispersion between outermost points for each group.

Clear separation was seen for the PC3 plane of the treatment analysis. Pairwise PERMANOVA
analysis of the cytokine expression levels over time indicated a significant reduction: 48h vs
96h (F=9.43, df=1, p=0.0004); 48h vs 192h (F=24.89, df=1, p=0.0001); 48h vs 288h (F=38.26,
df=1, p=0.0001); 96h vs 192h (F=9.66, df=1, p=0.0001); 96h vs 288h (F=29.97, df=l,
p=0.0001) and 192h vs 288h (F=17.37, df=1, p=0.0001). This data suggests that, in the four
12-day samples, cytokine profiles were maintained up to 48 hours before changing between
96-, 192- and 288-hours. Variation was explained in both the PC1 and PC2 axes, with the
greatest cytokine profile variation seen after 288-hours in the PC1 axis, explaining most of the
variation in this variable. The covariates of age, gender, recurrence and MGMT also show the
greatest dispersal in the PC1 axis, with all but recurrence also showing clear separation on the

PC2 axis (Figure 3.29).

Univariate analysis of ELISA data confirmed that the same cytokines which appeared to be
most abundant and change with treatment in proteome profiler analysis were also abundant and
changed with treatment upon ELISA, with this positive correlation providing cross-method

validation.
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Figure 3.32.: Volcano plot of significant cytokine expression changes in ELISA due to
GSK3368715+TMZ combination treatment after univariate analysis, adjusted for all

covariates

Vascular endothelial growth factor (VEGF) (logFC=-0.08, t=-4.25, padj=0.0004); matrix
metalloproteinase 9 (MMP9) (logFC=-0.07, t=-43.32, padj=0.0046); Chitinase 3 like 1
(logFC=0.05, t=-2.97, padj=0.0088).

Accounting for all covariates and utilising multiple methods of comparison, such as student’s
t tests and Limma, ELISA results also indicated that MMP9 and VEGF secretion significantly
decreased upon combination treatment, relative to the control, whilst C3L1 increased (Figure

3.30).
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3.4. Discussion

This chapter has investigated the effects of GSK3368715 on cell viability in vitro in 2D and
3D cell culture, as well as in ex vivo GBM tissue, assessing the expediency of the novel
perfusion device in doing so. The data have found that GBM tissue can be maintained in the
perfusion device for up to 12 days, I pM GSK3368715 is sufficient to cause aDMA-sDMA
crosstalk in GBM tissue, supported by Samuel ef al. (2021) and the PRMT inhibitor can cause

significant increase in apoptosis after 8 days in the perfusion device.

Initial cell viability data in this chapter indicated that, although there was an upward trend in
proliferation in 2D and 3D U87-MG cultures, there was no significant change in cell viability
with treatment. These preliminary assays were performed in U87-MG cells, which are now
widely accepted to be highly divergent from their original source and not very reflective of true
GBM geno- and phenotypes (Poorna et al., 2021, Arthurs et al., 2020). Despite this, previous
work in this lab (Samuel ef al. 2018), has shown that PRMT inhibitors can reduce cell viability
in 2D and 3D and have been shown to induce various other effects on both cell lines and tissue.
aDMA inhibition with Type I PRMT inhibitors also causes the appearance of proteins with
sDMA. This confirms the results from previous work in this lab (Samuel et al., 2018)(Barry et
al. 2023), which described this unidirectional crosstalk between aDMA and sDMA as a
potential mechanism for chemotherapeutic resistance in GBM. There is also another band that
appears at 70 kDa upon Type I PRMT inhibition, when sDMA is blotted for. This is proposed
to be a protein of interest which undergoes methylation switching as a result of type | PRMT
inhibition (Barry et al. 2023). Due to the cell type used in the viability assays, the aDMA-
sDMA switch and the evidence from previous data, it was decided that 1uM GSK3368715

could be taken forward for further investigation in tissue ex vivo.

One of the main objectives set out in the project grant was to extend the time that GBM was
able to be maintained on the device from 8- to 12 days. The reasoning behind this was to
potentiate a prolonged exposure of the GBM tissue to treatment, for a more realistic, real-time
view ex vivo, of how a tumour may behave in vivo. Whilst there are several models of GBM,
including mouse models, which comprise the microenvironment, immune capabilities and
general tumourigenesis (Sharma et al., 2023, Majc et al, 2021), there are few which
recapitulate the unique aspect of GBM and the influence of an individual’s genetic and
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epigenetic makeup on the physiology of their tumour and its treatment (Xie ef al., 2023). The
microfluidics chip aims to anticipate treatment responses in tumours and allow more
personalised treatment of an individual, based upon the performance of the tumour in the

perfusion device (Liu et al., 2022, Maghsoudi, 2021).

The use of LDH assays was to determine cellular stress of the tissues in the perfusion device,
with the concept being that stressed cells would release LDH into the effluent (Vanderlinde,
1985). These results may not accurately predict cellular stress of the tissues, as there was no
apparent effect of treatment on the release of LDH and the results do not mirror the those
captured through IHC. LDH levels released throughout the time course of the perfusion device
were very low and at the sensitivity limits of the kit being used. Other studies into microfluidics
devices have utilised alternative cellular stress assays, alongside LDH assays, such
bromodeoxyuridine (BrdU), or propidium iodide (PI) uptake, which validated that tissue
remained alive on the chip (Riley ef al., 2019). The CytoTox-Glo assay has also been used to
evaluate cellular toxicity through protease levels in microfluidics effluents, finding similar
levels of protease across several time points on-chip (Collins et al., 2021). An improvement to
these assays would be to use a positive control, which would have to remain on the perfusion
device and be treated with DNase, or UV, which would induce cellular stress (Pronin et al.,
2017). The high starting point of cellular stress corresponds with removal of the tissue from
the original environment and transport to the lab, prior to be putting on chip. The subsequent
decrease to a low, steady level suggests that the amount of LDH released is proportional to the
levels of cellular stress. As there were fluctuations in the LDH release, consistent with syringe
changes and time off-chip, it was determined throughout the experiments that the assays were

a good indicator of relative cellular stress.

These experiments were also performed in addition to H&E, IHC for apoptotic markers and
cytokine assays in this study for robustness. These were also supported by previous work in
this lab, such as IHC for proliferative markers, which have been published (Samuel et al.
2021)(Barry et al. 2022). Histological analyses also suggested that there were some areas of
the GBM tissue, pre-perfusion, which contained necrotic and inviable cells. In this case, the
chips do not revitalise the tissue, but will incubate the dead tissue for the duration of time in

the perfusion device. This results in some pockets of the micro-biopsies being inviable which
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reduces the overall metabolic activity which can be quantified. This invariably creates
disparities between chips treated with the same drug, or between the slides of tissue slices that
are being probed for markers. This can be somewhat negated through an increase in number of
technical repeats performed, such as increasing the number of chips treated with the same drug,
or the number of slides being probed. Without time constraints on a project such as this, there
is scalable potential of the microfluidics device and downstream investigations. Some of the
main issues with this would be the availability of tissue material to put into the chips, both in
the initial biopsy received and the number of micro-biopsies that can be attained from it and in
the small size of the micro-biopsies, making the amount of data obtainable from one chip

relatively finite.

Chips were also loaded with tissue micro-biopsies at random, therefore ensuring that no favour
was given to particular treatments as to which drug was treating which micro-biopsy. In the
current situation in Hull, we receive tissue directly from the operating theatre, often before
histology has reported back to the surgeons and therefore, although guided visualisation and
practitioner expertise tries to ensure what we get is active tumour, it is not formally confirmed
what it is that it being put in the chip. It is not until up to several weeks later that molecular
biomarkers confirm whether the tissue is GBM and at that point, we remain unaware of the
exact cellular makeup of the samples we are given. Another suggestion for improving this
further would be the establishment of a tissue bank, which would encourage the collaboration
between the lab, surgeons and neuropathologists, who would ensure the tissue received and put
on chip was from the infiltrating edge and active tumour, rather than the necrotic core, or

surrounding areas of normal brain, which are inevitably taken during resection.

During the course of this project, the storage of tissues was changed from indirect freezing in
methylbutane to FFPE. Initially, fresh freezing the tissue was due to the obtainment of a Ki67
antibody, which was more effective in IHC on fresh frozen tissue, rather than FFPE. This
practise therefore carried on throughout the samples which were used for 8-days on-chip, in
order that the biological replicates were comparable. Upon reception of the 12-day samples, it
was decided to change the tissue processing to FFPE, as the antibodies being used for IHC
were compatible with the more widely used processing method and would potentially ensure

cleaner images. The 12-day samples would not be directly compared to the 8-day samples, as
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they were not paired, therefore maintaining consistency. Histological analysis of GBM tissue
samples, both pre- and post-perfusion control indicated that mitotic figures could be seen in
the tissue and therefore tissue remained viable whilst on-chip. The data is supported by the
similar levels of both cleaved PARP and annexin V expression, as well as the preliminary
TUNEL cell viability data. Further exploration of the tissue viability through TUNEL assays
would increase the robustness of this data, ensuring specificity to apoptosis detection, rather
than cell death by other means, including necrosis (Kyrylkova et al. 2012). This ensures that
any treatments applied to the tissues could be metabolised by the cells and therefore could

potentially produce a quantifiable output.

The initial cytokine analysis of the DMSO-control effluents, over 8-days, included six samples
and found no statistically significant change in cytokine profiles over time. The most abundant
cytokines were most often associated with invasion and immunosuppression and the majority
have been found to be significantly expressed in GBM (Morawin and Zembron-Lacny 2023).
EMMPRIN has been found to be increased in the extracellular vesicles originating from GBM,
when exposed to ionising radiation. This in turn causes an upregulation of the MAPK/INK
pathway, which stimulates the release of MMPs, therefore aiding in the GMT (Colangelo and
Azzam, 2020). MMP-9 is also packaged into extracellular vesicles, which can cross the BBB.
MMP?Y is also correlated with glioma grade and aggression and potentially plays a role in the
GMT through degrading the extracellular matrix, allowing GBM invasion (Dobra ef al., 2023,
Xue et al., 2017).

Serpin E1 has been identified as a driver of GBM cell dispersion, allowing infiltration of GBM
cells into the surrounding brain tissue (Seker et al., 2019). Increase in VEGF and IL6 was also
associated with an increase in serpinE1 (Chen et al., 2022b) and also likely play major roles in
the invasiveness of GBM, promoting angiogenesis (Weathers and de Groot, 2015) and
migration (West et al., 2018). VEGF involvement in GBM was discussed previously and
several VEGF inhibitors have been trialled in GBM, to prevent the porosity and genesis of
blood vessels, thereby limiting GBM invasion (Keunen et al., 2011) (Eatmann et al. 2023). IL6
is involved in the induction of programmed death-ligand 1 (PD-L1), via STAT3 signalling,

leading to T cell apoptosis and immunosuppression (Lamano et al., 2019).
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IL8, MIF and MCPI are also involved in the immune response of GBM to therapy. ILS8
expression leads to GBM cell proliferation (Sharma et al., 2018), and inhibition leads to
increased tumour cell killing by immune checkpoint blockade, using anti-PDL1 therapies. This
is through the innate-like features exhibited by IL8-expressing CD4+ T cells, which cluster at
tumour sites and are responsible for therapeutic immunity (Liu ef al., 2023). Otvos et al. (2016)
identified an immunosuppressive pathway, whereby immature myeloid progenitor myeloid-
derived suppressor cells (MDSCs) are activated by MIF, secreted from CSCs. Inflammatory
mediator MIF exerts its macrophage and B cell proliferative function through the MAPK
pathway and inhibits T cell activation and polarises macrophages to an anti-inflammatory
phenotype, leading to an overturn of anti-cancer immune responses, such as downregulation of
NF«B signalling and allowing tumour progression (Matejuk et al., 2024, Alban et al., 2018,
Alban et al., 2023). MCP1, or CCL2 is induced through inflammatory stimuli, such as IL6 and
attracts immunosuppressive cell populations, such as Tregs and MDSCs, leading to GBM
progression (Yeo et al., 2021, Deng et al., 2023). Osteopontin is a glycoprotein and is
associated with hypoxia and maintenance of stemness and migration in GSCs. Osteopontin
expression is increased in recurrent tumours, consistent with tumour progression through

association with integrin receptors (Ellert-Miklaszewska et al., 2020, Polat et al., 2022).

IGFBP2 is associated with short-term survival of patients and is linked with tumour aggression
and proliferative modulation. It has been proposed as an oncogenic master regulator of the
dysregulated gene network associated with the GMT, through integrin B1, immunosuppression
and short-term survival in GBM patients (Kalya et al., 2021, Cai et al., 2018). Hsieh et al.
(2010) found IGFBP2 to be present in GSC populations and was responsible for their self-
renewal and clonogenicity, therefore contributing to GBM resistance to genotoxic stress.
IGFBP2 has been shown to be downregulated in long-term survival patients, categorised at
patients who survive beyond 36 months from diagnosis (Han et al., 2014, Franceschi et al.,
2015, Cai et al., 2018). C3L1 has also been associated with macrophage polarisation, leading
to immune suppression (Chen et al., 2021) activation of the NFkB pathway and positively
correlates with PD-L1 (Zhao et al., 2022b). C3L1 is known to induce differentiation of
oligodendrocyte precursor cells (OPCs) into mature oligodendrocytes, playing a role in

astrocytic migration and proliferation (Singh et al., 2011, Stead, 2022).
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The low numbers of cytokine expression from tissues could indicate that the tissue is dying in
the perfusion device. This is, however, dispelled by the histology data, which shows clear
changes in expression of apoptotic markers, as well as mitotic figures. Tissue viability is also
supported by previous work in this lab, whereby proliferative markers are also detected in post-
perfused tissue (Samuel et al. 2021, Barry et al. 2023). The types of cytokines released and
their involvement in inflammation and GBM progression are consistent with the literature, as
described. This indicates that the perfusion system potentially maintained the same cytokine
profiles, post-chip, as seen in patients. It is interesting that no significant changes were seen
between primary and recurrent tumours in the control samples, however, seeing as only two of
the six analysed were recurrent samples, a greater number would be required to further
understand whether the cytokine profiles seen between primary and recurrent tumours of

patients is reflected on the perfusion system.

In the fifteen patient micro-biopsies undergoing perfusion with GSK3368715 alone, there was
a significant increase in apoptosis, using the cleaved PARP marker (Barry et al., 2023); an
upward trend in apoptosis in tissue treated with GSK3368715 in combination with TMZ, or
other PRMT inhibitors and a decrease in the cell viability of D14. It therefore appears that
GSK3368715 did have a detrimental effect on the viability of GBM tissue in the perfusion
device. The sample group for which histology was performed to detect apoptotic markers, was
made up of 45.5% MGMT promoter methylation positive, 45.5% MGMT promoter
methylation negative and 9% equivocal, or borderline methylated MGMT promoter. This could
explain why no significant increase in apoptosis was identified in the initial analysis with TMZ
alone and in combination with GSK3368715. TMZ is purported to work best on MGMT
promoter methylation positive tumours, due to the suppression of the MGMT DDR enzyme
and subsequent disrepair of alkyl adducts, leading to cell death (Shaw et al., 2024) (Kitange et
al., 2009).

The 12-day tissue sections were all MGMT promoter methylation positive with the exception
of D36, which did not show MGMT promoter methylation. With extended resources, treating
these tissues with TMZ may have been a good positive control for apoptosis, to compare with
the 1 pM GSK3368715-treated tissue, as MGMT-positive tumours do tend to respond better to

TMZ and it would therefore be expected to see more apoptosis in these samples, as opposed to
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MGMT negative. One of the key aims of studies such as these is to identify drugs which target
the more chemotherapeutic-resistant MGMT-negative tumours, which do have the capability
of DNA adduct repair and therefore, these data may indicate that the PRMT inhibitor is
unsuitable for MGMT-positive tumours. The lack of significance seen after 12-days in the
perfusion device is more likely down to the low number of biological repeats and more samples
would be required to fully understand effect of PRMT inhibition on the tissue in general.
G*Power 3.1.9.7 software was employed to calculate the number of samples which may be
required to produce a power, or confidence level of 0.95 in these data, based upon the effect
size (0.22) calculated using the means + SE of both control and treated sample groups for the
existing analysis. This suggested that the total sample size required to produce a significant
value would be 225. Due to the large sample number and the shift in cytokine profiles in the
PCA, this supports the idea that the tissue may be slowing down in metabolic activity because
of the time spent on chip and therefore not processing the drug in the same way as the 8-day
perfused tissue. Further optimisation of the extension of time for which the GBM tissue can be
perfused would be required, which could include changing the medium for NBA, which may

be more supportive for primary tissue maintenance (Sahu et al. 2019) or changing flow rates.

The clustering of apoptotic markers cleaved PARP and somewhat of annexin V observed
through IHC staining of GBM tissues is something that could also be explored more thoroughly
through clustering analysis. Small clusters of cells, or single cells is a common feature of
apoptosis (Elmore, 2007) and therefore, the larger swathes of apoptosis could be due to areas
of the tissue pre-perfusion, which degrade during transportation and prior to processing.
Cleavage of PARP prevents cells undergoing apoptosis and therefore is a specific marker of
apoptosis (Herceg and Wang, 1999). The same precise clustering is not seen in Annexin V-
stained cells, as the permeability of the membrane brought about by both apoptosis and necrosis
allow annexin V to bind (Crowley et al., 2016). This may explain why there appears to be
excessive binding of annexin V in some tissues and is the reason more apoptosis-specific
assays, such as TUNEL, were performed. Comparisons between pre- and post-perfused, and
control and treated tissues with annexin V staining remain consistent in terms of quantifying
cell death and relevant when comparing to the healthy control tissue. Qualitatively, there
appeared to be more clustering of apoptotic cells in various pockets of tissue in the pre-perfused
and post-perfused DMSO control tissue, whereas the treated tissue appeared to have more
dispersed apoptotic cells. In the post-perfused control, this could potentially be due to the
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effects of the perfusion device, with some areas of the micro-biopsies not receiving perfusion
as much as other areas, therefore starving them of nutrients from the medium. These pockets
could also be due to clonal heterogeneity of the tissue, with some sections of the tissue being
less adapted to the environment and therefore clonal selection meaning that these sections die
more quickly. With all of the treatments seeming to have more widespread apoptosis, this could
indicate that the treatments are perfusing into the micro-biopsies and causing more thorough
cell killing (Elmore, 2007). With more time, it would be interesting to try and quantify this
phenomenon and potentially understand whether different treatments cause more or less

dispersal of the apoptotic cells.

The symptoms of patients are highly dependent upon the location in which the GBM is formed
and has also been linked to the prognosis of patients. This could be due to a variety of factors,
including the capacity for bulk resection due to tumour accessibility and tolerability of
radiotherapy in particularly sensitive areas of the brain (Yuile et al., 2006). Patients with central
tumours, in the basal ganglia and corpus collosum, tended to have a prognosis of less than 6
months (McKinnon et al., 2021, Fyllingen et al., 2021). Most of the patients in this study had
left-, or right-sided tumours, which manifested in various lobes of the brain, such as the parietal,
frontal, temporal and occipital lobes, or on the borders of multiple lobes. Lethality, defined as
patient survival of less than six months, was not deemed to be a strong indicator of apoptosis
due to treatment in this study. Patients with left-sided tumours have also been shown to have
poorer prognosis in general, than those with right-sided tumours (Fyllingen et al., 2021).
Interestingly, because the emmeans calculation for location of the tumour is averaged over the
levels of treatment, this could mean that treatment is affecting the right-sided GBM tumours
more and driving cleaved PARP expression. The RPT and RPO are generally more sensitive
areas of the brain, responsible for sensory functions (Yuile et al. 2006). Tumours which span
the geography of multiple lobes of the brain could be more susceptible to cell death through
the application of drugs because tumours may be more heterogenous in both cell type, structure,
and function and therefore more unstable. RPT and RPO, however, are only represented by one
patient each and therefore, more data would be required to understand whether this is a robust

trend.
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There did not appear to be any significant influence of primary vs recurrence on the outcome
of treatment in the perfusion device. It might be expected that primary tumours would respond
better to treatment, being treatment-naive and therefore have not yet developed chemotherapy-
associated resistance (Yalamarty et al., 2023, Dymova et al., 2021). Recurrent tumours,
therefore, may not respond so dramatically to the treatment, particularly TMZ, due to
chemotherapy-driven heterogenous clonal expansion of GBM, post-treatment. The samples
used for detection of apoptotic markers were a mix of primary and recurrent samples, as well

as having various biomolecular profiles (

Table 3.1). This sample group, particularly those in the recurrent group, is too small to identify
any solid links between GSK3368715 treatment and primary vs recurrent tumours.
Additionally, the relative rarity of recurrent GBM surgeries meant that only one paired sample
could be sourced for interrogation of the effect of GSK3368715 on primary and recurrent
GBM, on the same patient. The main perfusion model used in this study focuses on creating a
more personalised screening process for drugs, which can then be translated into the clinic and
therefore longitudinal analysis would improve our understanding of, not only the drugs used,
but also the validity of the model itself, by comparing like with like. With a greater number of
samples, deeper longitudinal investigation into the changes in arginine methylation and

PRMTs, as well as the effects of GSK3368715 on these factors, could be explored.

Upon exploration of the seven most frequent and abundant cytokines across control vs 1uM

GSK3368715 + 10uM TMZ, all time points and covariates, all covariates were found to

contribute somewhat to variation of expression of these cytokines, in response to treatment

over time. Large shifts across the PCA1 axis at 192- and 288-hours shows that the cytokine

profile changes at both of these time points, which could be due to the tissue dying, or could

be due to prolonged effect of the treatment. Cytokine profiles are all dependent on the
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covariates of patient age, gender, and time on chip. Cytokine profiles do indicate a shift in
variation in older patients (>60 years), MGMT negative patients, recurrence and in males in
the PC1 and, or PC2 planes, from their binary counterparts. This shift could indicate a poorer
prognosis for patients, and this is also reflected by the negative PC1 and PC2 variation shift in
patient survival. It is well documented that these biological features are associated with poorer
survival (Wang et al., 2022) and therefore, the presence of these cytokines is correlated with
GBM aggression. Older patients and males also show a shift in the PC3 plane, suggesting that

this variation in the data is explained by these covariates the least.

In univariate analysis of this data, twenty-seven cytokines were found to change with treatment,
with the covariates of age, gender, and time on chip accounting for their variation. Three of the
twenty-seven cytokines whose profiles appeared to be the most changed, taking into account
treatment, time, age and gender, were significantly altered after p-value adjustment. These
included Angiopoietin-2, Apolipoprotein-Al and BDNF, which have all been found to play a
role in tumour progression. Angiopoietin-2 is a driver of angiogenesis, which it proceeds
through binding of RTK tyrosine kinase with immunoglobin and EGF homology domains
(TIE2), alongside VEGF, leading to vascular remodelling and permeabilisation (Kiss, 2019).
Angiopoietin 2 blockage, alongside VEGF and PD-1 blockade has been shown to reprogram
aberrant cells to quasi-antigen-promoting cells, which allow infiltration of cytotoxic T cells,
restoring immune-mediated killing of GBM (Amoozgar, 2022). Apolipoprotein-Al is a
structural component of high-density lipoprotein (HDL) and is known to be a fat-reducing
biomarker, involved in cholesterol metabolism (Mangaraj ef al., 2016). In GBM, there is an
accumulation of cholesterol, brought about by the constitutive activation of RTK signalling
pathways (Dong et al., 2014). Uptake of cholesterol is an important requirement for GBM cell
survival (Villa et al., 2016) and Yamamoto et al. (Yamamoto et al., 2018a, Yamamoto et al.,
2018b) described that TMZ-resistant cells have lower accumulation of cholesterol and
increasing cholesterol in non-resistant cells decreased cell viability through evocation of death
receptor 5 signalling, leading to apoptosis. Decrease of apolipoprotein Al may therefore
prevent the sequestration of cholesterol in GBM cells, leading to an increase in drug sensitivity
and apoptosis. BDNF promotes proliferation in astrocytes (Nakajima et al., 2002), and this has
been suggested to be through its role in the adaptive plasticity of synaptic connectivity. BDNF
allows the trafficking of neurotransmitters to glioma cell membranes, where they depolarise
the membrane, allowing the passage of action potentials, leading to an increase in signalling
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for proliferation (Taylor et al., 2023). Decrease of BDNF may therefore lead to reduced

proliferative signalling.

More in-depth analysis of these cytokines of interest were then performed, using Angiopoietin-
2, MMP9, serpin E1, C3L1, IL6, IL8, and VEGF. These cytokines, as described, had been
found to be abundant, or significantly changed with treatment in the proteome profiling arrays.
Although IL6 did not fit these criteria, it was available in the lab and has been shown to be
involved in GBM, as previously described. Clear separation in the PC3 plane indicates that the
variables of treatment and age go some way to explaining the variation in cytokine expression
over all time points, between control and 1uM GSK3368715 + 10 uM TMZ-treated samples
and therefore treatment in having an effect on the variance of cytokine expression. When the
covariates are explored further, similarly to the proteome profiler data, the ELISA data
indicated that the later timepoints show a significant shift in cytokine expression, although this
time it is from 48 hours. This could indicate that the treatment is having an earlier effect on the
cytokine expression. Additionally, and interestingly, characteristics usually associated with
poorer prognosis, such as male (Carrano et al., 2021) and older patients (Rabin et al., 2024)
show variation dispersal in the opposite direction to the dispersal seen with the lethality
covariate, in the PC2 axis. This may indicate that treatment is potentiating a cytokine
expression response associated with more positive outcomes in patients. This is not seen in the
PC1 axis, whereby negative prognostic indicators of recurrence, male gender and MGMT
negativity show a negative shift, alongside younger patients (Carrano ef al. 2021), which tend
to have better survival. Causes of variation in the other axes could be due to older patient tissue
generally being more susceptible to cell death and therefore changing cytokine expression
through reduction in viable cells. Older patients generally have more comorbidities and
compromised immune competency than younger patients, which affects treatment outcomes
and survival (Rabin et al. 2024). Increased survival in female patients is hypothesised to be due
to the protective effect of oestradiol, which had been shown to reduce tumour cell viability
(Honikl et al., 2020). Additionally, gender-discriminatory DNA methylation of genes such as
KDMG6A has been shown to contribute to differential gene expression regulation between males
and females, through sex-based transcriptional factors, such as oestrogen receptor-o (ERa)
(Carrano et al. 2021(Honikl ef al., 2020). This is not, however, recapitulated in histology data,
whereby a link between patient age, gender and other covariates and apoptotic marker
expression may be expected.
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ELISA results indicated that VEGF and MMP9 cytokine secretion was significantly reduced
upon treatment with GSK3368715 and TMZ, whereas C3L1 was increased. VEGF signalling
was described previously and is known to be dysregulated in GBM, leading to vascular
permeabilisation, angiogenesis and GBM expansion (Keunen et al. 2011) (Chi, 2009)(Ahir,
2020)(Yue, 2015). MMP9, as described previously in this discussion, is responsible for the
breakdown of the extracellular matrix and subsequent motility of GBM cells, leading to
migration and invasion into surrounding tissue and thereby contributing to metastasis and
expansion (Dobra et al. 2023)(Xue et al. 2017). Decrease of these markers with GSK3368715
and TMZ treatment is C3L1 has been found to be a marker of proneural to mesenchymal
transition, found in some recurrent GBM cells, post-treatment, indicating a more quiescent
state of the recurrent tumour (Stead 2022). C3L1 is a marker of the mesenchymal GBM cellular
state phenotype (Wang et al. 2022) and this shift is indicative of the plasticity of GBM cells
(Neftel et al., 2019). The statistically significant increase in C1L3 with treatment indicates that
there may be some immunosuppressive benefit of GSK3368715 and TMZ concurrent treatment
in GBM. Elevated C1L3 could mean that the treatment is the driving a more differentiated
mesenchymal phenotype of GBM cells, leading to resensitisation of GBM to treatment, thereby

increasing levels of programmed cell death, seen in the IHC.

The increase in cell viability seen in the 2D and 3D cell cultures, despite not being statistically
significant, could indicate that GSK3368715 and other PRMT inhibitors cause a switch to a
more proliferative phenotype, as supported by the increase in C3L1, which is therefore more
sensitive to cell killing, but requires a prolonged duration of treatment before viability begins
to decrease. Viability assays in patient-derived cells would be more appropriate, considering
the vast interrogation that has occurred on the U87-MG cell line and the recommendation that
it is no longer a suitable GBM cell line model. The results seen in ex vivo tissue samples,

however, are much more reflective of how patients may clinically benefit from GSK3368715.

3.5. Conclusion

The results presented in this chapter highlight the complexity and heterogeneity of GBM and

compounds the importance of utilising multiple experimental techniques to confirm drug
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effects. Whilst cytokine and LDH data appears to suggest limited effect of PRMT inhibition
on GBM, in terms of increasing cytokine levels and cellular stress; histological data has shown
significant changes in apoptosis in GSK3368715-treated GBM tissue in the perfusion device
after 8 days. Whilst the histological data also shows no synergy with other PRMT inhibitors,
or TMZ; importantly, it shows no detrimental effect either. Shifts in cytokine profiles,
including the decrease of cytokines associated with GBM aggression and the increase in
cytokines associated with the mesenchymal phenotype also provide some indication that
GSK3368715 may trigger a plasticity change of GBM cell phenotype to a more sensitive one,
promoting cell death. This is imperative when trialling new drugs for translational use, as
during clinical trials, these drugs must efficaciously and/or additively function in conjunction
with TMZ. In order to understand further this increase in GBM cell death instigated by
GSK3368715, the following chapter investigates potential underlying mechanisms of
GSK3368715 function.
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CHAPTER 4: DETERMINING A MECHANISM OF ACTION
FOR GSK3368715-INDUCED APOPTOSIS IN EX VIVO GBM

4.1. Introduction

In the previous chapter, it was discussed that GSK3368715 leads to apoptosis in GBM after 8
days in the ex vivo perfusion system. It was also discussed that there was no synergy with other
PRMT inhibitors, such as Furamidine, or GSK591, or the current gold standard chemotherapy
agent TMZ. The next step was to identify the mechanisms underlying this increase in
apoptosis, in response to PRMT inhibition. The work in this chapter attempted to describe the
transcriptomic impact of PRMT inhibition, via GSK3368715, and to determine transcriptomic
pathway changes, which may help to understand the impact of PRMT inhibition in GBM
tissues ex vivo and any alternative proteins of interest (POIs). In previous work performed in
this lab and published by Sabrina Samuel (Samuel et al., 2018), it was found that type | PRMT
inhibition causes unidirectional crosstalk, leading to a decrease in aDMA and an increase in
sDMA. Preliminary investigations into this crosstalk, using mass spectrometry, indicated FUS
as a POI, which could potentially drive this crosstalk. One of the aims of this chapter was to
delve further into the validation of FUS as a potential driver of arginine methylation crosstalk,
methylation of FUS itself and to ascertain whether FUS could be a potential therapeutic target

in GBM, which may lead to understanding more about chemotherapeutic resistance.

4.1.1. Clinical exploration of arginine methylation inhibitors

Several clinical trials have been commissioned into the efficacy of PRMT inhibitors against a
variety of solid and haematological cancers, following promising results in vitro and in in vivo
animal models. These have also included GSK3368715, which was entered into a phase I
clinical trial (NCT03666988); however, was terminated early in 2023, due to a high incidence
of TEEs in patients taking 200 mg, orally (El-Khoueiry et al., 2023). Interestingly, in work
undertaken at the University of Hull and published by Marsden et al. (2021), GSK3368715
was found to cause alterations in platelet aggregation behaviour, which directly supports the
findings of the clinical trial. Concentration of GSK3368715 used for these studies was based

upon preclinical and toxicity studies in mice and dogs, which suggested that a safe dose range
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should be between 75 mg/kg and 300 mg/kg, according to the Neuenschwander Continual
Reassessment Method dose-escalation design (Neuenschwander ef al., 2008). The dosage used
for these toxicity studies falls within this remit, at the lower end of the clinical trial dosage of

50 mg/kg.

4.1.2. PRMT Inhibition and Alternative Splicing

Type I PRMT inhibition by GSK3368715 has been documented to cause alternative splicing
in several cell lines. Cell lines which exhibited the greatest inhibitory response to the drug
appeared to have the highest number of alternative splicing events (Fedoriw ef al., 2019). This
may result in splicing infidelity, due to the change in methylation of known exon usage
regulators (Wall and Lewis, 2017). This effect was only amplified when type I PRMT
inhibitors are used in combination with PRMTS inhibitors, indicating synergy (Fedoriw et al.,

2019, Fong et al., 2019).

4.1.3. FUS and GBM

FUS is an hnRNP P2 and normally located within the nucleus. It is involved in the DNA
damage response, transcription and splicing (Neumann et al., 2009a, Neumann et al., 2006).
One function of FUS is to perform phase separation within the nucleus, potentially to allow
DNA damage sensor protein access to the DNA (Wang et al., 2013b), driven by methylation
(Qamar et al., 2018). Aberrant FUS function, may lead to nuclear export of FUS into the
cytoplasm, hypothesised to be through cleavage by caspases (Dormann et al., 2009, Tsai et al.,
2022). It then aggregates and causes dysregulation of nuclear events, such as splicing and gene
expression regulation (Ratti and Buratti, 2016, Hofweber et al., 2018), potentially due to the
subsequent inability to bind associated proteins, such as RNAPII (Tsai et al., 2022). FUS has
been shown to reduce proliferator factors, such as cyclin D1 and CDK®6, whilst increasing anti-
proliferation factors and proliferative inhibitory factors such as CDK and p27 — thus increasing
the rate of apoptosis in prostate cancer cells. IHC analysis identified that there was an inverse
correlation between FUS and the degree of prostate cancer, indicating that higher FUS levels
increase survival (Gahnbarpanah et al. 2018). FUS is extensively methylated by type | PRMTs
(Suarez-Calvet et al., 2016), which allows interaction with anti-aggregation molecules, such as

TNPO1 (Hofweber ef al., 2018), maintaining proper nuclear regulation.
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4.1.4. Aims and Objectives

Previous studies in this lab by Samuel et al. (2018), as well as elsewhere (Huang et al., 2023)
have determined that inhibition of aDMA via type I PRMTs leads to unidirectional crosstalk,
whereby sDMA of proteins increases. In SDS-PAGE and MS work performed by Dr. Sabrina
Samuel and published in Lab on a Chip by Barry et al. (2023), a specific 70 kDa protein, which
is postulated to be FUS, displayed dose-dependent increase in sDMA and reduced aDMA when
U-87 MG cells were treated with type I PRMT inhibitors MS023 and GSK3368715. The
hypothesis for this chapter is that GSK3368715 causes transcriptomic changes to GBM in the

novel perfusion device. The objectives of this chapter are to:

e Explore changes in the transcriptome of GBM ex vivo, in terms of not only differential

gene expression but also alternative splicing, with GSK3368715 treatment

e Expand on previous findings that FUS may be a target of arginine methylation

switching in GBM ex vivo
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4.2. METHODS AND MATERIALS

4.2.1. Sample Processing for RNA-sequencing

Patient samples used for RNA-sequencing were: D16-17, D19-20, D22, D25-30, D32-33. Pre-
perfusion, 8-day static and 8-day post-perfusion DMSO control and GSK3368715-treated
samples, prior to D27 were homogenised using a pestle and RNA extracted using the RNeasy
kit. Static samples were micro-dissected and put into DMSO-treated medium in a falcon tube
and stored in the same incubator as the chips. Pre-perfusion and 8-day post-perfusion DMSO
control and GSK3368715-treated samples, D27 and later, were homogenised using the Turrax
Homogeniser and RNA extracted using TRIzol®. RNA quantity and quality was checked using
the Nanodrop2000, before samples were sent to Novogene for RNA quality control and

subsequent RNA-sequencing.

4.2.2. U-87 MG lysate preparation

U-87 MG cells for nuclear and cytoplasmic extraction were seeded in 150 mm plates (Corning)
for 24 hours before being treated with: 1 uM GSK3368715, 1 uM Furamidine, 1 pM
GSK3368715 + 1 uM Furamidine, 1 pM GSK3368715 + 1 uM GSK591, 1 uM GSK3368715
+ 1 uM Furamidine + 1 uM GSK591 and a DMSO negative control, for 48 hours and cells for
immunoprecipitation treated for 72 hours. Cells were harvested using 1% Triton-X100 (Sigma)
in PBS (Fisher Bioreagents) containing phosphatase and EDTA-free protease inhibitors
(Roche) and stored at -80 °C. Nuclear and Cytoplasmic extraction was performed on the
resulting lysates using the NE-PER™ Nuclear and Cytoplasmic Extraction kit (ThermoFisher
Scientific), following the manufacturer’s instructions. Immunoprecipitation was performed on

corresponding lysates using protein A bead extraction and antibodies against FUS.

4.2.3. Tissue lysate preparation

Patient samples used for lysates were: D7, D8a-12, D14. Pre- and post-perfused tissue were
homogenised using a pestle and lysed using Triton X-100 in PBS (1% v/v) for one hour,
rotating at 4°C. Patient samples used for FUS IP were: D16-17, D19-21, D24-26, D29-31.
Tissue samples for pre- and post-perfused DMSO control and GSK3368715-treated were lysed
as previous. Clinical data shown in Table 4.1. All clinical data up to date as of 27/08/23.
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Patient |Sex|Age [Primary vs Recurrent [Location IDH|1p/19Q |MGMT [EGFR [TERT |ATRX |Necrosis |BRAF [CDKN2A [TP53 |PTEN (Surgery-Death (days) |Surgery-27/08/23 (days)
D7 M | 56|Primary right temporal - - - + - + + + 572

D8a M | 65|Primary left temporal - - = - ++ 683

D9 M | 75|Primary left parietal - - + + 120

D10 M | 67|Recurrent tempo-partietal - |- - - ++ 76

D11 F 50|Primary right parieto-temporal |- |- - + - ++ - Alive 704
D12 M | 71|Primary right frontal - |- - - ++ 133

D14 M | 72|Recurrent right parieto-occipital |- |- - - + 234

D16 M | 63|Primary right parietal - - - 195

D17 M | 69|Primary right frontal - - - 318

D19 M | 67|0Oligodendroglioma Il |parietal - - - 443

D20 F 74|Primary right tempo-parietal |- - = 385

D21 F 73|Primary right occipital - + - 44

D22 F 44|Recurrent right parietal + |- - - - - + 411

D24 M | 67|Primary right occipital - - + - - - + Alive 439
D25 F 63|Primary left parietal -+ - + - - - 44

D26 M | 70|Primary left frontal - - + - - 41

D27 M | 56|Primary left frontal - - + - ++ - 46

D28 M | 51|Recurrent right parietal - - + - - 326

D29 M | 58|Primary left temporal - + + - - Alive 289
D30 M | 58|Primary right temporal - - - Alive 286
D31 M | 76|Primary right frontal - + - Alive 263
D32 M | 45|Primary left parieto-occipital - - + - - + Alive 198
D33 F 55|Primary right occipital - - + + - - + Alive 158

190



4.3. RESULTS

4.3.1. GSK3368715 causes differential gene expression associated with reduced

cell function

The first aim of this section was to identify any transcriptional changes to GBM tissue ex vivo,
through treatment of the tissue with PRMT inhibitor GSK3368715. RNA-sequencing and
subsequent analysis was performed by Novogene® Illumina Novseq 6000, at a read depth of
34-60 million per sample. RNA-sequencing aimed to identify any transcriptomic changes in
patient GBM samples, with treatment of 1 uM GSK3368715. Three micro-biopsies of tissue
(across three perfusion devices) per treatment (DMSO control and 1 uM GSK3368715) were
pooled and RNA extracted, to account for intra-tumour heterogeneity and to give a broader
picture of transcriptomic changes occurring throughout the tumour. Four patient samples (D27-
D30), paired post-perfusion DMSO control vs 1 uM GSK3368715, were analysed, after
successfully passing QC. All of these patients were male and within a similar age range (51-
58), with ¥4 having primary tumours and 2 being MGMT positive. There was equal distribution
of right and left sided tumours, with two patients displaying temporal lobe tumours, one patient
with GBM in the parietal lobe and the other patient with a frontal lobe tumour. At least %
patients showed TERT positivity and BRAF negativity and at least 2 showed extensive
necrosis within the bulk of the tumour. % patients survived beyond the 6-month lethality
window. Expression profiles of all genes were compiled into patient-specific volcano plots

(Figure 4.1).

191



i @0Downregulated
Upregulated
ons M
" “ D27
1 1
15 4 o
] 1
HLATDRA | |
] 1
a Lo
m: 04 = AC131212.3
M b KISS1R
] ] ]
m RNF31 i i EMCS
- FABP4 | 1 HILPDA
. TTrHI% ! | AC005224 4
op mm_.n. i | nORS: ACO0T041.4
LINCOO0SES ACO12360.2 OHR 1 1
...... TBCYMZ0. T S (N KF2e8 -
C .-.ﬂ!»now
DI *tse s & ” ” ....\so T
T T T
Fold Change
ii @0ownregulated
Upregulated
30 4 ons B
Bl D28
Lo Lyz
I
| ]
20 - MTND2P28
o |
=] ey _ " DRK1
(=] . Lo wm" ACO0TTS0.1
ﬂ RETH Lo CClipra coLs
10 - - av.op_wnum ZNPI1g AL355297 4
11 FaposDz CP*€ 4 pasfeny
111! 1251 741
11 A 1C2
I ACO24560.2
Lo 0327 5
I 72
O | | ] ] ]
-10 -5 m 5 10
Fold Change

@0ownregulated
Upregulated

ons

KRTS

D29

iv @0ownregulated
Upregulated
Ons “ “
I ]
! D30
1 1
AO - I I
I ]
1 ]
1 ]
Pn_, OLBNS i I
=l sowlos L
| ]
g |
"1 F - VHF Ll TBCID3K
ANTSLSP ccrz2 ! ! mmmm.h.m._
T e T SLC25A24
buan_r.m * i i AGODE224 4
4__. ._- DAL
I ]
1 1
T




Figure 4.1.: Volcano plots for patients i) D27, ii) D28, iii) D29 and iv) D30 indicating
differentially expressed genes in 1 um GSK3368715-treated cells vs DMSO control.

Vertical dashed lines indicate log2 fold change (log2FC) <0.585 (FC 1.5) and the horizontal
dashed line indicates adjusted p-value (padj) >0.05. Blue marks display downregulated genes
and yellow marks display upregulated genes. Black marks indicate genes which fall below the
log2FC and padj thresholds. Say that you produced this using R

Differential expression analysis discovered thousands of genes which had been significantly
(p<0.05) differentially expressed (FC >1.5, or <-1.5) upon treatment of ex vivo GBM with 1
uM GSK3368715. Abundantly more genes were differentially expressed in patients D28 and
D29, as opposed to D27 and D30. Whilst this could potentially be due to D27 and D30 patient
GBMs having heterogenous areas of little activity, this was mitigated for by pooling 3 biopsies
of the same patient tumour, before extracting RNA. Patients were all also within a similar age
range (51-58), likely excluding age as a potential cause of differences between RNA-
sequencing outcomes. Patient D27 biopsy displayed high levels of necrosis, which could
explain the reduced numbers of DEGs in this sample, although it would then be expected to
see a much lower number of reads in this sample. This high level of necrosis is displayed in
the swathes of pink, eosin-stained tissue in Figure 4.2 nuclei that are not intact. The most
significantly downregulated gene in patient D27 was histocompatibility complex, class II, DR
alpha (HLA-DRA), and GO analysis (ShinyGO(Ge et al., 2020)) indicated significant
enrichment in inflammatory response (Appendix 7). The most significantly upregulated genes
were long non-coding RNA (IncRNA) AC131212.3, kisspeptin-1 receptor (KISSIR) and
endoplasmic reticulum membrane protein complex subunit-9 (EMC9), with significant

enrichment in hypoxic response and negative regulation of necrotic cell death (Appendix 7).
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Figure 4.2.: Haematoxylin and Eosin — stained tissue from GBM patients A) D27 x10

magnification and B) D30 x40 magnification.

D28 displayed a relatively even spread of differentially up and down regulated genes (Figure
4.1). GO analysis, performed by GOrilla (Eden et al., 2007, Eden et al., 2009), found that
upregulated genes showed enrichment in pathways associated with ion transport and the
electron transport chain and downregulated genes showed enrichment in mitochondrial
membrane organisation (Appendix 7). Also noteworthy is that over 50% of the genes which
were significantly differentially expressed were novel genes, with no assigned Ensembl or
Uniprot ID. This could suggest that there are more pathways enriched in both up- and
downregulated genes that cannot yet be assessed through RNA-sequencing and bioinformatic
analysis. The most significantly upregulated genes were lysozyme (LYZ), dickkopf WNT
signalling pathway inhibitor-1 (DKKI1) and mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 2 pseudogene 28 (MTND2P28). Downregulated genes included
lipase maturation factor-1 (LMF1).

Patient D29, interestingly, also appears to show more downregulated genes than upregulated
genes, as well as when compared to any of the other patient biopsies (Figure 4.1). This could
be due to the molecular features of this sample (Table 4.1), with MGMT promoter methylation
causing downregulation of genes associated with mitosis and proliferation when the biopsy is
treated with the PRMT inhibitor (Appendix 7). Downregulated genes with the lowest false
discovery rate (FDR) values were keratin encoding genes: KRTS5, KRT17 and KRTI9.

Upregulated genes in D29 also indicate that synapse and signalling pathways, including neuron
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development, are more active post-treatment (Appendix 7) (Eden et al., 2007, Eden et al.,
2009). The most significantly upregulated genes in patient D29 were collagen 111 alpha subunit
1 (COL3A1) and collagen IV alpha subunit 3 (COL6A3).

Patient D30 had significantly downregulated genes, such as claudin-1 (CLDNJ5) and bola-like
protein-2B (BOLA2B) and GO analysis (ShinyGO(Ge et al., 2020)) indicated enrichment in
angiogenesis and cell migration. Significantly upregulated genes included TBC1 domain
family member 3K (7BCID3K), IncRNA AC005224.4 and facioscapulohumeral muscular
dystrophy (FSHD) region gene 1 (FRGI) and indicated more modest enrichment in leukocyte
activity (Appendix 7).

Overall GO analysis (Eden ef al., 2007, Eden et al., 2009, Ge et al., 2020) was performed to
identify any enrichment in biological processes, cellular components, molecular function and
Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways, which may elucidate a way
in which GBM may phenotypically behave due to changes in gene expression. Due to the
limited number and heterogeneity of the patients, as seen in Table 4.1 1 decided to expand the
search criteria and look for GO enrichments in downregulated genes which were common to
two or more of the GBM samples to identify any common pathways affected by PRMT
inhibition (Figure 4.3) Large and highly significant enrichment was found in GO terms

associated with the ribosome and translation (Figure 4.3 and Appendix 7).
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Figure 4.3.: Gene ontology enrichment in pathways associated with downregulated DEGs, in

GBM ex vivo, after 1 um GSK3368715 treatment.

GO analysis (Ge et al., 2020) of significantly (p<0.05) downregulated differentially expressed

genes (DEGs) (fold change <-0.585), common to 2 or more patients, in RNA-seq analysis of 4
patients (D27-D30) GBM samples, 8-days post-perfusion and treated with 1 uM GSK3368715

vs DMSO control. Full GO analysis can be found in Supplementary Table 4.1.

Similarly, GO enrichment in the upregulated genes of two or more samples were compiled to
find enrichment in biological processes, molecular function, cellular component and KEGG
pathways (Figure 4.3). Modest enrichment was found in GO terms associated with
transcription, cell-cell communication, adhesion, migration and cell surface (Figure 4.3 and

Appendix 7).
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Figure 4.4.: Gene ontology enrichment in pathways associated with upregulated DEGs in

GBM ex vivo, after 1 um GSK3368715 treatment.

GO analysis (ShinyGO (Ge SX, Jung D & Yao R, Bioinformatics 36:2628-2629, 2020;

http://bioinformatics.sdstate.edu/go/)) of significantly (p<0.05) upregulated differentially

expressed genes (fold change >0.585), common to 2 or more patients, in RNA-seq analysis of

4 patients (D27-D30) GBM samples, 8-days post-perfusion and treated with 1 um
GSK3368715 vs DMSO control. Full GO analysis can be found in Appendix 7.

4.3.2. Stratification of GBM patients into GSK3368715 responders and non-

responders

Due to the molecular differences between the samples and the differences in the types and
numbers of DEGs, principal component analysis (PCA) of the DEGs was employed to
determine any distinct shifts in behaviour of the individual samples, between control and
treatment. Figure 4.5 displays the variability between samples and differential responses to

PRMT inhibition.
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Figure 4.5.: Principal component analysis of GBM (n=4) perfused for 8 days with either
1 uM GSK3368715, or DMSO control.

Red dots indicate DMSO control GBM samples and blue dots indicate 1 uM GSK3368715

treated GBM patient samples.

The PCA plot (Figure 4.5) shows four distinct groups of DEGs associated with each patient
and their treatment condition. In the top left of the PCA, there are DEGs associated with patient
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sample D28 treated with the DMSO control, indicating a large principal component 1 (PC1)
shift of the paired GSK3368715-treated patient sample. Patient sample D29 also has a large
principal component 2 (PC2) shift between the DMSO control-treated tissue on the far right
and the GSK3368715-treated sample, which is again clustered with all of the other samples:
D27 and D30 control and treated and D28 and D29 treated, in the bottom left.

The clinical data shown in Table 4.1 shows that patient sample D28 was a recurrent tumour,
which could explain the PC1 shift. Patient sample D29 was shown to be MGMT positive after
neurohistopathological analysis performed by Hull Royal Infirmary. This is reflected in Figure
4.1 which indicates far more DEGs in patients D28 and D29, than in D27 and D30. Treatment
appears to cause far more transcriptomic changes in D28 and D29. This could be due to intra-
tumour heterogeneity, with sections of the tumour being necrotic, therefore reducing the
number of cells which are active; although, this was mitigated for by pooling several pieces of
the tumour. The increased number of transcriptomic changes is more likely down to inter-

tumour heterogeneity and the variety of molecular features seen between patients.

Whilst recurrence is known to be more clinically aggressive and an indicator of poor prognosis,
MGMT positivity is generally a positive prognostic indicator, with median patient survival
increasing with incidence of MGMT positivity (Szylberg et al. 2022). The fact that the
variation between the patients is visualised in two different planes gives credence to the idea
that recurrence and MGMT positivity are clinical targets of interest and that there are
transcriptomic changes occurring from primary tumours and in MGMT negative tumours. The
reduction of variation in patients D28 and D29, specifically with GSK3368715, suggests that
type I PRMT inhibition may be having some sort of effect in reducing the variation seen in
GBM tumours with these clinical features. In the case of the recurrent tumour, this appears to
be reducing aggressive clinical features down to the same level as the less aggressive
phenotypes, or more inactive tissues. The same is also true for the GBM tumour expressing
MGMT positivity. Treatment shifts the transcriptome of the tumour towards a similar
phenotype as the less active tissues, whilst maintaining a higher number of downregulated
genes, which are different from those associated with the recurrent tumour. This could indicate
different pathways by which the PRMT inhibitor treatment is working in different tissue types.

Further investigation would be needed to corroborate why this might occur, but it may be due
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to a methylation switch, which is triggered by the type I PRMT inhibitor, which would
therefore reduce the “protective” effects of MGMT promoter methylation but target the aspects

of the primary tumour which have shifted the variation in gene expression to a less active

phenotype.

It would be tempting to stratify these patients into “responders” and non-responders” to
GSK3368715, although, this is only n=4 and there is only n=1 of these particular phenotypes
(recurrence vs MGMT positive). More patient samples would need to be analysed to give

weight to this evidence.

4.3.3. GSK3368715 causes alternative splicing events associated with cell death
pathways
RNA-seq analysis also identified significantly alternative spliced genes, associated with 1 uM

GSK3368715 treatment, in GBM ex vivo. Alternative splicing was described as including: 3’

splice site, 5’ splice site, multiple exon splicing, intron retention and exon skipping.

D28 D29
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Figure 4.6.: Hundreds of alternatively spliced genes triggered by 1 uM GSK3368715
treatment. Analysis of all five alternative splicing event pathways identified 2455 genes
undergoing differential alternative splicing. Hundreds of differential splicing events occurred
in D28 and D29 patient biopsies, as supported by the DEG data; however, in contrast to
previous data, a considerable number of alternative splicing events were also occurring in D27

and D30 patient biopsies.

Out of the 2455 genes undergoing differential alternative splicing with 1 uM GSK3368715
treatment, 132 events were conserved between all four patient samples. GO enrichment was
found in annotated keywords related to alternative splicing (KW-0025, 92 of the 132 proteins
in our data setvs. a total of 10,179 in the human genome, FDR 3.92¢"%) (Figure 4.6 and
Appendix 8). For consistency with the DEG data and to account for the small sample size, GO
analysis was performed on alternatively spliced genes which were conserved in two or more

patient GBM biopsies.
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Figure 4.7.: GO Terms associated with alternative splicing events in GBM ex vivo after 1

uM GSK3368715 treatment.

GO analysis (Ge et al., 2020) of significantly (p<0.05) alternatively spliced genes, common to
2 or more patients, in RNA-seq analysis of 4 patients (D27-D30) GBM samples, 8-days post-
perfusion and treated with 1 um GSK3368715 vs DMSO control. Full GO analysis can be
found in Supplementary Table 4.2.

The broader GO analysis of conserved alternative splicing events in two or more samples

revealed enrichment in terms related to DNA damage, RNA processing and cell death (Figure

4.7 and Appendix 8). Taken together, our results provide a mechanism to explain how

GSK3368715 causes apoptosis of GBM biopsies that is, through modifying RNA processing,

gene splicing and protein translation, which are well-known regulators of apoptosis in GBM.
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Alternatively spliced genes, found in two or more patients, were then correlated with proteins
which showed arginine methylation switches after GSK3368712 treatment, as published by
Fedoriw et al. (2019) (Appendix 9). Five cell lines, Toledo and OCI-Ly1 (B-cell lymphoma)
and HupT4, Panc 08.13 and Panc 03.18 (Pancreatic Adenocarcinoma) were treated with
GSK3368712 (structurally similar to GSK3368715) and mMA, aDMA and sDMA markers
identified using affinity enrichment proteomics, using mass spectrometry to identify modified
proteins (Fedoriw ef al., 2019). This identified 91 genes which had previously been observed
to have methylation changes, after treatment of cell lines with GSK3368712, across all five
cell lines. These 91 genes make up a subset which could be used for further analysis into
arginine methylation switching with PRMT inhibitors and their ability to drive therapeutic
resistance. Protein methylation shows redundancy, whereby several methylation types may be
attributed to one protein, and these can be further broken down into 84 proteins which switch

to mMA, 22 switching to sSDMA and 24 to aDMA (Appendix 9).
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Figure 4.8.: GO Terms associated with alternative splicing events in GBM ex vivo, common to

2+ patients, after 1 uM GSK3368715 treatment vs proteins displaying arginine methylation.

GO analysis (Ge et al., 2020) of significantly (p<0.05) alternatively spliced genes, common to

2 or more patients, in RNA-seq analysis of 4 patients (D27-D30) GBM samples, 8-days post-

perfusion and treated with 1 um GSK3368715 vs DMSO control vs proteins, expressed in
Toledo and OCI-Lyl (B-cell lymphoma) and HupT4, Panc 08.13 and Panc 03.18 (Pancreatic

Adenocarcinoma) cell lines, displaying arginine methylation switching to mMA, aDMA, or
sDMA, after treatment with GSK3368712. Full GO analysis can be found in Supplementary
Table 4.3.

Similarly to the GO findings for all alternatively spliced genes, in two or more patients, GO
analysis showed that the proteins which displayed alternative arginine methylation after
GSK3368712 treatment were largely involved in RNA splicing and mRNA processing (Figure
4.8 and Appendix 9).

AS genes found in two or more patients were also correlated with known FUS targets, as
published by Nakaya et al. (2013) (Appendix 9). Of the 2455 genes alternatively spliced, 136
were known FUS gene splicing targets, more than expected by chance (> = 7.16, p = 0.007)
(Nakaya et al., 2013). These 136 genes were inputted into Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING), alongside FUS, to determine any known interactions
between these genes and FUS, found within the literature. This determined 54 genes with
known interactions between each other and/or FUS and these are shown in Figure 4.9. GO
analysis was performed on these genes and this showed that these targets were involved with

alternative splicing (Appendix 9).
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Fioure 4.9.: STRING network between genes found to be significantly differentially

alternatively spliced in 4 patient GBM samples and FUS. Out of 132 genes and FUS, only those

displaying connections are shown.
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4.3.4. FUS i1s a potential driver mechanism of methylation switching

In order to determine the potential underlying mechanism causing the transcriptomic changes
outlined previously, I decided to utilise techniques to identify changes in the status, or levels

of arginine methylation of the POI FUS, to understand its function, particularly in AS.

Western blotting and LI-COR, conducted previously by Dr. Sabrina Samuel in this lab,
identified a 70 kDa protein with a SDMA mark, appearing to increase after type I PRMT
inhibition by MS023. This was validated, again using western blotting, using the GSK3368715
Type I PRMT inhibitor. GSK3368715 displayed a much stronger sDMA mark, associated with
the 70 kDa protein, than the same concentration of MS023, confirming that GSK3368715 is a
more potent type I PRMT inhibitor than its previous counterpart MS023 and would be useful
for validation of the 70 kDa protein, suspected to be FUS. FUS is primarily a nuclear protein
but has been shown to migrate to the cytoplasm in other neurodegenerative disorders
(Hofweber et al., 2018). It was decided to see whether this was also the case in U§7-MG, GBM
model cells and to determine in which state FUS appears upon PRMT inhibition and in which
cellular compartment it mostly localises. Nuclear and cytoplasmic extraction of proteins was
performed on U-87 MG cells, treated with combinations of GSK3368715, Furamidine and type
IT PRMT inhibitor, GSK591, in comparison with the DMSO control, for 48 hours. Protein
fractions were then run by gel electrophoresis and membranes probed for FUS. A cardiac total

protein lysate was used as a positive control.
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Figure 4.10.: Nuclear/cytoplasmic extraction of U-87 MG cells, treated with PRMT inhibitor

combinations and blotted with anti-FUS antibody.
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Bands at ~70 kDa in the nuclear portion and ~50 kDa in the cytoplasmic portion show
presence of FUS in A) n=1 and B) n=2.

Due to the lack of loading control, it was not possible to determine any increases in the presence
of FUS in either the nucleus or the cytoplasm; although, equal amounts of protein were loaded,
according to BCA assays. Generally, all treatments retained fairly similar levels of FUS
expression, when compared to the DMSO control (Figure 4.10A and Figure 4.10B). It is,
however, interesting to notice the disparity in molecular weight of FUS. In the nucleus, FUS
appeared at ~70 kDa (expected theoretical molecular weight is 75 kDa), whereas this weight
decreased to ~50 kDa in the cytoplasm. This could be due to PTMs present on the FUS protein,
including arginine methylation. FUS requires arginine methylation in order to shuttle from the
nucleus, into the cytoplasm, therefore explaining the increase in molecular weight, by around
15 Da (molecular weight of CH3). In the nuclear fraction, there are also several other bands of
various molecular weights, potentially accounting for other PTMs, binding proteins, or splice

variants.

4.3.5. Immunoprecipitation of FUS from U87-MG cells

To further investigate FUS as a potential POI and therapeutic target in GBM, I decided that
FUS should be isolated from both control and GSK3368715-treated cells and tissue, with the
intention to submit the isolate for mass spectrometry. This would determine any PTMs,
including arginine methylation, which may occur in cells and tissues after treatment with
PRMT inhibitors. U87-MG cells were treated with 1 uM GSK3368715 for forty-eight hours
before harvesting FUS was immunoprecipitated with a FUS antibody raised in either mouse,
or rabbit (Figure 4.11). SDS-PAGE of the samples were then blotted with either rabbit, or

mouse anti-FUS antibody, respectively, to prevent species cross reactivity.
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Figure 4.11.: Immunoprecipitation and densitometry of FUS in U87-MG cells treated with
GSK3368715.

Immunoprecipitates were run in lane 1, inputs in lane 2 and flow through in lane 3. A) IP was
performed using a FUS antibody raised in mice and the membrane incubated with an anti-FUS
antibody raised in rabbits for western analysis (n=1). B) IP was performed using a FUS
antibody raised in rabbits and the membrane was incubated with a FUS antibody raised is

mice for western analysis (n=1). Bands at ~70 kDa are the expected size of the FUS protein.
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Lysis buffer only controls underwent the same immunoprecipitation process to behave as IgG

controls.

The western blot indicates I was able to immunoprecipitate FUS from U87-MG cells treated
with GSK3368715, for forty-eight hours. In both Figure 4.11A and Figure 4.11B a 70 kDa
band could be seen in all three lanes, with the strongest densitometry being in the IP lane. It
was unexpected to see this 70 kDa band in the flow-through, however, this may be due to
inefficient elution, due to a high volume of elution buffer used during IP with the mouse
antibody (Figure 4.11A). The volume of elution buffer was reduced when the rabbit antibody
was used and the densitometry of the band is smaller, but still present (Figure 4.11B). It is
expected that the FUS POI would be seen in the input sample. The heavy chain and light chain
of the FUS antibody would be expected to be seen at ~50 kDa and ~25 kDa, respectively and
although there are multiple bands in the IP lanes for both of the antibodies, these do not exactly
correlate to expected band sizes. Lanes which contain lysis buffer only went under the same

immunoprecipitation process and represent IgG controls.

A similar protocol was attempted using GBM tissues, both pre-perfusion and post-perfusion,
treated with both the DMSO control and GSK3368715. Tissue was lysed using 1% Triton-
X100 in PBS, with protease inhibitors, using the Turrax homogeniser. The lysate was then
rotated on a wheel, at 4°C for 1 hour, before centrifuging at 15,000xg for 15 minutes and
transferring the aqueous protein layer into a clean microcentrifuge tube. BCA analysis was
performed on the lysates, to ensure a good quantity of protein was attained and IP performed.
Immunoprecipitation of FUS was unsuccessful and, with more time, further investigations into
the method would be required. The amount of protein extracted from the tissues was
appropriately high, according to the antibody manufacturer’s recommendations and various
titrations of antibody were used to pull down the protein. For this reason, this aspect of the
project could not be completed and future work in this area may concentrate on successfully
immunoprecipitating FUS from U-87 MG cells and GBM tissue, to identify any changes with
type I PRMT inhibition and further investigate arginine methylation status of FUS in GBM.
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4.4. DISCUSSION

Due to the small sample size, RNA-sequencing data was analysed in various different ways in
order to better understand the variety of biological conditions, covered by the four patient
samples. As all of the patients were male, of a similar age and all samples were treated the
same in the fluidics system, any disparity in behaviour between samples after treatment with

GSK3368715 would most likely be down to their genetic biomarkers.

Enrichment in upregulated DEGs were associated with hypoxia in D27, alongside genes such
as AC131212.3, KISSIR and EMC9. AC131212.3 function is not yet known. KISSIR has been
shown to have a role in signalling in cancer metastasis (Li et al., 2022b) and is known to be
expressed in GBM (Kim et al., 2020). KISSIR silencing with siRNAs found a reduction in
KISS1-induced GBM cell invasion (Kim et al., 2020), suggesting that KISS/R is involved in
the invasion and metastatic capabilities of GBM. The KISS/ endogenous ligand of KISSIR is
known to be epigenetically regulated in other cancers (Motti and Meccariello, 2019), which
may also be true for the receptor. This may explain the change in receptor expression with
PRMT inhibitor treatment, causing its activation. Hypoxia could be a symptom of the fluidics
system itself, whereby the individual pieces of tissue were starved of oxygen throughout the 8
days. This was, however, mitigated for, by pooling the tissues and this upregulation is relative
to the DMSO control, which would also have been starved of oxygen in this case. Hypoxia is
also characteristic of GBM itself, with extracellular matrix (ECM) remodelling occurring
within the tumour, leading to a reduction in diffusion of oxygen (Mohiuddin and Wakimoto,
2021) and the tumours therefore preferring to use glycolysis. ECM9 is a soluble component of
the endoplasmic reticulum (ER), which is generally responsible for protein biosynthesis, but
the particular function of EMC9 is not yet understood. In cancer, the EMC is responsible for
proteostasis through gamma-aminobutyric acid (GABAA) receptors (Whittsette et al., 2022).
ER stress has been related to gliomagenesis and GBM (Obacz et al., 2017) causing cellular
adaptation and therefore therapeutic resistance and invasiveness through upregulation of

proteins involved in the EMT (Markouli ef al., 2020).

HLA-DRA is shown in patient D27 to be downregulated in biopsies treated with GSK3368715;
alongside biological processes associated with inflammation (Fan et al., 2017). HLA-DRA
has been recently associated with a low-grade glioma diagnosis and poor prognosis (Chen et
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al., 2022a). This aligns with the idea that inflammation plays a large role in the development
and maintenance of GBM. That it is downregulated could indicate that PRMT inhibition
reduces inflammation within the tumour microenvironment, thereby resulting in a less

favourable environment for tumour growth.

GSK3368715 causes apoptosis of GBM biopsies through modifying RNA processing, gene
splicing and protein translation, which are well-known regulators of apoptosis in GBM
(Sachamitr et al., 2021). The fact that there appears to be no significant shifts in variation
between the control and treated samples, however, does indicate that there are other factors
which are driving the transcriptomic changes, such as hypoxia and necrosis as discussed, or
due to other unexplored factors, attributed to biomolecular markers which have not be

accounted for.

Hoffman and Lambert (2014), and others (Bortner and Cidlowski, 2014) have outlined the
importance of ion channels in treatment resistant cancers and in apoptosis. Hoffman and
Lambert suggest that one mechanism of treatment resistance is through evasion of drug-
induced apoptosis, via modulation of ion transporters. Interestingly, in patient sample D28, ion
transport and electron transport chain pathways are upregulated. Due to the PCI1 shift in
recurrent D28, post-treatment, to the potentially less aggressive primary and treatment-naive
phenotype of D30, it could be argued that the PRMT inhibitor treatment drives molecular
changes towards a reduced transcriptomic output, leading to cell death. A potential mechanism
for this could be the upregulation of pro-apoptotic ion channels, as seen in the GO analysis,
thereby overcoming any treatment resistance of the recurrent tumour. To investigate this
further, the specific genes associated with this increase in ion transport pathways should be
explored as a subset and individually. Upregulation of the electron transport chain also
indicates a change in mitochondrial respiration and generation of ROS. This could be
associated with a protective mechanism, by which ROS are increased to trigger GBM cell death
— however, this mechanism is often dysregulated in cancers, whereby increasing ROS leads to
sustenance of the cancer phenotype, which requires higher energy consumption for increased

proliferation (Raimondi et al., 2020).
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The most significantly upregulated genes in D28 were LYZ, DKK1 and MTND2P28. LYZ has
been found to be part of gene signatures involved in macrophage infiltration in GBM tissues
(Pombo Antunes et al., 2021) and are therefore involved in the inflammatory tumour
microenvironment. The DKK1 promoter has been shown to be methylated in GBM (Kafka et
al., 2021), whilst methylation of histone tails are another mechanism by which DKK]/
expression may be repressed (Aguilera ef al., 2006). DKK has been reported to have a pro-
apoptotic function in gliomas (Guo et al., 2014), potentially through epigenetic silencing of
negative Wnt signalling regulators. PRMT inhibition therefore could be promoting to
production of DKK through the inhibition of aDMA, by inhibiting repressive histone marks,
and causing negative regulation of Wnt signalling, leading to more pro-apoptotic phenotype.
This would have to be validated with more samples and histology. MTND2P2§ is a IncRNA
which has also been associated with the adaptive immune system and the inflammatory tumour

microenvironment (Rothzerg et al., 2022).

In contrast, mitochondrial membrane organisation pathways are downregulated, which is
linked to the most significantly downregulated gene in D28, LMF1. LMFI has been identified
as a potential risk gene for brain neoplasms, including having high expression in GBM and is
found in a locus associated with other known biomarkers of GBM, which are involved in
alternative splicing and malignancy. LMF1 is also localised to the ER and is responsible for
the maturation of specific proteins, regulation of ER stress and thereby being involved in the
UPR (Lin et al., 2022), resulting in apoptotic evasion (Oakes, 2020). The ER relies on
mitochondria to function and therefore the downregulation of mitochondrial membrane
organisation would affect the functioning of the ER. Reorganisation of the mitochondrial
membrane leads to alterations of energy metabolism, such as a breakdown of oxidative
phosphorylation, leading to cell death (Rupprecht ef al., 2022), or there may be a switch to
glycolysis, which is an oncogenic marker (Greene et al., 2022). Downregulation of the LMF1
gene could therefore indicate a reduced response to ER stress, causing a bypass of the tumour’s
ability to avoid cell death by overcoming the UPR. Further research would have to be
completed, possibly via bioinformatic analysis, to determine whether this could be due to
arginine methylation switching, causing alternative epigenetic repression, or potentially by

alternative splicing.

216



GO analysis identified enrichment in cellular and developmental processes, which could be
due to change in the structural integrity of the cells. This is supported by the most significantly
upregulated genes in D29, COL341 and COL3A46. Collagen is responsible for several activities
in brain tumours, including cell adhesion, ECM and signal transduction network activation for
tumour progression (Snedeker and Gautieri, 2014, Raglow and Thomas, 2015). COL3A1 has
been identified as a potential biomarker for GBM, whereby GEO identified that COL3A41
expression was positively correlated with glioma grade and related to poor survival (Gao et al.,
2016). Gao et al. (2018) showed that knockdown of COL3A41 resulted in inhibition of glioma
cell proliferation and migration. COL6A3 expression is a subunit of collagen VI and has also
been noted at low levels in GBM stem-like cells (Fiscon et al., 2018, Wang and Pan, 2020).
Methyl-sensitive cut counting analysis (MSCC) showed decreases in COL643 CpG
methylation sites, highlighting the importance of the aberrant methylation and subsequent
alternative splicing in COL6A43 expression and tumour progression in GBM. COL6A3
downregulation in GBM stem-like cells, thought to allow tumour adaptivity due to their
similarity to undifferentiated cells, is highly correlated with activation of genes related to neural
development and differentiation, such as OLIG2 and SOX2. Induction of OLIG2 and SOX2 has
been shown to reprogram differentiated cells into GBM stem-like cells, thereby resulting in
tumour promotion (Fiscon et al., 2018). Inhibition of COL6A3 could lead to loss of collagen
structures, leading to a breakdown in signalling and causing neoplastic progression and
invasion. Activation of COL6A43 could inhibit tumour progression by restoring balance and
repressing neural dedifferentiation genes. Generally, in solid tumours, over expression of ECM
components leads to a more rigid tumour environment, make drug delivery and therefore
efficacy, much reduced. Increases in collagen proteins can also cause immune trapping,
exacerbating the inflammatory environment and reducing immune surveillance and can also
prevent movement of oxygen and nutrients, causing hypoxia-related chemo- and
radiotherapeutic resistance (Mohiuddin and Wakimoto, 2021). In patient D29, upregulation of
COL6A3 could represent a dedifferentiation of GBM stem-like cells, associated with
alternative splicing of COL6A3, brought about by alternative methylation pathways as a result
of GSK3368715 type I PRMT inhibition and thereby leading to a reduction in the invasion
phenotype. The conflict between the different functions of the most significantly up and
downregulated genes, in patient D29, does align with the discussion on the PC2 shifts, seen in

Figure 4.5.
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The extracellular matrix environment is essential for tumour development and maintenance
and therefore, it is expected that the most affected proteins are involved in ECM regulation
(Gao et al., 2016). GO analysis supports the importance of the ECM in GBM (Mohiuddin and
Wakimoto, 2021), with keratinisation being downregulated, in addition to mitosis
(Supplementary Table 4.1). KRT5, KRTI7 and KRT19 have all been identified as being
involved in proliferation, migration and invasion in several cancers, including prostate (Du et
al.,2019), pancreatic (Li et al., 2020) and glioblastoma (Gupta et al., 2013, Zhang et al., 2022).
These genes are the most significantly downregulated in GSK3368715-treated D29 biopsies.
The first zebrafish models of gliomagenesis were created, using Kirsten rat sarcoma virus
(KRAS)S!2Y overexpression, via the KRT5 neural promoter (Ju et al., 2014, Reimunde et al.,
2021). KRTS activation in prostate cancer stem cells has been shown to inhibit the Wnt
signalling pathway, leading to a reduction in tumour growth in mouse models (Du et al., 2019),
hence being a tumour promoter. KR7'/7 has been shown to be upregulated in pancreatic cancer
and has been associated with worse overall survival (Li et al., 2020). Knockdown of KRT17
via siRNA attenuated cell viability functions, including mTOR pathway phosphorylation and
in proliferation and invasion assays, in cell line models (Li et al., 2020). KRT17 has also been
associated with release of inflammatory cytokines and knockout was found to resensitise
cervical cancer cells to cisplatin (Escobar-Hoyos et al., 2015) and induce apoptosis in several
other cancers (Ujiie et al., 2020). KRT19 knockdown has been shown to increase proliferation
of breast cancer cells and promote drug-resistance, via expression modulation of cancer stem-
like cell biomarkers and overexpression led to cancer property attenuation (Saha ef al., 2018).
Alternatively, KRT19 has been shown to interact with miRNAs, such as miR200, to promote
lung adenocarcinoma metastasis (Cheng et al., 2013). Hou et al. (2019) developed several
computational models, based on TCGA datasets, which identified KR7'19 as part of a set of 14
genes which created a potential prognostic signature for GBM. The fact that this gene is seen
to decrease with GSK3368715 treatment correlates with this finding, as well as the PC2 shift

seen in Figure 4.5.

D30, despite displaying few significant DEGs, did see enrichment in TBCID3K, AC005224.4
and FRGI in upregulated genes, which was accompanied by an increase in GO terms associated
with leukocyte adhesion and rolling. There is little literature associated with 7TBCID3K and
none that can be found on 7BCID3K and GBM. The TBCID3 family, however, has been
indicated in renal clear cell carcinoma, associated with tumour-infiltrating lymphocytes and

218



increased expression of particular family members is a mark of poor prognosis (Wang et al.,
2021). Further investigation would be required to determine the specific function of 7TBCID3K
in GBM and how significant the increase in expression is, with PRMT inhibition. 4C005224.4
knockdown has been found, in ovarian cancer, to reduce tumorigenesis in vivo and has been
confirmed as an oncogene in ovarian cancer (Xiong et al., 2023). FRGI in a GBM cell line,
treated with GnRH agonists, was shown to be downregulated, whilst the cells displayed an
overall reduction in proliferation (Tripathi et al., 2022). FRG1 was also found to have high
levels of mutation in GBM, along with 7P53 (Li et al., 2021c). This may indicate that FRGI is
linked to cancer cell proliferation and therefore upregulation may be an indicator of GBM
progression. This is in direct contrast to a series of studies, which found that FRGI depletion
leads to angiogenesis in various cancers (Mukherjee et al., 2023), which matches to the results

found in D30.

There was also an enrichment in downregulation of angiogenic pathways, with the top
downregulated genes being CLDN5 and BOLA2B. Downregulation of angiogenesis is a
positive indicator that GBM is not progressing and is in line with PRMT inhibition taking effect
on D30, supported by the increase in FRGI. CLDNS is associated with tight junctions and
downregulation has been found in GBM samples (Karnati ef al., 2014). CLDNS5 could promote
the invasiveness of GBM by weakening tight junctions, thereby could be a prognostic indicator
of GBM progression. CLDN5 downregulation is also associated with pro-inflammatory
phenotypes (Yang et al., 2021), aligning with upregulated enrichment in leukocyte function.
Alternatively, BOLA2B has been found to be upregulated in several cancers, associated with
poor prognosis and negatively correlated with immune infiltration (Liang et al., 2023). The
downregulation of BOLA2B here could be an indicator of improved prognosis, along with the
downregulation of angiogenesis, which is often associated with highly vascularised GBM (Ahir

et al., 2020).

Due to the limited number of samples, it was then decided to combine DEGs conserved in two
or more patients, to identify any common pathways enriched for in any up- or downregulated
DEGs and those undergoing alternative splicing. This indicated decreased protein synthesis
capacity and alternative splicing after treatment, consistent with the observation of apoptosis

in histology. Dysregulation of protein synthesis and RNA catabolic process as a hallmark in
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cancer, suggesting that a downregulation in dysregulated protein synthesis may be an indication
of reduced cancer progression. Overall, with the modest enrichment in cell-cell communication
and transcription, as well as the myriad of individual genes seen in individual patients, this
could indicate the heterogeneity within and between the samples. In general, most of the GBM
cells are undergoing changes to their microenvironment, such as the ECM, resulting in
decreased capability for protein synthesis, decrease in angiogenesis, reduced Wnt signalling
associated with several of the individual genes and subsequent prevention of cancer stem-cell
differentiation. There is also evidence to suggest that some of the samples are undergoing
apoptosis, potentially associated with upregulation of pre-apoptotic ion channels and ER stress.
Overwhelmingly, of the alternatively spliced genes associated with PRMT inhibition, they are,
themselves, involved in alternative splicing and more broadly in DNA damage and cell death.
There are, however, subsections of cells which are simultaneously being positively selected for
in the perfusion device. These are the cells which thrive under hypoxic, inflammatory
conditions and are undergoing transcription, adhesion and migration. These are all
characteristics associated with the aggressiveness and invasiveness of GBM. It would therefore
be necessary to isolate the genes within this subset, to further target them, as it is these
populations which give rise to chemotherapeutic resistance in GBM. Several of the genes
described are known to undergo epigenetic regulation, which could explain their altered
expression with treatment. The PRMT inhibitor could be causing a reduction in mitosis and
proliferation in the MGMT positive tissue, but also be taking advantage of neuronal and
synaptic plasticity to bypass this, creating new pathways to overcome the pro-apoptotic effects
of the drug. The similarities between the processes that are simultaneously up- and down-
regulated through GSK3368715 application may also highlight the importance of intra-tumour
heterogeneity, displayed within and between the three micro-biopsies pooled for each
experimental condition (each donor). It could be that changes to arginine methylation, via
PRMT inhibition, lead to alternative splicing of several downstream genes, including those
involved in alternative exon usage themselves (Fedoriw et al., 2019), such as FUS (Wall and
Lewis, 2017), leading to a cascade of DEGs and giving rise to a multitude of downstream

effects, described in this chapter.

FUS is known to be involved in numerous neurological conditions, including MND and
dementia. Shuttling of FUS between the nucleus and the cytoplasm has been shown to be

affected by arginine methylation (Tradewell et al., 2012). In this data, FUS appeared at a higher
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weight in the nucleus than in the cytoplasm, suggesting that FUS in the nucleus is methylated.
This might therefore suggest that, with arginine methylation inhibition, FUS is no longer
efficiently imported into the nucleus and therefore remains in the cytoplasm. TNPO can no
longer interact with the methylated arginines and aggregation of FUS is more likely to occur,
forming plaques. Through this, FUS may cause more perpetual solid to liquid phase transition
in the nucleus, allowing easier access for transcription factors, which then drive gene
expression for apoptosis and cell death. Due to the lack of repeats for this data and the fact that
no change in FUS expression could be verified with PRMT inhibition, this explanation is

speculative.

Type I PRMT inhibition may also encourage alternative modulation of splicing in tumours with
high splicing dependency (El-Khoueiry et al., 2023). This is strengthened by the alternative
splicing evidence described in this chapter, whereby significantly alternative spliced genes in
two or more patients displayed high levels of enrichment in splicing and mRNA processing.
This was also reflected in the comparison with alternatively methylated arginines on proteins,
after GSK3368715 treatment, in the Fedoriw paper. There was a link between alternatively
spliced genes in two or more GBM patient biopsies and proteins which displayed alternative
arginine methylation marks, after GSK3368712 treatment. Whilst this might be expected, in
that mRNA processing does involve arginine methylation and changes to arginine methylation
would be expected due to the nature of the PRMT inhibitors, it highlights splicing as a potential
mechanism by which this alternative methylation occurs, potentially as a means to bypass
inhibition of the type I PRMTs. The vast majority of these alternatively methylated arginines
are also mMA and this can be coupled with the increase in apoptosis seen with GSK3368715
treatment, in GBM biopsies ex vivo. It could be postulated that the absence of the second methyl
group triggers alternative splicing RNAs thereby leading to augmented, or ineffective function,
triggering cellular apoptosis. The lack of the methyl group itself may also render the protein
ineffective, for example in attaining tertiary and quaternary structures, or binding to targets. A
theme which runs throughout the literature into ECM proteins (Mohiuddin and Wakimoto,
2021), including keratins and collagens, is that individual genes and proteins are very different

and sometimes alternate effects on tumour promotion, dependent upon the type of cancer.
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Bioinformatics-related research, linked to this project, was started in 2020 as a Covid-19
mitigation strategy, due to the lack of patient samples coming into the lab. This work involved
using proteomics software Maxquant, through the University of Hull’s high performance
computing cluster, Viper, to identify proteins in GBM with changes to arginine methylation,
as a result of GSK3368715 treatment. Should this line of inquiry be investigated in the future,
it may further strengthen the idea that arginine methylation switching is a driver of
chemotherapeutic resistance in GBM and validate the use of PRMTs as therapeutic targets in
GBM. This could also elucidate a biomolecular signature in GBM for use in the clinic for
diagnosis of GBM and for determining whether a patient may or may not respond to a certain

type of treatment and as a less invasive prognostic indicator.
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4.5. CONCLUSION

Many of the most significant DEGs displayed in all patients were related to the tumour
microenvironment; 1) structurally, leading to signalling changes; 2) related to inflammation
and 3) in general, suggesting reduced capacity for protein synthesis. Many of the inflammatory
and structural genes in these results indicate that PRMT inhibition is having a role in reducing
inflammation and breaking down cell signalling within the tumour, brought about by alterations
to structural integrity, . Moreover, alternative splicing has been identified as a potential
mechanism by which downstream processes leads to DNA damage and cell death. More
samples would increase the number of biological features able to be explored in the data, which
may contribute to variation, it may be prudent to identify further DEGs and alternative splicing
signatures, through which subsets of genes can be taken forward for further analysis. There has
also been some evidence that epigenetic regulation, via aDMA inhibition through type | PRMT
inhibitor, GSK3368715 could be regulating this alternative splicing. The results also suggest
that FUS could be a potential arginine methylation target, for which the function is augmented
to trigger a cascade of proteins involved in alternative splicing, leading to a reduced lethality
phenotype. These results suggest that FUS is linked to and involved in the process of apoptosis,

induced by PRMT inhibition in GBM tissue ex vivo, via alternative splicing pathways.
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CHAPTER 5: MOUSE AND FISH BRAINS AS HEALTHY
CONTROLS ON-CHIP

5.1. Introduction

The previous chapters have described the effect of GSK3368715 on GBM tissue in the fluidics
system. Both the IHC data and the transcriptomic data suggested that PRMT inhibition causes
apoptosis in the GBM tissue, potentially through aberrations in alternative splicing. This is
work that has also been published (Barry ef al., 2023). The next logical step was to determine
the effect of GSK3368715 on healthy tissue, in order to ascertain any off-target effects, or

adverse reactions.

5.1.1. Mouse and cichlid as healthy brain tissue models

Due to the ethical implications of using healthy human brain tissue in microfluidics systems,
as well as the lack of availability of such tissue, wild-type mouse and fish brains were
considered to be an appropriate alternative. Both mice and fish were readily available on-site
and it was feasible to utilise the experience of colleagues who were trained animal handlers
and already euthanising the animals for ongoing projects. Mice are already very well-
established models for in vivo studies into the brain, including GBM xenografts (Haddad et al.,
2021). Although the use of cichlids in GBM research has not been well-documented, there is
research demonstrating the effect of PRMTs and arginine methylation in zebrafish
(Pliakopanou et al., 2023), as well as the use of cichlids in medical research (Schartl, 2014).
Although less common models of human disease than zebrafish counterparts, the Cichlidae
family have become more prevalent in studies into craniofacial developmental research
(Schartl, 2014). This is due to the family being very species rich, with a great deal of

physiological changes associated with their variety of ecological niches.
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Figure 5.1.: Labelled diagram of a cichlid brain, showing the main anatomical features.
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Figure 5.2.: Labelled coronal section diagram of mouse brain showing the main anatomical

features.
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Due to the small size of the brains, the entirety of the cichlid brain was utilised, with the
exception of the medulla oblongata (Figure 5.1). The cortex of the mouse brain (Figure 5.2)
was identified as the equivalent to the frontal and temporal lobes of the human brain, in which

the vast majority of GBMs arise.

5.1.2. Ki67 as a proliferative marker

Previous chapters have utilised apoptotic markers cleaved PARP and Annexin V to
demonstrate increases in apoptosis in GBM, on the novel perfusion device, in the presence of
GSK3368715. Validation work of the GBM-on-chip system was performed by Dr Sabrina
Samuel and Srihari Deepak and utilised proliferative marker, Ki67. Ki67 was used to determine
the impact of the fluidics environment on the GBM tissue sample, by comparing expression
pre-perfusion and post-perfusion, at various time points. This would ensure that any differences
in proliferation seen with treatment was entirely down to the treatment and not due to the
fluidics system itself. As part of the validation process of mouse and cichlid brain tissue in the
perfusion device, Ki67 was again employed to determine the proliferative capacity of tissues
pre-perfusion vs post-perfusion, as well as with gold standard TMZ treatment and experimental
GSK3368715 treatment. Some of this Ki67 validation work was performed by Ricky
Akinkuolie in the course of his MSc degree.

Ki67 is present in cells in all phases of the cell cycle, except during resting and GO (quiescence).
Ki67 is expressed via Rbl and E2F-mediated transcription in G1 phase, through
phosphorylation of Rb by CDK4 and CDK6 in complex with cyclin D. Ki67 expression is
increased further upon hyperphosphorylation of Rb by CDK2, in complex with Cyclin E and
A, during G1/S phase transition, respectively (Scott et al., 2005). Accumulated Ki67 is
phosphorylated by CDK1, complexed with cyclin A and B, to push the cell through G2/M
transition and into mitosis. There is a sharp decline in Ki67 expression during the

metaphase/anaphase transition of mitosis (Figure 5.3) (Menon et al., 2019, Uxa et al., 2021).
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Figure 5.3.: Ki67 Accumulation Throughout the Cell Cycle.

Relative expression of Ki67 throughout the cell cycle is indicated by the inner circle, whereby
red shows high concentration and white shows low concentration. Retinoblastoma protein

(Rb); E2 promoter binding factor (E2F); phosphorylation (P); cyclin-dependent kinase (CDK).

5.1.3. Aims and Objectives

In the previous chapters, I have described the findings that GSK3368715 kills GBM cells. Due
to the ubiquitous nature of arginine methylation, by PRMTs, throughout most tissues;
determining whether GSK3368715 also kills healthy brain tissue is imperative. The acquisition
of healthy human brain tissue, as well as other healthy human organs was significantly

compounded by ethics and by the potential risk of another Covid-19 lockdown.
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I decided therefore, to use mouse brain tissues, as a well-established model of human brain
tissue, as well as fish brain and gill tissues (the latter as a control), from an ongoing proof-of-
concept study into the maintenance of fish tissues in the fluidics device, to establish a platform
for environmental studies. In the literature, I was unable to find any other studies which utilised
mouse, or cichlid brains in a microfluidics device and therefore, this is a novel study, with

optimisation involved.

The aims of this chapter were to:

e Ascertain whether mouse and cichlid tissues can be maintained in viable conditions in
the perfusion system, thereby providing a good fluidics model for healthy human
brain tissue. This will be assessed using cell stress assays, such as LDH release and
proliferation assays, such as Ki67 expression through IHC.

e Understand the apoptotic effects of GSK3368715 on healthy tissues, to further
investigate PRMT inhibition as a viable therapeutic tool against GBM.
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5.2. Methods

5.2.1. Mouse brain tissue preparation

Twelve mice, M1-M12 (Table 5.1), were used for this study. Mice were kept in appropriate
conditions, according to the Animals (Scientific Procedures) Act, 1986 and with ethical
approval from the Animal Welfare and Ethical Review Body. Mice were kept in monitored air-
filtered cages in groups of 2-5 separated by sex, at 22°C and 60% humidity. Mouse subjects
were evenly split between male and female and mice age was between 60 and 128-days, where
6 days is equivalent to 1 year old. All mice were c57/bl6 wildtype mice and were sacrificed
through cervical dislocation. Mice were not genetically modified, nor had they undergone any
treatment prior to this study. Mice were euthanised by Dr Chris Sennett, or the in-house animal
technician team, via cervical dislocation. The whole brain was then transported by myself from
the on-site animal house to the lab in 10 ml Neurobasal A (NBA) medium (Gibco,
Thermofisher Scientific UK, 10888-022) (Table 5.2). I then micro-dissected mouse brains into
25 mg (+ 10%) samples, taking care to use sections in the cerebral cortex of the mouse brain
(Figure 5.2), equivalent to the frontal, temporal and parietal lobes in which GBM is normally
found within humans. Similarly to the GBM samples, mouse brain tissue was then randomly
placed into chip-chambers, pre-filled with NBA medium and drugs and connected syringes
loaded onto the Harvard Apparatus PHD ULTRA syringe pump system and set at a flow rate

of 3 ul/min (section 2.2).

Table 5.1.: Mouse Subjects

Subject ID | Age (days) | Equivalent human Sex
Age (Years)
M1 128 21 F
M2 87 14 M
M3 87 14 F
M4 127 21 M
M5 127 21 M
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M6 125 20 M
M7 96 16 F
M8 96 16 F
M9 96 16 F
M10 106 17 M
MIl11 106 17 F
M12 60 10 M

Table 5.2.: Supplements added to Neurobasal A medium for mouse and cichlid brain

microfluidics

Reagent Final Concentration | Manufacturer Catalogue no.
FCS 1% (v/v) Merck, Sigma F7524
B-27 2% (v/v) Invitrogen™, A35828-01

Thermofisher Scientific

L-Glutamine (200mM) 2mM/1% (v/v) Gibco™, Thermofisher | A2916801
Scientific
Antibiotic Antimycotic | 1% (v/v) Merck AS5955

Solution (100x), Stabilized

5.2.2. Cichlid brain tissue preparation

Five cichlids, F1-F5, were used for this study (Table 5.3). Cichlids were kept in accordance
with the Animals (Scientific Procedures) Act, 1986 and with ethical approval from the Animal
Welfare and Ethical Review Body. Cichlids were not genetically modified, nor had they
undergone any treatment prior to this study. Cichlid subjects were 80% male and of the species

Astalatilapia caliptera. The only female was of the species Nyassachromis microcephalus.
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Cichlids were euthanised by Dr Domino Joyce via anaesthetic and spinal cord severance in the
context of a valid Home Office Animal Licence. The whole brain was then transported from
the on-site animal house to the lab in 10 ml NBA medium (Table 5.2). Cichlid brains were
micro-dissected into 41 mg (£ 30%) samples, modified as optimisation occurred, taking care
to use sections in the cerebrum of the fish brain (Figure 5.), equivalent to the frontal, temporal
and parietal lobes in which GBM is commonly found within humans. These brain tissue
sections were excess tissue from a proof-of-concept study being performed by Karen Lister,
which aimed to ascertain whether cichlid brain and gill tissue could be maintained on the
microfluidics system. Gill tissue was micro-dissected into ~3mm sections to fit into the chip
chamber. Similarly, to the GBM samples, cichlid brain tissue was then randomly placed into
chip-chambers, pre-filled with NBA medium and drugs and connected syringes loaded onto

the Harvard Apparatus PHD ULTRA syringe pump system and set at a flow rate of 3 pl/min.

Table 5.3.: Fish Subjects

Subject ID | Species Sex
F1 Nyassachromis microcephalus | F
F2 Astalatilapia caliptera M
F3 Astalatilapia caliptera M
F4 Astalatilapia caliptera M
F5 Astalatilapia caliptera M

5.2.3. Immunohistochemistry

Pre- and post-transfusion mouse and cichlid samples were FFPE, sliced and mounted onto
poly-L-lysine-coated slides, as described previously. IHC was performed on the samples using
cleaved PARP at 1:100 and Annexin V at 1:100, according to the manufacturer’s instructions

(Table 2.8) and using the same process described previously.

231



Table 5.4: Primary antibodies used in IHC

Antibody against | Species raised | Species Against | Manufacturer | Catalogue no.

Cleaved-PARP Rabbit Human Cell Signalling | 5625S

(Asp214)

(D6E10)

Cleaved-PARP Rabbit Mouse, Rat Cell Signaling 94885

(Asp214)

(D6X6X)

Annexin V Mouse Human, Nordic MUbio | MUBO106P
Zebrafish

Annexin V Rabbit Human, Mouse, | Thermofisher PA5-78784
Rat

5.3. Results

5.3.1. Mouse and cichlid brains can be maintained in the novel perfusion device

Mouse brains were put onto the perfusion system within 1.5 hours, or less, of euthanasia, which
is comparable to the GBM samples. Cervical dislocation was deemed to be the most appropriate
method of euthanasia as the effects of Ketamine/xylazine on neurological function may affect
analysis of the brain and there were some concerns over hypoxia if carbon dioxide (CO»)

euthanasia was used. Cichlids were euthanised in the standard way of introducing anaesthetic

in the aquatic environment, before decollation.

LDH analysis was performed on effluents from both mouse and fish brain tissue incubations,

as described previously, primarily to determine the effect of the perfusion system on cellular

stress over the course of 2 to 8-days, tissue dependent (

Figure 5.4).
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Figure 5.4.: Lactate Dehydrogenase (LDH) (Arbitrary Units (AU)) release from mouse brain

tissues (n=11) over 8-days in a novel perfusion device, including post-perfusion tissue lysis

(n=3).

Absorbance of light at wavelength 490 nm (4490 nm™’) directly corresponds to LDH release

from mouse brain tissues (me”') in the novel perfusion device, into effluents collected every 24

hours, for 8-days. Individual data points indicate biological replicates. Mean LDH expression
levels indicated by blue diamonds: day 1, 0.04£0.017 AU mg”; day 2, 0.027+0.009 AU mg’;
day 3. 0.024+0.011 AU mg'; day 4. 0.013+0.005 AU mg™'; day 5. 0.014+0.005 AU mg'; day 6,
0.019+0.019 AU mg'; day 7, 0.014+0.01 AU mg”’; day 8, 0.01£0.005 AU mg’. Non-
parametricity was identified by Shapiro-Wilk test and rectified by the logl0() function in R
4.3.1 and one-way ANOVA performed (F=6.55, df=7, p=6.7e-06****). Significance found
between LDH released between 24 hours and 96 hours (p=0.0015**), 120 hours (p=0.006*%*),
144 hours (p=0.0069*%*), 168 hours (p=0.00036***) and 192 hours (0.000017****) 48-168
hours (p=0.04%), 48-192 (p=0.004**). No significance found over 6-day period 72-192 hours
(0.015+0.011 AU mg™) through one-way ANOVA (F=1.45, df=5, p=0.22). Significance found
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between LDH stored in 8-day post-perfused tissue lysate (0.063+0.011 AU me™’) (red arrow)

and average LDH released between 72-192 hours in paired Student’s t test (t = 3326.1, df =

59, p-value < 2.2e-16). Normality assumptions satisfied after logl0() transformation. Boxplot

shows median and 25" and 75" quartiles, whiskers show low and high percentiles. Statistical

analysis was performed using ANOVA in R 4.3.1.

The data in

Figure 5.4 displays LDH release from mouse brain tissues perfused with DMSO-treated media,
as the vehicular control. Absorbance and therefore LDH release and cellular stress, expressed
from mouse brain tissue throughout 8-days on chip begins high. This is expected as the mouse
brain has been removed from its natural environment and cells are stressed and this is reflected
in the significant statistical differences in expression between the 24 hour and 48-hour
timepoints, with subsequent timepoints. This stress, however, decreases to a non-significant,
low level after 72 hours and only slightly fluctuates from this point. There is a slight increase
after 96 hours, peaking at 144 hours and this is most likely due to the media change on day four
of the perfusion. This is reflected in other LDH analyses of different tissues. Expression
decreases down to a baseline again for the remaining time on the perfusion device after syringe
change. After 8-days, the tissues were removed, and protein lysis performed to release any
remaining LDH from the cells and thus determine the ratio of released LDH to retained LDH.
Due to there only being significant LDH release at 24 and 48 hours, average LDH release
across the remaining time points was compared to the lysis value. This indicated a significant
amount of LDH remained within the tissue. This shows that not all of the LDH within the tissue
was released during incubation and therefore the tissues were able to be maintained on the
perfusion system with relatively little biological stress. Similarly to the mouse tissue effluent,
the effluent from the cichlid brain tissue, over the course of 6 days, was analysed for LDH

expression (Figure 5.5).
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Figure 5.5.: Lactate Dehydrogenase (LDH) (Arbitrary Units (AU)) release from cichlid brain

tissues (n=5) over 6 days in a novel perfusion device, including pre-perfusion tissue lysis
(n=2).

Absorbance of light at wavelength 490 nm (4490 nm™') directly corresponds to LDH release

from cichlid brain tissues (mg”!) in the novel perfusion device, into effluents collected every 24

hours, for 6 days. Individual data points indicate biological replicates. Mean LDH expression
levels indicated by blue diamonds: day 1, 0.016£0.011 AU mg”!; day 2, 0.01£0.009 AU mg’;
day 3, 0.012+0.008 AU mg’'; day 4, 0.013+£0.02 AU mg™; day 5. 0.001£0 AU mg™”; day 6, 0+0
AU mg!. Non-parametricity was identified by Shapiro-Wilk test and rectified by the sqrt()
function in R 4.3.1 and one-way ANOVA performed (F=1.73, df=1, p=0.21). No significance

found between LDH release at any time point over 6 days. Significance found between LDH

stored in pre-perfused tissue lysate (0.055+0.034 AU mg™") (red arrow, 0 hours) and average
LDH released over 6 days (0.012+0.011 AU mg™), in paired Student’s t test (t = 13.9, df = 20,

p-value = 9.46e-12****). Normality assumptions satisfied after logl0() transformation.

Boxplot shows median and 25" and 75" quartiles, whiskers show low and high percentiles.

Statistical analysis was performed using ANOVA in R 4.3.1.
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As found in both human GBM and healthy mouse tissues, cichlid brain tissue initially releases
more LDH, indicating higher levels of cellular stress (Figure 5.5). This does not, however,
seem to decrease drastically over the first four days in the perfusion device, but is maintained.
LDH release then decreases after days 5 and 6. It is worth noting that the day 5 and 6 data are
collated from just one fish and therefore one biological repeat. The earlier days show data from
5 different fish and therefore forms a more accurate representation of cellular stress. No
significant change in LDH was found at any time point, over the 6 days that the cichlid brain
tissue was on the perfusion device, indicating that the tissue can be maintained, at least up to
four days, as LDH is still being produced. Two pre-perfusion cichlid brain tissue samples were
also lysed, which indicated a much higher starting level of LDH within the fish brains. The
amount of LDH in the pre-perfused tissue was significantly higher than the amount released
over the 6 days, from the perfused tissues. This indicates that cichlid brain tissue can be
maintained on the perfusion device and therefore may be a good model for healthy brain tissue,

on which to determine off-target effects of GSK3368715 treatment.

Following analysis of the LDH data, the histology of the tissue was assessed by
neuropathologist, Dr Ian Scott. This was to ensure that the tissue entering the perfusion devices
was of appropriate quality, that it was alive and proliferating and whether this changed post-
proliferation. H&E staining was performed on several sections of each of the tissues, both pre-
and post-perfusion, to determine this and examples are shown in Figure 5.6, Figure 5.7,

Appendix 10 and Appendix 11.
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8-day Post-perfusionmouse
Pre-perfusion mouse brain brain untreated

Figure 5.6.: H&E staining of pre- and DMSO-control post-perfused mouse brain tissue [inset:

mitosis|].

Mouse brains were maintained for 8-days in the perfusion device, treated with DMSO and
remained viable throughout, indicated by haematoxylin-stained nuclei of equal and even
shape. Both pre- and post-perfused tissues showed signs of mitosis, shown inset. Images

captured using DinoCapture 2.0 on an inverted microscope and assessed by Dr. lan Scott.

H&E staining indicated that the mouse brain tissue remained alive for eight days in the
perfusion device, with examples of mitoses shown inset, making it a viable healthy control for
screening the PRMT inhibitors. In the pre-perfused image, the example of mitosis shown is an

atypical, but normal starburst mitosis (Donovan et al., 2021).
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4-day Post-perfusionfish brain

Figure 5.7.: H&E staining of pre- and 2, 3 and 4-day post-perfused cichlid brain tissue [inset:

viable cells].

Cichlid brains were maintained for up to 4-days in the perfusion device with no treatments and
remained viable throughout, indicated by swathes of haematoxylin-stained nuclei of equal and
even shape. Images captured using DinoCapture 2.0 on an inverted microscope and assessed

by Dr. Ian Scott.

H&E staining indicated that the cichlid brain tissue remained alive for the four days for which
it was left in the perfusion device. The image of the tissue after 2-days perfusion reinforces the
importance of getting the tissue onto the chip very quickly, due to autolysis of fish tissue. The
tissue is mostly non-viable, although there are some small clusters of viable cells, shown inset.
At 3-day post-perfusion, there are areas of viability and areas on dead tissue, which highlights

the heterogeneity of normal tissue.

To quantify the survival of the tissue through the process of the perfusion device, IHC was
performed for several biomarkers. The obtainment and analysis of the raw IHC data was based
upon a system where the sensitivity would have, ideally, been higher. Several controls were

utilised to ensure that the data collected was of optimum quality. Alongside the negative,
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secondary antibody-only control, there were a series of positive controls. Several antibodies,
which were recommended for FFPE-specific IHC in mouse tissue, such as Ki67 cleaved PARP
and Annexin V were utilised to check that the tissue quality and processing were adequate and
that cells were able to uptake other antibodies. The Ki67 antibody was used to determine
whether healthy brain tissue cells were proliferating as would be expected from a healthy tissue.
Frozen mouse tissue sections were also used in conjunction with the mouse-specific cleaved
PARP antibody, to confirm tissue quality and processing efficacy. Human FFPE tissue with
the corresponding human-specific cleaved PARP antibody, was used to ensure that FFPE
processing did not disrupt antibody, DAB, or haematoxylin dye ability from entering the cell,
thereby preventing accurate cell counting. Finally, human tissue which had been fresh frozen
was also utilised, as this had shown strong staining in previous GBM IHC and therefore was a

good positive control to confirm the efficacy of the staining technique.

To ensure that data between the GBM and mouse samples were comparable, it was necessary
to determine the level of programmed cell death occurring in the mouse brain samples. Cleaved
PARP was again used to identify the levels of apoptosis occurring within the tissue. To validate
that the mouse brain tissue was suitable for incubation in the perfusion device, IHC was
performed on pre-perfused and post-perfused, DMSO-treated tissue. Images were taken of the
IHC tissue, and a cleaved PARP positivity index collated (Figure 5.8). The average indices
were made relative to the post-perfusion control. A paired t-test for parametric, homoscedastic
data was performed to determine any significant changes between cleaved PARP expression
pre-perfusion and post-perfusion. IHC of healthy mouse brain tissues indicated no significant
changes in cleaved PARP expression between pre- and post-perfusion tissue samples (Figure

5.8).
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Figure 5.8.: Relative cleaved PARP expression (Arbitrary Units (AU)) in mouse brain tissue,

pre- and 8-day post-perfusion, with representative images.

IHC of mouse brain tissue, pre- (0.89+0.495 AU) and 8-days post-perfusion (0.98+0.16 AU)

(n=06), using apoptotic marker cleaved PARP, indicated no significant changed in apoptosis

whilst in the perfusion device, using Welch’s paired t-test (t = 0.020, df = 2, p = 0.99). Dashed

lines show cleaved PARP expression between treatments, within the same sample. Green points

indicate individual mouse samples. Red diamonds indicate mean cleaved PARP expression,

relative to the post-perfusion sample. Images taken using an Olympus IX71 inverted

fluorescence microscope, on_the brightfield setting, phase 2 and using CellSens software

1.18 at x40 magnification. Statistical analysis was performed using ANOVA in R 4.3.1.

Annexin V antibody was used to cross validate the apoptosis results gained from the cleaved
PARP antibody. An Annexin V positivity index was collated from the images and the averages
made relative to the post-perfusion control (Figure 5.9) (Appendix 13). A paired t-test for
parametric, homoscedastic data was performed to determine any significant changes between

Annexin V expression pre-perfusion and post-perfusion.
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Figure 5.9.: Relative Annexin V expression (Arbitrary Units (AU)) in mouse brain tissue, pre-

and 8-day post-perfusion, with representative images.

IHC of mouse brain tissue, pre- (0.96+0.39 AU) and 8-days post-perfusion (1.00+0.15 AU)

(n=7), using apoptotic marker Annexin V, indicated no significant change in apoptosis whilst

in the perfusion device, in a Welch’s paired t test (t = -0.23, df = 6, p = 0.82). Dashed lines

show cleaved PARP expression between treatments, within the same sample. Yellow points

indicate individual mouse samples. Red diamonds indicate mean Annexin V expression,

relative to the post-perfusion sample. Images taken using an Olympus IX71 inverted

fluorescence microscope, on the brightfield setting, phase 2 and using CellSens software

1.18 at x40 magnification. Statistical analysis was performed using ANOVA in R 4.3.1.

The THC results of Annexin V expression (Figure 5.9) confirmed that there was no significant
change in apoptosis between pre-perfused and 8-days post-perfused tissue (Appendix 14). This
confirms that the tissue can be maintained on chip and that the perfusion system does not cause

significant apoptosis to the tissue.

Annexin V was also used to determine the capacity of cichlid brain tissues to be maintained on
the device. This was initial data to ascertain whether the cichlid brain tissue would be a suitable

model for further downstream analysis into PRMT inhibitors. IHC with Annexin V was
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performed on five cichlid brain tissue samples pre-perfusion and post-perfusion, after 2, 3, or
4-days, dependent upon the fish sample. IHC was performed to n=2 for most samples. The
Annexin V positivity index was found for each image, as previous and an average of all of the
images taken (Figure 5.10)(Appendix 12). This was then made relative to the pre-perfusion
control (as there were multiple, untreated post-perfusion controls, unlike previous samples) and
Kruskal-Wallis analysis performed for non-parametric data, with no corrections for

heteroscedasticity.
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ive Annexin V expression (Arbitrary Units (AU)) in cichlid brain tissue, pre-

Figure 5.10. .'Rea

and 2, 3- and 4-day post-perfusion, with representative images.

[HC of cichlid brain tissue, pre- (1.00+0.51 AU) (n=35), 2-days (1.05) (n=1), 3-days (4.67+1.56
AU) (n=3) and 4-days post-perfusion (2.23+£2.29 AU) (n=2), using apoptotic marker Annexin

V, indicated no significant changes in apoptosis whilst in the perfusion device, using a Kruskal-
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Wallis test (X°=5.50, df = 3, p = 0.14). Dashed lines show cleaved PARP expression between

treatments, within the same sample. Green points indicate individual mouse samples. Red

diamonds indicate mean Annexin V expression, relative to the pre-perfusion sample. Images

taken using an Olympus IX71 inverted fluorescence microscope, on the brightfield setting,

phase 2 and using CellSens software 1.18 at x40 magnification. Statistical analysis was

performed using ANOVA in R 4.3.1.

As found with both the human and mouse tissues, cichlid brain tissue was maintained in the
perfusion device in apparently viable conditions, albeit for a much shorter period of time. It
was found that extending beyond 3 days in the system caused the brain tissue to disaggregate
and become less solid and therefore more difficult to handle. It was determined to maintain the
fish brains for no more than 3 days in the perfusion system for later samples. In Figure 5.10,
although there is no significant increase in Annexin V expression and therefore apoptosis of
the fish brain tissue, there does appear to be a strong upwards deflection in Annexin V
expression, post-3 days. Although this rectifies at 4-days post-perfusion, this could support the
visual and technical findings described. This is also reflected in the representative images

(Figure 5.10 and Appendix 12).

5.3.2. Cichlid gills cannot be maintained in the novel perfusion device

Due to the ubiquitous nature of PRMTs, cichlid gills were utilised as a control to determine
off-target effects of the GSK3368715 drug on other organs. Prior to treating the gills with
drugs, this optimisation study used gills perfused with only NBA medium and no additional
drugs, to determine whether the gills could be successfully maintained in the perfusion device.
As with the mouse and cichlid brain tissues, the gill sections were maintained in the perfusion
device for up to 8-days and then underwent H&E staining. This was to determine any
histological features which would confirm whether the tissue remained alive whilst in the
device and if so, the optimal time at which the gills should be removed from the device. Time
points of 2-days, 4-days and 7-days were chosen (Figure 5.11). This was to be able to track any
potential degradation over time, whilst maintaining some continuity with the time that GBM
samples spent on the perfusion device, for comparability. This work was performed in

partnership with Karen Lister, in a laboratory research technician capacity.
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Figure 5.11.:Lactate Dehvdrogenase (LDH) (Arbitrary Units (AU)) release from cichlid gill

tissues (n=35) over 7-days in a novel perfusion device, including pre- (n=2) and post-perfusion

tissue lysis at 3 days (n=1) and 4-days (n=3).

Absorbance of light at wavelength 490 nm (4490 nm™') directly corresponds to LDH release

from cichlid gill tissues (mg™') in the novel perfusion device, into effluents collected every 24

hours, for 7-days. Individual data points indicate biological replicates. Mean LDH expression
levels indicated by blue diamonds: day 1, 0.004+0.007 AU mg™!; day 2, -0.001£0.005 AU mg"
- day 3, -0.002+0.005 AU mg’; day 4, 0.008+0.015 AU mg™’; day 5, 0.009+0 AU mg™!; day 6,
0.002+0.004 AU mg™'; day 7, 0£0 AU mg!. Non-parametricity was identified by Shapiro-Wilk
test and in R 4.3.1 and Kruskal-Wallis test performed (X°= 4.02, df = 6, p-value= 0.68). No

significance was found between LDH release at any time point over 6 days. Significance was

found between LDH stored in pre-perfused tissue lysate (0.072+0.002 AU mg™) (red arrow, 0
hours) and average LDH released over 6 days (0.002+0.009 AU mg™), in paired Student’s t
test (t = 10.4, df = 15, p-value = 3.27e-08****)_Sionificance found between LDH stored in 3-

day post-perfused tissue lysate (0.042 AU mg™) (red arrow, 73 hours) and average LDH
released over 6 days (0.002+0.009 AU me™'), in paired Student’s t test (t = 25.5, df = 14, p-
value = 3.95e-13****) Sionificance was found between LDH stored in 4-day post-perfused
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tissue lysate (0.069+0.016 AU mg™!) (red arrow, 97 hours) and average LDH released over 6
days (0.002+0.009 AU mg™'), in paired Student’s t test (t = 22.9, df = 16, p-value = 1.19e-

13****) Normality assumptions satisfied after log10() or sqrt() transformation. Boxplot shows

median and 25" and 75" quartiles, whiskers show low and high percentiles. Statistical analysis

was performed using ANOVA in R 4.3.1.

LDH release from the gills began much lower than anticipated but was consistent with the LDH
release results from the brain. The LDH release decreased slightly over 72 hours, before
increasing again to a peak between 96 and 120 hours and then slightly reduced. Whilst there
generally was a small increase in cellular stress in the cichlid and mouse brains and the GBM
tissue in previous chapters, it did tend to settle back down to a baseline after around 24 hours,
which it did not appear to do with the gills. Stored LDH in the tissues also remained high,
which might suggest that the tissues were, largely, not stressed in the microfluidics device,
although this too was variable throughout the 7-days in the perfusion device, as seen at time
points 0, 73 and 97 hours (Figure 5.11). More lysates from multiple fish gills would require

testing for stored LDH to draw any significant conclusions from this data.

H&E staining examples of these tissues are displayed in Figure 5.12.
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x10 x40

Figure 5.12.:Representative H&E images of cichlid gills.

Images taken using an Olympus IX71 inverted fluorescence microscope, on the brightfield

setting, phase 2 and using CellSens software 1.18 at x10 and x40 magnification. PL- primary

lamellae; SL- secondary lamellae. C&F some secondary lamellae clubbing and fusion; MC-

mucous cell; PVC- pavement cell; E- erythrocytes CLC- chloride cell; V- vacuole; EPL-
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epithelium lifting. H&E performed, and images taken and labelled in conjunction with Karen

Lister.

Cichlid brain and gill histology were assessed by speciality histologist, Jorge del Pozo and in
collaboration with Kim Thompson, at the University of Edinburgh. Cichlid gills were
determined to be inviable prior to being put in the perfusion device. This can be seen by the
large pink, eosin-stained areas and breakdown of structure, including clubbing and fusion of

secondary lamellae and epithelium lifting, particularly post-perfusion (Figure 5.12).

5.3.3. GSK3368715 does not cause apoptosis in healthy mouse and fish brain

tissue, or propagate cell proliferation

The work in the previous chapters indicated that GSK3368715 causes apoptosis to occur in ex
vivo patient GBM samples and influences changes in the transcriptome and alternative splicing.
These changes resulted in reduction of protein synthesis capacity, as well as increases in
pathways associated with apoptosis. Increases in apoptosis were also indicated by increased
expression in apoptotic marker cleaved PARP in IHC analysis. Similar techniques were
performed on healthy mouse and fish brain tissues, to assess the effect of GSK3368715,
including: stress assays, using LDH release into effluents; IHC for mouse-specific cleaved

PARP and mouse- and fish-specific Annexin V to ensure reproducibility.

LDH analysis was performed on all mouse brain effluents from chips in the perfusion device,
for GSK3368715, TMZ and combination treatments, over the 8-days. Each time point for
treatments was compared to the same time point in the DMSO control and to other treatments,
at the same time point. Figure 5.13 shows LDH release from eleven mouse brain tissues over

8-days, for all treatments.
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Figure 5.13.: Average lactate dehydrogenase (LDH) (Arbitrary Units (AU)) release from
mouse brain tissues (n=11), with 1 uM GSK3368715 and 10 uM TMZ treatment, over 8-days

in a novel perfusion device.

Absorbance of light at wavelength 490 nm (4490 nm) directly corresponds to LDH release per

millieram of mouse brain tissues (mg™) in the novel perfusion device, into effluents collected

every 24 hours, for 8-days. DMSO control (orange), 10 uM TMZ (green) and Combo treatment
(1 uM GSK3368715 and 10 uM TMZ) (blue) begin with highest LDH expression, between

0.04-0.06 AUmg" tissue, before reducing and fluctuating at a lower level for the remainder of

time in the perfusion system. 10 uM TMZ shows a peak at 144 hours of around 0.07 AUmg™"

before decreasing again. 1 uM GSK3368715 (pink) increases slightly after 48 hours, before

reducing again and remaining low. Statistical analysis was performed using GLM in R 4.3.1.

Generally, all treatments begin with high levels of LDH release into the effluent, from the
mouse brain tissues, which then decreases over time and remains low for the remaining time
on-chip. There are some anomalies, including the amount of LDH in the effluent of
GSK3368715-treated mouse brains after 24 hours, which is lower than the rest and then

increases after 48 hours, before following the general pattern of the DMSO and combination-
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treated tissues. The TMZ-treated tissues generally showed an overall downward trend in LDH
release, with the exception of a large peak after 144 hours. This could potentially be because
of a blockage in one of the chips, which reduced the amount of media available to the brain
tissue, thereby increasing cellular stress. There is a large standard error shown in Figure 5.13

at this time point and treatment, which supports this theory.

GLM was performed to identify factors which significantly effect LDH expression in mice.
The variables explored were: treatment, treatment with the time component (Treatment2), age
and sex. Time as a unique factor was excluded from this analysis, due to the findings with the
control LDH sample, which indicated no significant changes in LDH release, over time. GLMs
with and without interactions were fitted to identify the best model, using the ‘glmulti’ package
in R. Akaike criterion (AICc) weighting was assessed to determine which variables were the
most important contributing factors to variation in LDH. In an exhaustive search of the non-
interacting model, the top two models indicated AICc of -1334.220 and -1332.770 and shared
99.99% of the variation, with contributions from all exploratory variables. A second exhaustive
model was run with interactions for all variables, which indicated the top, linked twenty-four
models with an AICc score of -1337.058, contributing to only 54.4% of the variation. The non-

interacting model, including all variables, was chosen as the final model.

The coefficient for the intercept showed significant positive regression (coeff. est. +SE:
2.02x102+5.22x1073, t=3.88, p=1.48x10*). This may indicate underlying components of the
individual mouse sample genetics and epigenetics, which were not tested, which contribute to
variation in LDH release, which outlines that there are factors contributing to variation which
are not fully explained by the model. There is significant negative regression of LDH release
within mice at 125 days of age (coeff. est.: -1.12x102+3.33x1073, t=-3.36, p=9.49x10%), 127-
days (coeff. est.: -1.99x102+3.33x10, t=-5.97, p=1.27x10"®) and 87-days (coeff. est.: -
5.70x1073+2.39x1073, t=-2.38, p=1.83x1072). There is a positive significant regression in the
Treatment?2 variable, including: Combo at 24 hours (coeff. est.: 2.71x10%+7.09x10, t=3.81,
p=1.87x10*); DMSO at 24 hours (coeff. est.: 2.59x102+4.62x107, t=5.61, p=7.47x10®) and
48 hours (coeff. est.: 1.52x102+4.88x10, t=3.12, p=2.14x107); GSK3368715 at 24 hours
(coeff. est.: 2.73x102+4.49x1073, t=6.09, p=6.51x10") and 48 hours (coeff. est.: 1.29x10"
2+4.85x1073, t=2.87, p=4.57x107) and TMZ at 24 hours (coeff. est.: 3.98x102+7.09x107,
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t=5.61, p=7.41x10®) (Figure 5.14). The positive regression at time points of 24 and 48 hours
are expected and consistent with the findings of the control-only data. This is because the brain
tissue has been taken out of its original environment and is therefore more stressed, producing

more LDH.

Finally, the estimated marginal means were calculated, using the emmeans() package. This was
performed as a post-hoc analysis of the GLM, with Tukey pairwise correction, to understand
further the relationships between each of the levels, within the variables. The emmeans
contrasts were calculated between treatments, both with and without the element of time and

also age and sex (Figure 5.14).

Combo - DMSO - *
1uM GSK715 - DMSO - *
. 1uM GSK715 - Combo - ¢
10uM TMZ - DMSO - * *
. 10uM TMZ - Combo - L] ok k ok
10uM TMZ - 1uM GSK715
DMSO .- *
Combo .- *
1uM GSK715 .- ]
10uM TMZ . - *
-0.01 0.00 0.01 0.02 0.03

emmeans (AU mg! mouse brain tissue)

]
*
*

Treatment Contrasts

Fioure 5.14.: Emmeans comparisons of LDH expression (AU mg” mouse brain tissue) in

healthy mouse brains between Treatment.

Eleven healthy mouse brains treated with: DMSO control, 1 uM GSK3368715, 10 uM TMZ
and 1 uM GSK3368715 + 10 uM TMZ, for 8-days in the novel perfusion system had emmeans

compared. Emmeans indicated by black dots. Blue bars indicate standard error (SE).

Significant positive correlations in LDH release were found between the DMSO control and
TMZ (coeff- est.: 6.83x107+2.32x107, t=2.94, df=180, p=0.019%), TMZ and the combination
treatment (coeff. est.: 1.13x1°+2.32x107, t=4.48, df=180, p=0.0001****) and TMZ and
GSK3368715 (coeff. est.: 6.15x10°+2.32x1073, t=2.65, df=180, p=0.043*). Statistical analysis
was performed using ANOVA in R 4.3.1.
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There is a positive correlation between the DMSO control and TMZ, suggesting an increase in
cellular stress with TMZ treatment. There is also a positive correlation between the TMZ
treatment and combination, indicating that the addition of GSK3368715 to the healthy tissue
results in a reduction in cell stress. Positive correlation between TMZ and GSK3368715 also
suggests that TMZ produces higher cellular stress than GSK3368715. Treatment with the time
element (Treatment2) only showed significant negative correlation between the DMSO control
at 24 hour and 192-hour timepoints (coeff. est.: -2.99x102+4.48x107, t=-4.67, df=180,
p=2.34x1073*) (Figure 5.15). The negative correlation between the 24-hour time point and later
time point is reflective of the control LDH release data. This indicates a reduction in LDH

release over time, which is expected.

In the exploration of the emmeans of age (Figure 5.15), there was an interesting split between

the older and younger mice, in terms of how tissue responded to stress, resulting in LDH

release.
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Fioure 5.15.: Emmeans comparisons of LDH expression (AU mg” mouse brain tissue) in

healthy mouse brains with age.
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Eleven mice of various ages (60 days, 87-days, 96 days, 106 days, 125 days and 127-days) had

emmeans compared. Emmeans indicated by black dots. Blue bars indicate standard error (SE).

There is a significant positive correlation between 106 days and 125 days (1.12x107°+3.33x10"
3, df=180, t=3.36, p=1.2x10*) and 127-days (coeff. est.: 1.99x107°+3.33x107, df=180,
1=5.97, p=<1.00x10?****)_ There is also significant negative correlation between 125 days
and 60 days (-1.39x10°+3.39x1073, df=180, t=-3.60, p=5.40x107**) 127-days and 60 days
(coeff. est.: -2.26x107+3.86x107, t=-5.87, df=180, p=<1.00x10*****), 87-days (coeff. est.: -
1.42x107°+3.30x107, t=-4.29, df=180, p=4.00x10"***) and 96 days (coeff. est.: -1.83x10"
2+3.61x107, t=-5.08, df=180, p=<1.00x10"*****). Statistical analysis was performed using
ANOVAinR4.3.1.

This data shows that tissue from older mice have lower LDH emmeans than younger mice,
indicating that they may be less stressed in the perfusion device, generally. The lack of
interaction models suggests that there is no significant interaction between treatment and age
and therefore there are no differences between how younger mice and older mice react to the

various treatments, in terms of LDH expression (Figure 5.15).

The final variable to be investigated was the effect of sex of the mice on mean LDH expression,
over the 8-days of perfusion, across any treatment (Figure 5.16). Sex did not show any
differences in emmeans comparisons of LDH expression, between male and female mice, in
any treatment or time point. This suggests that there is no significant difference in cellular

stress, between male or female mice (Figure 5.16).
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Fioure 5.16.: Emmeans comparisons of LDH expression (AU mg” mouse brain tissue) in

healthy mouse brains with sex.
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Eleven mice, both male and female, had emmeans of LDH expression, across any time point

and treatment, compared. Emmeans indicated by black dots. Blue bars indicate standard error

(SE). No significance found in mean LDH expression between male and female mice. Statistical

analysis was performed using ANOVA in R 4.3.1.

IHC analysis of Ki67 expression in healthy mouse brain samples, for this project, was
performed by Ricky Akinkuolie, for the completion of his MSc degree, under supervision from
myself (Figure 5.17). The rationale for the use of Ki67 was two-fold. Firstly, to solidify
findings that the mouse brain tissue could be maintained within the perfusion device, by
comparing pre-perfused and 8-day post-perfused, DMSO-treated control tissue. Secondly,
Ki67 would be used as an inverse measure, to ascertain whether GSK3368715 and TMZ may
cause significant decreases in healthy tissue proliferation, indicating potential cell death and
whether the drugs were responsible for any increases in healthy brain tissue proliferation,

which may in itself be a negative consequence of the use of the PRMT inhibitor.

Relative Ki67 Expression (AU)

Treatment
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Figure 5.17.: Relative Ki67 expression (Arbitrary Units (AU)) in mouse brain tissue (n=1),
pre-perfusion _and post-perfusion, treated with 1 uM GSK3368715, 10 uM TMZ and a

combination, compared to the DMSO control, with representative images.

Ki67 for all treatments were quantified using cell profiler 4.1.3 and data represents Ki67-
labelled nuclei, normalised to the DMSO control average, with standard error. Analysis of
Ki67 expression in pre-perfusion and all treatments vs DMSO control post-perfusion was
performed using Graph-pad prism 9.41 v. Shapiro-Wilk test denoted non-parametric data.
Kruskal-Wallis test was used to calculate the p-value = 0.6194. Data is representative of
sample M9 with n=3 technical repeats per treatment. Images taken using an Olympus I1X71
inverted fluorescence microscope, on the brightfield setting, phase 2 and using CellSens

software 1.18 at x40 magnification. Graph and statistics performed by Ricky Akinkuolie, MSc.

No significant changes to proliferative marker, Ki67, were identified within the 6 healthy
mouse brains screened. The maintenance of proliferation between pre-perfusion and post-
perfusion samples indicate that healthy mouse brains can be sustained in the perfusion system
and therefore, any significant changes are likely to be due to treatment of the tissue.
Interestingly, there is also no significant change in Ki67 expression with treatment, suggesting
that neither the GSK3368715 type I PRMT inhibitor, nor current gold standard TMZ decrease

proliferation in healthy brain tissue cells (Figure 5.17).

To further investigate whether GSK3368715 had any significant apoptotic effect on healthy
mouse brain tissue, IHC using apoptotic markers cleaved PARP and Annexin V was performed.
This IHC was performed using tissue treated with 1 uM GSK3368715, 10 uM TMZ and a
combination of those drugs, in comparison with the DMSO vesicle control (Figure 5.18). Up
to seven mice were used, with tissues from three distinct areas of the frontal and temporal lobes

making up the technical repeats.
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Figure 5.18.: Relative cleaved PARP expression (Arbitrary Units (AU)) in mouse brain tissue,
between DMSO control, 1 uM GSK3368715, 10 uM TMZ and combinations treatments, 8-days

post-perfusion, with representative images.

IHC of mouse brain tissue treated with DMSO control (1.00+0.35 AU) (n=6), 1 uM
GSK3368715 (1.12+0.47 AU) (n=7), 10 uM TMZ (1.27%0.0.80 AU) (n=4) and combination
(0.82+0.61 AU) (n=3) using apoptotic marker cleaved PARP, indicated no significant changed
in apoptosis whilst in the perfusion device (F=0.47, df=3, p=0.71). In a paired Welch’s t test
between the DMSO control and 1 uM GSK3368715, no significant change in cleaved PARP
expression was found (t=-1.20, df=5, p=0.28). Dashed lines show cleaved PARP expression

between treatments, within the same sample. Red diamonds indicate mean cleaved PARP
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expression, relative to the post-perfusion sample. Statistical analysis was performed using
ANOVA in R 4.3.1. Images taken using an Olympus IX71 inverted fluorescence microscope, on
the brightfield setting, phase 2 and using CellSens software 1.18 at x40 magnification.

Cleaved-PARP expression was found to increase 12% in healthy mouse brain tissues, in the
presence of GSK3368715, over 8-days in the perfusion device. This increase was found not to
be significant. Treatment with TMZ also appeared to increase cleaved PARP expression by
27% and the combination of GSK3368715 and TMZ decreased cleaved PARP expression by
0.18 AU. The biological repeats for both TMZ and the combination treatments were lower than
that of DMSO and GSK3368715, due to the GBM data indicating no synergy between other
treatments and GSK3368715 and so more data was collected for GSK3368715-treated healthy
tissues (Figure 5.18)(Appendix 13). Upon further investigation into the variation between the
samples, a GLM was used which indicated that the exploratory values of treatment, age and
sex were not responsible for any variation. There was, however, significant variation found in
the coefficients (Estimate =1.11+0.10, t=10.75, p=3.18e-10 ***) between the samples, which

cannot be accounted for by the three variables measured.

In order to corroborate this data, apoptotic expression was also assessed using IHC with

Annexin V (Figure 5.19).
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Figure 5.19.: Relative Annexin V expression (Arbitrary Units (AU)) in mouse brain tissue,

between DMSO control, 1 uM GSK3368715 and 10 uM TMZ, 8-days post-perfusion and H&E

of GSK3368715-treated tissue, with representative images.

IHC of mouse brain tissue treated with DMSO control (1.00+0.15 AU) (n=7), 1 uM
GSK3368715 (1.08+0.46 AU) (n=7), 10 uM TMZ (1.08+0.28 AU) (n=4) and 1 uM
GSK3368715 + 10 uM TMZ (1.23+0.43 AU) (n=4), using apoptotic marker Annexin V,
indicated no significant changed in apoptosis whilst in the perfusion device, through one-way
ANOVA (F=0.37,df =3, p = 0.78). In a paired Welch’s t test between the DMSO control and
1 uM GSK3368715, no significant change in Annexin V expression was found (t=-0.47, df=6,
p=0.65). Dashed lines show cleaved PARP expression between treatments, within the same
sample. Red diamonds indicate mean Annexin V expression, relative to the post-perfusion
sample. Statistical analysis was performed using ANOVA in R 4.3.1. H&E image of
GSK3368715-treated tissue shows viable cells. Images taken using an Olympus IX71 inverted
fluorescence microscope, on the brightfield setting, phase 2 and using CellSens software 1.18

at x40 magnification.

Both GSK3368715 and TMZ showed a small, 8% increase in apoptosis, whilst the combination
treatment increased annexin V expression by 23% (Figure 5.19)(Appendix 14). Despite this,
no significant changes were found in Annexin V expression with any treatment, after 8-days in
the perfusion device, in comparison with the DMSO control This Annexin V expression data
corroborates the result found when analysing cleaved PARP expression. This indicates that
GSK3368715, at this concentration, along with TMZ, do not cause significant increases in
cellular apoptosis in healthy mouse brain tissues. Upon further investigation into the variation
between the samples, a GLM was used which indicated that the exploratory values of treatment,
age and sex were not responsible for any variation. There was, however, significant variation
found in the coefficients (coeff. est. =1.08+0.071, t=15.21, p=8.23e-13 ***) between the
samples, which cannot be accounted for by the three variables measured. H&E images also
indicate that cells are viable after treatment with GSK3368715, with even and equal,
haematoxylin-stained nuclei. This significance is also supported by the cleaved PARP
expression data, indicating that there is another factor at play when it comes to the slight

variation in apoptosis between the treatments.
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5.4. Discussion

The results in this chapter have shown that cichlid and mouse brain tissues remain viable
throughout the 4- and 8-days on-chip, respectively, through cellular stress assays, and
histological examination. The data have indicated that mouse and fish brain tissues are good

contenders as models of healthy brain tissue, which can be utilised in the microfluidics device.

Although there are other labs who have been known to use tissue from patients undergoing
surgery for epilepsy, as well as from cadavers, it was deemed inappropriate in this instance.
The main reason for using mouse brains was the ethical implications and time involved
processing such an application. Another was supply of healthy brain tissue, which would be
low, due to the frequency of these sorts of operations at Hull Royal Infirmary, as well as access
to and cooperation with mortuary staff to receive brain tissue immediately after the death of a
medical organ donor. Mouse brain tissue was suggested due to the availability of mice on-site,
along with the expertise of Dr Christopher Sennett and others in euthanising and dissecting the
mice. Despite these obvious drawbacks and limitations in comparing mouse with human tissue,
mouse models are used extensively for GBM research, as well as in the wider research
community and are well-established and valid for in vivo and ex vivo research. Mice have
specifically been used in studies involving arginine methylation (Sauter ef al., 2022) and other
mouse tissues, including intervertebral discs (Dai et al., 2019), neuronal monolayers (Habibey
et al., 2022) and brain organoids with extracellular matrix (Cho et al., 2021a, Li et al., 2023b),
have been used in the microfluidics system. This is the first study, to my knowledge, where an
entire section of mouse brain has been placed into a perfusion system. It was decided that
mouse and fish brains would require a change in medium from the GBM tissue. The GBM
tissue is much more robust than healthy brain tissue and is mostly made up of astrocytes and
viability assays showed that the tissue performed well in DMEM. Healthy brain tissue would
be more suited to NBA medium with B-27 and L-glutamine supplements, which supports not
only astrocytic cells, but neuronal cells and other glial cell types, found in the healthy brain. A
lower percentage of FCS was also used, in line with guidance on primary cell line culturing
(Sahu et al., 2019) and antibiotic/antimycotic solution remained to eliminate infection risk, as

the microfluidics system was not contained within a class II biological hood.
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The obtainment of cichlid brains and gills was in conjunction with a proof-of-concept
experiment, that [ was also employed to assist with, in determining the efficacy of the ex vivo
model in maintaining cichlid tissues, in order that it may be a useful model for the release of
microplastics and other pollutants into aquatic ecosystems (Barboza et al., 2020, Bhuyan,
2022). Using spare tissues, which were not being used for this purpose, it was decided to use
the fish gills (Cadiz and Jonz, 2020) as a comparator to the fish brains to determine whether
GSK3368715 may have any off-target effects on other organs. As described in previous
chapters, phase I clinical trials of GSK3368715 were prematurely halted due to an increased
number of TEEs in patients receiving the drug (El-Khoueiry et al., 2023). This suggests that
there is a link between the dosing of the drug and the respiratory and cardiovascular systems.
The gills of the fish in this study are somewhat representative of the respiratory system and
therefore a relevant organ to investigate potential off target effects . Other research groups at
the university of Hull are investigating the use of multiple chips in series, which could also be
useful for further investigations into the off-target effects of drugs, in determining how the

drugs pass through the various organs in the body and what effect they may have.

Initially, I needed to determine whether the mouse and cichlid brains could be maintained in
the perfusion device for several days, to ensure that any changes to the tissue during the
experiment would be as a result of treatment and not from the perfusion device itself. The
validation tests carried out were the same as those carried out with the GBM tissue, described
in chapter 3, to maintain consistency and comparability. Analysis of LDH release from the
mouse tissues, treated only with the DMSO control and cichlid gill and brain tissues with no
additional treatment, indicated no significant changes in overall LDH release, across all
timepoints. For mice, the lack of significance occurred once the tissues had 72 hours to settle
to basal LDH levels. In cichlid gills, although the LDH levels decrease in the first 72 hours, the
cellular stress levels increase again after 96 hours and do not settle back down completely.
LDH, as described in previous chapters, is an enzyme involved in aerobic and anaerobic
glycolysis and is a hypoxic marker of oxidative stress. Anaerobic glycolysis, or the Warburg
Effect, is a common hallmark of cancer and hypoxia, utilising LDH to increase the rate of
glycolysis via conversion of pyruvate to lactate, using NADH reduction, in the absence of
oxygen (Valvona et al., 2016, Jovanovic ef al., 2010). LDH can therefore be used to measure
oxidative stress of the tissues in the fluidics system. It should not, however, be the primary
investigative procedure into oxidative stress and overall tissue health. This is because levels of
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LDH can vary due to mechanical tissue damage, bacterial infection and various drugs applied
to the tissue, either through patient ingestion, or experimental design (Kaja et al., 2017). To
overcome these issues where possible, all LDH values were made relative to the DMSO control
of individual patients, with several micro-biopsies averaged and all micro-biopsies had been

prepared in the same way.

This data was observed in conjunction with H&E data, which was analysed by experienced
neuropathologists for signs of tissue damage and stress. Cichlid tissues were assessed by an
aquatic pathology specialist at the University of Edinburgh. Unfortunately, throughout the
course of these parallel studies, it was determined that the cichlid gills were not suitable for
maintenance in the perfusion device and therefore could not be taken forward for studies
involving GSK3368715. This is due to the extent of autolysis that cichlid tissues undergo when
removed from a homeostatic environment, with gills being more severely affected than other
organs (Furnesvik et al., 2022). Additional optimisation studies would have to be performed in
order to maintain the gills in the perfusion device. In contrast to this, the cichlid brains were
slightly better maintained in the device. Speculatively, this may be due to the fact that cichlid
gills continually filter water to glean nutrients to pass onto other organs of the body and are
therefore respond to changes in the external environment more quickly than an internal organ,
such as the brain (Furnesvik et al., 2022). Due to this being an optimisation study, many of the
fish that were received were cichlids that were being removed from the aquarium anyway, due
to suffering from conditions, such as ‘dropsy’, or ‘bloat’. There were examples of gills that
were visibly infected, or damaged, potentially by the bloat. The fish gills were therefore not
taken forward for further analysis. Mouse and fish brain H&E were assessed by
neuropathologist Dr lan Scott, who also assessed the GBM histology data. This resulted in the
identification of mitotic figures and viable cells both pre- and post-perfusion, in both mouse
and fish brains, suggesting that they do make good potential models for healthy brain tissue

within the fluidics device.

Previous validations of the GBM-on-chip system, by Dr Sabrina Samuel and Srihari Deepak,
included performing IHC for proliferative marker Ki67. It is expected that Ki67 levels would
decrease from pre-perfused tissue to post-perfused tissue, however, tissues should still retain

some proliferative capacity throughout the time under perfusion (Barry et al., 2023). Ricky
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Akinkuolie, in contribution to his MSc project, performed IHC on mouse brain tissue for Ki67.
The non-significant decrease in proliferative capacity of the post-perfused tissue, reflected
Ki67 expression results in GBM tissues (Barry et al., 2023). Due to the lack of fish-specific
cleaved PARP antibodies for IHC, an Annexin V antibody was chosen to investigate apoptotic
markers in the cichlid brain tissues. Annexin V antibodies were also available for human and
mouse tissues and the second marker was therefore also used to validate cleaved PARP
expression data and therefore apoptosis in mouse brain tissue. Annexin V is commonly used
as an apoptotic marker, as it is a Ca** binding protein, binding to phosphatidylserine residues,
exposed on apoptotic cells (Pellicciari ef al., 1997). IHC for both cleaved PARP and Annexin
V in mouse and fish brain tissues indicated no significant increases in apoptotic markers
between pre- and post-perfused tissue, consistent with LDH, H&E and Ki67 expression results
in healthy mouse brain tissue and with previous results in the GBM tissues. This completed the
validation of the tissues in the perfusion device, affirming that these tissues remain viable for
up to 8-days. The mouse brain tissues were taken forward for analysis, whilst the cichlid brain
tissues would be recommended for analysis in further studies. More cichlid brain samples
would be required to draw any significant conclusions from this data and to establish cichlid

brains as an appropriate model for use in the perfusion device.

LDH analysis of GBM in the ex vivo device did not indicate any significant changes in cellular
stress between treatments, but it was imperative that the same analysis was performed for
healthy tissue. In the healthy mouse brain tissue, there was no overall LDH significance
between 48-hours and 192-hours, however the resulting GLM between all time points and
treatments indicated that the positive correlation between the DMSO control and TMZ suggest
an increase in cellular stress with TMZ treatment. This is expected as TMZ is an alkylating
chemotherapy agent, which causes DNA damage in order to cause cellular stress, inhibition of
the cell cycle and cell death (Stupp et al., 2009). The positive correlation between the TMZ
treatment and combination indicates than the addition of GSK3368715 to the healthy tissue
results in a reduction in cell stress. This could be to do with PRMT inhibition causing an impact
on the effect of the alkylating agent in healthy cells and reducing cellular stress. It is, however,
interesting to note that there is a positive correlation between TMZ and GSK3368715, which
suggests that TMZ produces higher cellular stress than GSK3368715, which is also supported
by the previous statement. Treatment with the time element (Treatment2) only showed
significant negative correlation between the DMSO control at 24 hour and 192-hour timepoints.
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The high LDH release to begin with is proportionate to higher cellular stress, as the tissue is
removed from its natural environment and settles into the perfusion device. This indicates a
reduction in LDH release over time, which is expected. Interestingly, older mice indicated
lower emmeans for LDH release than younger mice. Previous studies have indicated that there
is a higher level of lactate and LDH within the brain tissue of older and premature ageing mice
than their less aged counterparts (Ross ef al., 2010, Datta and Chakrabarti, 2018). It therefore
stands to reason that it might be expected that older tissue would harbour more biological stress
than younger tissue (Polsky et al., 2022), but the opposite is reflected in these results. A
potential explanation for this could be that the inherent biological stress in the older mouse
tissues means that the stress experienced within the perfusion device is much smaller in
comparison. There was also no significant difference in cellular stress between sexes, although
this is a small sample group and there were not equal numbers of male vs female mice. The
significance of the intercept in the coefficient analysis of the LDH data indicates that unknown
variables are also at work and the importance of this cannot be understated. This reflects not
only how heterogenous GBM is, but how complex healthy brains are and qualifies the need for
further understanding of an individual’s genetics and epigenetics, their influence over their

cancer and personalised medicine.

IHC for apoptotic markers was performed on mouse brain tissues which had undergone
treatment with GSK3368715, TMZ and a combination of the drugs, over the course of up to 8-
days in the novel perfusion device. TMZ is an alkylating agent and as such, it does not show
discrete selectivity between healthy cells and cancerous cells, other than that it targets more
rapidly replicating DNA, such as in GBM tumour cells (Ortiz ef al., 2021). For this reason, it
was expected that there would be some cell death in the tissues that had only been treated with
TMZ. Additionally, it was expected that there may be a decrease in proliferation markers for
the same reason. Despite the fact that TMZ did not indicate any significant changes in
expression of apoptosis markers in the GBM tissue, for comparison, healthy mouse brain
tissues were still treated with TMZ, in combination with GSK3368715. This was also to ensure
that there were no unwanted synergistic effects of GSK3368715 with TMZ in healthy tissues,
which were not observed in the GBM tissue alone. Cleaved-PARP was initially chosen to
determine any apoptotic effects of GSK3368715 in the GBM tissues and was also therefore
used to interrogate the use of GSK3368715 in the mouse tissue. In previous chapters,

GSK3368715 was used on GBM tissue in the ex vivo model was described to cause a 2-fold
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increase in apoptosis. This was not recapitulated in combination with the current gold standard
TMZ, although there was an upward trend. In healthy brain tissue, TMZ is not expected to have
a significant impact due to the lack of rapid proliferation of healthy brain cells (Gotz and
Huttner, 2005). Across both the cleaved PARP and Annexin V markers, there was no
significant change in apoptosis in the mouse brain tissues, with any treatment. This is supported
by the GLM findings, which showed that any significance in apoptotic marker release was not
due to any of the measurable data available, but again of unknown variables, such as the

individuals genetics, epigenetics and potential slight variations in environment.
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5.5. Conclusion

The lack of apoptotic response to the PRMT inhibitors in the healthy tissues is a good indicator
that the drugs may not cause significant effects in healthy human brain tissue. Translationally,
this suggests that the drug has some selectivity for tumour cells. Further studies, however,
would be required to determine off-target effects. Previous clinical trials into the drug have
described TEEs which prevented the completion of the clinical trials over ethical safety
concerns to patients. The TEEs, however, are indicative of systematic effects that GSK3368715
is having on the overall function of the body. Further investigations into cichlid gills may be a

suitable model for these types of studies, as well as mouse, or indeed, human lung tissue.
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CHAPTER 6: DISCUSSION

6.1. Overview

GBM is the most common primary malignancy in the CNS and the most devastating, with a
median survival of 18 months post-diagnosis. Several experimental therapy methods are
currently undergoing investigation in primary research and in clinical trials, including PRMT
inhibitors. PRMTs have been implicated in numerous diseases, including neurological
disorders and GBM. Arginine methylation is an extremely ubiquitous PTM and therefore it is
imperative to understand the impact of inhibiting these PRMT enzymes on both the tumour
and the surrounding healthy tissue. GSK3368715 showed aDMA-sDMA crosstalk in U87-MG
cells, at the same concentration as MS023, which has previously been found to cause this
crosstalk in GBM tissue lysates. TMZ has been shown to increase cleaved PARP expression in
GBM cells (Ciechomska, 2018) and cleaved PARP has also been known to be increased in
neuroblastoma cells after inhibition of PRMT1 (Hua et al., 2020), highlighting cleaved PARP
as an ideal marker of interest. My study has shown that patient GBM tissue was maintained in
a viable state for up to twelve days in the microfluidics device and that PRMT inhibition with
GSK3368715, a type I PRMT inhibitor used in clinical trials, caused cell death in the GBM
tissue, but not in the healthy mouse controls, maintained on the microfluidics system. My study
also identified that PRMT inhibition could cause changes in alternative splicing, which may
present a mechanism for how GSK3368715 works to cause cell death in GBM. The function
and influence of the TME in GBM has also become the focus of several studies and due to the
involvement of PRMTs in immune cells, splicing and signalling pathways, exploring the

implications of PRMT inhibition on the TME is also an important factor to consider.

6.2. Tissue viability in the microfluidics system

U87-MG cells are widely renowned to be poor representations of GBM, due to the lack of
heterogeneity and divergence from the original patient tumour from which they came (Allen et
al., 2016). To improve the initial viability assays, the utilisation of multiple cell lines, such as
A172 (Kiseleva et al., 2016), or MO59K (Anderson and Allalunis-Turner, 2000) would provide
a deeper understanding of how drugs affect specific cell types. Using patient-derived cell lines

would also potentially give a more representative view of the breadth of genetic and epigenetic
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features associated with GBM (Kim et al., 2023). The use of more complex 3D models, such
as tumouroids, may also provide more accurate visualisation of how the heterogeneous cells
interact and metabolise the drugs being tested (Wang et al., 2023b). Increasing tumour volume
through the propagation of these tumouroids from patient-derived cells would improve the
scalability of the microfluidics system, although this may result in the loss of intra-tumour
heterogeneity which is present when working directly with patient micro-biopsies. The vast
majority of work in this thesis, however, is performed on ex vivo patient tissues, which
represent an ideal model for studying inter- and intra-patient heterogeneity, as well as the TME.
Mice are well-established models of human disease and have been used specifically for
arginine methylation (Sauter et al., 2022) and in microfluidics platforms (Habibey et al., 2022).
Improvements in the comparison of GBM and healthy tissue would be made through the use
of human tissue, such as that resected from patients with severe epilepsy; however, this may

come with its own risks of having misleading biomarkers associated with epilepsy.

The microfluidics system is a model which was designed to encompass a variety of in vivo
aspects, which other models lack. This includes the use of patient tissue for a personalised
medicine approach; interstitial flow, attempting to replicate the delivery of nutrients and drugs
and removal of waste products within the body and the maintenance of tissue metabolic activity
(Zidtkowska, 2011). The use of patient, or mouse and fish tissue, incorporates the multicellular
and heterogeneic characteristic of the intra- and inter-tissue microenvironment, which varies
between subjects and has a large bearing on their ability to combat GBMs growing in the
environment and respond to therapeutics. This can include dual chamber chips, which create a
semi-permeable membrane to allow cellular invasion across the barrier, representing the EMT,
as well as fluidics chip chains, which incorporate several different tissues in a system, in order
to assess metastasis, or effects of drugs on various organs of the body (Sylvester, 2013, Dawson

et al., 2016, Astolfi et al., 2016).

This model, as all models do, does have limitations. GBM tissues, as well as healthy mouse
brain tissues can be maintained for up to 8 days and fish brain tissues for up to 4 days.
Optimisation of the fluidics system would be required to allow viable tissue extension up to 12
days to allow for more clinically relevant prolonged drug exposure. Cellular stress, through
low LDH release and the presence of mitotic figures in pre- and post-perfused tissue do indicate

that, if the tissues are viable when they are entered into the chip chamber, they remain viable
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post-perfusion. The data shown in this study, however, does reiterate the fact that this is not a
chip which will revitalise tissues. The slight, although non-significant increase in expression
of apoptotic markers, as well as the reduced numbers of and changed cytokine profiles of GBM
and proliferative capacity of healthy tissues, may indicate the tissue is slowly reducing
metabolic activity. This could be tested using other metabolic assays, such as ELISA, or flow
cytometry for mitochondrial function markers such as cytochrome c oxidase subunit 1 (COX1)
(Sighel et al., 2021), or voltage-dependent anion channel 1 (VDAC1) (Arif et al., 2017). The
maintenance of GBM cytokine profiles until 96 hours and the shift beyond this point is
supportive of previous data from this lab and others, which found a decrease in proliferative
capacity, identified through IHC for Ki67, between 72-, (Olubajo et al., 2020) and 96-hours
(Riley et al., 2019) of perfusion. In vivo interstitial flow rates are generally accepted to be
around 1x10#-10 mm s’1 (Wagner and Wiig, 2015, Wiig and Swartz, 2012). This change in
tissue metabolism in the device may be mitigated by using faster flow rates (>3ul/min) to aid
in removing cytokines and other waste products quicker, which may help to prevent cytokine-
induced signalling from triggering a metabolism slow down. Alternatively, patient tissues
could be undergoing shear stress due to the force of the flow rate, although it might be expected
that there would be an indication of increased LDH output if this were the case. Another
limitation of the model is that it does not replicate the BBB and therefore, any drugs applied to
the fluidics system for screening would need to be confirmed as already being able to cross the
BBB. Alternatively, further experimentation must be performed in order to package the drug
for effective delivery and would therefore be required to be screened again, to ensure that the

packaging does not decrease the efficacy of the drug.

Microfluidics models have also been used to try and tackle the issue of early and minimally
invasive diagnosis of GBM. Confirmation of GBM diagnosis is required to be through surgical
intervention and due to the location and the diffuse nature of GBM, biopsy and resection is
extremely difficult. Liquid biopsies are taken from blood, cerebral spinal fluid or other bodily
fluids and contain circulating tumour cells (CTCs) (Zhang et al., 2024b) and membrane-bound
extracellular vesicles (EVs) (Chandran, 2024), which reflect the genetics of the GBM cell from
whence they came (Dai et al. 2024). CTCs and EVs released from GBM in the microfluidics
chip could provide useful information on the molecular subtype of GBM, as well as any
progression (Lessi et al. 2023). Syndecan-1 is an EV marker which discriminates high from

low grade glioma, which changes with tumour resection (Chandran et al. 2019). This could be
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used for monitoring of patients in a more accurate way than MRI and CT scans, which do not
distinguish well between true progression and pseudo-progression and in a less invasive way
than repeated cranial surgeries. Longitudinal analysis may also identify the development of
chemotherapeutic resistance in vivo. As mentioned in this study and as trialled in other studies
(Barthel et al., 2019, Tanner et al., 2024), longitudinal analysis in GBM so far has been
performed through receiving paired primary and recurrent patients samples. This has its place
as it is crucial to identify the biomarkers of resistance and progression in the tissue associating
it with relevant biomarkers in CTCs and EVs. PRMT inhibition-specific biomarkers, such as
hnRNPA1 (Noto et al., 2020) have also been identified in peripheral blood mononuclear cells
and cancer cell lines. These biomarkers could be identified using mass spectrometry and GSEA
and quantified using qPCR, ELISA, or protein-dependent functional assays. Through the use
of the microfluidics system, tissue biomarkers, as well as the contents of EVs and CTCs in
effluents, could be investigated and applied in clinic and utilised to understand the efficacy of

new drugs (Meggiolaro et al., 2022, Logun et al., 2018).

The medium used in the microfluidics device remained the same as that which was utilised to
culture U87-MG cells, however, the use of serum-free medium may help to promote more GSC
population proliferation, which would help to further understand the dynamic plasticity of
GBM cell types and how they may change with treatment (Joseph et al., 2015). The medium
used for the mouse and fish brains was changed in comparison to the GBM tissues. Mouse and
fish brains were perfused with NBA medium, supplemented with B27 and L-glutamine, to
ensure optimal maintenance of healthy brain cells. The medium was also supplemented with
serum (Sahu et al., 2019) and antibiotic/antimycotics, to maintain similarities with the GBM
tissue. The use of this medium, along with an increase in flow rate, may help to optimise the

system and allow extension of perfusion time up to 12 days, or potentially beyond.

6.3. GSK3368715 is selective for GBM tissue

This research shows that PRMT inhibition with GSK3368715 in GBM tissue in the novel
perfusion device can cause apoptosis after 8 days, but this is not mirrored in the healthy mouse
tissue control. Whilst this could be down to metabolic differences between species, mice are

well established models of human tissue and disease and without the access to healthy human
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tissue, this was deemed to be the most viable option. Cichlid brains, but not gills, were also
identified as a viable tissue for use in the microfluidics device, with potential for future
application. In the most recent outcomes of the clinical trial (NCT03666988) involving
GSK3368715 in humans (El-Khoueiry et al., 2023), trials were prematurely terminated due to
the number of TEEs, where prevalence was 29% in a small population (12 participants).
Despite this being equivocal to the expected occurrence of TEEs in GBM without
GSK3368715 treatment (Robins et al., 2006) investigating the effects of GSK3368715 on both

healthy tissue and distal organ tissue is vital.

GSK3368715 was tested alone and in combination with multiple PRMT inhibitors, including
type I Furamidine and MS023, to identify any cumulative effects of using multiple inhibitors.
Type II inhibitor GSK591 was also introduced, with some studies indicating that simultaneous
inhibition of type I and type Il PRMTs cause a synergistic effect (Fedoriw et al. 2019).
GSK3368715 alone caused an increase in cleaved PARP in GBM on chip, supported by the
reduced capacity for protein synthesis, found through DEGs and hundreds of alternative
splicing events. Overall, in both cell viability assays and in GBM histology samples,
combination of GSK3368715 and other PRMT inhibitors did not indicate any significant
changes in viability, cellular stress, or apoptosis. In combination with other type I PRMT
inhibitors, this could be down to the crosstalk with type II inhibitors, which may compensate
for the lack of aDMA deposits, by increasing the number of sSDMA deposits. It could also be
due to drug specificity, with GSK3368715 possessing a much lower ICso (3.1nM) than
Furamidine (9.4uM), there may be some level of redundancy in using both type I inhibitors
(Yan et al., 2014, Fedoriw et al., 2019). GSK591, however, did not indicate any synergy with
GSK3368715 either, although other studies have indicated that GSK591 decreases sDMA in
tissues (Samuel et al., 2018) and inhibition of both PRMT types should have a synergistic effect
(Nguyen et al., 2023). This does, however, appear to be more effective through an intrinsic
mechanism of secondary inhibition, such as MTA accumulation through MTAP loss, which is
a common feature of GBM and leads to PRMTS inhibition (Fedoriw et al. 2019). It would be

interesting to include alternative type II inhibitors to further explore this synergy.

To further understand whether expression of these molecules is due to serendipitous hypoxia
caused by the perfusion device, histology of ELISA for hypoxia and metabolism markers, such

as HIF1a, or glucose transporter 1 (GLUT1) across various tissue locations could be performed
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(Sadlecki et al. 2014). Mitochondrial function tests with fluorescent probes, such as Peroxy-
orange, may be used to detect hydrogen peroxide and cellular stress (Javega et al. 2023).
Changes to protein synthesis through ER stress could be detected using markers of the UPR,
such as inositol-requiring protein 1 (IRE1)a phosphorylation, or ER-stress induced activating
transcription factor 4 (ATF4) expression, through western blotting, qPCR, or histology (Sicari
et al. 2020).

Both GBM and mouse brains, however, did indicate a correlation between age and treatment
when it came to cytokine expression and LDH release, respectively. Healthy mouse brains
indicated that younger subjects appeared to be more susceptible to cellular stress and GBM
indicated that younger patient cytokine profiles displayed a variation shift with GSK3368715
+ TMZ treatment, in an opposing direction to the 288-hour time point of the time covariate. If
tissues are dying as time in the perfusion device increases, this could indicate that the combined
treatment is having more of an effect on younger patients, causing a change in cytokine profile.
This could be linked to a reduction in aggressive cytokines and an increase in cytokines
associated with a shift to a more mesenchymal phenotype and therefore meaning they are more
susceptible to treatment. This would support the idea that with older patients tissues, there are
fewer viable cells to excrete cytokines and drive the response induced by the treatment. The
lack of effect upon inhibition of both type I and type Il PRMTs may be indicative of some
issues with the microfluidics model, highlighted by the lack of significant apoptotic output with
TMZ treatment. It would be anticipated that inhibition of both PRMT types would potentially
cause some off-target effects, due to the somewhat redundancy arginine methylation, whereby
Type I PRMTs may methylate aDMA targets in the absence of type | PRMTs and with the
inhibition of both, this would significantly reduce global methylation. Testing of these drugs
in healthy tissues, as well as in other organs, would be imperative to understanding the
widespread effects of dual PRMT inhibition. Alternatively, enhancing endogenous methods of
PRMT inhibition, such as the loss of MTAP in GBM subsequently hindering sDMA, through
treatment with PRMT1 inhibitors may bypass these off-target effects (Fedoriw ef al., 2019).

TMZ was also included as both an individual treatment and in combination with GSK3368715.
This was because TMZ is the current gold standard of care in GBM (Stupp et al., 2009) and
therefore, any new treatments would be required to work better than, or in conjunction with

TMZ. GSK3368715 results could therefore be compared to TMZ alone, or any cumulative
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effect of the two drugs could be identified, potentially through the resensitisation of GBM cells
to DNA damage by TMZ. Despite the fact that no significant cumulative effect could be seen
with combined GSK336715 and TMZ treatment in the production of apoptotic markers, there
was a general upward trend in the expression of cleaved PARP. Differential gene expression
of micro-biopsies treated with GSK3368715 also indicated significant changes in alternative
splicing and genes associated with splicing, decrease in inflammation and disruption of cell
signalling through changes to cellular structural integrity. Again, this is supported by the
analysis of abundantly expressed cytokines in proteome profiler arrays and ELISA. The
decrease in genes associated with invasion (MMP9) and angiogenesis (VEGF) suggests that
the combined treatment, over time in the chip, may be working to reduce the aggressive
properties of the GBM tumours. The increase in C3L1 as a result of treatment could indicate
that the cells are shifting to a more mesenchymal phenotype (Neftel et al., 2019, Tanner et al.,
2024), thereby resensitising the cells to TMZ treatment and leading to an increase in irreparable
DNA damage and an increase in apoptosis. It is interesting that the spread of the data in cleaved
PARP expression is so large and the fact that there is an almost 50% split in the number of
patient samples tested, which are positive for MGMT promoter methylation, may suggest that
the reason for this is that there is a large proportion of patients which have this protective

characteristic and respond well to TMZ treatment (Kitange et al., 2009).

The lack of response to TMZ could be due to the slowing down of proliferative capacity in
GBM on chip, found in previous work done in this group, due to the reliance of TMZ on the
MMR. TMZ requires several rounds of replication before replication fork collapse, cell cycle
arrest and subsequent apoptosis (Teraiya et al., 2023). The slowing down of proliferative
capacity, coupled with the change in cytokine profiles and lack of significant increase in
apoptosis caused by TMZ, both with and without GSK3368715, may explain a somewhat
reduced impact of PRMT inhibition on GBM tissues in the perfusion device. Although GBM
indicates a slowing of proliferative capacity in the microfluidics system, the same may not be
true for the healthy mouse tissue. This could be due to the change in medium used for the
mouse tissues, which may be more appropriate for maintaining the tissues and therefore more
supportive of proliferative capacity (Sahu et al. 2019), indicated by Ki67 expression. It may
also be due to the genetic makeup of the mice and whether they have MGMT promoter
methylation. It would be interesting to perform histology staining to ascertain this information

and to understand why this trend is seen.
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Both GBM and healthy tissue groups, however, displayed significant intercept coefficients in
GLM, indicating further explanations for variation were at play, which were not included in
this study. A challenge faced through statistical analysis of these data was the gaps in molecular
profiles, with genetic and epigenetic markers not being consistently reported on after clinical
histology (). In these cases, it is difficult to amass a clear picture of how molecular profiles
may be affecting the function of these drugs and with PRMT inhibition having such wide-
ranging cellular effects, it would be interesting to see whether there are any disparities between
patient samples who exhibit particular biomarkers. For example, the effect of PRMTs on EGFR
signalling is well documented and EGFR methylation has been investigated (Gomori et al.,
2012, Hsu et al., 2011), yet without the clinical information, it is difficult to collate a picture
of how patient micro-biopsies, with and without mutations in EGFR, respond to GSK3368715

in vitro.

6.4. FUS and arginine methylation as a mechanism for chemotherapeutic

resistance

The 70 kDa band which appears in western blotting of GBM lysates was hypothesised to be
FUS. Previous work by Dr. Sabrina Samuel (Samuel ef al. 2018) indicated that FUS was the
only protein to be monomethylated when treated with type I PRMT inhibitor, MS023 and this
was in line with the induction of crosstalk in GBM tissue (Barry et al. 2023). Additionally,
analysis of datasets produced by Fedoriw ef al. (2019) described FUS as being alternatively
methylated upon GSK3368715 treatment, leading to splicing defects. It was hypothesised that
PRMT inhibition caused alternative splicing as a result of alterations to methylation of factors
associated with splicing, such as FUS. Conversely, changes to alternative splicing through
PRMT inhibition could be driving the actions of FUS, and/or other proteins, which then

impacts downstream factors, such as transcription, exon skipping and immune changes.

To further confirm this theory, western blotting using the LICOR system was attempted, which
would make the visualisation and overlapping of protein bands easier to see, due to the use of
colours. Unfortunately, this did not produce any usable data and would require further
optimisation. Immunoprecipitation of FUS from U87-MG cell lines indicated that FUS could
be immunoprecipitated from tissue that had been treated with GSK3368715, but the blot was
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not clean and was unable to be excised from the gel. When performed in tissues, an IP of FUS
was not achieved to sufficient quality. The aim of this would be to excise the protein from the
gel and for it to undergo mass spectrometry, to confirm whether methylation of the protein was
increased in these samples. Further optimisation of this would also be required to understand

whether FUS methylation plays a role in aDMA-sDMA crosstalk with type  PRMT inhibition.

Thirdly, nuclear-cytoplasmic extraction was performed on U87-MG cells, due to the fact that
FUS is known to shuttle between the cytoplasm and the nucleus, dependent upon methylation
status. The results indicated that, in the cytoplasm, FUS appeared as a 70 kDa protein and in
the nucleus, the weight of FUS was reduced. This is consistent with the literature that depletion
of PRMTT1 leads to a prevention of proper FUS shuttling to the cytoplasm, due to lack of
methylation (Tradewell et al., 2012). In the nuclear portion, there appeared to be a decrease in
cytoplasmic shuttling of FUS with treatment of U87-MG cells with GSK3368715, supporting
the aforementioned theory. Should the shuttling of FUS cease to occur due to PRMT inhibition
in GBM, this could lead to the reduction of proper phase separation (Hofweber et al., 2018,
Qamar et al., 2018). As a direct result, this could lead to inappropriate transcription occurring
as transcription factors find it more difficult to bind to DNA in the nucleus and therefore leading
to apoptosis of the cells. The fact that a significant decrease in apoptosis is not seen in the
healthy brain tissue controls suggests that this could be more selective of rapidly proliferating
cells, such as those in cancerous tumours. The hundreds of alternative splicing events seen
through RNA-sequencing of the GBM and that these alternatively spliced genes have gene
ontology terms associated with cell death pathways gives credence to this hypothesis. It would
be beneficial to increase the number of patient samples analysed for DEGs and alternative
splicing events. This would enable us to gain a better understanding of the functional pathways
impacted by GSK3368715 across multiple covariates, such as age and gender and to further
explore the heterogeneity between samples. This would be particularly interesting between
paired primary and recurrent samples to see if and how these functional pathways not only
change with longitudinal analysis but change between geographical regions of the tumour to
further characterise the theory of clonal expansion leading to recurrence in GBM (Wang et al.,
2016, Ceresa et al., 2023). This was, however, preliminary data within the context of my other

work and a full conclusion could not be drawn from this.
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Alternative methodologies of exploring the role of FUS and the methylation changes to other
proteins in GBM tissue, with GSK3368715, are required. These might include the use of
methyl-FUS, or methyl-site targeted antibodies (Dormann et al., 2012)(Khumar et al., 2020).
Modified FUS containing either sDMA, aDMA or mMA modifications could be incubated
with GBM tissues and isolated using a streptavidin-biotin system, through which any co-bound
proteins would also be isolated. This would determine whether changes to the methylation type
cause functional changes to the protein, thereby altering the associated proteins. Research by
Maron et al. (2022) into a lung adenocarcinoma cell line found that Rme2a off FUS was
decreased upon PRMT type I inhibition, with Rme2s and Rmel increased, but with type II
inhibition, no changes in methylation status were observed. This could provide a reason as to
why no synergistic effect were found with both inhibitors, in this data, should FUS be a
potential driver of PRMT type I inhibitor activity. Site directed mutagenesis of target proteins
would have a similar effect, whereby methylation status would be augmented and downstream
functional assays, such as proliferation and metabolomics could be performed (Liu ef al., 2020,
Jeong et al., 2020). The measurement of enzymatically active and inactive PRMT Kkinetics
would indicate whether the enzymatic activity of certain PRMTs are required for the aDMA-
sDMA crosstalk, or downstream functional consequences (Hevel and Price, 2020,
Radzisheuskaya et al., 2019). Some PRMTs, such as PRMT2 have weak enzymatic activity,
but can still execute particular functions (Yoshimoto et al., 2006). Mass spectrometry of a
plethora of tissues treated with GSK3368715, may help to elucidate any genetic and epigenetic
influences of PRMT inhibition on the methylation status of proteins of interest, including FUS.
Additionally, more in-depth bioinformatics analysis of GBM methylome datasets would
provide a solid foundation for the exploration of other proteins of interest, when identifying
the mechanisms and downstream consequences of aDMA-sDMA crosstalk in the tumours of

patients living with GBM.
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CHAPTER 7: CONCLUSION

Type I PRMT inhibition by GSK3368715 causes apoptosis and drives alternative splicing in
GBM tissue in the novel perfusion device. Alternative splicing potentially mediated through
changes in FUS methylation, may lead to a more differentiated phenotype and resensitisation
of cells to TMZ treatment. GSK3368715 may also reduce expression of factors associated with
GBM invasion and TME inflammation. The crosstalk between aDMA and sDMA could not
fully be explored in this thesis and further work, as suggested, would be required to elucidate
a mechanism for this and any links it and FUS may have to chemotherapeutic resistance. Taken
together, the research performed throughout the preparation of this thesis has provided insight

into the tumour-specific effects of GSK3368715 and its potential for targeting GBM.
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CHAPTER 9: APPENDICES

8 days Post 1

8 days Post 2

Appendix 1.: Representative images of Ki67 stained GBM tissue used for validation of Cell
profiler pipeline.
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8 days Post

Appendix 2.: Representative images of H&E-stained GBM tissue pre- and 8-days post-

perfusion.
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Appendix 3.: Representative images of H&E-stained GBM tissue pre- and 12-days post-

perfusion
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Appendix 4.: Representative images of cleaved PARP-stained GBM tissue pre- and 8-days
post-perfusion and treated with IuM GSK3368715, 10uM TMZ, 1uM GSK3368715 +10uM
TMZ, 1uM GSK3368715 + 1uM Furamidine, IuM GSK3368715 + IuM Furamidine + 1uM
GSK591.
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Appendix 5: Representative images of Annexin V-stained GBM tissue pre- and 8-days post-
perfusion and treated with 1uM GSK3368715.
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Appendix 6: Representative images of cleaved PARP-stained GBM tissue pre- and 12-days
post-perfusion and treated with 1uM GSK3368715.
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Gene

RPS20 RPL18 RPSS RPLPO RPLI RPSTY RPLIBA RFLIB RFS1Z RPLA RPS1S RPLI1 RPSAVI RPLIS RPLZ RPS1SA RFLIS RPSE RPLPT RPS24 RPS11 RPLI3A RPLIZ RFS3A APS3 RPLE RPLIS
FPLS LI APS12 RPLMAL RPLI7A RPLII RPSA RPS21 RPLIS APLE RPLPZ 15013 RPLI2 RPS2H UBASZ

FPS20 RPLIB MAPSM RFS3 MAPLIE RPLPO RFLY FPS1H Mm RFL28 AP312 FPLI4 APS1S MAPLYT MAPS13 RFLI! MAPSZ APSSr RPLDS RPLIT APS13A RPLYS APSS RPLP1 APSM RFS1I
FFLI3A RFLI2 RFS3A AFS3 MAPLI7 RPLS RFLIS FFLS 14 RPLBAL RFLETA RFLYI RFSA RFSZ1 RPL3S RPLL MRPL1] RPLFZ MRFLIL [SG15 MRFLI1 RPLIZ RPS23 UBASZ MRFLIZ
RPS20 RPL1B MAPSM RPSS MAPLIE RPLPO RPLI RPS1H lm&k RPLE mu FPLA APS1S MRAPLY? HAPSIS RPLIY MAPSI RPSEN PG RPLIT RFS1SA APLIS RPSE RPLP1 RPS2E RPSTI
FFLI3A APLI2 APSIA APS3 MAPLYT RPLE APL2S APLZZL APLZA RPLIZ APSA APSZ) FPLIS RPLA MAPLYY FPLP2 MAPLIA [SGIS MAPLZ APLIZ APSZS LBASZ
MRPLIZ

FPLIE RPLPD FFL3 FPLIBA APLIS RPL3 FPLZ| RPLS RPLZ7 RPLIS AFLFY APLI3A RPLI2 APLE RFL2S RPLS APLZX APLIGAL APLITA APLYZ RPLE RPLA FPLFZ APLIZ UBAS2

FPLIG MAFLES RPLPD RPLY AFLISA RPLIS RPLI MAFLIT AFLI1 RPL3S RFLI RPLIS APLFY AFLISA APLTI MAFLIT RPLS APLES RPLS RFLISL APLIGAL RPLYTA RPLI3 RFLIS RPLY MAPLTI

RPLPZ MRPLI4 MAFL! RPLI2 UBASZ MRPLIZ

EPS20 RPLIE MSDI7EI0 MRPS3 srwu FPS3 MEPLIS RPLPO RFL RPSTO FPLIBA RPLIS RPSIZ RPLI APS1S MRPLI? MAPSIS RPLT) MRPS2 SNAPDI EMGT PS4V RPLIS LSM4 RPLZY
APL3GAL

CTMMELY APSI5A APLYS RPSS RPLP1 APSZE WRAPSD FPST) APLIZA RPLI MPSIA RPS3 ERO MAPLYT FAMOTA RPLS APLIS APLS APLEL RPSM RPLITA RPLY3 APSA FPS21 PPIH
RL3S Brus NRPLTY FPLFS WEPLLA TLS FRPS 1SONS RIBTA HAFLE! RFLIZ PS5 UBASE PWPS HEPLIZ

FPS20 RPSS RPS1S RFS12 APSIS APSEVI APSISA RPSE RPSM RPS11 RPSIA FPSIAPS1E RFSA RPSZ1 1SGTS RPEZS UBAS?

FPS20 MAFE34 FFS3 APS13 RFS12 APS1S MEPSIS MAPSZ AFSEN AFS1SA AFSS AFS24 MPS1) APS3A AFS3 RFSI4 AFSA APSZ) 1SG1S RPEIM UBASE

CPS1 TREIM HSDI7HI0 MRPSM MRPLIS ATPSFID MCAT GSTZ! ETFE NDUPSE MRPLIT MRPS1S MTMFDIL MRPS2 ATPSFIE PROXS ECHS1 TST FPGS HADH MMAE MOHZ RPSI MBPLT? FDXR
NUDT2 NDUFBS ECIS COKY MRPLY! MRPLI4 TKNRD2 MRPLZ! ATAD3A ARL2 MRPLT2

FPLIB SLCBATRZ FVR RPSS RFLFO EZR MISF RPL3 FFS19 CAVZ HSPS1 AFS13 MAPIX2 RFLIT AFLFI GRET RPS1I RPLI3A RFS3A RFS3 APLE APLS RFS14 RPLIS C3PO4 FFLY AFLFZ FARVE
RFLI2 TOM2 ARLZ RPS3S

AL

2 aftes B-day ina dewice, trnsted with 1 aM GSKIMETIS va the DMSO sontral

s
AFS20 RPLIS MAPS34 RPS5 MAFLZE RPLPO RPLI RPS13 RFLISA APLIS RPS12 APLI4 APS1S MAPLY] MAPS1S RPLZ1 MAPSZ RPSAY] APLDS AFLIT RPS13A RPLIS

mmpiimige gensontzlogy.or RFSE RPLP1 RPS3L APST1 RALIZA RPLIZ APSIA RPSI MRFLIT RPLE RPLIS RPLIILY RPLS RPLIN RPS1L RPLOAL RPLITA RPL1Z RPSA RPSZI RPLIS APLL MRPLTY

RPLPZ MRPLM MRPLIN RPLIZ RPSZ9 UBASZ MRPLIZ
RPS20 LAMC3 RPLIS MRPS3M RFSS MRFLIS RPLPO RPLI MYL MYOM1 RPS13 RPLIBA RFLIS RPS12 COLTAT RPLZE RPS1S MAPLIZ MRPS1S RPLZT MRFSZ TUBALA

Bmpiinige geneontclogy.or KRT17 RPSY! RPLIS RPLZT RPS1SA RPLYS RPSG APLPY RAPS24 RPS11 RPLI3A APLI2 APSIA RPSI MAPLIT LMMA RPLE RPLZS RAPLZZLY APLS APLISL APS14 RPLIGAL

RPLITA RPLI3 RPSA RPSZ1 RPLIE MMRENZ SPTBNZ RPLA MEPL11 CLTB RPLP2 MRPLIA COL1SAT PSMD13 KRTIS ZP3 MRPLI] RPLI2 RPS2 UBAS? MRPLIZ
FEXDS RPE20 TFE1M RPLIE NUCKS1 TCOF) HSDI7EI0 IGF2EPZ SNRFA RPSS MRPLIE RPLPD EZR LGALS1 MCAT FPLI RANGAF RPS1 RPLIBA HSPE1 RPLIE FPS1Z
RPLI4 RPS1S FARSS MRPLIT MRPS15 CPSF3 RPL21 SNRFDZ EMGY TST RPSAY] RPLS BSTZ LSMA RPLIT CLUH RPS1SA IGF2BP3 TACO1 RPLYS RPSE RPS24 2GRF1

it famigo. :mmnloh of NUDT? WRAPS] GRB7 RPS11 RPL1IA RPLIZ RFS3A C7orf5) MDHZ MKIG? RPS3 RPLE FLYWCHZ RPL2S RPLIZL RPLS APEW RPSI4 RPLITA RPLY3 APSA PUSLY RPSZ1
0

SG20 RPLI8 RPLL MRPLTT MRPLIL TBLD RRPTA MRPLZT RPLI2 HMGNS RPS23 NME1 PWP2 MRPLIZ

RPSS APLPO EMGY TST RPSYI TACOT RPSTI APS3 RPLE RPFLS RFSIA MRFLY) RPLIZ

CPS1 GSTF1 GSS PIH3 LRAT PRRT THNSLZ AKRICZ ACONL ALKEH3 FABRS SLOTSAT AKRICT UROS

ERCC1 POLQ NTHL1 RPA3 DDB2 RPSI RECOLA BLM
CPS1 EHDZ AFCZ POLQ CAMKIB PRKCO MYCOB SMC1B KIFZZ ACOT? ATPSFID DMCY PNPLAJ 0SS TRIB3 KIFIB ABCD1 PIMZ UBEZS GALK1 FARSE PTPA TTLLS

hftp:fiamigo. geneontology.or MTHFDIL SILY CIT SRMS MAP2X2 CHMTFIE BRIP1 FPGS KIF12 MMAB AKT KIF2C ABCA12 MEIE7 TKFC UBEZZ RECQLA STKI2C PSMC3I PIPSKLT MVD TK1 PEX CDK1
PemignemGO003058

REKS SLCTSAT SPHET HASPIN AURKE RADSTE DMAMIL FOMI KIF24 PRIARIE BLM ATADIA MYOIC APRT NMET IKKE

CPS1 EHD2 RFC2 POLQ CAMKZS FRECQ MYOSS SMCIB KIFZZ ACOT7 ATPSFID DMC1 PNFLA GSS TRIB3 KIF38 ABCO1 PIM2 UBEZS GALK1 FARSE PTPA TTLLS

hitp:tiamigo.ganesniclagy.cr MTHFDIL CIT SRMS MAP2KZ CHTFIS BRIP1 FPGS KIFIZ MMAB AK7 KIF2C ABCAI2 MXIEY TKFC UBE2Z AECQLA STKC PSMCI PIPSKLI MVD TK1 PBK COK1 FBKS
SLCTMAT SFHK] HASPIN AURKE RADSTE DMAM14 FOMK KIF24 FRKARTE BUM ATADSA MYDIC APRT NME1 IKBKE

ERCCT RFCZ POLQ NTHL1 DMCT CHTFIS BRIF1 GRF1 RPS3 RECQLA MGMT ISG20 RADSTE BLM NMET

amEW W W 112762363 Swucsueal conaibuent o dhsome  amiEonem/O00003735
2477 & £
e © I3 1.5082401738NA binding pam gaem
htip:famigo. gansoniclogy.of
8IS 1 81 GISSLNIBARNA binding emigonem GO0 19843
hitp:femigo.gensontology.of
aoees 14 183 3334804484 Carborylie acid binding gonemGO:0031406
hep:immigo. geneomology.of
002639621 L] L] 5.053562996 Damaged DNA binding. pamigofterm GO-0003684
nesee & THS 15TS433566Adenyt nusteotide binding
ep:tmign. gensontalogy.of
o.0858871 ] & = roosomat binding RPLPO MAPLY1 RPLIZ
ozeses &2 TR 156077388 Adeny
‘hnpefismigo geneonoiogy.of
0.0M54TRIS -1 Fe) 2782148814 Catalytic actwity, acting on DNA Pamigofem/GOr0140087
Gene Ontology 8 of KE ¥ B! P genes (DEGs)
Enrichment FOR nGenes PathwayGenes Fold Enrichment Pathway URL

2.59€E-43

2,05E-23

9.57E-05

0.000134041

0.00048549

0.001317833

0.001795587

0.006607134

0.008967435

0.016205455

15.93852915Ribosome:

7.890749654 Coronavirus disease

1.8553732Metabolic pathways

http:/fwww.genome.|plkegg-
bin/show_pathway?hsa03010

httpz/fwww.genome.jplkegg-
binfshow_pathway?hsa05171

hutpz/fwww.genome.|p/kegg-
binfshow_pathway7hss01100

2.661100936 neurodegenaration
2.991264575Huntingtondiseasa
2.617435963 Alzheimer disease
2.949496111Parkinson disease
2.72418738Prion disease
Amyatrophic lateral
2.401487498 sclerosis

568526062 Proteasoma

genome.jpikegs-
bm.'wrm _pathway?hsa05022
httpz/fwww.genome.jplkegg-
binshow_pathway?hsa05016
httpa/fwnww. genome.p/kegg-
bin/show_pathway7hsa05010
hittpa/fwww.genome.p/kegg-
bin/show_pathway?hsa05012
http:/fwww.genome.jp/kegg-
bin/show_pathway7hsa05020
httpz/fwww.genome.jplkegg-
bin/show_pathway7hsa05014
hutp:/fwww.genome.jp/kege-
bin/show_pathway7hsa03050

to2 or more patients after 8-day in a microfluidics device, treated with 1 pM GSK33687 15 vsthe DMSO control

Genes

RPS20 RPL1S RPSS MRPL28 RPLPO RPL3 RPS19 RPL18BA RPL28 RPS12 RPL24 RPS15 MRPS15 RPL21
MRPS2 RPS4Y1 RPL36 RPL27 RPS15A RPL35 RPS6 RPLP1 RPS24 RPS11 RPL13A RPL32 RPS3A APS3
MRPL17 RPL8 RPL29 RPL22L1 RPL9 RPS14 RPL36AL RPL27A RPL13 RPSA RPS21 RPL38 RPL4 MRPL11
RPLP2 MRPL14 MRPL21 RPL12 RP529 UBAS2 MRPL12

RPS20 RPL18 APSS RPLPO RPL3 RPS19 RPL18A RPL28 RPS12 RPL24 RPS15 RPL21 RPS4Y1 RPL36 RPL27
RPS15A RPL35 RPS6 RPLP1 RPS24 RPS11 RPL13A RPL32 RPS3A RPS3 RPLE RPL29 RPL22L1 RPLY RPS14
RPLIGAL RPL27A RPL13 RPSA RPS21 RPL3S RPL4 RPLP2 ISG15 RPL12 RPS29 UBAS2

UQCRCT XYLT2 CPS1 MSMO1 STEGALNAC2 HSD17B10 GSTP1 BLVRB PHGDH NANS ATPSFID MCAT
PNPLA3 GSTZ1 GSS PIGU FAH GALK1 NDUFS8 GMDS BAGALT2 GALNT12 MTHFDIL LRAT ATPSF1E NTSC
COXBB1 ECHS1 TST ALDH3B2 NTSE FPGS ATIC HADH BAGALNT3 MMAB AK7 CYP1A1 MDH2 EBP NDUFB9
PTGES2 GSTO1 TKFC COX682 NUDT2 LARGE2 NDUFBS PIPSKL1 MVD TK1 AGPAT2 DCXR RBKS RRM2
SPHK1 HSD11B2 B3GNT3 PGP POMK AKR1C1 UROS APRT NMET ACY1

UQCRCT CAMK2B HSD17810 ATPSF1D KLC3 NDUFSE WNTSB OPTN ATPSF1E COXGB1 MAP2K2 TRAF2
TUBA4A SEM1 TOMMAO WNT10A PSMB7 PSMBG WNTIA NDUFBS COX6B2 PSMC3 NDUFBS PSMD1
SPTBNZ2 PSMD13 DNAH14 WNT7E UBAS2

UGQCRCT AP2S1 ATPSF1D KLC3 NDUFS8 ATPSF1E COX6B1 TRAF2 TUBA4A SEM1 PSMB7 PSMB6 NDUFBS
COX6B2 PSMC3 NDUFBS PSMD1 CLTB PSMD13 DNAH14 TGM2

UQCRC1 HSD17B10 ATPSF1D KLC3 NDUFS8 WNTSB ATPSF1E COX6B1 MAP2K2 TRAF2 TUBA4A SEM1
WNT10A PSMB7 PSMB6 WNTIA NDUFB9 COX6B2 PSMC3 NDUFBB PSMD1 PSMD13 WNT7B

UQCRCT CAMK2B ATPSF1D KLC3 NDUFS8 ATPSFIE COX6B1 TUBA4A SEM1 PSMB7 PSMBE NDUFB9
COX6B2 PSMC3 NDUFBS PSMD1 PSMD13 UBAS2

UQCRC1 ATPSF1D KLC3 CAV2Z NDUFSB ATPSF1E COX6B1 TUBA4A SEM1 PSMB7 PSMBE NDUFB3 COXEB2
PSMC3 NDUFBS PSMD1 PSMD13

UQCRC1 ATPSF1D KLC3 NDUFS8 OPTN ATPSFIE COX681 TRAF2 TUBA4A SEM1 TOMM40 PSMB7 PSMBE
NDUFBS COX6B2 PSMC3 NDUFB8& PSMD1 PSMD13 DNAH14

SEM1 PSMB7 PSMB6 PSMC3 PSMD1 PSMD13

Appendix 7: Top 10 Gene Ontology (GO) terms analysis (ShinyGO (Ge SX, Jung D & Yao

R, Bioinformatics

36:2628-2629, 2020;

http://bioinformatics.sdstate.edu/go/)) of

significantly (p<0.05) differentially expressed genes (DEGs) (FC >1.5/<-1.5), common to 2

or more patients, in RNA-seq analysis of 4 patient GBM samples, 8-days post-chip and
treated with 1 uM GSK3368715 vs DMSO control. Upregulated biological processes, cellular

components, molecular function and KEGG pathways. Downregulated biological processes,

cellular components, molecular function and KEGG pathways.
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A) ShinyGO 2+ samples
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B) ShinyGO 3+ samples

KEGG
Enrichment FOR nGenes Pethwey Genes Fold Enrichment Pathweys [click fordetsils)
2.60E-02 1] a3 H.9Bsse excision repair
1.00E-02 B 45 &.2Amino sugar and nucleotide sugar metsbolism

&0 Biologicsl Process

Enrichment FOR nGenes Pethwey Genes Fold Enrichment Pethweys [click fordetsils)
2.50E-02 4 & 25.4Pos. reg. of protein locelization to cell cortex
2.50E-02 7 2] 7.5Bese-excision repair, gap-filling
4 50E-02 7 4583 2.2Cilium organizetion
2.50e-02 34 600 2.2Autophegy
2.50E-02 34 &00 2.2Process utilizing sutophagic mechanism
2.T0E-D2 35 639 2. 1DNA repsir
2.50E-02 48 980 1.90rgenelle assembly
2.50E-02 45 1005 1.8Cellular response to OMA damage stimulus
2. 70E-02 48 1003 1.BReg. of cellularcatabolic proc.
2.TOE-D2 B0 1550 1.8Cellular protein locslization
3.00E-02 BD 1974 1.5Cellular macromolecule locslizstion

G0: CellularComponent

Enrichment FOR nGenes Pathway Genes Fold Enrichment Pathweys (click fordetsils)
2.50e-02 3 L 18GATORT complex
2.BOE-03 mn ED 5.2Cytoplasmic stress granule
4 TOE-D2 -] 44 5.2AP-type membrane cost edaptor complex
1.40E-02 14 162 3.2Centriole
3.30E-03 21 273 2.8Cytoplasmic region
34002 13 172 2.85pindle pole
2.50E-02 18 72 2.5Cytoplasmic ribonucleoprotein granule
3.40E-02 18 2B 2.4Ribonucleoprotein granule
1.40E-02 28 481 2.2Muclesr speck
34002 23 410 2.15pindle
2.50E-03 49 q32 2Muclesr body
2.B0E-02 34 696 1.8Cilium
2.50E-02 41 BGE 1.EMicrotubule organizing center
2.50E-02 58 1373 1.8Muclesr protein-contsining complex
2.50E-02 58 1331 1.8Microtubule cytoskelston

&0: Moleculsr Function

Enrichment FOR nGenes Psthwsy Genes Fold Enrichment Psthways (click fordetsils)
3.10E-02 3 4 2B.50vidized base lesion DNA N-glycosylase ectivity
Phosphstidylinositol-3,5-bisphosphste 3-
4.90E-02 3 7 16.2phosphatase sctivity

Class | DMA-[spurinic or apyrimidinic site)

4.90E-02 = | 7 18.3endonuclease activity

4. 10E-02 4 13 11.7DNA M-glycosylase activity

4 90E-02 ] Fry TPhosphsatidylinositol-3,5-bisphosphate binding
4.90E-02 8 =] 5.8Pre-mRMA binding

4 90E-02 B {i:] 4 40amaged DMA binding

4 10E-D2 n 108 3.BPhosphstidylinositol bisphosphsete binding

4 10E-02 14 178 3Phosphstidylinositol phosphate binding

4 10E-02 18 262 2.8Phosphatidylinositol binding

2.90E-02 7B 1873 1.6RMA binding

C) ShinyGO4 samples
No enrichment in any category
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D) GOrilla2+ samples

GO: Biological Process

GO term

G0O:0045008
GO:0006285
G0:0006284
GO:0006244
G0:0072529
GO:0046386
G0:0008223
GO:0009219
G0O:0009264
G0:0009354
G0O:0009262
G0:00196592
GO:0006304
G0:0031098
G0:0016072
GO:0021762
G0:0006220
GO:0072527
G0:0009166

GO: Molecular Function

GO term
GO:0019104

GO:0016795
GO:0016798

G0:0003906
GO:0000703
GO:0004844
GO:0097506

GO:0017065
GO:0003723

GO: Cellular Component

GO term

G0:0031371
GO:0032991
G0:0043232
GO0:0043228

Description

depyrimidination

base-excizion repair, AP site formation
base-excision repair

pyrimidine nucleotide catabolic process

pyrimidine-containing compound catabolic process

deoxyribose phosphate catabolic process
pyrimidine deoxyribonuclectide catabolic process
pyrimidine decxyribonuclectide metabolic process
deoxyribonucleotide catabolic process
2'-deoxyribonuclectide metabolic process
deoxyribonucleotide metabolic process
deoxyribose phosphate metabolic process

DMA modification

stress-activated protein kinase signaling cascade
rRMA metabolic process

substantia nigra development

pyrimidine nucleotide metabolic process

pyrimidine-containing compound metabolic process

nucleotide catabolic process

Description

DMA N-glycosylase activity

hydrolase activity, hydrolyzing N-glycosy
compounds

hydrolase activity, acting on glycosyl bonds
DMA-(apurinic or apyrimidinic site) endonuclease
activity

oxidized pyrimidine nuclecbase lesion DNA M-
glycosylase activity

uracil DNA N-glycosylase activity

deaminated baze DMNA M-glycosylase activity
single-strand selective uracil DMA N-glycosylase
activity

RMA binding

Description

ubiquitin conjugating enzyme complex
protein-containing complex

intracellular non-membrane-bounded organelle
non-membrane-bounded organelle

342

P-value
2_56E-06
7_49E-06
4.92E-05
4.92E-05
4.92E-05
4,92E-05
4.92E-05
4,92E-05
4.92E-05
7.37E-05
7.37E-05
7.37E-05
2 47E-04
3.19E-04
3.63E-04
3.66E-04
3.73E-04
5.15E-04
8.92E-04

P-value
7_49E-06

1.66E-05
2.47E-04

4.50E-04

9.38E-04
9.38E-04
9.38E-04

9.38E-04
9.46E-04

P-value
1.02E-04
2.72E-04
7.01E-04
7.84E-04

FDR g-value Enrichment (M, B, n, b)

2.10E-02711.00(2133,3,2,2)
3.07E-02533.25(2133,4,2,2)
1.35E-01304.71(2133,7,2,2)
1.01E-01304.71(2133,7,2,2)
8.07E-02304.71(2133,7,2,2)
6.73E-02304.71(2133,7,2,2)
5.77E-02304.71(2133,7,2,2)
5.04E-02304.71(2133,7,2,2)
4.48E-02304.71(2133,7,2,2)
6.04E-02266.62(2123,8,2,2)
5.49E-02266.62(2133,8,2,2)
5.03E-02266.62(2123,8,2,2)
1.56E-01177.75(2133,12,2,2)
1.87E-016.42 (2133,15,155,7)
1.98E-011.88(2133,28,930,23)
1.87E-016.24(2133,5,342,5)
1.80E-01152.36(2133,14,2,2)
2.34E-01133.31(2133,16,2,2)
3.85E-01106.65(2133,20,2,2)

FDR g-value Enrichment (M, B, n, b)

1.49E-02533.25(2133,4,2,2)

1.65E-02426.60(2133,5,2,2)
1.64E-01177.75(2133,12,2,2)

2.24E-018.74(2133,4,244,4)
3.73E-011,066.50 (2133,1,2,1)
3.11E-011,066.50 (2133,1,2,1)
2.66E-011,066.50 (2133,1,2,1)

2.33E-011,066.50 (2133,1,2,1)
2.09E-011.80(2133,243,190,39)

FDR g-value Enrichment (M, B, n, b)

1.18E-0196.95(2133,2,22,2)
1.58E-011.14(2133,682,987,361)
2.71E-011.50 (2133,407,258,74)
2.27E-011.49(2133,408,258,74)



E) GOrilla 3+ samples

GO:Biological Process

GOterm Description P-value  FDRg-value Enrichment(N,B, n, b)
G0:0045008 depyrimidination 3.04E-05 1.44E-01 204.00(612,3,2,2)
G0:0006244 pyrimidine nucleotide catabolic process 3.04E-05 7.22E-02204.00(612,3,2,2)
G0:0072528 pyrimidine-containing compound catabolic process 3.04E-05 4.81E-02204.00(612,3,2,2)
G0:0046386 deoxyribose phosphate catabolic process 3.04E-05 3.61E-02204.00(612,3,2,2)
G0:0009354 2'-deoxyribonuclectide metabolicprocess 3.04E-05 2.89E-02204.00(612,3,2,2)
G0:0009223 pyrimidine deoxyribonucleotide catabolic process 3.04E-05 2.41E-02204.00(612,3,2,2)
G0:0009218 pyrimidine deoxyribonucleotide metabolic process 3.04E-05 2.06E-02204.00(612,3,2,2)
G0:0009264 deoxyribonucleotide catabolic process 3.04E-05 1.81E-02204.00(612,3,2,2)
G0:0009262 deoxyribonucleotide metabolic process 3.04E-05 1.60E-02204.00(612,3,2,2)
G0:0019692 deoxyribose phosphate metabolic process 3.04E-05 1.44E-02204.00(612,3,2,2)
GO:0006285 base-excisionrepair, AP site formation 8.96E-05 3.87E-02153.00(612,4,2,2)
GO:0006284 base-excisionrepair 1.86E-04 7.35E-02122.40(612,5,2,2)
GO:0006304 DMNA modification 3.39E-04 1.24E-01102.00(612,6,2,2)
G0:0006220 pyrimidine nucleotide metabolicprocess 3.39E-04 1.15E-01 102.00(612,6,2,2)
G0:1901292 nucleoside phosphate catabolic process 3.39E-04 1.07E-01 102.00(612,6,2,2)
GO:0009166 nucleotide catabolic process 3.39E-04 1.01E-01 102.00(612,6,2,2)
G0:0072527 pyrimidine-containing compound metabolicprocess 5.65E-04 1.58E-0187.43(612,7,2,2)
G0:0046434 organophosphate catabolic process 5.65E-04 1.49E-01 87.43(612,7,2,2)
G0:0120038 plasma membrane bounded cell projection morphogenesis  8.09E-04 2.02E-016.94(612,7,63,5)
G0:0032950 cell partmorphogenesis 8.09E-04 1.92E-016.94(612,7,63,5)
G0:0048858 cell projection morphogenesis 8.09E-04 1.83E-016.94(612,7,63,5)
G0:0048812 neuron projection morphogenesis 8.09E-04 1.75E-016.94(612,7,63,5)
G0:0034404 nuclecbase-containing smallmolecule biosynthetic process  8.29E-04 1.71E-0176.50(612,8,2,2)
GO:0007275 multicellular organism development 8.80E-04 1.74E-01 2.60(612,18,170,13)

GO:Molecular Function

GOterm Description P-value  FDRg-value Enrichment(N,B, n, b)
G0:0016798 hydrolase activity, hydrolyzing M-glycosyl compounds 8.96E-05 8.90E-02153.00(612,4,2,2)
GO:0019104 DMAN-glycosylase activity 8.96E-05 4.45E-02153.00(612,4,2,2)
G0:0016798 hydrolase activity, acting on glycosylbonds 3.39E-04 1.12E-01102.00(612,6,2,2)

GO: Celullar Component: no enrichment inthis category
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F) GOrillad4 samples

Appendix 8: Gene Ontology (GO) analysis of alternatively spliced genes common to 2 or
more patients, in RNA-seq analysis of 4 patient GBM samples, 8-days post-chip and treated
with 1 uM GSK3368715 vs DMSO control. GO was performed for biological processes,
cellular components, molecular function and KEGG pathways. ShinyGO analysis: A) 2
patients, B) 3 patients, C) 4 patients, Gorilla analysis: D) 2 patients, E) 3 patients and F) 4

patients.
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SPTAN1
SRGAP3
SSBP3
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Appendix 9: Gene lists of significantly (p<0.05) alternative spliced genes in 2 or more
patients (D31-D34) which correspond with known FUS splicing targets (Nakaya et al. 2013),
or in proteins which shown arginine methylation switches after GSK3368712 treatment

(Fedoriw et al. 2019).
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3 days Post 2 days Post

4 days Post

Appendix 11: Representative images of H& E-stained fish brain tissue pre- and 8-days post-

perfusion.
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3 days Post 2 days Post Pre

4 days Post

Appendix 12: Representative images of Annexin V-stained fish brain tissue pre- and 8-days

post-perfusion and treated with 1uM GSK3368715.
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Appendix 13: Representative images of cleaved PARP-stained healthy mouse brain tissue
pre- and 8-days post-perfusion and treated with 1uM GSK3368715.
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Appendix 14: Representative images of Annexin V-stained healthy mouse brain tissue pre-

and 8-days post-perfusion and treated with luM GSK3368715.
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