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Abstract 
Despite intense research, the prognosis of patients with glioblastoma (GBM) remains extremely poor, 

with a median survival of 1.5 years after diagnosis. The need for new therapeutic options is therefore 

a vital step towards securing a better outlook for patients. Protein Arginine Methyltransferases 

(PRMTs) are novel targets in current oncology clinical trials due to their ability to augment a vast 

variety of cellular processes including growth factor signalling as well as Deoxyribonucleic acid (DNA) 

damage repair and proliferation. There are three known types of PRMT with varying target specificities 

and activities. All PRMT’s are able to transfer a single methyl group onto the guanidino nitrogen on 

the target arginine, producing the monomethyl-arginine (MMA) mark. Type I PRMTs (PRMT1, PRMT2, 

PRMT3, PRMT4, PRMT6 and PRMT8) then transfer a second methyl group on the same nitrogen to 

produce the asymmetrical dimethyl-arginine (ADMA) mark. Type II PRMTs (PRMT5 & PRMT9) transfer 

a second methyl group to the opposite nitrogen on the arginine functional group, making symmetrical 

dimethyl-arginine (SDMA). The type III PRMT, PRMT7, is only able to carry out the first methylation 

step.  

 The generally accepted view is that PRMT expression is increased in tumour cells, including GBM. 

Therefore, the overarching hypothesis here is that GBM cells are dependent on PRMT expression, and 

the inhibition of these enzymes will result in cell death or reduced proliferation. This research aims to 

determine the efficacy of PRMT inhibitors as a therapeutic avenue in GBM treatment by measuring 

the anti-proliferative effects of PRMT inhibiting drugs on GBM cells. A further aim of this research is 

to characterise an ex vivo microfluidic model that would allow for patient specific testing of 

pharmacological drugs in a simulated tumour microenvironment. 

Using the U-87MG glioma cell line as a model system, differing levels of efficacy of PRMT inhibitors 

were observed. PRMT1 inhibition by Furamidine resulted in a reduction in cellular viability, however, 

inhibition of PRMT1 and other type I PRMTs by MS023 had minimal effect, as measured by MTS assays 

in Two-dimensional (2D) and Three-dimensional (3D) culture U-87MG models. Western blotting 

revealed an increase in the symmetrical dimethylation of a ~70 kDa protein following inhibition of 

Type I PRMTs with MS023, suggesting cross-talk between Type I and Type II PRMTs.  

To further investigate the use of PRMT inhibitors and possible cross-talk mechanisms, an ex vivo 

microfluidic model was utilised, where patient biopsies were perfused with growth medium with and 

without MS023. Patient samples could be maintained in a viable state on the microfluidic device for 

up to 192 hr (8 days), as determined by the minimal release of the membrane contained enzyme 

lactate dehydrogenase into the effluent (LDH assay). However, a reduction in proliferation was 

observed in samples incubated on chip compared with the matched fresh biopsies. Treatment of 
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patient samples with MS023 did not result in an increase in cell death as determined by LDH assay or 

a reduction in proliferation as determined by the quantification of ki-67 positivity by 

immunohistochemistry (IHC).  

The cross-talk activity seen in the earlier cell line models was further demonstrated in the ex vivo 

microfluidic model. In patient biopsies six out of nine and four out of five patient samples showing 

increases in SDMA and MMA following MS023 treatment, respectively. To identify specific proteins 

that had undergone changes in methylation status, heavy methyl SILAC mass spectrometry was used. 

With this methodology, the RNA binding protein FUS was found to be methylated in the presence of 

MS023 only.  

To further understand the effects of the ex vivo incubation of patient samples and explore the 

presence of intra-tumour heterogeneity, samples were treated with Temozolomide (TMZ), the current 

chemotherapy drug used is clinical practice, and cell death and proliferative activity determined by 

LDH assay and ki-67 positivity through IHC. Treatment with 10 µM TMZ did not result in an increase in 

cell death or a reduction in proliferation. However, a reduction in ki-67 was again seen in the samples 

incubated on chip compared with fresh biopsies. To explore intra-tumour heterogeneity, multiple 

slices from the same patient biopsy were ran in parallel. The slices appeared to have variation in ki-67 

positivity, suggesting that the rate of proliferation is not uniform within the tumour mass and could 

perhaps mask any response to drug treatment during analysis. 

In order to elicit a tumour response in GBM patient biopsies, MS023 was given in combination with 

TMZ, or GSK591, a PRMT5 inhibitor. Despite this aggressive approach, there were no significant 

changes in cell death or proliferative activity. It is hypothesised that the reduction in proliferative 

activity seen following incubation on the microfluidic device could reduce sensitivity to anti-tumour 

drugs and mute any changes that would otherwise be observed.  

To conclude, this study has explored the feasibility of using a GBM-on-chip model to investigate 

emerging drugs, that is, PRMT inhibitors, towards the treatment of GBM. Further improvements to 

the microfluidic model, or broader analysis of the effect of TMZ and PRMT inhibitors on other cellular 

processes, such as apoptosis and senescence, are needed.  This study has presented exciting cross-

talk activity amongst PRMT enzymes not previously demonstrated in GBM tissue which warrants 

further investigation.  
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Chapter 1 - General Introduction 

1.1) Glioblastoma 

1.1.1) Introduction 

Gliomas are the most common malignancy of the central nervous system (CNS), accounting for 26% 

of all primary CNS tumours as well as 81% of malignant CNS tumours. The most devastating form of 

glioma is grade IV astrocytoma, also known as Glioblastoma (GBM) (Ostrom et al, 2019). Despite 

intense research efforts, the prognosis of GBM patients remains poor, with a median survival of 1.5 

years following initial diagnosis, with minimal progress being made in increasing this life expectancy 

over the past 20 years (Ostrom et al, 2015, Ostrom et al, 2018, Ostrom et al., 2019).  

1.1.2) Cellular Origin 

GBM is a cancer originating from astrocytic cells, which belong to the category of glial cells within the 

brain, alongside ependymal cells, oligodendrocytes, and microglia. These types of cells outnumber 

neurons by ten-fold, with astrocytes contributing 50% of total brain mass (Kimelberg, 1989). 

Astrocytes are responsible for the homeostasis of the CNS in a number of ways such as sustaining 

neurotransmission, synthesis of glycogen and energy substrates, the regulation of blood pH, and ion 

concentrations (Verkhratsky, 2018). Due to similarities in phenotypical characteristics, GBM cells may 

also arise from neuronal/glial stem cells at various stages of differentiation (Phillips et al., 2006).  

1.1.3) Epidemiology 

GBM is not only the most aggressive form of glioma but is also the most common, with an incidence 

of 3.21 per 100,000 people in the United States, accounting for 56.6% of all gliomas (Ostrom et al., 

2018). The observed frequency of GBM can vary when considering different factors including age, sex 

and ethnicity. GBM is an age-related disease, with an increasing incidence of GBM in people of older 

ages, with a peak incidence being 15.13 per 100,000 in people aged 75 to 84 years (Ostrom et al, 

2018). The increase in incidence is also accompanied by a decrease in survival rate. The median age of 

GBM diagnosed patients has increased over the years due to increased longevity of people in 

developed countries, meaning individuals who would have otherwise died of other causes, could now 

develop GBM.  

There is a 1.6-fold higher incidence of not only GBM, but all malignant brain and CNS tumours, in men 

compared with women (Mehta et al., 2010, Tian et al., 2018, Ostrom et al., 2019). Differences in p53 

(tumour protein P53) and RB1 (retinoblastoma 1) pathways are thought to play a part in this gender 

inequality, alongside other factors such as hormonal differences and differences in immunity (Sun et 

al., 2015). For instance, loss of p53 in neurofibromin (Nf1) negative astrocytes isolated from both male 

and female mice, resulted in the increased growth rate of male originating cells alone (Sun et al., 
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2014). Conversely, when exposed to DNA damaging agents, female mice showed increased expression 

of cyclin dependant kinase (CDK) inhibitors, p16, p21, and p27 to induce cell cycle arrest, whereas 

male mice did not (Kfoury et al., 2018). 

GBM also has a higher frequency in the Caucasian population compared with black or African 

American, whereas lower grade astrocytoma’s are more prevalent in the black or African American 

population (Barnholtz-Sloan et al., 2003). Asian or Pacific Islander patients have an overall greater 

survival probability than other ethnicities, with a 3-year survival of 37% compared with 27.7%, 28.8% 

and 32.3% for Caucasian, black and Hispanic patients (Bohn, et al., 2018, Patel et al., 2019). It is unclear 

what the cause of these observed differences are, and further research is needed to identify possible 

molecular features that differ among these groups. 

1.1.4) Aetiology 

The only established known risk factor is exposure to ionising radiation such as from previous cancer 

treatments (Ellor et al., 2014). Little is known about other risk factors associated with GBM, with only 

a small percentage of patients (<5%) presenting with a germline predisposition, such as one associated 

with the Neurofibromatosis type 1 syndrome (D'Angelo et al 2019). Studies investigating the 

associated risk factors of GBMs have limited confirmed findings, due to small sample sizes and 

inconsistencies with tumour classification (Bondy et al., 2008). However, some studies have suggested 

that traumatic brain injury may predispose patients to glioma formation, including the development 

of GBM (Anselmi et al., 2006, Trapani et al., 1996, Zhou & Liu 2010). There are multiple hypotheses as 

to why this might occur: recruitment of inflammatory cells, migration of progenitor cells and the 

dedifferentiation of astrocytic cells (Al-Kharboosh et al., 2020). 

1.1.5) Classification 

Tumours of the CNS, including astrocytomas, are predominantly classified based on tissue histology 

and cellular origin and are graded on a scale of I-IV, with increasing malignancy (Figure 1.1) (Louis et 

al., 2007). Grade I astrocytomas are often benign and require only surgery, although gross total 

resection is not always possible, such as when the tumour has adhesions to surrounding brain tissue 

(Young et al., 2015). Grade II astrocytomas are more active in their progression and are more likely to 

recur. Grade III and IV astrocytomas, with grade IV being classed as a GBM, are considerably more 

aggressive and require a combination of surgery, radiation and chemotherapy. This aggressive nature 

is reflected in the poor patient prognosis and high rate of recurrence. 

Patients within these different groups, as well as those diagnosed with non-astrocytic tumours, may 

present with differences in clinical characteristics. Following advances in genomics, molecular 

aberrations within these tumours have become accepted as an important factor in patient 
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stratification and now provide a more accurate and clinically relevant subtyping of brain tumours. The 

development of these narrow classification criteria, however, can leave large groups of tumours 

undesignated and so it is important to consider both the genotype and phenotype of tumours. 

Previously, gliomas originating from astrocytes or oligo dendrites were separated and further 

classified into their specific subtypes (Louis et al., 2007). With the observation of similarities in growth 

pattern and genetic features, all diffuse gliomas are grouped together and classified according to the 

presence of driver mutations: IDH (Isocitrate dehydrogenase) mutated, IDH wildtype, and NOS (not 

otherwise specified) (Figure 1.1) (Louis et al., 2016). 

 

Figure 1.1: WHO classification of diffuse astrocytic and oligodendroglia tumours according to 
histopathological and genotypical characteristics. Localised astrocytic tumours not included in the 
table are Pilocytic Astrocytoma (Grade I), Subependymal Giant Cell Astrocytoma (Grade I), Pleomorphic 
xanthoastrocytoma (Grade II) and Anaplastic pleomorphic xanthoastrocytoma (Grade III). (Adapted 
from Louis et al., 2016). 

Glioblastomas are considered either primary or secondary, with the latter referring to cases where 

the tumour has progressed from a lower grade glioma such as diffuse astrocytoma or anaplastic 

astrocytoma (Ohgaki & Kleihues, 2013). Primary tumours, also known as de novo GBMs, are more 

common and confer a poorer prognosis (90% of cases) than secondary tumours and are also more 
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frequent among older populations. Males are also more likely to develop a primary tumour, whilst 

females are more likely to develop a secondary GBM (Ohgaki et al., 2004). It is not possible to 

distinguish between primary and secondary tumours by histopathological means, although there are 

variations in molecular markers (Kleihues & Ohgaki, 2000, Kleihues & Ohgaki 2013).   

1.1.6) Molecular Markers 

1.1.6.1) IDH1 and IDH2 

The presence of IDH1 and IDH2 heterozygous mutations are currently used to characterise patient 

tumours to allow for a more informed prognosis, with patients with mutations having a more 

favourable outcome (Louis et al., 2016). IDH1 was the first to be identified and was found to be 

mutated in 12% of GBM patients (Parsons et al., 2008). It was then discovered that point mutations 

on residue R132 were present in a significantly greater proportion (80%) of lower grade gliomas as 

well as secondary GBMs (Yan et al., 2009, Cohen et al., 2013). IDH1 mutations were found to occur 

early in glioma progression, taking place prior to mutations in other genes including TP53 (Watanabe 

et al., 2009). Mutations in IDH2 are less common in gliomas and are mutually exclusive with IDH1 

mutations and occur on the analogous residue R172 (Hartmann et al., 2009). 

IDH1 and IDH2 encode for enzymes involved in cytoplasmic and mitochondrial metabolism, and are 

often dysregulated in cancer (Parsons et al., 2008).  IDH1/2 convert isocitrate into alpha-ketoglutarate 

(α-KG), generating reduced nicotinamide adenine dinucleotide phosphate (NADPH) from NADP+ 

(Figure 1.2). IDH1 carries out this reaction within the cytoplasm, whereas IDH2 can be found within 

mitochondria. Mutations in residues R132/R172 change the catalytic activity of the enzymes, resulting 

in a loss of function for the forward reaction due to a reduced binding affinity for isocitrate, and a gain 

in function of the reverse reaction involving the reduction of α-KG into 2-HG, due to an increased 

binding affinity for NAPDH (Dang et al., 2009, Turkalp et al., 2014). 2-HG differs from α-KG only by the 

presence of a hydroxyl group instead of a carbonyl group at the C2 position, and acts as a competitive 

inhibitor in α-KG dependant reactions (Xu et al., 2011). This inhibition results in dysregulation of 

multiple cellular processes including methylation of both histones and DNA as well as the response to 

hypoxia (Turcan et al., 2012). These changes can induce glioma development through inhibition of 

differentiation and upregulation of Hypoxia-inducible factor 1-alpha (HIF-1α) (Huang et al., 2019). 
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Figure 1.2: Activities of the IDH enzymes and the consequences of D-2HG production. 
NADP+/NADPH(Nicotinamide adenine dinucleotide phosphate), IDH1/2 (Isocitrate dehydrogenase), α-
KG(Alpha ketoglutarate), D-2HG(D-2-Hydroxyglutarate). (Adapted from Mondesir et al 2016). 

1.1.6.2) Chromosomal Gains and Losses 

Common genomic amplifications include those on chromosomes 4, 7 and 12. These correspond to 

gene loci of platelet derived growth factor receptor alpha (PDGFRα), epidermal growth factor receptor 

(EGFR), mesenchymal epithelial transition (MET), cyclin dependent kinase 6 (CDK6), cyclin dependent 

kinase 4 (CDK4), mouse double minute 2 homolog (MDM2) (Brennan et al., 2013). Loss of 

heterozygosity of chromosome 10q is present in a high proportion of GBM samples ranging from 60-

90% and has been shown to be a predictor of poor patient survival (Andreas et al., 1992, Ohgaki et al., 

2004, Houillier et al., 2006, Kakkar et al., 2011). The loss of this region is thought to result in the loss 

of the key genes phosphatase and tensin homolog (PTEN) and phosphatidylinositol 4-kinase type 2 

alpha (PI4K2A) (Fults et al., 1998, Waugh., 2016).  

Chromosome 1p and 19q deletions have been shown to be useful prognostic tools in lower grade 

gliomas, however, they do not hold prognostic significance in GBM patients (Smith et al., 2000, 

Kaneshiro et al., 2009, Clark et al., 2013).  

1.1.6.3) p53 and RB Pathway 

Mutations in the TP53 gene are implicated in almost all types of cancer, including GBM (Rivlin et al., 

2011). Due to the role of p53 as a transcriptional regulator involved in cell cycle regulation and DNA 
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damage repair, mutations in this gene result in uncontrolled proliferation and an increase in genomic 

instability (Leroy et al., 2013). According to The Cancer Genome Atlas (TCGA) GBM report, the p53 

pathway was dysregulated in 85.3% of GBM tumours (Cancer Genome Atlas Research Network, 2008). 

Dysregulations in this pathway include the mutation/deletion of TP53 (27.9%), amplification of 

MDM1/2/4 (15.1%) and/or deletion of CDKN2A, encoding for p16 and p14 (57.8%) (Brennan et al., 

2013). TP53 alterations were mutually exclusive with both the MDM family genes and CDKN2A and 

are more prominent in secondary GBM tumours (Figure 1.3) (Watanabe et al., 1996, Ohgaki et al., 

2009).  

A large percentage of GBM samples analysed (78.9%) have at least one alteration affecting the 

function of the retinoblastoma protein (RB) pathway (Brennan et al., 2013). This included 

mutations/deletion in RB1, amplification of CDK4/6 and deletion of CDKN2A. 

1.1.6.4) EGFR/ PI3K Pathway 

EGFR is a type of receptor tyrosine kinase (RTK) and a well-known onco-protein that is dysregulated 

in GBM, particularly in primary tumours (Mischel et al., 2003, Cancer Genome Atlas Research Network, 

2008). Alterations in EGFR itself occur in a large proportion of GBM patients (57.4%), with the most 

common alteration being an amplification of the EGFR gene (35-40%) (Halatsch et al., 2006, Rao et al., 

2010, Brennan et al., 2013). These alterations result in constitutive activation, leading to constant 

proliferative signalling, and are correlated with increased cell proliferation, invasion and GBM 

recurrence (Kimmo et al., 2010). Despite its suggested role in glioma genesis, there are contradictory 

studies concerning the prognostic significance of EGFR alterations (Newcomb et al., 1998, Li et al., 

2018). Many tumours possess a unique deleterious variant of EGFR known as EGFRvIII, which has a 

prevalence of approximately 40% (Humphrey et al., 1990, Huang et al., 2007). The presence of TP53 

mutations and EGFR alterations are mutually exclusive, with TP53 mutations more frequent in younger 

patients with secondary tumours, and EGFR alterations occurring in older patients with primary 

tumours (Figure 1.3) (Ellor et al., 2014). Although to a lesser extent, other RTKs including PDGFRα, 

MET, and fibroblast growth factor receptor 2/3 (FGFR2/3) were also observed to be altered in GBM 

patients (Brennan et al., 2013).  

One pathway triggered upon EGFR ligand binding is the PI3K/Akt/mTOR pathway. Activated EGFR 

binds the regulatory subunit of phosphoinositide 3-kinase (PI3K), releasing the PI3K catalytic subunit. 

PI3K is then able to phosphorylate phosphatidylinositol-4, 5-bisphosphate (PIP2) into 

phosphatidylinositol-3, 4, 5-bisphosphate (PIP3) (Riehle et al., 2013). PIP3 production can be altered 

by dephosphorylation by PTEN, and by the activation of PI3K by Ras GTPases (Smith et al., 2001, Suire 
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et al., 2002). PIP3 recruits and phosphorylates protein kinase B (Akt), allowing it to take part in mTOR-

mediated signalling and other pathways associated with cell cycle progression (Sarbassov et al., 2005).  

A proportion of 89.6% of GBM patients were found to have at least one genetic alteration in this 

pathway when including RTK alterations, and the PI3-Kinase family genes were found to be mutated 

in 25.1% (Brennan et al., 2013). Other components and associations of the PI3K pathway are altered 

in GBM patients including PTEN (41%), NF1 (10%) and RAS (1%) (Figure 1.3). Activation of this pathway, 

determined by the expression of phosphorylated pathway components, was found to inversely 

correlate with patient outcome (Chakravarti et al., 2004). 

1.1.6.5) PDGF Signalling 

PDGF signalling begins with activation of the RTKs PDGFRα and PDGFRβ and has been shown to have 

a role in glial cell development. As previously stated, alterations of the gene encoding PDGFRα occurs 

in approximately 13% of GBM patients (Brennan et al., 2013). Half of these samples also showed 

concurrent alterations in other RTK genes including EGFR and MET. Higher expression of PDGF family 

subunits, particularly PDGFα was found to correlate with the loss of PTEN as well as the absence of an 

IDH1 mutation (Cantanhede et al., 2017).  
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Figure 1.3: An overview of the most common signalling pathways frequently dysregulated in GBM 
patients. Numerous interacting pathways are dysregulated in primary and/or secondary GBM 
tumours, including the p53, RB and EGFR pathways. Activation of growth factor receptors EGFR, 
PDGFR, MET or FGRE results in the activation of either the MAPK or AKT pathway via RAS and PI3K, 
respectively. Activation of the MAPK pathway results in the induction of the CDK4/6 and Cyclin D 
interaction, RB hyperphosphorylation and the progression of the cell cycle from G1 to S phase. Proteins 
involved in this signalling pathway are often upregulated in GBM and inhibitors of the pathway 
downregulated. Activation of the Akt pathway via PI3K results in the inhibition of p27 and therefore 
the upregulation of Cyclin E, resulting in progression of the cell cycle. Proteins involved in induction of 
this signalling pathway are often upregulated in GBM and inhibitors of the pathway downregulated. 
Further proteins involved in DNA repair and cell cycle regulation are also affected, including the down 
regulation of the tumour suppressors p53 and p14, and the upregulation of the oncogenes MDM2 and 
MDM4. Pointed arrows represent the activation of the following protein or pathway and flat headed 
arrows represent inhibition of the following protein or pathway. Definitions not previously stated: MET 
(Hepatocyte growth factor receptor) FGFR (Fibroblast Growth Factor Receptor) NF1 (Fibroblast Growth 
Factor Receptor) (Adapted from Ohgaki & Kleihues, 2007). 

1.1.6.6) TERT 

Telomeres are protective structures made up of repeating lengths of DNA that cap the ends of 

chromosomes. With every round of mitosis, DNA is lost, and these telomeres act as buffers to ensure 

no loss of encoding DNA occurs. The telomerase reverse transcriptase (TERT) gene encodes for a 

protein involved in the reconstruction of these telomeres. Mutations in this gene are often acquired 
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by cancer cells and this is associated with an increased rate of proliferation. Mutations of the TERT 

promoter, in the form of a C228T and C250T substitution, occur in 55-83% of GBM cases, and is 

correlated with an increased TERT messenger RNA (mRNA) expression (Liu et al., 2013, Nonoguchi et 

al., 2013, Labussière et al., 2014). Loss of telomere length results in cell death or senescence. An 

increased expression and activity of the enzyme therefore allows cancer cells to escape this fate and 

removes this limitation on their proliferative capabilities. The presence of TERT promoter mutations 

is significantly more common in GBM patients without an IDH1/2 mutation, and is associated with 

patient survival (Pekmezci et al., 2017, Labussière et al., 2014, Eckel-Passow et al., 2015).  

1.1.6.7) ATRX 

A telomerase-independent mechanism of elongating telomeres exists in the form alternative 

lengthening of telomeres (ALT), and is a common phenotype seen in GBM tumours (Bryan et al., 1997, 

Heaphy et al., 2011). The α thalassemia syndrome X-linked (ATRX) gene encodes for a SWItch 

chromatin remodelling protein that is involved in inhibiting this ALT pathway. The ATRX gene has been 

shown to be mutated in GBM, specifically in paediatric and secondary tumours, and is commonly 

mutated  alongside IDH1/2 and P53 (Dyer et al., 2017). Loss of ATRX expression, either through 

mutation, deletion or gene fusion, is associated with WHO grade of glioma and so is therefore seen as 

a marker of glioma malignancy (Cai et al., 2015). However, in lower grade tumours, loss of ATRX is 

associated with a more favourable patient prognosis (Suzuki et al., 2015). Most likely due to the 

synonymous nature of ATRX and TERT mutations, they are found to be mutually exclusive (Hu et al., 

2016).  

1.1.7) Molecular Subtyping 

Through further analysis of the TCGA data published in 2003, four subtypes of GBM were classified 

based upon clustering of gene expression (Verhaak et al., 2010). These subtypes were named as 

Proneural, Neural, Classical and Mesenchymal, and have distinct signatures (Table 1.1). Differences in 

treatment efficacy were evaluated and it was found that aggressive treatment reduced mortality in 

classical and mesenchymal with statistical significance, whereas efficacy was only suggested in the 

neural subtype. Aggressive treatment did not appear to reduce mortality in the proneural subtype.   
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Table 1.1: The genomic alteration signatures of the 4 main GBM subtypes (Verhaak et al., 2010).  

Classical Mesenchymal Proneural Neural 

Increase in EGFR 

function by 

mutation/amplification 

NF1 loss/mutation PDGFRA alterations Neuron markers 

(NEFL, GABRA1, SYT1 

& SLC12A5)  

PTEN loss/mutation Mesenchymal 

markers CHI3L1 & 

MET highly expressed 

IDH1 point mutations  

CDKN2A loci loss Astrocytic markers 

CD44 & MERTK highly 

expressed 

TP53 loss/mutations  

NES overexpression Co-mutations of PTEN 

& NF1  

Oligodentrocytic 

development genes 

highly expressed 

(PDGFRA, NKX2-2 & 

OLIG2) 

 

Notch/SHH pathways 

highly expressed 

TNF superfamily & NF-

kB pathway 

components highly 

expressed (TRADD, 

RELB & TNFRSFTA) 

CDKN1A (p21) 

lowered expression 

 

Lack of TP53 

alterations 

 High expression of 

proneural 

development genes 

(SOX, DCX, DII3, ASC1 

& TCF4) 

 

 

1.1.8) Presentation 

Diagnosis begins with symptomatic presentation and imaging. The initial clinical presentation of GBM 

is dependent upon tumour size and location, as well as the extent of surrounding inflammation. 

Symptoms occur as a result of intracranial pressure and can include headaches, nausea, seizures, 

memory issues and personality changes (Young et al., 2015). Seizures occur as an initial symptom in 

approximately 25% of patients, although this increases to 50% in later stages of the disease (Schiff et 

al., 2015). 
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Due to the non-specific nature of symptomatic presentation of GBMs, suggestive diagnosis is only 

possible following imaging. This is be done by CT and MRI, with MRI being the gold standard. Following 

presentation of the above symptoms, a CT scan may be used to identity intracranial masses such as 

GBM (Snyder et al., 1993), and should reveal a bright lesion when compared with surrounding grey 

matter (Johnson et al., 2015). Swelling in the surrounding brain tissue can also be seen, which is often 

diffuse due to the infiltrating nature of GBM. A CT scan may not identify smaller tumours and MRI will 

provide a more detailed and informative image (Figure 1.4). During an MRI, several measurements are 

taken, including T1 and T2: spin-lattice relaxation and spin-spin relaxation, respectively. These are 

then translated into T1 and T2 weighted images. T1 and T2 images highlight different tissue 

characteristics such as fat and water content, due to the differences in proton characteristics. A T1 

weight image can also be produced following Gadolinium injection prior to the T1 weighted MRI scan, 

which is used to produce further contrast between the GBM tumour, surrounding tissue, and necrotic 

centre (Kalpathy-Cramer et al., 2014). Diagnosis can only be confirmed following surgical resection 

and histopathological staining using identifiers stated in Figure 1.1  

 

 

Figure 1.4: Imaging techniques used in GBM diagnosis. Tumour location is indicated by a red arrow. 
(A) CT (B) T2 MRI (C) T1 MRI (D) T1 MRI following gadolinium injection. (Johnson et al., 2015). 

1.1.9) Current Treatment 

1.1.9.1) Obstacles to GBM Treatment 

Major obstacles in GBM treatment are faced during removal of the tumour. As GBM tumours are 

aggressive and diffuse in nature, they penetrate the surrounding normal tissue (Sahm et al., 2012), 

making it difficult to distinguish between what is tumour and what is not. To limit the risk of harming 

healthy brain tumour and normal neurological function, complete removal of the tumour is not always 

possible. (Simpson et al., 1993, Shanker et al., 2017). 

Further limitations occur in the form of chemotherapy drug resistance. The cancer stem cell model 

describes small populations of undifferentiated self-renewing cells that give rise to the rest of the 
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tumour (Shackleton et al., 2009). The theory brings forward a mechanism for tumour initiation, 

progression and resistance to therapy. Following treatment with chemotherapy drugs, these resistant 

cells remain and can repopulate the tumour. For this reason, cancer stem cells have been the focus of 

many GBM investigations (Vieira de Castro et al., 2020). 

Another obstacle faced during GBM treatment is physical and comes in the form of the blood brain 

barrier (BBB). The BBB was first demonstrated in 1885 by the use of Evan’s blue dye intravenously 

injected into a rat, where it failed to penetrate the brain tissue (Ehrlich 1885). A further study 

published in 1913 showed that when injected into the CNS, only the brain tissue was stained 

(Goldmann, 1913). The BBB acts as a defence mechanism against pathogens and regulates the 

immune systems infiltration into the brain from the circulatory system. It is comprised predominantly 

of endothelial cells of the brains vasculature which have a high number of tight junctions to minimise 

the passage of ions, proteins and cells (Cipolla et al., 2009). The permeability of the BBB can be 

regulated by the release of signalling molecules by astrocytic cells (Deeken & Löscher, 2007). The BBB 

presents an issue for GBM treatment as it limits the diffusion of therapeutics to the sight of the 

tumour.  

1.1.9.1) Resection and Radiotherapy 

The first line of treatment for GBM is surgical removal, however as previously described, complete 

resection is often not possible due to both the likeness of tumour to normal tissue and the diffuse 

nature of the tumour (Simpson et al., 1993, Sahm et al., 2012, Shankar et al., 2017).  

Following resection, approximately four weeks recovery time is given to allow for the craniotomy 

wound to heal (Davis 2016). Then, concurrent radiotherapy and chemotherapy are given, followed by 

adjuvant chemotherapy. Whole brain radiotherapy was originally used but caused serious long-term 

complications resulting from damage to the surrounding tissue. The use of involved field radiotherapy 

was then introduced that emitted radiation (a total of 60 Gy, fractionated) to the tumour with a 2-3 

cm margin, providing similar or improved survival advantage over whole brain radiotherapy 

(Rusthoven et al., 2016).  

1.1.9.2) Temozolomide 

Following resection, the patient receives radiotherapy and the alkylating agent Temozolomide (TMZ) 

(Figure 1.5) (Stupp et al., 2009). This combination of treatment was demonstrated to provide a 2 

month increase in life expectancy from 12.2 to 14.6 months, and a 16% increase in 2-year survival 

when compared with standard radiotherapy (Figure 1.6) (Stupp et al., 2009). In this study, TMZ was 

given concurrently at a low dose of 75 mg/m2/day and an adjuvant dose alongside radiotherapy at 

150-200 mg/m2/day. 
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Figure 1.5: The skeletal formula for TMZ. 

 

Figure 1.6: Kaplan-Meier demonstrating the increased survival of patients given TMZ. The study was 
carried out over 7 years and patient were either given radiotherapy alone (red), or a combined 
treatment of radiotherapy with temozolomide (blue) (Stupp et al., 2009).  

TMZ works by alkylating DNA, creating adducts that induce DNA strand breaks (Thomas et al., 2017). 

It is administered orally in its pro-drug form and is spontaneously broken down to monomethyl 

triazene 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC) once absorbed (Zhang et al., 2012). 

The pro-drug inactive form of TMZ has greater stability when in low pH conditions, becoming more 

prone to degradation with increasing pH. This increases its tumour specific action due to the relative 

alkaline conditions found in brain tumours (Rotternberg et al., 1984).  

TMZ has near 100% bioavailability, meaning almost all of the drug is absorbed into circularity system 

following administration. Both TMZ and MTIC show similar pharmacokinetics in patient plasma with 
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an approximate half-life of 2 hr (Diez et al., 2010). Being a lipophilic compound, approximately 20% of 

TMZ is able to cross the blood brain barrier (Ostermann et al., 2004).  

The metabolically active form of the drug alkylates DNA preferentially at N7 positions of guanine in 

guanine rich regions (N7-MeG; 70%), but also methylates N3 adenine (N3-MeA; 9%) and O6 guanine 

residues (O6-MeG; 6%). These lesions are repaired by specific mechanisms: base excision repair and 

suicide enzyme MGMT (O-6-Methylguanine-DNA Methyltransferase) repair. This repair response can 

lead to tumour resistance and treatment failure (Bobola et al., 2012). 

During the study investigating TMZ adjuvant therapy, the methylation status of the MGMT gene 

promoter was found to be a statistically significant prognostic factor, with patients possessing a 

methylated promoter being more responsive to treatment (Stupp et al., 2009). This is due to the role 

of MGMT in the repair of the O6-MeG lesion and its restoration to guanine. MGMT repairs O6-MeG 

lesions by transferring the methyl group onto its own cysteine residue in its active site (Pegg et al., 

1995). However, when the MGMT gene promoter is methylated, transcription of the gene is 

supressed, and fewer O6-MeG lesions can be repaired.  

During replication, these unrepaired O6-MeG lesions are incorrectly paired with thymine rather than 

cytosine. The mismatched thymine is recognised by the mismatch repair (MMR) machinery and is 

removed from the daughter strand (Figure 1.7). However, the original O6-MeG lesion remains, and a 

cycle of thymine insertion and excision ensues, leading to replication fork collapse and DNA strand 

breakage, ATR dependant cell cycle arrest and apoptosis (Mojas et al., 2007). Functional MMR 

machinery alongside a low expression of MGMT is therefore required for an effective response to 

TMZ. The use of MGMT as a prognostic marker has been reinforced in more recent studies (Zhao et 

al., 2018, Alnahhas et al., 2020). 
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Figure 1.7: The mechanistic action of TMZ action in GBM. Guanine (G) is alkylated by the active form 
of TMZ to produce the 6O-MeG lesion. During replication, if left unrepaired by MGMT, the alkylated 
Guanine is paired with Thymine (T) rather than Cytosine, prompting MMR mechanism. The MMR 
machinery removes the incompatible Thymine amongst other bases of the newly synthesised strand. 
The O6-MeG is not removed however, and these steps are repeated, leading to replication fork 
collapse, double strand breaks and apoptosis. 

1.1.9.3) Alternative Treatments 

Vascular endothelial growth factor (VEGF) is a major player in blood vessel development (Carmeliet 

2005) and has been shown to be approximately 200/300-fold more concentrated in the cyst fluid of 

GBM tumours when compared to serum (Takano et al., 1996). VEGF mRNA has been found localised 

to the areas surrounding hypoxic and necrotic foci in GBM tumours (Brat & Meir, 2001). 

The anti-angiogenic drug, Bevacizumab, is an antibody that inhibits VEGF, and is also used for the 

treatment of recurrent GBM in the USA (Diaz et al., 2017). It binds to VEGF and inhibit its interactions 

with associated receptors, resulting in supressed signalling. Although Bevacizumab has no effect on 

overall survival, it was shown to give a significant improvement in progression free survival (Cohen et 

al., 2009). Due its role as an anti-angiogenic drug, it has been shown to reduce vascular permeability 

and oedema, improve oxygenation and reduce radiation associated necrosis (Niyazi et al., 2016). 

However, it can also result in life-threatening side effects including haemorrhage, blood clots and 

bowel perforation (Taal et al., 2014).  

Carmustine (BCNU) is a nitrosourea drug that like TMZ, alkylates DNA in order to induce DNA damage 

and apoptosis. Nitrosourea drugs were investigated due to their lipid solubility and ability to cross the 

blood brain barrier (Fung et al., 1996). BCNU causes a high risk of severe pulmonary fibrosis and 

delayed hepatoxicity (Reithmeier et al., 2010). These risks are lowered by the use of wafer 

implantation during surgical resection for a localised delivery, which is most commonly used for the 

treatment of recurrent GBM (Chowdhary et al., 2015). This has been shown to increase patient 

survival, especially in combination with TMZ (Gutenberg et al., 2013, Chowdhary et al., 2015). 
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1.1.10) Recurrence 

Following treatment, pseudo progression is observed in 10-30% of patients (Delgado-López et al., 

2018). Pseudo progression is the indication of disease progression via appearance of contract-

enhancing lesions seen in imaging techniques (Brandsma et al., 2008). This occurrence is followed by 

a spontaneous recovery or stabilisation, although it does complicate the management of treatment 

following radiation and chemotherapy. 

Disease progression is, however, seen in 70% of GBM patients within one year of diagnosis (Stupp et 

al., 2005). Repeated resection is sometimes an option, and this can provide the opportunity to confirm 

the GBM recurrence and allows the possible screening of drug targets. Further surgery has been 

shown to provide an increase in patient survival if total gross resection is achieved (Bloch et al., 2012, 

Suchorska et al., 2016, Heiland et al., 2018). The genetic profile of the resulting recurring tumour is 

often very different from the original mass, making further treatment complicated due to lack of 

targets (Schäfer et al., 2019). Recurrence of GBM is most often treated in order to improve quality of 

life using chemotherapy and corticosteroids. The progression-free survival of recurrent GBM patients 

is 2-4 months (Gorlia et al., 2012). 

1.1.11) Metastasis  

As with other cancer cells, GBM cells can undergo Epithelial–mesenchymal transition (EMT) (Ortensi 

et al., 2013). This transformation is characterised by a change in protein expression towards a 

mesenchymal phenotype, involving the down-regulation of proteins such as E-cadherins and 

cytokeratins, and the upregulation of proteins such as matrix metalloproteinases (MMP) and those 

involved in the Akt-PI3K pathway (Lombard et al., 2015). This phenotypical change allows the cells to 

detach from the main tumour mass, enter the blood stream, evade the body’s defence mechanisms, 

and establish themselves in distal locations. Evidence shows that GBM cells can spread via the 

cerebrospinal fluid (CSF), blood stream and lymphatic system (Lawton et al., 2012, Waite et al., 1999, 

Kalokhe et al., 2012). Metastasis of GBM tumours to areas outside of the CNS is uncommon, with only 

0.4-0.5% of patients showing evidence of spread (Müller et al., 2014). This is a relatively low when 

compared to other cancers such as breast, lung and colorectal cancers, with some having up to 57% 

likelihood (Steeg et al., 2016, Howlader et al., 2013, Segelman et al., 2012). The low rate of metastasis 

in GBM patients is thought to be due to both the short survival of patients and the obstacle of the BBB 

(Lun et al., 2011). 
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1.1.12) Developing Treatments 

1.1.12.1) The Landscape of GBM Developing Treatments 

The ongoing development of GBM treatments spans a wide range of specialisations including cellular 

and molecular biology, immunology, and medical physics. Here, a summary of the significant advances 

in GBM treatment is provided. It should be noted that many of these clinical trials investigating such 

treatments encompass a range of high- and low-grade gliomas, including GBM.  

1.1.12.2) Growth Factor Pathway Inhibition 

Erlotinib is a small molecule inhibitor against EGFR that has had limited success in GBM patients when 

given alone (Raizer et al., 2010, Young et al., 2010). When combined with TMZ treatment however, an 

increase in overall survival has been observed (Prados et al., 2009). Studies investigating another EGFR 

inhibitor, gefitinib, have also failed to show a significant increase in patient survival, despite evidence 

of EGFR inactivation and detection of high drug concentrations within the tumour (Hegi et al., 2011).  

Cetuximab is an anti-EGFR monoclonal antibody that demonstrated promising results in pre-clinical 

trials. However, the drug failed to cause an increase in patient survival when given following 

recurrence in high grade glioma (Neyns et al., 2009). Nimotuzumab is another anti-EGFR monoclonal 

antibody that has shown contradictory efficacy in GBM patients. One study showed an improved 

overall survival of high-grade glioma (both anaplastic astrocytoma and GBM) patients when 

Nimotuzumab was given in combination with radiotherapy (Solomón et al., 2013). Another study 

however did not show an improvement in either progression free survival or overall survival with 

Nimotuzumab combined with both radiotherapy and TMZ when compared with radiotherapy and TMZ 

alone (Westphal et al., 2015). However, an improved efficacy was seen in patients lacking methylation 

at the MGMT promoter.  A further study showed a modest improvement in overall survival when 

patients were given Nimotuzumab alongside radiotherapy and TMZ (Wang et al., 2014). These studies 

suggest that Nimotuzumab may provide an improved patient survival compared with radiotherapy 

alone, but not as a replacement for TMZ. Other examples of EGFR targeted therapies currently under 

investigation in GBM include a variety of EGFR inhibitors, antibodies, immunotherapies and RNA based 

therapies (Oprita et al., 2021). 

There has been an overall lack of efficacy in EGFR targeted therapy, most likely due to the abundance 

of other RTKs expressed in tumour cells such as PDGFR, MET and FRDR, as well as potential 

compensatory mechanisms in downstream signalling pathways (Stommel et al., 2007). For this reason, 

multi-RTK targeting inhibitors are being investigated. Despite this alternative strategy, the use of such 

inhibitors including Imatinib; an inhibitor of the RTKs PDGFRA, PDGFRB, c-Abl and c-Kit, and Sorafenib; 
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an inhibitor of PDGF and VEGF receptors, have failed to show a significant increase in patient survival 

in clinical trials (Raymond et al., 2008, Hainsworth et al., 2010).  

Activation of RTKs results in the induction of downstream signalling pathways including 

PI3K/Akt/mTOR, p53, and Rb1. Similar to RTK inhibitors, inhibitors of these pathway components have 

shown limited clinical efficacy. For example, Buperlisib and Perifosine are PI3K and Akt inhibitors, 

respectively, that despite showing promising effects in preclinical model, failed to show a significant 

increase in patient survival (Kaley et al., 2019, Wen et al., 2019).  

1.1.12.3) mutIDH inhibition 

Ivosidenib is an optimised inhibitor specific against the mutated form of IDH1. It was the first to show 

a reduction in the oncogenic metabolite 2-HG in human trials (Popovici-Muller et al., 2018). There are 

a number of clinical trials including Ivosidenib and other mutIDH1 inhibitiors currently being carried 

out to characterise their effects in glioma, although not specifically GBM (Mellinghoff et al., 2019, Fan 

et al., 2020).  

1.1.12.4) Calcium Channel Inhibition 

The T-type and L-type calcium channels are involved in calcium influx in many types of cells, including 

GBM tumours, and play a role in cell cycle regulation. This calcium dependant signalling pathway is 

often dysregulated in tumours and result in resistance to chemotherapeutic treatments (Monteith et 

al., 2017). Such T-type calcium channels, Cav3.1, Cav3.2 and Cav3.3, can be inhibited alongside the 

use of TMZ to sensitise GBM cells by induction of cell cycle arrest, in a mechanism called “timed 

sequential therapy”. Here, the initial treatment induces the surviving population to enter S phase of 

the cell cycle, increasing their susceptibility to DNA damaging agents. This method has shown some 

promising results against recurrent GBM in clinical trials using the Cav3.3 channel specific inhibitor 

Mibefradil (Holdhoff et al., 2017, Lester-Coll et al., 2018), although there are currently no ongoing 

trials being conducted. 

1.1.12.5) Laser Interstitial Thermal Therapy  

Thermal therapy is the use of heat to destroy tumour tissue, most frequently by magnetic resonance 

guided laser therapy (Mahmoudi et al., 2018). Studies have shown Laser Interstitial Thermal Therapy 

(LITT) is safe and can provide a less invasive alternative to surgery for recurrent GBM tumours (Thomas 

et al., 2016). LITT also causes disruption of the blood brain barrier which provides an opportunity for 

improved transport of chemotherapeutic drugs (Leuthardt et al., 2016). Analysis has shown that use 

of LITT enhances progression free survival of GBM patients with difficult to reach tumours 

(Mohammadi et al., 2014, Kamath et al., 2019). 
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1.1.12.6) Tumour Treating Fields  

Tumour Treating Fields (TTFIELDS) involve the application of low intensity, alternating electric fields 

to the tumour tissue to induce mitotic failure. Once the field is applied, dipole molecules involved in 

spindle alignment are disrupted and mitosis is prolonged resulting in cell death (Kirson et al., 2004). 

For this reason, TTFields are specific against highly proliferative cells, i.e., cancer cells.  

Use of TTFields has shown to result in similar efficacy as chemotherapy, but with a more favourable 

safety profile and patient quality of life (Stupp et al., 2012). When used in combination with 

chemotherapy, TTFields have an increased efficacy, resulting in a statistically significant increase in 

overall survival in GBM patients (Stupp et al, 2017, Taphoorn et al., 2018). Clinical trials investigating 

the use of TTFields as a singular treatment are currently underway (Clinicaltrials.gov, 2020, 

NCT04492163). TTFields have currently been FDA approved under the branding of Optune (NovoTTF-

100A). This technology has not yet been utilised in the UK due to low cost effectiveness (Brodbelt et 

al., 2018, National Institute for Health and Care Excellence, 2018). 

1.1.12.7) Immunotherapies 

1.1.12.7.1) Immune checkpoint inhibitors 

T-cells are regulated by a number of inhibitory pathways, one of which is orchestrated by programmed 

cell death protein and its ligand (PD-1/PD-L1) (Topalian et al., 2015). Inhibitors of these pathways have 

provided an alternative mechanism for killing tumour cells, by reactivating the body’s immune 

response. Antibodies against PD-1, such as nivolumab and pembrolizumab, have yet to show efficacy 

against GBM when given following surgery (Reiss et al., 2017, Kurz et al., 2018). However, an increase 

in patient survival has been seen when pembrolizumab was given both prior to and post-surgery 

(Cloughesy et al., 2019).  

It has been suggested that failure of immune checkpoint therapies in GBM is due to a number of 

reasons, including a lack of PD-1 expression within the CNS, the presence of the blood brain barrier, 

and the differentiation of tumour infiltrating T-cells (Dutoit et al., 2016, Hodges et al., 2017, Park et 

al., 2019). GBM patients with a high level of mutational burden (over 100 exonic mutations), 

specifically patients with a germline biallelic MMR deficiency, were suspected to respond to immune 

checkpoint inhibition (Bouffet et al., 2016, Johanns et al., 2016). However, a more recent study 

showed there was no increased overall survival in patients with an in acquired MMR deficiency treated 

with PD-1 blockade (Touat et al., 2020). 
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1.1.12.7.2) Vaccines 

Anti-tumour vaccines work by stimulating the body’s immune response to induce recruitment of 

antigen specific effector T-cells to the tumour site (Weller et al., 2017b). These vaccines can be either 

cell based (e.g., T-cells or dendritic cells) or non-cell based (e.g. peptides).  

Trials investigating the EGFRvIII specific peptide vaccine (Rindopepimut) showed initially promising 

results in phase I/II trials (Schuster et al., 2015). However, in a later trial, no increase in survival was 

seen with the drug (Weller et al., 2017a). In this study, ~60% of recurrent tumours lost expression of 

EGFRvIII when measured in recurrence samples, suggesting that these samples had experienced the 

clonal expansion of non EGFRvIII expressing tumour cells. To combat this potential for drug resistance, 

multi-target vaccines were also trialled. The IMA950 vaccine comprising of 11 peptides failed to show 

an increase in patient survival, despite an improved T-cell response in lower grade gliomas (Rampling 

et al., 2016, Dutoit et al., 2017). 

An alternative to peptide vaccines is the use of the patients own dendritic cells (DCs). The cells are 

extracted and cultured to present tumour specific antigens, before being reintroduced (Weller et al., 

2017). There have been a number of promising DC vaccines in newly diagnosed and recurrent GBM. 

The autologous tumour-lysate trained DC vaccine DCVaxL, for example, when combined with 

standard therapy, showed an increased overall survival (23.1 from 15-17 months) (Liau et al., 2018). 

1.1.12.7.3) Chimeric antigen receptor T Cells 

Chimeric antigen receptor (CAR) T cells recognise specific tumour cell antigens via receptors 

genetically engineered onto the cell surface. These patient cells are expanded ex vivo and 

reintroduced, where they further multiply. Limited success has been seen with CAR-T cells in GBM 

patients, due to the possible compensatory immunosuppressive mechanisms, tumour heterogeneity 

and loss of the target antigen (Brown et al., 2016, O’Rourke et al., 2017). Current studies focus on the 

identification of an antigen with a stable expression throughout tumour growth to prevent antigen 

loss, and additional binding proteins on the CAR-T cell surface to increase specific CAR-T cell-GBM 

binding and limit off target effects (Bielamowicz et al., 2018, Wang et al., 2020a).  

1.1.12.7.4) Oncolytic Viruses 

Viral therapy was initially developed as a method of delivering genetic material to provide tumour 

cells with chemotherapy susceptibility. They work by either hijacking the tumour cells replicative 

machinery or can be genetically altered to infect tumour cells specifically, inducing an innate immune 

system response. This innate immune response can trigger the development of anti-tumour immunity 

through the adaptive response (Peruzzi et al., 2018).  
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The oncolytic virus, DNX-2401, has shown promising results when tested in patients with recurrent 

high-grade gliomas (including GBM), with 20% of patients surviving >3 years following treatment (Lang 

et al., 2018). Another oncolytic virus, PVSRIPO, when given to recurrent GBM patients, resulted in 21% 

of patients surviving up to 36 months (Desjardins et al., 2018).  

The delivery of oncolytic viruses can be used to pre-condition the tumour microenvironment for the 

administration of immune checkpoint inhibitors (Chen et al., 2018). The viruses induce an upregulation 

of PD-L1 protein expression and an increased infiltration of cytotoxic T cells, factors known to predict 

patient response to PD-1 inhibitors (Borghaei et la., 2015, Tumeh et al., 2014). The Reolysin virus was 

used to pre-condition tumours in this way in 6 recurrent GBM patients (Samson et al., 2018). The virus 

was able to cross the blood brain barrier when administered by infusion and this treatment resulted 

in the increased tumour leukocyte infiltration and a higher expression of the PD-L1 antigen. Phase 1 

clinical trials have previously shown that the reovirus is well tolerated in human subjects (Auffinger et 

al., 2013).  

1.1.12.8) Summary 

Glioblastoma has been the focus of a plethora of clinical trials involving both conventional 

chemotherapy and targeted drugs thanks to advancements in preclinical research investigating the 

pathogenesis of the disease and its possible vulnerabilities. Numerous features of the tumour cell and 

its environment have been scrutinised with various success including growth factor signalling, 

metabolism and the immune system. Despite this intense effort, minimal changes in GBM patient life 

expectancy have been observed since the introduction of TMZ therapy over 10 years ago. For this 

reason, further aspects of GBM tumours should be investigated in order to identify new targets and 

develop life changing treatments. 

1.1.13) Modelling Glioblastoma 

In order to investigate the biology and pathogenesis of GBM, the disease is replicated in a number of 

different model systems. A widely used, ethical, and economical model of GBM is the use of cell lines. 

These are GBM cells originally taken from a patient, that have been immortalised and expanded to act 

as a biological standard. Use of these cell lines allows for greater reproducibility across institutions, 

although changes in culture conditions may result in an evolutionary shift in the cells genetic profile 

(Ben-David et al., 2019). There are a number of GBM cell lines available, each with varying culture 

requirements and genetic profiles. For example, the two common GBM cell lines U-87MG and T-98G, 

have a different mutation status of the tumour suppressor gene PTEN (Dong et al., 2018). The cells 

are easily grown in serum-supplemented medium, however, these conditions promote astrocytic 

differentiation of the tumour cells, shifting their profile away from the parental tumour (Lee et al., 
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2006). This conserved biological model means that these cells lack patient specificity. However, it is 

possible to produce such cell lines for each individual patient (Kodack et al., 2017). This can be clinically 

relevant by their use to determine drug response ahead of treatment. Production of viable and 

culturable cell lines from solid tumours is not readily feasible, although progress is being made 

(Stringer et al., 2019). These patient derived cells also recapitulate the features of the primary tumour 

more accurately than classic cell lines, when grown in serum-free medium (Lee et al., 2006). This is 

because culture of cells in serum containing medium induces cellular differentiation and therefore 

loss of self-renewal properties.  

Whole animal models provide the most accurate and disease-relevant models of GBM, as they 

incorporate the tumour-host interactions, including the immune system and endocrine signalling. 

Mice are often used due to their short breeding times and ease of genetic manipulation. Mouse 

models can be developed through a number of methodologies. One such method is through genetic 

engineering, to create de novo mutations. Here, genetic mutations that are common in human GBM 

tumours are introduced into the animal via numerous techniques such as the Cre system (Zhu et al., 

2009). In this system, Cre recombinase can reverse, delete or transpose genes between specific 

sequences. An example of  this method is the Ascl1-creERTM model of GBM. Here, expression of Cre is 

driven by the Asl1 promoter, a CNS restricted gene, allowing for the tissue specific change in gene 

expression of GBM associated genes including NP1, TP53 and PTEN. Changes in the expression of these 

genes results in a range of astrocytomas all high and low grades (Reilly et al., 2000), with a loss of all 

three genes resulting in GBM (Alcantara Llaguno et al., 2016). Another similar model uses RCAS/tv-a 

technology, which relies on the transfer of genes via viral vectors into mice expressing the RCAS 

receptor (Shih et al., 2004). Expression of this receptor is driven by the nestin promoter and following 

infection of the mice by a PDFG expressing virus, mice spontaneously develop tumours, with 30% 

developing GBM tumours (Shih et al., 2004). This model was shown to produce less proliferative 

tumours following treatment with TMZ (Momota et al., 2005). 

Another method is through the transplantation of tumour-initiating cells directly into 

immunocompromised mice (allografts or xenograft), allowing for the representation of tumour 

heterogeneity (Patrizii et al., 2018). However, this model lacks the immune response aspect of the 

tumour microenvironment.  

Patient samples can be taken and used as an ex vivo model of the human brain (Humpel, 2015), as 

well as to model GBM (Marques-Torrejon et al., 2018). This clinically relevant model is more 

representative of tumour biology compared with the culture of cells alone, as tumour infiltrating cells 
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will also be included within the tumour mass. Similar to patient derived cell lines, the use of patient 

samples allows for the testing of clinical drugs in a patient specific manor.  

The way in which cells or patient samples are cultured will affect the closeness of the GBM model to 

the in vivo scenario. Cell lines can be cultured in agar, or an extracellular matrix-like material in order 

to induce the formation of spheroids. This allows for the modelling of tumour features such as necrotic 

and hypoxic gradients, that are excluded in monolayer culture (Hubert et al., 2016). Serum may also 

be excluded from the growing medium to induce the preferential proliferation of the cancer stem cell 

population (Lee et al., 2006). 

A way in which researchers have increased the accuracy of GBM models is to introduce the flow of 

medium to represent the circularity systems role of removing waste and replenishing nutrients. These 

microfluidic models aim to recapitulate the tumour environment by incubating either cells or tissue in 

a specifically designed microfluidic device, to produce a “GBM on a chip”. This method of culture has 

been widely used for the culture of GBM cell lines (Chanon et al., 2017, Jie et al., 2017, Logun et al., 

2018). Although other studies have investigated the use of patient tumour slices in GBM research, the 

majority of these have used a static culture method utilising different ECM-like matrices (Ono et al., 

2007, Merz et al., 2013, Bayin et al., 2016). A previous study was able to demonstrate the viability of 

the microfluidics methodology for the maintenance of GBM patient tissue (Olubajo et al., 2020). In 

this tumour tissue model, the patient tissue was enclosed inside of a screw on chamber, medium was  

perfused over the tissue, and effluent was collected (Figure 1.8). 

 

Figure 1.8 : Schematic of the microfluidic set up used by Olubajo et al. Patient tumour tissue was 
enclosed within the tissue chamber and media perfused through the tubing, passing perpendicular to 
the tissue. A mesh layer was used to prevent possible tissue fragments blocking the microchannels. The 
bottom layers containing the microchannels is made from glass, whereas the tumour chamber is made 
from PDMS. (Taken from Olubajo et al., 2020). 

The microfluidic chip used in this previous study was made from glass and PDMA. Although PDMA is 

inexpensive and readily made, production of glass chips is costly. This coupled with the fact that glue 

was used to attach the tubing and chip components together, the chip quality varied between 

biological replicates and experiments. Although the mesh layer may limit the direct perfusion of media 
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over the tumour piece, this feature prevents blockage of these chip microchannels by the tumour 

tissue, a frequent issue in tissue microfluidic research. Another advantage of this chip design was the 

screw on adaptor for the tissue chamber. This design meant that the tumour tissue was readily 

accessible and could be inserted and removed without disruption to the tubing. The microfluidic chip 

used in this thesis is the fifth generation developed from the one used by Olubajo et al. 

 

1.2) Arginine Methylation 

1.2.1) Introduction 

The structure and activity of proteins is determined by several factors, beginning with the sequence 

of oligonucleotides in DNA. The transcribed DNA can be altered through a number of mechanisms, 

including variations in splicing and by interactions with non-coding RNA. The translated protein is then 

open to a range of protein-protein interactions that can alter its characteristics, for instance, through 

blocking functional motifs or through addition of post-translational modifications (PTMs). PTMs are 

key aspects of both epigenetics and signal transduction due to their ability to change protein 

interactions and activity. Many types of modifications exist, including phosphorylation, SUMOylation, 

ubiquitination, acetylation, and methylation, and have varied specificities and effects. The most 

studied PTM for example, phosphorylation, often results in the activation of proteins involved in 

signalling cascades, causing signal amplification and transduction (Pawson, 2004). Ubiquitination, on 

the other hand, is predominantly known to target proteins for degradation through the proteasome 

(Komander & Rape, 2012). The addition of ubiquitin has also been found to play a role in non-

degradative mechanisms including regulation of the NF-kB signalling pathway (Liu & Chen 2011). 

Protein methylation is a PTM involved in a vast number of processes, with a predicted 1% of the 

functional genome encoding for the enzymes catalysing protein methylation (Katz et al., 2003).  

Methylation of proteins involves the transfer of a methyl group (CH3) onto either an arginine or lysine 

residue. Recent studies have also demonstrated the methylation of histidine residues, including on 

the protein β-Actin (Zheng et al., 2020). Both types of post-translational methylation contribute to the 

balanced control of gene expression through modification of histone proteins. Lysine and arginine 

methylation also regulate a range of non-histone proteins including proteins involved in transcription 

and RNA binding, translation, chaperone, cytoskeletal and membrane proteins and adaptor/scaffold 

proteins (Guo et al. 2014; Lim et al. 2020). However, there are several and important differences 

between the methylation of lysine and arginine residues. Firstly, lysine methylation is highly dynamic 

and there are eight families of lysine demethyltransferases (Jones et al. 2019) whereas methylation of 

arginine is generally considered a stable mark (Bedford and Clarke, 2009). Secondly, lysine residues 
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can be mono-, di- and tri-methylated while arginine residues can only be mono- and di-methylated 

this is important because the different methyl lysine and methylarginine isomers can have very 

different impacts at the molecular level. Lastly, methylation of lysine is less common than methylation 

of arginine on the proteomic scale (Guo et al. 2014, Hornbeck et al. 2014).  

Arginine methylation (ArgMe) was first identified in 1967 (Paik & Kim, 1967), but its significance has 

only been highlighted in recent years (Blanc et al., 2017). The availability of research tools including 

antibodies and specific inhibitors has allowed advances in knowledge of ArgMe and its role in health 

and disease. The side chain of arginine comprises of an aliphatic chain of 3 carbon atoms, ending with 

a guanidino group (Figure 1.9) (EMBL-EBI 2019). This structure allows arginine to form π-stacking 

interactions with aromatic amino acids/nucleic acids (Gallivan & Dougherty 1999). Arginine has the 

highest pKa value (13.8) of all amino acids and as such is positively charged at physiological pH (Fitch 

et al., 2015). 

 

Figure 1.9: The structure of arginine and interactions of methylarginine. (A) Chemical structure of 
Arginine (B) Parallel π-stacking interaction between arginine and tryptophan (an example of an 
aromatic amino acid) (Gallivan & Dougherty 1999). 

The addition of a methyl group removes a potential hydrogen bond donor from the recipient arginine, 

producing a bulkier and more hydrophobic residue than the unmethylated form (Bedford and Richard 

2005). Although the overall cationic charge is maintained, it is dispersed towards the additional methyl 

groups, increasing the arginine’s affinity for three-dimensional aromatic cages consisting of clusters 

aromatic amino acids (Figure 1.10) (Tripsianes et al., 2011, Beaver et al., 2016). This change in 

characteristics can either improve or hinder interactions with other proteins or nucleic acids.  
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Figure 1.10: Examples of interactions between methylarginine and Tudor domain containing 
proteins. An overlayed model of the interaction between survival motor neuron protein (SMN) (blue) 
and splicing factor 30 protein (SPF30) (green) and SDMA (left) and ADMA (right). SMN and SPF30 are 
both proteins that recognise methylated arginine and are both involved in mRNA processing. The 
guanidino group of the dimethylated arginine sits between a tryptophan (Trp102/Trp83) and a tyrosine 
residue (Tyr130/Tyr111) within the Tudor domain, and perpendicular to a further aromatic residue, 
Tyr127/Phe108 (Tripsianes et al., 2011). 

There are a number of proteins responsible for ArgMe recognition (Table 1.2) (Guccione and Richard, 

2019) and the most studied contain Tudor domains, with approximately 30 known Tudor-domain 

containing proteins encoded in the human genome (Côté et al., 2005, Chen et al., 2011). Tudor 

domains contain numerous aromatic amino acids including tryptophan and phenylalanine, that form 

interactions, such as those illustrated in Figure 1.10, with the guanidino group of methylarginine, but 

not with the guanidino group of unmethylated arginine (Tripsianes et al., 2011). Proteins that contain 

such domains include Survival of motor neuron (SMN) and Splicing factor 30 (SPF30); which both 

recognise methylated SmB, and Tudor domain-containing proteins (TDRD1/2/3/6/9/11). The proteins 

responsible for ArgMe recognition act as the effectors, or readers of ArgMe, and translate specific 

methylation marks into defined molecular events such as gene transcription, mRNA splicing and a 

number of biochemical pathways (Yang and Bedford, 2013). 
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Table 1.2: Tudor domain containing proteins and recognised ArgMe containing protein. 

Protein 
Name 

Protein Recognised Reference 

SMN SmD1, SmD3 and SmB/B′ Friesen et al., 2001 
Côté & Richard, 2005 
 

Splicing 
factor 30 
(SMNDC1) 

Sm B/B′, D1, D2, and D3 Rappsilber et al., 2001 
Côté & Richard, 2005 
 

TDRD1 Mili, Miwi  Chen et al., 2009 
Wang et al., 2009 
 
Reuter et al., 2009 
 
Vagin et al., 2009 

TDRD2 
(TDRKH) 

Miwi  Zhang et al., 2017 
 Chen et al., 2009 

TDRD3 H4R3me2a, H3R17me2a, RNAP II, TOP3B Sims et al., 2011 
Yang et al., 2010 
Côté & Richard, 2005 
Kim et al., 2006 

TDRD6 Miwi  Chen et al., 2009 
Kirino et al., 2010 

TDRD7 Miwi  Chen et al., 2009 

TDRD8 
(STK31) 

Miwi  Chen et al., 2009 

TDRD9 Mili Vagin et al., 2009 

TDRD11 
(SND1) 

E2F-1 
SmB and SmD1/D3 
Miwi 

Liu et al., 2010 
Gao et al., 2012 
Zheng et al., 2013 

 

1.2.2) Protein Arginine Methyltransferases 

Protein arginine methyltransferases (PRMTs) are the enzymes responsible for the methylation of 

arginine residues (Yang & Bedford, 2013). PRMTs catalyse the transfer of a methyl group from S-

adenosyl-L-methionine (SAM/ AdoMet) onto the side chain nitrogen of arginine, producing the by-

product S-adenosyl-L-homocysteine (SAH/ AdoHcy). There are three known types of PRMT with 

varying target specificities and activities. All PRMT’s are able to transfer a single methyl group onto 

the guanidino nitrogen on the target arginine, producing the monomethyl-arginine (MMA) mark. Type 

I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6 and PRMT8) then transfer a second methyl group 

on the same nitrogen to produce the asymmetrical dimethyl-arginine (ADMA) mark. Type II PRMTs 

(PRMT5 & PRMT9) transfer a second methyl group to the opposite nitrogen on the arginine functional 

group, making symmetrical dimethyl-arginine (SDMA). The type III PRMT, PRMT7, is only able to carry 

out the first methylation step. (Figure 1.11). As such, all three types of PRMTs are able to transfer a 
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single methyl group, although only types I and II are able to transfer a second one. Other PRMTs may 

exist however, and there are numerous putative PRMTs being investigated including NDUFAF7, which 

was found to play a role in embryonic development (Zurita Rendón et al., 2014). Type I PRMTs include 

PRMT1, -2, -3, -4, -6 and -8. PRMT5 and -9 are type II PRMTs. PRMT7 was initially described as a Type 

II PRMT and subsequently characterised as type III (Zurita-Lopez et al., 2012). 

 

Figure 1.11: Schematic to show the different enzymatic activities of type I, II and II PRMTs. Type I, II 
and III PRMT enzymes catalyse the transfer of a methyl group from SAM to the side chain nitrogen on 
arginine residues on the target protein to produce MMA. Type I enzymes are then able to catalyse the 
transfer of a further methyl group, asymmetrically onto the same nitrogen atom. Type II enzymes are 
able to catalyse the transfer of a second methyl group symmetrically, onto the opposite nitrogen on 
the side chain of arginine. 

1.2.3) PRMT Structure and Function 

1.2.3.1) Overall Structure 

PRMTs are highly conserved and can be found in a wide range of eukaryotes. All mammalian PRMTs 

contain a conserved catalytic domain within the core of the protein. The main structures within this 

region are a Rossman fold and a β-barrel, responsible for cofactor and substrate binding, respectively 

(Figure 1.11) (Schapira and Ferreira, 2014). Within the β-barrel structure is a dimerization arm, which 

interacts with the Rossman fold of another subunit to produce the catalytically active dimer. 

Additional sequences that are specific to PRMTs include a double E-loop and threonine-histidine-

tryptophan (THW) loops (Cheng et al., 2005). 
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Figure 1.12: Schematic to show domain organisation on the various PRMT genes and the tertiary 
structure of a type I PRMT enzyme. (A) Domain organisation of PRMTs1-9. PRMT7 contains two core 
domains, with the second Rossmann fold (grey) and β-barrel (light blue) being unconserved and 
inactive. White areas represent unconserved non-functional domains. Dashed lined domains indicate 
unknown structures yet to be characterised. (B) The dimer structure of PRMTs represented by CARM1 
(PRMT4) (Shapira & Ferreira de Freitas 2014).  

The most significant level of variability amongst PRMTs can be found in the N-terminal domain 

(Morales et al., 2016). Here, differences in sequence, length, and the presence of particular domains 

contribute to the substrate specificity of the enzymes, cellular localisation and regulation. Such 
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domains include the SH3 domain (PRMT2), TIM barrel (PRMT5), zinc finger (PRMT3), and pleckstrin 

homology domain (CARM1) (Antonysamy et al., 2012, Troffer-Charlier et al, 2007). 

The combination of neighbouring residues on the target protein influences the specificity of PRMTs. 

For example, the presence of glycine immediately downstream or upstream of the target arginine is 

thought to enhance accessibility of the enzyme to target arginine residues (Miranda et al., 2004). Most 

PRMTs target Arginine Glycine rich (GAR) or RG motifs, however, CARM1 mainly acts upon Proline-

Glycine-Methionine (PGR). PRMT6 will also methylate arginine residues surrounded by charged 

residues such as in the HIV associated Tat protein (Boulanger et al., 2005). PRMT7 favours multiple 

arginine residues surrounded by lysine rich areas (Feng et al., 2013). Although each PRMT type has 

varying target sequence preferences and specificities, it has been shown that they are able to 

methylate the same residue, such as on splicing factor SmB.  

1.2.3.2) Type I Structure and Function 

1.2.3.2.1) PRMT1 

PRMT1 is the predominant PRMT responsible for asymmetric methylation and was first discovered as 

a binding partner to TIS21 and BTG1 (Lin et al., 1996, Tang et al., 2000). Partial loss of the protein in 

mice embryonic fibroblasts results in a loss of proliferation and a drastic increase in genomic instability 

and complete loss of PRMT1 is embryonically lethal, suggesting a multifunctional capacity within the 

cell (Pawlak et al., 2000). Seven isoforms of PRMT1 are produced as a result of alternate splicing, each 

with differing N-terminal sequences and substrate specificity (Goulet et al., 2007). Its catalytic activity 

has been shown to be dependent upon two residues (M48 and M115), as mutations in these residues 

result in imbalances in MMA and ADMA production, and also allows the production of SDMA (Gui et 

al., 2014). PRMT1 is predominantly localised to the nucleus but has substrates found in the cytoplasm 

and other cellular compartments (Herrmann et al., 2005; Onwuli et al., 2019), and has in fact been 

shown to play a role in protein shuttling between these areas (Herrmann et al., 2004). 

PRMT1 functions as a transcriptional co-activator through the deposition of an ADMA mark onto 

histone H4R3, resulting in the recruitment of histone acetyltransferases (Huang et al., 2005). The 

TDRD3-TOP3B protein complex is also recruited to sites of H4R3 methylation and act to dampen R-

loop formation (Yang et al., 2014). PRMT1 is also able to alter transcription by modification of non-

histone proteins, including through the methylation of the H3K4 methyltransferase complex subunit 

Ash2L, although the consequences of this are unclear (Butler et al., 2011), and by the methylation of 

the transcription factor RelA, resulting in a lowered DNA binding ability (Reintjes et al., 2016). 

PRMT1 takes part in a range of cellular processes including DNA damage repair, cell signalling, and ion 

flux. PRMT1 methylates the repair protein meiotic recombination 11 homolog (MRE11), enabling its 
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exonuclease activity on double stranded DNA which is required during the S-phase DNA damage 

response (Boisvert et al., 2005b). Another DNA repair protein, p53 binding protein 1 (53BP1) is also 

methylated by PRMT1, enabling its recruitment to DNA (Boisvert et al., 2005a). PRMT1 also alters the 

cofactor activity of a further DNA damage repair associated protein, breast cancer gene 1 (BRCA1) 

(Guendel et al., 2010), a modification recently found to contribute towards the defence of breast 

cancer cells against ionizing radiation (Montenegro et al., 2020). 

PRMT1 has been shown to take part in cell signalling though the Akt pathway. The growth factor 

signalling receptor EGFR, as previously discussed, is a receptor responsible for activation of the Akt 

pathway and has been found to be methylated by PRMT1 (Wang et al., 2019). This methylation at 

R198 and R200 augments ligand binding and enhances receptor activation. PRMT1 also methylates 

Estrogen receptor (ERα) at R260, enabling the formation of the ERα/Scr/PI3K complex (Le Romancer 

et al., 2008). Transforming growth factor beta (TGFβ) signalling is also influenced by PRMT1 activity. 

PRMT1 methylates the inhibitory protein SMAD6 at R74, allowing the recruitment of the Bone 

Morphogenetic Protein (BMP) effectors SMAD1 and SMAD5 (Xu et al., 2013) and also methylates both 

the inhibitory proteins SMAD6 and SMAD7 (at R57 and R67), leading to the activation of the SMAD3 

effector (Katsuno et al., 2018). These activities have a crucial role in epithelial-mesenchymal transition 

and epithelial stem-cell generation. 

1.2.3.2.2) PRMT2 

PRMT2 was first discovered in 1997 as the human homolog of the rat protein (Katsanis et al., 1997). 

Complete loss of the enzyme produces viable mice with minimal difference in tissue structures 

(Yoshimoto et al., 2006). In addition to the original PRMT2 protein, 4 alternatively spliced isoforms 

have been identified in breast cancer cells (Zhong et al., 2012). It is mainly localised to the nucleus but 

is also found at lowered levels in the cytoplasm (Kzhyshkowska et al., 2001). PRMT2 contains a unique 

Src homology 3 (SH3) domain that enables binding to proline rich motifs on other proteins (Pawson & 

Gish 1992, Cura et al., 2017). Despite having high sequence homology with the other enzymes, PRMT2 

was initially not thought to process methyltransferase activity (Scott et al., 1998). Later studies 

revealed a weak methyltransferase activity of PRMT2 on the Histone 4 tail (Lakowski & Frankel, 2009).  

Similar to PRMT1, PRMT2 methylates histone proteins in order to influence transcription. Following 

its recruitment by β-catenin, PRMT2 methylates H3R8 and activates the transcription of β-catenin 

target genes (Blythe et al., 2010, Su et al., 2014). Also, similarly to PRMT1, PRMT2 alters transcription 

by interactions with non-histone proteins. PRMT2 was shown to interact with RB1 and repress the 

activity of the transcription factor E2F. Although this repression was not found to be dependent on 
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PRMT2 methyltransferase activity, it was suggested that PRMT2 may recruit further co-activators 

(Yoshimoto et al., 2006). 

PRMT2 is thought to play a role in mRNA processing by interactions with splicing related proteins 

including SRC associated in mitosis of 68 kDa (SAM68), to induce the pro-apoptotic protein BCL-X in 

response to inflammatory stressed triggered by tumour necrosis factor alpha (TNF-α) (Vhuiyan et al., 

2017). This inflammatory response activates the NF-κB Nuclear factor kappa B (NF-κB) pathway, which 

has also been shown to be regulated by PRMT2 through an interaction with IκB-α (Ganesh et al., 2006). 

PRMT2 also interacts with nuclear hormone receptors including oestrogen receptor alpha and 

androgen receptors to increase their transcriptional activity (Qi et al., 2002, Meyer et al., 2007). 

1.2.3.2.3) PRMT3 

PRMT3 was discovered due to its association with PRMT1 (Tang et al., 1998). Full knockout of the gene 

in mice results in smaller, but viable embryos that achieve full size at adulthood (Swiercz et al., 2007). 

It contains a unique zinc finger structure within the N-terminal domain, as well as the Rossmann fold, 

β-barrel and dimerization arm (Zhang et al., 2000). Zinc fingers are common protein motifs responsible 

for protein-protein and protein-nucleic acid interactions (Laity et al., 2001). PRMT3 is exclusively 

expressed in the cytoplasm, although the enzyme has been shown to migrate to the nucleus upon 

treatment with palmitic acid or the liver X receptor α (LXRα) agonist T0901317 (Kim et al., 2015a).  

PRMT3 methylates the ribosomal protein S2, a process required for the formation of the 40S 

ribosomal subunit; in cells depleted of PRMT3, an imbalance between the 40S and 60S ribosomal 

subunits is produced (Swiercz et al., 2007). PRMT3 has been shown to methylate nuclear poly(A)-

binding protein (PABPN1); a protein implicated in oculopharyngeal muscular dystrophy, and the 

voltage-gated sodium channel isoform NaV1.5 (Beltran-Alvarez et al., 2013); which is often 

dysregulated in cancer (Djamgoz et al., 2019, Luo et al., 2020). The tumour suppressor proteins VHL30 

and ARF, recruit PRMT3 to p53, resulting in its methylation (Lai et al., 2011). The functional 

consequences of this methylation are not yet clear. 

1.2.3.2.4) PRMT4 

PRMT4, also known as CARM1, was discovered as an enhancer of transcriptional activation by nuclear 

hormone receptors (Chen et al., 1999). The absence of PRMT4 in mice results in a block to thymocyte 

differentiation at embryonic day 18.5 due to a defect in the foetal hematopoietic compartment, and 

mice do not survive past birth (Yadav et al., 2003, Li et al., 2013). PRMT4 consists of a total of 608 

amino acids and in addition to the catalytic core domain, it harbours a PH domain, a conserved 

structure that enables the formation of large multi-protein complexes and protein-protein 

interactions (Troffer-Charlier et al., 2007). 
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PRMT4 is able to regulate transcription through methylation of histone tails, predominantly histone 

H3 at R17, R26 and R42, contributing to transcriptional activation (Schurter et al., 2001). PRMT4 also 

methylates non-histone proteins in a both activating and repressive manor. For example, methylation 

of CREB-binding protein (CBP) at R742 by PRMT4 increases its histone acetyltransferase activity 

(Ceschin et al., 2011), whereas methylation at R580 hinders CREB recruitment (Xu et al., 2001).  

PRMT4 has been shown to play a role in the formation and regulation of paraspeckles (Hupalowska et 

al., 2018), membraneless organelles within the nucleus made up of specific proteins and long non-

coding RNA (lncRNA) (Fox et al., 2018). PRMT4 acts by repressing NEAT1 expression, an important 

component in paraspeckle function paraspeckles (Hupalowska et al., 2018). PRMT4 is also able to 

methylate another paraspeckle component, p54nrb, resulting in its redistribution. PRMT4 is able to 

regulate splicing mechanisms by direct methylation of RNA binding proteins (Larsen et al., 2016), for 

example, CA150, which is involved in repressing transcription-elongation (Cheng et al., 2007).  

1.2.3.2.5) PRMT6 

PRMT6 was first identified following the sequencing of the human genome (Lander et al., 2001). It was 

found to be a nuclear enzyme with differing substrate specificity to PRMT4, and with limited substrate 

overlap with PRMT1 (Frankel et al., 2002). Although knockout mouse embryo fibroblasts are viable, 

they show hallmarks of cellular senescence and have growth defects (Neault et al., 2012).  

The enzymes nuclear localisation corresponds with its role in DNA repair and gene expression. 

PRMT6’s predominant role is as a transcriptional co-repressor by methylating H3R2 and H2AR29 (Iberg 

et al., 2008, Waldmann et al., 2011).  Asymmetrical methylation of the H3R2 residue blocks 

interactions between the neighbouring H3K4me3 activation mark and Mixed Lineage Leukaemia 

(MLL), halting transcriptional activation. PRMT6 is also able to activate transcription through the 

methylation of H3R42 (Casadio et al., 2013). 

PRMT6 can function as an oncogene through the inhibition of important regulatory cell cycle proteins 

including p53, p21 and p16 (Neault et al., 2012, Nakakido et al., 2015, Wang et al., 2012d). It has also 

been found to act in a tumour suppressive manor, through the methylation of PTEN at R159, allowing 

for PTEN activation and therefore down regulation of the PI3K/Akt signalling pathway (Feng et al., 

2019). PRMT6 also harbours antiretroviral activity through the methylation of HIV proteins Tat, Rev 

and Nucleocapsid, restricting HIV-1 replication (Boulanger et al., 2005). Recently, a level of redundancy 

between PRMT6 and PRMT4 has been described as they were both shown to deposit the H3R17me2a 

mark and when inhibited together, cause a synergistic effect (Cheng et al., 2020). 
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1.2.3.2.6) PRMT8 

The PRMT8 gene was first identified in a screen of neural precursor cells from Sox1-gfp knock-in mice, 

and its structure later described (Aubert et al., 2003, Lee et al., 2005a). Although PRMT8 knock out 

embryos are viable, the mice present with motor behaviour defects including hindlimb clasping and 

hyperactivity (Kim et al., 2015b). PRMT8 is a type I enzyme with a similar structure to PRMT1, sharing 

greater than 80% sequence homology and differing only by its N-terminal domain. Unlike PRMT1 

however, PRMT8 is exclusively expressed in CNS tissue (Lee et al., 2005a). PRMT8 also differs in the 

fact that it is membrane bound due to its myristoylation motif found on its N-terminal domain.  

PRMT8 is able to interact with multiples members of the Ten-eleven translocation (TET) family 

including FUS, EWS and TAFII68, which are all transcriptional cofactors involved in splicing (Pahlich et 

al., 2008). Due to its exclusive expression within the CNS, PRMT8 plays a more focused role within 

neural biology. For example, loss of PRMT8 results in a change in gene expression of certain glial 

differentiation related genes including CXCR4, DHFR and EFEMP1 (Simandi et a., 2015), and also causes 

the aberrant formation of perineuronal nets (Lee et al., 2017), extracellular matrix structures 

surrounding neurons that provide stabilisation and protection (Fawcett et al., 2019). PRMT8 was 

found to localise to presynaptic and postsynaptic sites, where it methylates voltage-gated sodium 

channels (Baek et al., 2014) and its deletion causes a change in synaptic proteins and alters context-

dependant fear learning (Penney et al., 2017). In addition to its methyltransferase activity, PRMT8 has 

been found to harbour phospholipase activity that may play a role in in the maintenance of dendritic 

arborisation in Purkinje cells (Kim et al., 2015b). 

1.2.3.3) Type II Structure and Function 

1.2.3.3.1) PRMT5 

PRMT5 is the major methyltransferase responsible for SDMA within the cell. It can be found expressed 

in both the nucleus (Lacroix et al., 2008) and cytoplasm, including within the Golgi apparatus (Zhou et 

al., 2010), and has a role in a number of processes. Unique from other PRMTs, PRMT5 relies on its 

interaction with WD-repeat methylome protein 50 (MEP50) within a hetero-octameric structure for 

substrate binding to the catalytic domain. The combination of PRMT5, MEP50, also known as WD 

Repeat Domain 77, and a further protein known as plCln is termed the methylome (Friesen et al., 

2002). Although dimerised PRMT5 alone is able to perform the transfer of methyl groups, the enzyme 

activity is much greater in the MEP50:PRMT5 hetero-octamer structure (Antonysamy et al., 2012). 

This increase in activity is attributed to a greater affinity for the target protein and methyl donating 

SAM domain. Other proteins have also been identified that have a role in this complex, including RIOK1 

and COPR5, which have been suggested as possible targets to disrupt PRMT5 activity (Krzyzanowski 

et al., 2021). Studies have determined that the activity of PRMT5, both alone and in complex with 
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MEP50 act in a non-processive manner, meaning formation of SDMA only occurs once the 

concentration of MMA is higher than that of non-methylated arginine (Antonysamy et al., 2012).  

PRMT5 is perhaps the most studied of the PRMTs, with roles found in a great range of cellular functions 

including transcription, translation, splicing, DNA damage repair, and growth factor signalling. PRMT5 

methylation of histones H2AR3, H4R3 (Pollack et al., 1999), H3R8 (Pal et al., 2004), and H3R2me2a 

(Migliori et al., 2012) is repressive for transcription. The symmetrical dimethylation of H2AR3 and 

H4R3 was later associated with reduced histone tail acetylation and therefore DNA unravelling 

(Scaglione et al., 2018).  

PRMT5 plays a key role in splicing regulation as it methylates multiple RNA binding proteins, including 

three Sm proteins, which then go on to bind small nuclear RNAs (Meister et al., 2001). The methylated 

Sm proteins are also recognised by the SMN protein, promoting the maturation of small nuclear 

ribonucleoproteins (Meister et al., 2001). Depletion of PRMT5 activity is related to a reduction in 

spliceosome assembly, causing exon skipping and retention of introns (Bezzi et al., 2013). An example 

of mis-splicing following PRMT depletion is the production of the short human ortholog of mouse 

double minute 4 (MDM4) isoform, leading to a reduction in p53 pathway repression (Bezzi et al., 

2013). 

PRMT5 has been shown to play a role in translation through a number of mechanisms. One of which 

is the methylation of the heterogeneous nuclear ribonucleoprotein hnRNPA1 (Gao et al., 2017). 

Methylation of hnRNPA1 facilitates its interactions with internal ribosome entry sites (IRES) on RNA, 

promoting translation of mRNAs such as MEP50, CCND1, MYC, HIF1α, MTIF and CDKN1B (Gao et al., 

2017). hnRNPA1 is also known to be methylated by PRMT1 (Rajpurohit et al., 1994). Although some 

methylation sites of hnRNPA1 are exclusively methylated by type I PRMTs, site R206 is both 

symmetrically and asymmetrically methylated (Noto et al., 2020).  

Depletion of PRMT5 results in aberrant p53 expression and leads to cell cycle arrest and defects in 

homologous recombination. These consequences are a result of PRMT5 activity in several pathways. 

For example, PRMT5 methylates the TIP60 complex subunit, RUVBL1 at R205, a modification required 

for the acetylation of H4K16 by TIP60, blocking the binding of 53BP1 to neighbouring H4k20me2 

(Clarke et al., 2017). This then causes a switch from non-homologous end joining, to homologous 

recombination. PRMT5 also methylates other substrates involved in DNA damage repair including flap 

endonuclease 1 (FEN1) (Guo et al., 2010), RAD9 (He et al., 2011) and tyrosyl-DNA phosphodiesterase 

(TDP1) (Rehman et al., 2018).  
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Two of the most important growth factor signalling receptors, EGFR and PDGFRα, both contain 

residues methylated by PRMT5. Methylation of EGFR at R1175 allows the autophosphorylation of 

surrounding tyrosine residues and the binding of the protein-tyrosine phosphatase SHP1 (Hsu et al., 

2011). The bound pair are then able to remove phosphor groups from various members of the RAS 

pathway, inhibiting the pathway. PRMT5 is required to block the degradation of PDGFRα by the Cbl 

E3 ligase, through methylation of its cytoplasmic tail (Calabretta et al., 2018). This blocks binding of 

the ligase to phosphorylated residues on PDGFRα.  

1.2.3.3.2) PRMT9 

PRMT9 was first described as a candidate PRMT alongside PRMT8 (Lee et al., 2005a). As seen in Figure 

1.12, PRMT9 contains a repeated Rossman fold and β-barrel, although the functional consequence of 

this is not yet clear (Hadjikyriacou et al., 2015).  

The two type II PRMTs, PRMT5 and PRMT9, have distinct substrate specificities and their functions are 

non-redundant, most likely due to the fact that PRMT9, unlike PRMT5, does not recognise GAR motifs 

(Hadjikyriacou et al., 2015). PRMT9 plays a role in the regulation of splicing through methylation of 

the U2 snRNP component, spliceosome-associated protein 145, promoting the affinity of U2 snRNP 

for SMN (Yang et al., 2015).  

Loss of PRMT9 has been found to promote HIF-1α expression by increasing its mRNA stability, 

suggesting that PRMT9 acts a repressor of HIF-1α, a crucial protein involved in the hypoxia response 

(Ju et al., 2015, Zhang et al., 2017).  PRMT9 has also been shown to inhibit the stability of BCL6 (B-cell 

Lymphoma 6) (Duan et al., 2012) and Zinc finger protein SNAI1 (SNAIL) (Shao et al., 2020).  

1.2.3.4) Type III Structure and Function 

1.2.3.4.1) PRMT7 

Currently, the only known PRMT with type III activity is PRMT7 (Zurita-Lopez et al., 2012). PRMT7 was 

first discovered by a genetic screen to reveal sensitivities to chemotherapeutic drugs (Gros et al., 

2003). Unlike type I PRMTs, PRMT7 contains two core domains in tandem which allows a single protein 

to mimic the dimer confirmation established by other members of the PRMT family (Cura et al., 2014, 

Hasegawaa et al., 2014).  

Site directed mutagenesis studies have identified specific residues in PRMTs that are crucial for 

enzyme activity. By switching a glutamate residue (Glu181) within the double E-loop, a conserved 

region of the catalytic domain of the Rossman fold of PRMT7, with an aspartate residue, the enzymatic 

activity of PRMT7 to is widened to the production of ADMA (Debler et al., 2016). It was hypothesised 
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that this extra enzymatic activity was made possible due to an increase in available space within the 

active site due to the shorter side chain of aspartate.  

Being a type III enzyme, it is only able to catalyse the production of MMA, although other research has 

suggested it could also produce the SDMA mark (Lee et al., 2005b; Jeong et al., 2020; Vuong et al., 

2020; Liu et al., 2020). However, these studies relied on the use of SDMA antibodies or mass 

spectrometry  in cells under or over expressing PRMT7. This methylation may have in fact been a result 

of dimethylation by PRMT5, as evidence has shown cross-talk between the two PRMT enzymes 

(Tarighat et al., 2016). The Liu et al. paper has since been retracted due to the possible role of PRMT5 

in the methylation of the protein studied. This evidence, alongside the biochemical studies showing 

the altered activity of PRMT7 following widening of its active site, has meant it is generally accepted 

that PRMT7 is an exclusively type III enzyme (Halabelian & Barsyte-Lovejoy, 2021). 

Although there has been no evidence to show PRMT7 is able to methylate histone proteins in vivo, in 

vitro experiments have indicated histone H2B and histone H4 to PRMT substrates at multiple residues 

(Feng et al., 2013, Feng et al., 2014). Difficulty in identifying PRMT7 substrates has largely been due 

to the enzyme’s low activity (Feng et al., 2014). Experiments have also suggested that PRMT7 acts by 

methylating non-histone proteins. Changes in PRMT7 expression for example, affect the methylation 

state of Sm proteins and elongation factors (Gonsalvez et al., 2007, Jung et al., 2011).  

More recently, PRMT7 activity has been linked with the stress response, through the methylation of 

the heat shock protein HSP70 (Szewczyk et al., 2020). Methylation of HSP70 at R249 was found to be 

important for the stress granule response following proteasome inhibition. 

1.2.4) Regulation of Arginine Methylation 

1.2.4.1) Micro RNAS 

Micro RNAS (miRNA) are short non-coding lengths of RNA that function by regulating gene expression 

via base-pairing with complementary mRNA sequences (Jin et al., 2019). As with other DNA that can 

be transcribed, miRNAs may be regulated by ArgMe of their associated histone tails prior to 

transcription (Tao et al., 2017). PRMTs themselves, however, can be regulated by miRNAs by their 

binding to PRMTs 3’ untranscribed regions (3’-UTRs). For example, miR-4518, miR-92, miR-96, miR-32 

and miR-19, all target PRMT5 mRNA and prevent its translation, ultimately leading to reduce cell 

proliferation (Pal et al., 2007, Wang et al., 2008a, Fu et al., 2018). miR-543 was shown to bind the 3’-

UTR of PRMT9, inhibiting its expression and leading to reduced PRMT9-enhanced cell oxidative 

phosphorylation and increased HIF-1α stability in osteosarcoma cells (Zhang et al., 2017). PRMT1 

translation is inhibited by binding of miR-503 and was linked to a reduced epithelial-mesenchymal 

transition in hepatocellular carcinoma cells (Li et al., 2015). miR-195 was found to reduce PRMT4 



51 
 

expression and reduce proliferation in colorectal cancer cells (Zheng et al., 2017). Of note, PRMT1 has 

recently been shown to play an important role in the regulation of miRNA synthesis (Spadotto et al., 

2020), which could open a new avenue for self-regulation of PRMT expression. 

1.2.4.2) Alternate Splicing 

Many of the PRMTs undergo alternate splicing during mRNA maturation, resulting in differences in 

amino acid sequence. This can have consequences in terms of enzyme activity, as is seen in an isoform 

of PRMT1, named PRMT1v2. This isoform is uniquely localised to the cytoplasm and has a functional 

nuclear export sequence (Goulet et al., 2007). PRMT2 also forms multiple isoforms following alternate 

splicing, producing PRMT2α, PRMT2β, PRMT2γ, PRMT2L2, as well as the original PRMT2 protein. 

These alternative isoforms have reduced methyltransferase activity and varied localisation due to 

losses to domain III and the THW loop (Zhong et al., 2012). Two isoforms of PRMT4 have been 

identified in human tissue: full length PRMT4 and a shorter PRMT4Δ15 isoform. Exon 15 of PRMT4 is 

excluded in this shorter isoform, resulting in a loss of auto methylation capacity, but no change in 

methyltransferase activity (Wang et al., 2013).  

1.2.4.3) Protein Interactions 

As PRMT5 is a member of a multimeric complex, it interacts with many cofactors which regulate its 

activity. As previously described, its most important cofactor is MEP50, with which it creates a hetero-

octameric structure. The PRMT5:MEP50 complex is able to bind further cofactors including plCln and 

RioK1, allowing for the recruitment of distinct methylation substrates (Guderian et al., 2011). More 

recently, a further PRMT5 interacting partner has been identified (Chakrapani et al., 2020). FAM47E 

was shown to enhance PRMT5 association with chromatin and histone methylation through inhibition 

of PRMT5 proteasomal degradation (Chakrapani et al., 2020).  

Other PRMT-protein interactions contribute to the regulation and substrate specificity of PRMTs. 

These include human CCR4-associated factor 1 (hCAF1), which inhibits PRMT1 methylation of Sam68 

(Robin-Lespinasse et al., 2007), and actin filament-associated protein (AFAP1), which is known to 

inhibit PRMT3 (Singh et al., 2004). Other PRMT:protein interactions can facilitate PRMT recognition of 

substrates, for instance nucleosomal methylation activator complex (NUMAC), which targets PRMT4 

to H3 in vivo (Xu et al., 2004). Other examples of PRMT protein partners are high mobility group AT-

Hook 1 (HMGA1) and CCCTC-binding factor (CTCFL), which increase the methylation activities of 

PRMT6 (Sardo et al., 2013) and PRMT7 (Jelinic et al., 2006), respectively. PRMTs have also been found 

forming homomers and heteromers with other PRMT isoforms, generally to enhance PRMT activity 

(Pak et al., 2011). 
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1.2.4.4) Posttranslational Modification 

Phosphorylation of PRMTs can allow, inhibit or switch their methyltransferase activity, depending on 

the site of modification. For example, phosphorylation of PRMT5 at T132, T139 and T144 is required 

for its activity, whereas phosphorylation of Y304 and Y307 downregulates methyltransferase activity 

by disrupting the PRMT5-MEP50 interaction (Liu et al., 2011). Phosphorylation of PRMT5 at residue 

S15 by protein kinase C is induced by interleukin-1β and is required for the PRMT5 mediated activation 

of NF-κB (Hartley et al., 2020), a major transcription factor involved in the innate and adaptive immune 

response (Lawrence 2009). 

PRMT1 and PRMT4 are also known to be phosphorylated. Casein kinase 1 isoform alpha 1 

phosphorylates PRMT1 between the regions 55-57, 102-105 and 284-289 to control PRMT1 targeting 

to chromatin and therefore regulate self-renewal pathways by changing gene expression (Bao et al., 

2017).  PRMT1 is also phosphorylated at Y291, altering substrate specificity (Rust et al., 2014).  PRMT4 

is phosphorylated at residues S217 and S229, inhibiting methyltransferase activity through promoting 

cytoplasmic localisation (Feng et al., 2009) and preventing dimerization (Higashimoto et al., 2007), 

respectively. PRMT4 is also phosphorylated at S572 by p38γ MAPK, inhibiting its translocation to the 

nucleus, where it would methylate PAX7 and activate myogenic factor 5 to induce myogenesis (Chang 

et al., 2018).  

Like all other proteins, PRMTs may be subject to degradation by the proteasome. PRMT1, PRMT4 and 

PRMT5 for example, are substrates of ubiquitin E3 ligases. PRMT1 is ubiquitinated by E4B (Bhuripanyo 

et al., 2018), PRMT4 by SKP1-cullin-F-box protein (SCF) (Shin et al., 2016), and PRMT5 by heat shock 

cognate 70-interacting protein (CHIP) (Zhang et al., 2016). Recently, an orphan F-box protein, FBXO24, 

has been shown to modify PRMT6 by ubiquitination at K369 (Chen et al., 2020). Due to the minimal 

number of studies investigating the effect of ubiquitination of PRMTs, the physiological relevance of 

this modification is still unclear. Questions still remain about the specific ubiquitination sites on other 

PRMTs, and whether ubiquitination leads solely to proteasomal degradation, or carries out other 

functions independent of this process (Hartley and Lu, 2020). 

Glutathionylation is a PTM that can target proteins exposed to oxidative stress and can also modulate 

protein structure and function. Cys sulfhydryl groups are particularly responsive to the redox state of 

cells and can be post-translationally modified by glutathionylation. Recently, glutathionylation at C42 

has been reported to decrease methyltransferase activity of PRMT5 by affecting PRMT5-MEP50 

interactions (Yi et al., 2020). PRMT5 C42 glutathionylation was increased in aged mice and in cell lines 

treated with H2O2, and the modification was reversed by Glutaredoxin-1. This finding contributes to 

growing evidence that PRMT activity can be affected by oxidative stress (Morales et al., 2015). 
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As methylation of target substrates can alter their interactions and activity, methylation of the PRMTs 

themselves can also have a regulatory affect. Some PRMTs are able to methylate themselves in order 

to control their function. These PRMTs include PRMT4, PRMT6 and PRMT8. PRMT4 is automethylated 

at R551 within its C-terminal domain. This modification does not directly alter catalytic activity, but 

instead facilitates protein-protein interactions required for transcriptional regulation of other proteins 

(Kuhn et al., 2011). PRMT6 is also able to undergo auto methylation, specifically at the residue R35. 

This modification was found to be required for PRMT6 stability and for the inhibition of HIV-1 

replication (Singhroy et al., 2013). PRMT8 was also found to be auto methylated within its N-terminal 

domain (Sayegh et al., 2007), resulting in blockage of the catalytic site and inhibition of further 

methylation (Dillon et al., 2013). Asymmetrical methylation of PRMT5 by PRMT4 at R505 increases 

PRMT5 oligomerisation and was found to be critical for PRMT5 methyltransferase activity (Nie et al., 

2018).  

1.2.4.7) Arginine Demethylases 

Lysine demethylation is now a well-established activity and numerous responsible enzymes have been 

identified, of which there are two families: flavin-dependant methyl lysine demethylases and Fe(II) 

and 2-oxoglutarate dependant JmjC-domain-containing enzymes (Böttger et al., 2015). As yet 

however, no arginine demethylation enzymes have been confirmed.  

JMJD6, a Jumonji C domain containing protein, was thought to be an arginine demethylase, acting on 

the histone positions H3R2 and H4R3 (Chang et al., 2007). Further studies showed that JMJD6 was in 

fact a hydroxylase that acts predominantly on nucleic acids (Hong et al., 2010). The exact activity and 

role of JMJD6 is controversial and remains unclear (Böttger et al., 2015), although it has been shown 

to demethylate the stress granule nucleating protein G2BP1 in vivo (Tsai et al., 2017). Particular lysine 

demethylases (KDM4E, KDM4A, KDM5C, KDM3B, and KDM3A) have recently been shown to also have 

arginine demethylase activity in vitro (Walport et al., 2016, Li et al., 2018).  The arginine demethylase 

activity been shown to differ amongst these enzymes and was also found to be lower than their lysine 

demethylase activity (Walport et al., 2016). Inhibitors of KDM4E were also found to reduce both the 

lysine demethylase and arginine demethylase activity of the enzyme (Bonnici et al., 2018). Although it 

has been shown that the levels of arginine methylation can be dynamic  and alter depending on 

cellular environment (Katsuno et al., 2018), suggesting the existence of arginine demethylases, there 

is a lack of arginine demethylase activity demonstrated in cells, and the existence of such enzymes 

remains in dispute. If the existence of arginine demethylases was confirmed, this could potentially 

present novel therapeutic avenues for cancer treatments. 
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The degradation of proteins bearing methylated arginine residues leads to the proteolytic products 

NG-monomethyl-L-arginine (monomethyl arginine, mMA), NG,NG-dimethyl-L-arginine (asymmetric 

dimethylarginine, aDMA) and NG,N′G-dimethyl-L-arginine (symmetric dimethylarginine, sDMA) 

(Tsikas et al., 2018). These metabolites exercise a range of functions when released into circulation, 

notably related to nitric oxide synthase inhibition. sDMA is primarily eliminated through renal 

excretion while mMA and aDMA are mainly excreted as mono- and di-methylamine, respectively (Said 

et al., 2019). The enzyme responsible for the hydrolysis of mMA and aDMA into mono- and di-

methylamine, and citrulline, is dimethylarginine dimethylaminohydrolase (DDAH) (Jarzebska et al., 

2019). The metabolism of aDMA and sDMA can also include transamination into asymmetric or 

symmetrical α-keto-dimethylguanidinovaleric acid, catalysed by alanine:glyoxylate aminotransferase 

2 (AGXT2), (Jarzebska et al., 2019). However, DDAH and AGXT2 activities have only been observed 

towards methylarginine metabolites, and not towards proteins modified ArgMe and, therefore, 

cannot be considered true protein arginine demethylases. Similarly, peptidyl-arginine deaminases 

(PADs) are enzymes that convert methylarginine into citrulline through hydrolysis (Wang et al., 2004) 

but citrulline has different chemical properties to unmethylated arginine and PADs cannot therefore 

be considered authentic demethylases either. PADI enzymes also have a preference for unmodified 

arginine, suggesting their primary function is not to remove methyl groups, but prevent the addition 

of alkyl groups instead (Cuthbert et al., 2004). 

1.2.5) PRMT Inhibition 

1.2.5.1) Early PRMT Inhibitors 

The first small molecule inhibitors of PRMTs were discovered by Bedford and others in 2004, with the 

development of the AMI compounds (Arginine Methyltransferase Inhibitors) (Cheng et al., 2004). 

These compounds were identified through the detection of decreased methylation of the RNA-binding 

protein, Npl3p, by Hmt1p (yeast homolog of PRMT1). Some of the molecules found to cause a 

significant decrease in PRMT activity were analogues of SAM, the methyl donor used by PRMTs. They 

were, however, found to be unspecific and inhibited the activity of all PRMTs tested excluding PRMT5. 

All compounds excluding AMI-1 and AMI-6 also inhibited the activity of lysine methyl transferases. 

AMI-1 was shown to inhibit methylation of PNp13 and Sam68 in HeLa cells and also reduce the effect 

of PRMT1 on nuclear receptor dependant transcription in MDF7 cells. The molecules identified in this 

study have since been used as a basis for discovery of other similar structures. 

1.2.5.2) Type I Inhibitors 

Allantodapsone and Stilbamidine are further PRMT1 inhibitors found through the virtual screening of 

1990 compounds using a homology model of human PRMT1 and Aspergillus nidulans RmtA (fungal 
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PRMT homolog) created using rat PRMT3 X-ray structure (Spannhoff et al., 2007a). Compounds with 

suitable docking into the binding pocket of the structure were then tested in an in vitro assay to 

evaluate their ability to inhibit RmtA. Allantodapsone was found to inhibit PRMT1 with an IC50 of 1.7 

µM. Compounds discovered in this study share a basic motif that mimics the guanidine nitrogen of the 

substrate protein. Further discoveries have been made based on the structure of these compounds, 

all with varying activities (Bissingera et al, 2011). Other PRMT1 inhibitors have also been identified by 

similar methods using different datasets of compounds such as RM65 (Spannhoff et al., 2007b) and 

A9 (Wang et al., 2012a).  

Due to the similarities between the guanidine structure in substrate arginines and the amidine group 

of diamidine-based compounds, as well as the existence of the diamidine PRMT inhibitor Stilbamidine, 

Yan et al explored the use of such compounds as PRMT inhibiting drugs (Yan et al., 2014b). Two 

compounds, including Furamidine (also known as DB75), were identified to selectively inhibit PRMT1, 

with an IC50 of less than 10 µM for PRMT1 and greater than 160 µM for PRMT5, and even greater for 

PRMT4 and PRMT6. Furamidine is thought to act as a competitive substrate inhibitor. 

Both the inhibitors EPZ020411 and CMPD-1 (inhibitors of PRMT6 and PRMT4 respectively) contain an 

ethylenediamine which is thought to mimic the structure of arginine. Following experiments with 

negative control compounds lacking this ethylenediamine group confirmed its importance by a lack of 

inhibition by these compounds. This was then used to rationally design a broader PRMT type I 

inhibitor, MS023. The cyclobutoxy group found in EPZ020411 was thought to provide the specificity 

against PRMT6. Therefore, its replacement with a smaller functional group (i.e., isopropoxy) allowed 

the inhibitory actions against other type I PRMTs. MS023 was found to have a strong inhibitory action 

against a range of type I PRMTs exclusively with IC50 in the nano molar range when tested in vitro; 

PRMT1 (30 nM), PRMT3 (119 nM), PRMT4 (83 nM), PRMT6 (4 nM) and PRMT 8 (5 nM). Cell based 

assays were used to confirm the activity of MS023, utilising the fact that PRMT1 is the main enzyme 

responsible for the deposition of the H4R3me2A methylation mark. In MCF7 cells, it was found that 

MS023 was able to cause a 50% decrease in the H4R3me2a mark at 9 nM. 

1.2.5.3) Type II Inhibitors 

Type II PRMT inhibitors have also been developed and extensively investigated. In a landmark paper 

by a multi-pharmaceutical collaboration, a fluorescence assay was used to monitor the 

monomethylation of the PRMT5 target H4R3 and to screen a library of small molecules. Following re-

testing and counter screens, a subset of 17 compounds were identified with IC50 ranging from 0.4-7 

µM (Chan-Penebre et al, 2015). The most successful compound was EPZ007345, which was then 

structurally developed to increase potency and other pharmacokinetically favourable characteristics 
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including absorption, distribution, metabolism and excretion. The end product, EPZ015666, acts as a 

competitive substrate inhibitor and has an IC50 of 22 nM in vitro and 64-902 nM in cell assays. A second 

study optimised the structure for use as an in vitro tool known as EPZ015866, also known as GSK591, 

that has an IC50 of 4 nM (Duncan, et al., 2015).   

In contrast to these substrate binding inhibitors, LLY-283 is a SAM pocket competitive inhibitor of 

PRMT5 which was found to have an IC50 of 22 nM in terms of inhibiting the PRMT5:MEP50 complex 

(Bonday et al., 2018). When tested in vivo, the drug had an IC50 of 25 nM, measured by the levels of 

methylated SmBB.  

Recently, a novel allosteric inhibitor of PRMT5 has been reported, which leads to occlusion of both 

the SAM and substrate binding sites through displacement of the loop ELLGSFADNEL spanning PRMT5 

residues 435-445 (Palte et al., 2020). The question of whether the combination of Type I and Type II 

inhibitors would synergise against tumour cells is a logical step and has recently been addressed by 

several research groups (Fedoriw et al., 2019; Fong et al., 2019; Gao et al., 2019). Both groups have 

independently reported that the combination of PRMT1 and PRMT5 inhibition has synergistic effects 

on tumour cell growth, most likely through the attenuation of splicing mechanisms. 

1.2.5.4) Type III Inhibitors 

PRMT7, the only recognised Type III PRMT, has also been targeted for development of specific 

inhibitors. DS-437 is a SAM analogue inhibitor of PRMT5 that also shows activity against PRMT7 (Smil 

et al., 2015). More recently, specific PRMT7 inhibition by SGC8158, a SAM-competitive inhibitor, has 

been described (Szewczyk et al., 2020). A list of inhibitors sorted by their PRMT targets is shown in 

Table 1.3. 
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Table 1.3: Summary of preclinical PRMT inhibitors.  

PRMT Inhibitors Target Site 

PRMT1 Furamidine Competitive substrate inhibitor  

MS023 Type I Competitive substrate inhibitor 

Allantodapsone Competitive substrate inhibitor 

Stilbamidine Competitive substrate inhibitor 

RM65 Competitive substrate inhibitor 

A9 Competitive substrate inhibitor 

PRMT2 MS023 Type I Competitive substrate inhibitor 

PRMT3 MS023 Type I Competitive substrate inhibitor 

PRMT4 MS023 Type I Competitive substrate inhibitor 

CMPD-1 Competitive substrate inhibitor 

PRMT5 JNJ-64619178 Small molecule inhibitor of SAM and substrate binding pockets 

LLY-283 SAM competitive inhibitor 

EPZ015866/GSK-591 Competitive substrate inhibitor 

DS-437 SAM analogue inhibitor 

PRMT6 MS023 Type I Competitive substrate inhibitor 

EPZ020411 Competitive substrate inhibitor 

PRMT7 SGC8158 SAM competitive inhibitor 

DS-437 SAM analogue inhibitor 

PRMT8 MS023 Type I Competitive substrate inhibitor 

 

1.2.5.5) Clinical Trials Involving PRMT Inhibitors 

PRMTs play key roles in many cellular processes and PRMT dysregulation has been associated with 

cancer, which has prompted the development of PRMT inhibitors into Phase I clinical trials. These 

clinical trials involve several tumour types, including a range of blood and solid cancers, and are 

summarised in Table 1.3. Over the past few years, there has been great interest in understanding the 

mechanistic basis that supports the use of PRMT inhibitors in cancer. As described above, a prominent 

role of PRMTs is in RNA splicing. In cancer, RNA splicing is often dysregulated including by mutations 

in RNA splicing factors (RNA-SF), and inhibition of Type I PRMT and PRMT5 by MS023 and GSK591, 

respectively, has been shown to effectively target cells bearing RNA-SF mutations, both in vitro and in 

vivo (Fong et al., 2019). GSK3368715, an inhibitor of Type I PRMTs, alters exon utilisation and RNA 

splicing most likely by inhibiting ArgMe of heterogeneous nuclear ribonuclear (hnRNP) proteins 
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(Fedoriw et al., 2019). The PRMT5 inhibitor GSK3326595 has been shown to promote the alternative 

splicing of MDM4, which leads to the activation of the tumour suppressor p53 protein and reduced 

tumour cell viability (Gerhart et al., 2018). GSK3326595 was developed from GSK3235025 (Chan-

Penebre et al., 2015) with both compounds having potent antiproliferative effects both in vitro and in 

vivo (Chiang et al., 2017; Gerhart et al., 2018). These basic and translational science efforts have been 

paralleled by much interest from large pharmaceutical companies in developing and trialling PRMT 

inhibitors, including in gliomas and GBM populations as expansion cohorts (Table 1.4). 
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Table 1.4: Current clinical trials taking place involving PRMT inhibitors. 

Compound Name Target Dose Escalation Cohort Expansion Cohort Trial Identifier 

GSK3368715 Type I 

PRMTs 

except 

PRMT3 

Relapsed/refractory diffuse large B-cell 

lymphoma and selected solid tumours with 

frequent MTAP deficiency 

Diffuse large B-cell lymphoma and relapsed/refractory solid tumours 

including pancreatic, bladder, and non-small cell lung cancer 

NCT03666988 

EPZ015938 

(GSK3326595) 

PRMT5 

PRMT9 

Myelodysplastic Syndrome and Acute Myeloid 

Leukaemia 

Newly diagnosed myelodysplastic syndrome NCT03614728 

EPZ015938 

(GSK3326595) 

PRMT5 

PRMT9 

Non-Hodgkin’s lymphoma and solid tumours 

(inc. recurrent GBM) 

Triple-negative breast cancer, metastatic transitional cell carcinoma, 

recurrent GBM, non-Hodgkin’s lymphoma p53 mutant gene, adenoid 

cystic carcinoma, hormone receptor-positive adenocarcinoma of the 

breast, human papillomavirus positive solid tumours of any histology 

(including cervical cancer and squamous cell carcinoma of the head 

and neck) and P53 wild-type non small-cell lung cancer 

NCT02783300 

EPZ015938 

(GSK3326595) 

PRMT5 

PRMT9 

Early stage Hormone Receptor (HR) positive 

breast cancer 

NA NCT04676516 

JNJ-64619178 PRMT5 Non-Hodgkin’s lymphoma and solid tumours Myelodysplastic syndromes NCT03573310 

PF-06939999 PRMT5 Advanced solid tumours (non-small cell lung 

cancer, head and neck squamous cell 

carcinoma, oesophageal cancer, endometrial 

cancer, cervical cancer, and bladder cancer) 

Advanced solid tumours NCT03854227 

PRT811 PRMT5 Advanced solid tumours  GBM NCT04089449 
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1.3) PRMTs in Glioblastoma 

1.3.1) PRMT1 in Glioblastoma 

PRMT1 expression is considerably high in the foetal brain when compared with adult tissue, suggesting 

a role in development (Huang et al., 2011, Pawlack et al., 2000, Ikenaka et al., 2006). Further research 

has suggested a role for PRMT1 in astrocytic differentiation through the methylation of STAT3 (Honda 

et al., 2017). STAT3 is part of the JAK/STAT signalling cascade and works to activate the expression of 

astrocytic genes in order to promote tumorigenesis (Levy & Darnell. 2002).  

PRMT1 is upregulated in both GBM tissue and cell lines, including U-87MG, U-251 and A-172, at both 

the RNA and protein level (Wang et al., 2012c). Its knock down through siRNA causes a loss of cell 

proliferation as seen through a reduction of S-phase cells by flow cytometry and also by MTT assay. 

An induction of apoptosis was also seen by TUNEL assay (Wang et al., 2012c). 

PRMT1 is recruited by chromatin associated proteins in GBM cells to induce the expression of 

proliferative genes (Takai et al., 2014). Chromatin target of PRMT1 (CHTOP), when associated with 

5hmC, recruits PRMT1 as part of the methylosome complex which then causes the expression of 

cancer related genes EGFR, AKT3, CDK6, CCND2, and BRAF, through the methylation of H4R3. Knock 

down of CHTOP as found to decrease sphere formation of GBM cells.  

The production of 5hmC from 5mC is dependent upon the TET family of enzymes. The activity of the 

TET enzymes is inhibited by 2-HG, a product of the mutated version of the IDH1 enzyme, a major 

prognosis marker of GBMs (Figure 1.2). This activity involving PRMT1 could therefore provide an 

additional mechanism for the positive prognosis seen in IDH mutated GBM patients. This study is 

supported by previous findings of interactions between PRMT1 and CHTOP at chromatin, also named 

as “friend of PRMT1” (Van Dijk et al., 2010, Izumikawa et al., 2014). 

Co-Immunoprecipitation, western blot, sliver staining and mass spectrometry were used to identify 

possible binding partners of PRMT1 in glioma cells (Wang et al., 2012b). In this study, SEC23-IP, 

ANKHD1-EIF4EBP3 protein, and 1-phosphatidylinositol-3-phosphate 5-kinase were found to have at 

least two methylated arginine sites in U-87MG cells. 

Altogether, the current literature suggests that PRMT1 plays a role in GBM pathogenesis. This is based 

on the observations of increased PRMT1 expression in GBM cells and tissue, GBM cells dependency 

on PRMT1 activity for proliferation, and the correlation of PRMT1 expression with disease stage and 

poor patient survival. A number of interacting partners and targets that contribute to its activity in 

GBM have also been identified, perhaps the most interesting being CHTOP and 5hmC, the activity of 

which may be altered in mutant IDH1 GBM. 
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1.3.2) PRMT2 in Glioblastoma 

In a study carried out by Dong et al, PRMT 1, 2, 4 and 6 mRNA expression were found to be correlated 

with tumour grade and high expression to be predictive of patient prognosis (Dong et al., 2018).  On 

the other hand, expression of PRMT5, 7, 8 and 9 correlates with a more favourable prognosis. The 

group found that knocking down PRMT2 by shRNA resulted in loss of proliferation in both T98G and 

U-87MG cells, each having different PTEN status (wild type and deleted, respectively). Because of this, 

focus was taken on PRMT2, excluding other PRMTs in protein expression analysis. IHC was carried out 

on 21 cases of gliomas of different grades and quantification of PRMT2 showed an increased 

expression in higher grade samples. Knockdown of PRMT2 by shRNA in T98G and U-87MG cells 

resulted in a decrease in cell number and a decrease in spheroid formation, suggesting a role in self-

renewal. To further investigate this, limiting dilution assays were carried out and it was shown that 

cells depleted of PRMT2 were less able to produce spheroids and also showed a decreased expression 

of stem cell-associated genes by quantitative reverse transcription PCR. Oncogenic transcriptional 

programmes were also reduced including PI3K-AKT, MAPK, JAK-STAT and Wnt signalling pathways. 

T98G and U-87MG cells were then transduced with a luciferase expressing virus with either an 

unspecific control shRNA (shScrambled), or shPRMT and injected into mice. Cells depleted of PRMT2 

were less able to form tumours and the mice showed significantly prolonged survival. These changes 

were linked with the methylation mark on H3R8me2a. Although there are limited studies investigating 

PRMT2 in GBM, it is clear that PRMT2 contributes to the pathogenesis of GBM, most likely through 

promoting cell stemness. 

1.3.3) PRMT5 in Glioblastoma 

PRMT5 has been shown to be expressed and active in normal neuronal cells and has a role in neuronal 

stem cell proliferation (Han et al., 2014, Chittka et al., 2010, Chittka et al., 2012). When dysregulated, 

it thus has the potential to cause uncontrolled cell growth in such cell types.  

PRMT5 has been shown to be overexpressed in numerous GBM cell lines when compared to those 

originating from normal brain tissue (Yan et al., 2014a). More importantly, a significant increase in 

expression of PRMT5 was observed in grade III and IV astrocytoma patients when compared with 

normal or grade I and II brain tissue by IHC. This expression was localised to the nucleus. PRMT5 mRNA 

was not found to be differentially expressed however, meaning dysregulation of the proteins 

expressions occurs at the level of translation, most likely by micro-RNAs. This observation has also 

been made by other groups through the immunofluorescence and IHC (Han et al., 2014).  

Braun et al. observed a loss of proliferation in U-87MG cells following treatment with the PRMT5 

specific inhibitor EPZ015666, indicating a dependency on PRMT5 activity (Braun et al., 2017). Cell cycle 
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profiling suggested this reduction in growth was due to activation of senescence as an upregulation 

of senescence associated markers and beta-galactosidase positive cells were seen accompanied by no 

increase in G2/M cells which would otherwise indicate activated p53 and apoptosis. 

Due to its role in neuronal stem cell proliferation, and the increasing significance of cancer stem cells, 

Banasavadi-Siddegowda et al. investigated the differential effects of PRMT5 silencing through pooled 

siRNA in stem-like and differentiated glioblastoma cells (Banasavadi-Siddegowda et al., 2017). Loss of 

PRMT5 caused a decrease in cell proliferation in only stem-like cells but did not cause in an increase 

in apoptosis. Following differentiation of the cells by prolonged incubation with serum-containing 

media, sensitivity to PRMT5 knock down was achieved. Cell cycle analysis by propidium iodide staining 

revealed a G1/S cell cycle arrest in only stem-like cells suggesting the apoptosis in differentiated GBM 

cells was cell cycle independent. An increase in senescence using the beta-gal assay was seen in stem-

like GBM cells which was supported by cell cycle arrest, decreased proliferation and increased cell 

size. Further investigation showed an increase in the activation of Akt and its upstream target PTEN 

following knock down of PRMT5 in stem-like GBM cells, contrasting with results from Han et al, where 

no increase in Akt activation following PRMT knock down by shRNA in U373MG cells. Proliferation of 

these cells was rescued following a combinational knock down of both PRMT5 and PTEN, indicating a 

role for PTEN in the induction of senescence in the absence of inhibition by PRMT5.  

Han et al. showed an increase in ERK1/2 signalling following knock down of PRMT5 through shRNA 

(Han et al., 2014). As over-activation of this pathway has previously been shown to cause cell death in 

GBM cells, Han et al. stipulated this mechanism may be regulated by PRMT5 in order to allow for 

tumour growth. More indirect evidence of the relevance of PRMT5 in GBM includes the report that 

the long non-coding RNA, small nucleolar RNA host gene (SNHG16), has been found to be upregulated 

in glioma tissues, such as GBM. SNHG16 was shown to have oncogenic properties by “sponging” 

cellular miR-4518, a known regulator of PRMT5 expression (Lu et al., 2018).  

Work by Mongiardi et al. has suggested a role for N-Myc in the tumorigenic nature of PRMT5 in GBM 

(Mongiardi et al., 2015). Expression of the Omomyc protein, an effective inhibitor of specific N-Myc 

interactions, correlated with a decreased prevalence of the H4R3me2 histone mark, a post 

translational modification dependent upon PRMT5, in both U-87MG and patient derived cells. 

Inhibition of N-Myc, as expected, resulted in a loss of expression of its target proteins, cad and cyclin 

D1. Their expression returned, however, through the knock down of the PRMT5 associated protein 

CORP50. These findings are supported by the known stabilising interactions between N-Myc and 

PRMT5 (Park et al., 2015). Further investigations suggested a role for PRMT1 in these interactions, and 

it was found that N-Myc was both symmetrically and asymmetrically demethylated and that these 
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modifications were required for its activity and turnover, respectively (Favia et al., 2019). PRMT5 has 

also been associated with Myc-driven primary medulloblastoma tumours (Chaturvedi et al., 2019). 

This group has shown that PRMT5 is overexpressed in these tumours, compared to normal tissue, and 

that PRMT5 expression inversely correlated with survival. Knocking down PRMT5 in Myc-driven 

medulloblastoma cells led to a significant inhibition of cell growth (Chaturvedi et al., 2019). 

Finally, a paper by Holmes and colleagues explored possible synergies between PRMT5 inhibition and 

other treatments in glioblastoma (Holmes et al. 2019). This is an important issue, because it is unlikely 

that any novel treatment will be introduced to neuro-oncology clinics unless it has been investigated 

in combination with the standard of care. Although combinations of PRMT inhibitors and TMZ have 

not yet been fully investigated, the paper by Holmes et al. sheds light on a different class of inhibitors 

that has also been explored for GBM treatment through clinical trials, that is, mammalian target of 

rapamycin (mTOR) inhibitors. They found that PRMT5 activity was stimulated by mTOR inhibitors, 

which could explain resistance to mTOR inhibition, and that the concurrent inhibition of PRMT5 and 

mTOR pathways led to synergistic anti-proliferative effects both in GBM cell lines and in a xenograft 

model (Holmes et al. 2019). 

To summarise, PRMT5 is expressed at greater levels in both GBM cell lines and patient tissue and 

PRMT5 expression correlates with disease stage. Similar to PRMT2, PRMT5 activity in GBM cells has 

been linked to cell stemness and tumour cell ability to self-renew. A number of mechanisms have been 

suggested for this activity including through the regulation of PTEN and Akt signalling as well as Myc 

and ERK1/2 signalling. 

1.3.4) PRMT8 in Glioblastoma 

In contrast to other PRMTs, PRMT8 was found to have a reduced transcript expression in GBM patient 

tissue when compared with normal, suggesting it may be down regulated during tumour development 

(Simandi et al., 2015). This decrease in expression was accompanied by a significant increase in the 

expression of genes CXCR4 and EFEMP1. Silencing of PRMT8 in embryonic stem cell derived neurons, 

through the use of shRNA, causes a differential expression pattern in genes including CXCR4 and 

EFEMP1. These genes are also known to be implicated in Glioma (Idbaih et al., 2008). CXCR4 has been 

shown to have a role in GBM proliferation and invasiveness, most likely through activation of the 

MAPK or PI3K/Akt pathways (Barbero et al., 2003, Ehtesham et al., 2006)). CXCR4 has also been 

implicated in the resistance to TMZ treatment (Wang et al., 2020b) and glioma stemness (Calinescu et 

al., 2017). EFEMP1 on the other hand has been shown to a tumour suppressor gene with roles in 

EGFR/AKT-mediated growth signalling the reduction of MMP activity (Hu et al., 2014). 
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Knock down of a previously unknown PRMT8 transcript variant, names PRMT8 variant 2, was shown 

to reduce proliferation of the GBM cell line U-87MG (Hernandez & Dominko 2016). This variant of 

PRMT8 shows nuclear localisation, due to the loss of the myristoylation motif in the N-terminal 

domain, so most likely acts through epigenetic regulation of gene expression (Hernandez, et al., 2017). 

However, a similar loss in proliferation was also observed in nontumorigenic cells. 

In conclusion, PRMT8 does not seem to play a role in the pathogenesis of GBM and is, in fact, 

associated with a better patient prognosis, although the significance of this is still unclear. However, 

upon nuclear localisation through the loss of its myristoylation motif, PRMT8 appears to have a switch 

in molecular targets, which confers a tumorigenic phenotype, most likely similar to PRMT1. 

1.4) Hypothesis and Aims 

PRMTs present a novel target for GBM treatment due to their ability to augment a vast variety of 

cellular processes including growth factor signalling, DNA damage repair and proliferation, that has 

resulted in their increased expression in GBM tumour cells. Here, the overarching hypothesis is 

therefore that GBM cells are dependent on PRMT expression, and their inhibition, as demonstrated 

by other groups (Wang et al., 2012c, Dong et al., 2018, Braun et al., 2017), will result in cell death or 

reduced proliferation.  

Investigation of such novel treatments in classic cell culture models is limited by the lack of 

representation of interactive systems and the tumour microenvironment. For this reason, the central 

aims of this thesis are 1) to investigate a novel GBM-on-chip model for maintenance of GBM patient 

samples in microfluidic devices and 2) to determine the efficacy of PRMT inhibitors as for GBM 

treatment on-chip.  
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Chapter 2 – General Materials and Methods 

2.1) Cell Culture 

2.1.1) Cell Line Model  

U-87MG cells were acquired from colleagues at the University of Hull. Cells were incubated with 

DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% (v/v) Foetal bovine serum (FBS) 

(Sigma) and 1X antibiotic/antimycotic solution (100 units/mL penicillin 0.1 mg/mL streptomycin, 0.25 

µg/mL amphotericin B (Sigma) at 37˚C at 5% Carbon Dioxide (CO2) and passaged every 3-4 days once 

they had reached roughly 75% confluency. To passage, cells were washed with warm 10/20 mL 

Phosphate buffered saline (PBS) (1.34 M NaCl, 26.8 mM KCl, 101.4 mM Na2HPO4, 13.7 mM K2PO4) and 

detached by incubation with 2 mL of warm Trypsin-EDTA solution (Sigma) at 37˚C for 5 mins. DMEM 

growth medium was then added to make 10 mL and 1/5 of the volume transferred to a 15 mL 

centrifuge tube and centrifuged at 250 g for 5 min. The supernatant was then discarded, and cell pellet 

resuspended in appropriate volume of DMEM medium and transferred to a new T25/75/175 flask.  

2.1.2) Microfluidic Model 

2.1.2.1) Patient Samples 

Patients at the Hull Royal Infirmary suspected to have a high-grade astrocytoma were given an 

information sheet and the project explained to them by Mr Srihari Deepak, a registrar at the Neuro-

oncology Department of the Hull Royal Infirmary and collaborator of this project. They were then 

asked to sign the consent form. Ethics approval was provided by the Integrated Research Application 

System (IRAS) with the chief investigator being Prof John Greenman and NHS contact being Shailendra 

Achawal (Project ID: 131630, LREC ethics code: 13/YH/0238). 

During surgical resection, tissue that was not needed for pathology and further diagnosis, was placed 

in a 15 mL centrifuge tube containing DMEM medium at room temperature and given to either myself 

or Srihari Deepak. This sample varied greatly in size which ranged from 0.25 g to 2.5 g. The tube was 

then stored in a tissue transportation box and transported via a taxi to the university. This journey 

took between 20 and 45 minutes.   

2.1.2.2) Microfluidic Device 

The microfluidic devices (Figure 2.1), made of polymethyl methacrylate (PMMA), were laser cut in 

house, as 3 individual pieces which were then bonded together using chloroform (Akhil et al., 2016). 

During this process, small amounts of chloroform are pipetted onto each section of the unassembled 

chip, dissolving the exposed areas of PMMA. These sections are then held together and the dissolved 

PMMA hardens as one following evaporation of the chloroform liquid. The tubing used is 1/32” Tygon 
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Silicon material (Coleparmer) which are connected to the device via female/male elbow luer connects 

(Ibidi). 

 

 

Figure 2.1: The miniature chip used in microfluidic experiments. (A)Photograph of the microfluidic 
device used in patient sample incubations (B) schematic of the microfluidic device:  1- female connector 
2- inlet tubing 3- male connector 4- inlet chamber 5- perforated chamber 6- outlet chamber 8- outlet 
tubing 9- tissue sample (C) 3D rendering of the microfluidic device including measurements.  

2.1.2.3) Workflow 

During surgery, some of the resected tumour is transported to laboratory and cut into multiple slices. 

Most of these slices are incubated on chip and then processed for various different techniques in order 

to quantify differences in cell proliferation, cell death, metabolic capacity, gene expression and protein 

expression (Figure 2.2). A slice was also reserved for baseline comparisons. 
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Figure 2.2: Schematic to demonstrate the workflow involved in the microfluidic experiments. The 
patient samples are sectioned and transferred to the microfluidic devices and connected to the syringes 
holding growing medium. For every patient sample, pre-chip sections are set aside and processed for 
either western blot, IHC, mass spectrometry, and/or RNA analysis, depending on the requirements of 
the experiment. The on-chip sections are perfused with growth medium containing different 
treatments and are also then processed for either western blot, IHC mass spectrometry, RNA analysis, 
and/or MTS assay. The effluent that flows over the incubated samples is also collected at intervals and 
processed for LDH assay. 

2.1.2.4) Pre-Sample Preparation 

All handling and preparation of tissue and equipment was carried out under sterile conditions in an 

Air Stream Esco class II hood. Prior to sample collection, the required number of syringes were filled 

with DMEM medium with the appropriate dilution of drug. The syringes were then connected to a 

filter and via the tubing, to the microfluidic device. Media was then pumped manually through the 

device until the tubing was filled and no bubbles were present. 

2.1.2.5) Sample Preparation  

Patient samples were sliced with two surgical blades on a 10 cm petri dish into multiple sections of 

equal size and their weight measured and recorded (average of 20 mg depending on mass of sample 

collected). The inlet tubing was removed, and sections were transferred to the inlet chamber of the 

microfluidic device with forceps. Any air space remaining in the inlet chamber was replaced with 

media, and the inlet tubing reconnected.  
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During this process, it was important to minimise the existence of gaseous bubbles within the syringes, 

tubing and device. To ensure this, all materials were maintained at 37˚C prior to sample collection and 

a filter was attached to the syringes (Figure 2.3). 

2.1.2.6) Sample Incubation  

The syringe, tubing, and device containing the patient sample was fitted into the Harvard pump (Figure 

2.3). The media was then perfused through the tissue at a rate of 3 µL per minute. The effluent initially 

collected after 3 hr and then at 24 hr intervals up to 168-244 hr. The effluent was stored at 4 °C until 

analysed. At the end of the incubation period, the samples are either processed for western blot, MTS 

assay, LDH assay, IHC and/or mass spectrometry. 

 

Figure 2.3: Photograph encompassing the main materials involved in the patient sample 
incubations. Includes syringes, filters, tubing, microfluidic devices and collection tubes. This set up is 
placed in a temperature-controlled incubator set to 37 °C using a heat mat. 

2.2) Western Blot 

2.2.1) Cell Lysis 

U-87MG cells were dislodged from either a T25/75/175 flask or 6-well plate using a cell scraper and 

collected into a 15 mL centrifuge tube alongside the media. The cells were centrifuged in a 15 mL tube 

for 5 min at 4˚C at 400 g and supernatant discarded. The cell pellet was resuspended in cold PBS and 

centrifuged for 5 min at 4˚C at 400 g and supernatant discarded. This washing step was then repeated. 

2.2.1.1) Cell lysis for analysis of 2D cell line model 

The cell pellet was resuspended in 1% NP40 + 1% Triton X-100 in PBS plus protease inhibitor cocktail 

(Pierce Protease Inhibitor Tablets (Thermo Fisher)) and incubated at 4˚C whilst rotated for 1 hour and 

centrifuged for 20 min at 4˚C at 16200 g and the supernatant transferred to a cold 1.5ml 

microcentrifuge tube, stored at -20˚C and pellet discarded. 

2.2.1.2) Cell lysis for analysis of spheroid cell line model 
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The cells were resuspended in 5% (w/v) sodium dodecyl sulphate (SDS), sonicated for 10 min on the 

Bioruptor (Diagenode) on the high setting with 30 second intervals and incubated at 4˚C for 15 

minutes, and allowed to reach room temperature to solubilise the SDS. Cells were then centrifuged 

for 20 min at 4˚C at 16200 g and supernatant transferred to a 1.5ml microcentrifuge tube and pellet 

discarded.  

2.2.1.3) Cell Lysis of Patient samples 

The samples were removed from the inlet chamber using forceps and transferred to a microcentrifuge 

tube and grinded with a plastic douncer in 300 µL 1 % (v/v) Triton X-100 in PBS for approximately 30 

strokes. Once homogenous, 100 µL was stored at 4°C for use in the LDH assay (section 2.5) and 200 

µL was processed for western blotting as follows.  

2.2.2) Protein Determination and Protein Reduction 

To allow for even loading of protein lysates, the concentration of protein in each sample was 

determined using the Pierce BCA Protein Assay kit (Thermo Fisher) according to manufacturer’s 

instructions. The absorbance of the samples was measured at 595 nm using the BioTek™ ELx800™ 

absorbance microplate reader. The absorbance of Bovine Serum Albumin (BSA) standards were 

plotted against protein concentration to produce a standard curve from which an equation was used 

to calculate the protein concentrations of samples. Volumes equivalent to 10-40 µg of protein for each 

lysate were then aliquoted into new tubes and more lysis buffer added to make a total volume the 

same for each sample. The lysates were then incubated with appropriate volume of x4 SDS buffer 

(40% (v/v) Glycerol, 8% (v/v) SDS, 10% (v/v) Beta-Mercaptoethanol, TBS (20 mM Tris-base, 1.5 M NaCl, 

pH 7.6)) at 100 ˚C for 5 min. 

2.2.3) SDS-PAGE and Western Transfer 

Acrylamide gels were prepared at 12% (Tris, 0.1% (v/v) SDS/ 12% (v/v) acrylamide/ 

tetramethylethylenediamine (TEMED)/ammonium persulfate (APS)) and placed in a running buffer 

(0.1% (v/v) SDS, 50 mM Tris-base, 0.4 M Glycine). 

10-40 μg of lysates were loaded into wells and resolved through the gel at 80 V for 2 hr at room 

temperature using the Mini-PROTEAN Tetra Cell (Bio-Rad). Proteins were then transferred to a 

nitrocellulose membrane (GE Healthcare) through a transfer buffer (20 mM Tris-base, 0.15 M Glycine, 

0.1 % (v/v) SDS (in 20% methanol in distilled water) for 2 hr at 100 V on ice using the Mini Trans-Blot® 

Cell (Bio-Rad). Membranes were retrieved and proteins revealed by incubation with Ponceau S for 5 

min. Ponceau S was removed by washing with TBST (1x TBS + 0.1% (v/v) Tween). Membranes were 

blocked in 5% (w/v) milk in TBST for 1 hr at room temperature and incubated in primary antibody 

overnight at 4 ˚C according to the dilutions in Table 2.1. 
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Table 2.1: Primary and secondary antibodies used in this study with species, dilution, company 
purchased from and catalogue numbers. 

Target Host species Dilution Source Catalogue 

Number 

Primary 

GAPDH Mouse 1/5000 Cell Signalling 

Technologies 

97166 

Actin- HRP 

conjugated 

Rabbit 1/1000 Cell Signalling 

Technologies 

12620S 

PRMT1 Rabbit 1/1000 Abcam Ab73246 

PRMT2 Rabbit 1/1000 Abcam Ab66763 

PRMT3 Rabbit 1/1000 Abcam Ab191562 

PRMT4 Rabbit 1/1000 Abcam Ab50214 

PRMT5 Rabbit 1/1000 Abcam Ab109451 

PRMT6 Rabbit 1/1000 Abcam Ab190902 

PRMT7 Rabbit 1/1000 Abcam Ab22110 

PRMT8 Mouse 1/1000 Abcam Ab168134 

PRMT9 Rabbit 1/1000 Abcam Ab122374 

ADMA Rabbit 1/1000 Cell Signalling 

Technologies 

13522S 

SDMA Rabbit 1/1000 Cell Signalling 

Technologies 

13222S 

MMA Rabbit 1/1000 Cell Signalling 

Technologies 

8015S 

Acetyl-Lysine Rabbit 1/1000 Cell Signalling 

Technologies 

9441S 

Secondary 

Mouse Goat 1/3000 Dako P0161 

Rabbit Goat 1/5000 Dako P0448 

 

Membranes were then washed twice in TBST for 10 min and TBS once for 10 min and incubated with 

the corresponding HRP conjugated-secondary antibody for 1 hr at room temperature according to the 

dilutions in Table 2.1. Membranes were washed as above. 1 mL of Enhance Chemiluminescence (ECL) 

was added to each membrane and proteins were visualised using the ChemiDoc machine (Bio-Rad).  
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2.3) MTS Assay 

2.3.1) MTS Assay Concept 

The MTS assay is a substitute for a cell proliferation assay and is often used to investigate the action 

of anti-tumour drugs in cancer cell lines (Primon et al., 2013). The assay utilises the cell’s metabolic 

ability to convert a tetrazolium salt into a formazan salt using nicotinamide adenine dinucleotide + 

hydrogen (NADH), a reaction which is detectable by a change of colour from yellow to red. 

2.3.2) Monolayer cell Line model 

The MTS reagent (Abcam) was added to the cells at 10% (v/v) concentration and incubated for 3 hr. 

Three wells containing only media and the MTS reagent were used as blanks. Absorbance was read at 

490 nm using the BioTek™ ELx800™ absorbance microplate reader, with correction reading at 680 nm. 

This correction removes any alterations to absorbance values caused by plate variation and surface 

marks. The average blank absorbance value was subtracted from each sample absorbance value, the 

average absorbance calculated amongst biological replicates, and the resulting values normalised 

against a non-treated control when applicable.  This normalisation was done by dividing each average 

by the control, including itself. 

2.3.3) Spheroid cell Line model 

The MTS reagent was added to the cells at 10% (v/v) concentration and incubated for 3 hr. Following 

incubation, the plates were shaken to evenly distribute the MTS product in the wells. Then, 80 µL was 

transferred to a clean flat bottomed 96-well plate, as to not have interference from the agarose or 

well curvature.  The procedure was then carried out as in section 2.3.2.  

2.3.4) Microfluidic model 

Following incubation, samples were transferred with forceps into a well of a 96 well plate containing 

100 µL of media. The media used was taken from the remainders in the syringes. 10 µL of MTS reagent 

was added to each well and incubated for 6 hr at 37 °C. Like the spheroid model, following incubation, 

the plates were shaken to evenly distribute the MTS product in the wells. Then, 80 µL was transferred 

to a clean flat bottomed 96-well plate. The procedure was then carried out as in section 2.3.2.  

2.4) LDH Assay of Patient Samples 

The Lactate Dehydrogenase (LDH) assay works by a similar mechanism to the MTS assay previously 

explained, however, it does not depend on the ongoing metabolic activity of the cells. Included in the 

reagents used, are all the components required for the reaction (Figure 2.4) to take place, excluding 

LDH. This means LDH is the limiting factor of this process, and therefore the production of the coloured 

formazan salt is dependent upon the LDH present in the effluent. 
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Figure 2.4: The mechanistic action of the LDH assay. LDH that is released into the effluent converts 
lactate into pyruvate, producing NADH + H+ as an additional product. This is then used by the catalyst 
to convert a tetrazolium salt into a formazan salt.  

LDH assays were carried out using the Cytotoxicity Detection KitPLUS (Roche). The patient samples 

were removed from the inlet chamber using forceps and transferred to a microcentrifuge tube and 

grinded with a plastic douncer in 300 µL 1 % (v/v) Triton X-100 until homogenous. 100 µL was stored 

at 4°C for use in the LDH assay and 200 µL was processed for western blotting. 

A serial dilution of LDH was first prepared and plated onto a 96 well plate in triplicate, starting from 1 

Unit of LDH to 0.002 Units. The lysed samples and effluent samples were transferred onto the plate 

by adding 50 µL of each sample in triplicate. 50 µL of DMEM media was also added to the plate to act 

as a background control. 50 µL of the reaction mixture (Diaphorase/NAD+ 

mixture/Iodonitrotetrazolium and sodium lactate) was added to each well and the plate was 

incubated at 37°C for 30 minutes in the dark. 25 µL of stop solution (1M Hydrochloric acid (HCl)) was 

added and then plate was read at 490 nm with a correction of 680 nm using a spectrophotometer. 

Actual LDH concentration would then have been calculated in the samples by using the equation of 

the line of an LDH standard curve produced by a dilution series of known LDH concentrations. 

However, neither a linear or logarithmic relationship was produced, and so calculations made from a 

line of best fit would not have been accurate (Figure 2.5). Therefore, absorbance at 490 nm has been 

substituted for a marker of cell death, rather than an actual LDH concentration. 
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Figure 2.5: A standard curve of LDH standard vs absorbance used to quantify the LDH concentration 
in the effluent and lysed samples. Here, a logarithmic model is used to fit the data (y = 0.4224ln(x) + 
2.1782). However, multiple points do not fit this model. N=15.  

2.5) Immunohistochemistry of patient samples 

2.5.1) Immunohistochemistry Staining Introduction 

IHC can be utilised to quantify various cellular processes within tissue samples such as proliferation, 

apoptosis and senescence. The tissue is incubated with antibody specific against markers of these 

particular pathways.  

Ki-67 is a marker of proliferation widely used in IHC and is especially useful in cancer cell activity. It is 

expressed at the protein level in all stages of the cells cycle, apart from G0, when the cells are in a 

quiescent state (Gerdes et al., 1984).  Because of this, it is possible to quantify and compare the rate 

of proliferation of tissue by calculating the proportion of positively stained nuclei (Ki-67 index) (Zeng 

et al., 2015). 

2.5.2) Sample Preparation 

2.5.2.1) Samples prior to SD0033 

Samples were removed from the inlet chamber with forceps and transferred to a microcentrifuge tube 

and fixed in 4% (v/v) paraformaldehyde for 2 hr at 4 °C. The sample was then incubated in 30% (w/v) 

sucrose for 24 hr at 4 °C and then placed on a piece of cork and frozen in optimal cutting temperature 

(OCT) (Agar Scientific) medium at -80 °C until ready for cryosectioning. Sucrose acts as cryo-protection 

by dehydrating the sample and reducing freezing damage caused by ice crystal formation, a 
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methodology currently utilised in GBM IHC (Dodd et al., 1986, Gao et al., 2019a). During 

cryosectioning, samples were cut into 10 µM thick slices and placed onto poly-L-lysine (Sigma) treated 

microscope slides and stored at -20 °C.  

2.5.2.1) Samples from SD0033 

For later samples (SD0033, SD0034, & SD0035) an alternative protocol was utilised to prepare the 

tissue for IHC. This minimised freezing artefacts by speeding up the freezing process. For these 

samples, an aluminium beaker was filled three quarters with 2-Methylbutane (Sigma) and placed into 

a dewar containing liquid nitrogen. The tissue was acclimatised in OCT for 10 minutes and placed into 

a cryomold (Agar Scientific) containing fresh OCT. The mould was then lowered into the cold methyl-

butane until a small area of OCT (around 1 mm) remained unfrozen, to prevent cracking of the sample. 

The samples were then immediately transferred to a -80 °C freezer. 

2.5.3) Slide Processing 

2.5.3.1) Initial Steps for Samples prior to SD0033 

Slides were rehydrated in increasing grades of alcohol and boiled in antigen retrieval buffer (10 mM 

Citric acid pH 6) for 20 minutes in a 700 W domestic microwave.  

2.5.3.2) Initial Steps for Samples from SD0033 

As samples SD0033-36 were not fixed prior to freezing, they required fixing before staining and this 

was done by incubating in cold 100% methanol for 15 minutes. However, these samples did not 

require rehydration or antigen retrieval.  

2.5.3.4) Following Steps for all Samples 

The Vector stain Elite Kit (Sigma) and the Vector block kit (Sigma) were used to prepare and probe the 

slides (Carr et al., 2014). The slides were rinsed in running water before endogenous peroxidase 

activity was blocked with 3% (v/v) H2O2 in methanol for 15 minutes. Following another rinse with 

water, slides were assembled into sequenza racks and washed 3 times with TBS. The slides were 

blocked for non-specific binding by incubating with normal horse serum provided with the Vector stain 

Elite kit for 15 minutes. Non-specific binding was further blocked by incubation with Avidin and Biotin 

solutions, with three TBS washes in between. Slides were incubated with primary antibody (Table 2.2) 

overnight at 4 °C or for 1 hr at room temperature and washed three times in TBS. 

Table 2.2: The primary antibodies utilised in immunohistochemical staining of GBM samples.  

Target Host Species Dilution Source Catalogue number 

Ki-67 Mouse 1/200 Dako M7240 
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Slides were then incubated with secondary antibody for 30 minutes (included the Vector stain Elite Kit 

- biotinylated horse anti-mouse/rabbit IgG). A mixture of Avidin and Biotinylated HRP was added for 

30 minutes, and slides washed three times in TBS. Slides were incubated with 3,3′-Diaminobenzidine 

(DAB) and H2O2 for 5 minutes and rinsed with water. Slides were counterstained with Harris 

haematoxylin for 20 seconds and rinsed with water. The samples were dehydrated in increasing grades 

of ethanol and mounted onto coverslips using histomount (Scientific Laboratory Supplies). 

2.5.4) Immunohistochemistry Quantification 

Brightfield photos of the slides were taken on an Olympus microscope at x40 magnification. Photos 

were then processed in Cell Profiler 4.0.6. and the number of DAB stained cells (Ki-67 positive) and 

total cells (haematoxylin-stained) were automatically counted. Approximately 24 images were taken 

per microscope slide, with 3 microscope slides per biopsy slice. Images were taken across the entire 

section, moving the microscope platform horizontally in alternating fashion and fields chosen at 

random. All images for one tissue treatment were inputted into Cell Profiler and the pipeline run, with 

data exported to a spreadsheet. The number of positive cells was divided by the total number of cells 

to give the Ki-67 index (Figure 2.6). 

Total positive cell counts per sample  

     Total cell counts per sample 

Figure 2.6: The calculation of Ki-67 index. 

The Cell Profiler pipeline, developed by my colleague Antionia Barry, is depicted in Figure 2.7. The Cell 

Profiler pipeline was validated using images from sample SD0032, which had been DAB stained for Ki-

67 protein positivity. The ‘Unmix Colours’ module transforms the coloured images into greyscale, 

allowing the ‘IdentifyPrimaryObjects’ modules to distinguish cell borders. Diameter range of the cells 

was determined using the scale bar included in the Olympus microscope images. The ‘threshold 

strategy’ was set to global, which calculates a single threshold value based on the unmasked pixels of 

the input image and ‘threshold method’ was set to Otsu, with three class thresholding. This separates 

the cell gradient into three-pixel intensities, of which the middle intensity is set to background. In this 

way, the ‘Identify ObjectIntensity’ module will only count the brightest intensity as a cell and will 

eliminate any background noise. Cell objects were distinguished by shape, as intensity tended to differ 

due to the quality of tissue staining and the changes to the threshold correction factor were able to 

overcome some object distinctions. For positive cells, the smoothing filter was set manually to 15, to 

aid in the distinction of positive cells between clumped objects. Suppression of local maxima at a pixel 

distance of 30 was found to most effectively separate clumped objects, by disregarding any high 

intensity pixels within a 30-pixel distance between two individual objects. For total cells, the pipeline 

= Ki-67 Index 
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to was set to automatically calculate the ideal smoothing filter and distance between local maxima, 

based upon the typical object diameter. This is because there is more variation between object 

diameter for total cells.   

Parameters to identify the cells were refined in ‘Test Mode’, modifying the threshold correction factor 

and the lower and upper bounds on the threshold of the module ‘IdentifyPrimaryImages’, to account 

for differences in staining and tissue characteristics. All other parameters were kept the same, with 

the exception of the option to fill in the holes within identified objects, which was done after both 

thresholding and declumping for total cell count (module indicated by red arrow, Figure 2.7) and after 

declumping only for positive cell counts (module indicated by green arrow). This is because the 

pipeline tended to disregard lower intensity, positive cells when the threshold correction factor was 

increased, which was necessary to eliminate some high intensity negative cells from being included in 

the positive cell count. The ‘OverlayImages’ module (indicated by purple arrow) produced alternately 

coloured outlines around each object it had identified as a cell and saved this image. These images 

were then reviewed manually, and any incorrect object designations reassigned before calculating 

positive protein index. 
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Figure 2.7: The cell profiler pipeline (A) Cell Profiler 4.6.0 pipeline for automated IHC-image cell 
counting and (B) IdentifyPrimaryObjects module for positive cell counting. Red arrow indicates the 
module in which parameters were changed to determine total cell counts. Green arrow indicates the 
module in which parameters were changed to determine positive cell counts. Purple arrow indicates 
the module which set outlines over the processed images. 

For the SD0032 validation image sets, these counts were compared with manual cell counts and 

percentage error and standard deviation calculated for Ki-67 index, per sample. For all samples, 

percentage error for total sample Ki-67 index was calculated to be under 5% for both positive and 

total cell counts, and standard deviation was <0.01. Manual object reassignment was still performed 

for each slide, due to some of the validation images having a higher percentage error than the average 

– however, this is to be expected in many cases due to the lower numbers of positive cells. 
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Figure 2.8: Ki-67 of control and treat patient biopsies measured both manually and through the Cell 
Profiler pipeline. Error bars represent standard deviation between two biopsy slices ran in parallel. 
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Chapter 3 – Investigating Arginine Methylation in GBM Using 2D 

and 3D Cell Models 

Results in this chapter have been published in Proteomes  

Samuel, S. F., Marsden, A. J., Deepak, S., Rivero, F., Greenman, J., & Beltran-Alvarez, P. (2018). 

Inhibiting Arginine Methylation as a Tool to Investigate Cross-Talk with Methylation and Acetylation 

Post-Translational Modifications in a Glioblastoma Cell Line. Proteomes, 6(4), 44.  

3.1) Introduction 

3.1.1) PRMT Inhibition as a GBM Treatment  

PRMTs are involved in numerous cellular processes, such as those linked to tumorigenesis, including 

proliferation and DNA repair. Certain PRMTs, including PRMT1, PRMT2 and PRMT5 have been found 

to be upregulated in GBM. This increase in expression of PRMTs results in a dependency upon the 

enzymes which can possibly be exploited as a new therapeutic option.   

A number of PRMT inhibiting drugs are commercially available with varying specificities. These include 

the broad acting inhibitor AMI-1, that inhibits all PRMTs excluding PRMT5; GSK591, a PRMT5 specific 

inhibitor; MS023, a type I PRMT inhibitor; and Furamidine, a PRMT1 inhibitor. The bioavailability of 

some PRMT inhibitors has been investigated, with GSK591 and LLY-283 being able to cross the BBB, 

as demonstrated by either an anti-tumour effects in xenograft models (Chan-Penebre et al., 2015), or 

direct measurement of the drug in brain samples (Sachamitr et al., 2021). 

Interactions between ArgMe and other PTMs are becoming more apparent and have been 

demonstrated predominantly in the form of genetic regulation through histone modifications 

(Guccione and Richard 2019). Similar forms of interactions exist which involve non-histone proteins, 

including the methylation of apoptosis signal-regulating kinase 1 (AKS1) at R89, that interacts with S83 

phosphorylation by Akt (Chen et al. 2016). The relevance of this interplay in the development of cancer 

is becoming more and more apparent and has been shown to play a role in breast and lung cancer 

(Hsu et al., 2011, Liu et al., 2020). Certain PTMs have been implicated in GBM progression, including 

PRMTs, as previously stated, and lysine acetylation (Panicker et al., 2010). Possible interplay amongst 

these enzymes were therefore investigated through the inhibition of PRMTs. 

3.1.2) Aims and Objectives 

The objectives of the experiments in this chapter are: 

• To determine whether PRMT -1 to -9 are expressed in the GBM cell line U-87MG using western 

blotting.  
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• To evaluate efficacy of PRMT inhibiting drugs on the GBM cell line U-87MG in a 2D monolayer 

model and in a 3D spheroid model using an MTS assay. 

• To confirm drug specificity and explore cross-talk between inhibition of ArgMe and other 

PTMs using western blotting of treated U-87MG samples.  

3.2) Materials and Methods 

3.2.1) Cell Plating 

For MTS assay experiments, U-87MG cells were plated in triplicate in a flat bottomed 96 well plate at 

2000 cells/well in 100 µL growing medium and allowed to settle for 24 hr. For spheroids, U-87MG cells 

were plated at 20,000 cells/well in 100 µL in a round bottomed 96 well plate onto 100 µL of 1.5% (w/v) 

agarose in PBS and incubated for 72 hr prior to treatment. During this time, the cells came together 

to form a spheroid shape, approximately 500 µM in diameter. The high cell number allowed for an 

earlier formation of larger spheroids. 

For western blotting experiments, U-87MG cells were plated in duplicate on a six well plate at 250,000 

cells/well in 1 mL and allowed to settle for 24 hr. For spheroids, U-87MG cells were prepared as above. 

3.2.2) Drug Treatment 

For serial dilution treatments (3.3.2), a serial dilution of GSK591 (Sigma) and Furamidine (Tocris 

Bioscience) was prepared at double concentration (12.5-200 µM) in a 6-well plate. For each 

concentration, 100 µL was then added to the cells (already containing 100 µL medium) to make final 

concentrations of 6.25-100 µM; cells were then incubated for 48 hr.  

For time course treatments (3.3.3-6) drug dilutions of GSK591 (Tocris Bioscience), AMI-1 (Sigma), 

MS023 (Tocris Bioscience) and Furamidine (Tocris Bioscience) were prepared at double the desired 

concentrations and 100 µL added to the cells to give a final concentration of 100 µM in 200 µL. Cells 

were incubated for 72, 96 and 144 hr.  

 

3.3) Results 

3.3.1) Expression of PRMT1, 2, 3, 4, 5, 6, 7, 8, and 9 found in U-87MG cell line 

The first aim of this project was to determine the expression of the currently known PRMTs (PRMT1-

9) in the GBM cell line U-87MG. PRMT1, PRMT2, PRMT3, PRMT5, PRMT6, PRMT7, PRMT8 and PRMT9 

were found to be expressed by U-87MG cells as determined by western blotting (Figure 3.1) with the 

majority of bands appearing at the correct molecular weight. PRMT4 could not be detected but this 

was not confirmed with further antibodies. PRMT8 and PRMT9 antibodies detected bands 10 kDa 
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higher and 15 kDa lower, respectively. There are two PRMT9 isoforms produced by alternate splicing, 

this second isoform is 82 kDa (Q6P2P2-2) and so is likely to be responsible for the band recognised 

here. PRMT8 on the other hand does not have any currently known isoforms approximately 60 kDa in 

weight. The observed weight of PRMT8 could be due to modifications such as methylation (Dillon et 

al., 2016) and myristoylation (Sayegh et al., 2007). Other bands can also be seen for other PRMTs, 

including PRMT1. These are either isoforms of different molecular weights or non-specific binding. 

 

Figure 3.1: Expression of PRMT1-9, excluding PRMT4 in U-87MG cell line. U-87MG cells were 
harvested from 75 cm² culture flasks and processed for western blotting according to section 2.2. 
Expected molecular weight: PRMT1- 42 kDa, PRMT2- 46 kDa, PRMT3- 60 kDa, PRMT5- 73 kDa, PRMT6- 
42 kDa, PRMT7- 78 kDa, PRMT8- 45 kDa, PRMT9- 94 kDa. Multiple bands can be seen in all samples 
which are most likely due to the various isoforms of each PRMT and unspecific binding. The blots shown 
are representative of 2 independent experiments (N=2).  

3.3.2) Determining sensitivity of U-87MG cells to type I and type II PRMT inhibitors 

As the majority of PRMTs were found to be expressed in U-87MG cells, these cells could be used to 

investigate treatment with PRMT inhibiting drugs. The next aim of this project was to determine the 

efficacy of such PRMT inhibiting drugs by assessing cell viability following treatment, via an MTS assay.  

U-87MG cells, grown as a monolayer, were treated for 48 hr with a dilution set of Furamidine and 

GSK591, to establish concentrations that would be used for further treatments. Little to no effects 

were observed at lower concentrations (<50 µM). Although cell viability was not reduced to 50%, the 

most effective concentration, out of those tested, for Furamidine was 100 µM. GSK591 treatment did 

not cause any loss in cell viability, regardless of drug concentration (Figure 3.2). Previous studies using 

a similar analogue of GSK591, GSK3235025 or EPZ015666, had shown mild inhibition of cell 

proliferation in GBM cell lines at 10 µM, and so higher concentrations of drug were not tested here 

(Braun et al., 2017).  
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Figure 3.2: The effect of increasing concentrations of Furamidine and GSK591 on cell viability of U-
87MG cells. U-87MG cells were plated in triplicate at optimal density and treated with either GSK591 
or Furamidine for 48 hr at concentrations 6.25, 12.5, 25, 50 & 100 µM. Cell viability was determined 
by MTS assay. Error bars represent standard deviation. Statistical analysis by two-way ANOVA showed 
no significant decrease in cell viability for any dilution of GSK591 but significant decreases for 25, 50 
and 100 µM of Furamidine were observed compared with no drug. * p<0.05 *** p<0.005. N=4. 

3.3.3) The effect of PRMT inhibitors on U-87MG cell growth in both 2D and 3D spheroids  

Treatment of U-87MG cells with PRMT inhibitors resulted in a range of responses. In the 2D model 

(Figure 3.3), GSK591, AMI-1, and MS023 did not result in a significant loss in cell viability according to 

the MTS assay, despite a high concentration (100 µM) of drug being used. Furamidine treatment 

caused the greatest loss of cell viability, with a reduction of 80% at 96 hr.  

In order to improve the likeness of this model to the true tumour environment, the U-87MG cells were 

also grown on agarose gel to induce the formation of spheroids. These spheroids were then treated 

with PRMT inhibitors for 96, 120, and 144 hr. An increased incubation time was used to allow for 

penetration of the drug into the spheroid structures (Wang et al., 2013). A similar trend was observed, 

with little to no effect observed following treatment for all drugs, apart from Furamidine. Furamidine 

treatment (100 µM) caused a 30% reduction in cell viability; a less severe effect than that observed in 

the 2D model. 
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Figure 3.3: MTS assay on U-87MG cells shows a sensitivity to PRMT inhibition by treatment with 
Furamidine. U-87MG cells grown in either a monolayer or as spheroids treated with 100 µM of GSK591, 
AMI-1, MS023 and Furamidine for 48 and 72 hr or 96, 120 and 144 hr, respectively. A one sample 
students t-test was then carried out using percentage values to determine if changes in cell viability at 
different time points were statistically significant when compared to the expected value of 100. * 
p<0.05 ** p<0.01. Error bars show standard deviation. N=3. 
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3.3.4) Treatment with PRMT inhibiting drugs resulted in decreased Arginine Methylation 

in a 2D Model 

In order to confirm the efficiency of the PRMT inhibiting drugs in leading to decreased ArgMe activity, 

treated cells were lysed, processed for western blotting, and probed with antibodies specific for either 

symmetric or asymmetric dimethylation. As expected, treatment with GSK591, a PRMT5 inhibitor, 

caused a decrease in the symmetric dimethylation of arginine residues (Figure 3.4A, red box). Likewise, 

treatment with MS023, a type I PRMT inhibitor, resulted in a decrease in asymmetric dimethylation of 

arginine residues (Figure 3.4B, yellow box). Unexpectedly, MS023 caused a decrease in certain SDMA 

marks (Figure 3.4A, yellow box). This may be due to unspecific activity due to the high concentration 

of drug used. A new band at approximately 75 kDa was produced following MS023 treatment (Figure 

3.4A, yellow arrow), which will be discussed further.  

Treatment with Furamidine, a PRMT1 inhibitor, resulted in the loss of ADMA of a protein with the 

weight of 100 kDa (Figure 3.4B, blue box), but the increased ADMA of protein at the 55 kDa marker 

(Figure 3.4B, green box). Given that Furamidine inhibits only PRMT1, and that MS023 is a broader 

acting PRMT type I inhibitor, it can be argued that this increase in ADMA at the lower band protein 

following Furamidine treatment is due to compensatory mechanisms by other type I PRMTs.  

Furamidine is a diamidine compound and has an unusual crescent shape that is able to inhibit both 

the active site, and substrate binding site of PRMT1 simultaneously, a characteristic thought to provide 

its PRMT1 specificity (Yan et al., 2014).  

A broad acting PRMT inhibitor, AMI-1, was also used, and as expected, caused a decrease in both 

SDMA and ADMA marks (Figure 3.4A/B, orange box). 
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Figure 3.4: Inhibition of PRMTs in U-87MG cells results in the decrease in corresponding methylation 
marks. Cells were treated with no drug (control), GSK591, AMI-1, MS023 and Furamidine at 100 µM 
for 48 hr and processed for western blotting. 20 µg of protein was loaded into each well. GAPDH acts 
as loading control. N=2. Band densitometry carried out on Image J software (Appendix 1). 

3.3.5) Treatment with PRMT inhibiting drugs resulted in decreased Arginine Methylation 

in a Spheroid Model 

To study the effect of ArgMe in a 3D model, U-87MG cells were grown as spheroids before being 

treated with PRMT inhibitors. Like the monolayer model of U-87MG cells, inhibition of PRMT5 by 

GSK591 treatment caused a decrease in SDMA as shown through western blotting (Figure 3.5A, red 

box). GSK591 did however cause a reduction in ADMA marks (Figure 3.5B, red box). Inhibition of type 

I PRMTs by MS023 caused a decrease in ADMA (Figure 3.5B, yellow box), as expected, but also caused 

a decrease in SDMA marks (Figure 3.5A, yellow box). Similar to the 2D model, this may be due to the 

high concentration of drug used and resulting non-specific activity. AMI-1 was less effective in the 

spheroid model, with a minimal reduction in ADMA and SDMA marks (Figure 3.5A/B orange boxes).  

The effects of Furamidine treatment on the methylation of arginine residues was not conclusive, as 

the loading control, GADPH, was significantly decreased, suggesting denaturation of the sample.  
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Figure 3.5: Inhibition of PRMTs in U-87MG spheroids results in the decrease in corresponding 
methylation marks. Cells were grown as spheroids and treated with no drug, GSK591, AMI-1, MS023 
and Furamidine at 100 µM for 96 hr and processed for western blotting. 40 µg of protein was loaded 
into the wells. GAPDH acts as loading control. The blots shown are representative of 2 independent 
experiments (N=1). Band densitometry carried out on Image J software (Appendix 2). 

3.3.6) Treatment with Furamidine Results in Cross-talk with Acetyl Lysine Modifiers in 

U87-MG cells and Human Platelets 

The modification of proteins is a dynamic process that can involve multiple interacting mechanisms. 

For example, the expression of a gene is determined by the combination of PTMs on histone tails 

surrounding the promoter region, making up a “histone code”. ArgMe has been found to co-localise 

on cardiac associated proteins with other PTMs, including lysine acetylation (Onwuli et al., 2017). 

Methylation of Arginine residues has also been suggested to interfere with the acetylation of such 

surrounding lysine residues (Chen et al., 2014). 

The possible interactions between ArgMe and Lysine acetylation were therefore also investigated. 

Incubation with Furamidine resulted in loss of lysine acetylation of proteins of molecular weights of 

roughly 75 kDa and 10 kDa when investigated in U87-MG cells (Figure 3.6 A, red arrows). Furamidine 

was then used in human platelets as a further independent model, with consistent results (Figure 3.6 

B, red arrow). Platelets provide a unique model to investigate post translational modifications as they 

have limited protein turnover due to being anucleated cells (Malchow et al., 2017). Due to their short 

life-span, a much shorter 4 hr incubation had to be used. 

This loss of acetyl-lysine marks could have occurred due to a number of explanations. Firstly, 

Furamidine could act as a direct inhibitor of acetyl-lysine transferase (KAT), which has not been 

described, or there may be cross-talk activity present between PRMTs and KATs. Furamidine could 
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also  induce changes in gene expression, protein stability or localisation of KATs or deacetylases, all of 

which may result in the observed loss in acetyl-lysine marks. 

  

Figure 3.6: Inhibition of PRMTs in U87-MG cells and human platelets and the resulting changes in 
the acetyl-lysine modification. (A) U87-MG cells grown as a monolayer were treated with treated with 
no drug, GSK591, AMI-1, MS023 and Furamidine at 100 µM for 48 hr (B) Human platelets were 
incubated with and without Furamidine for 4 hr (N=4). Platelet experiments were carried out by Alistair 
Marsden.  

3.4) Discussion 

3.4.1) Expression of PRMT1-9 in U-87MG cell line 

PRMT1, PRMT2 and PRMT5 have been shown to be expressed at relatively high levels in GBM cells 

compared with cell lines representing healthy astrocytes (Mongiardi et al., 2015 Braun et al., 2017, 

Wang et al., 2012c, Yan et al., 2014). The protein expression of other PRMTs have previously not been 

described in GBM cell lines, and so western blotting was used to demonstrate the expression of all 

PRMTs, excluding PRMT4, in U-87MG cells.  

The Human Protein Atlas is a publicly available online database of protein and transcript expression 

data across numerous cell lines and patient samples. Data was available for the transcript expression 

of PRMTs1-9 (excluding PRMT8)  in U-87MG cells (The Human Protein Atlas). This data was used to 

verify the detection of PRMT4 in U-87MG cells in previous studies as no band was identified in this 

current experiment.  PRMT4 was found to be expressed at 49.2 transcripts per kilobase million (TPM) 
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with 1 TPM being a threshold of protein expression. PRMT4, however, could not be detected in this 

study using western blotting in U-87MG cells. PRMT4 has repeatedly been shown to be expressed in 

GBM patient samples and to correlate with patient survival, when analysed by microarray 

(Kappadakunnel et al., 2010, Dong et al., 2018). These previous studies refer to PRMT4 expression at 

the RNA level, suggesting there may be regulation of the transcript or protein that results in loss of 

PRMT4 protein expression, or that the antibody used here failed to detect the appropriate band. The 

latter may be the case as further antibodies were not tested and a positive control was not used.  

3.4.2) U-87MG cells sensitive to PRMT1 inhibition by Furamidine and not MS023 

To determine whether U-87MG cells were sensitive to PRMT inhibition, and therefore perhaps be 

dependent on its activity for proliferation, the cells were treated with a number of PRMT inhibiting 

drugs, and cell viability determined by MTS assay. Despite Furamidine and MS023 both being 

inhibitors of PRMT1, MTS assay revealed that the cells were sensitive only to Furamidine treatment. 

Western blotting also showed a mixed biological response in terms of SDMA, ADMA and acetyl lysine 

marks.  

A possibility as to why no effect was seen with MS023 treatment was that the incubation time was 

not sufficient. A study investigating PRMT inhibition and proliferation treated the GBM cell line, A-

172, with MS023 and then the rate of proliferation was determined by cell counting. Although they 

demonstrated a reduced cell count in treated samples, a significant difference in proliferation was 

only seen after 6 days of incubation in this monolayer culture model, with the greatest effect seen at 

8 days (Gao et al., 2019b). The treatments in the monolayer culture model carried out in this chapter 

were only up to 72 hr. It should be noted that although cell proliferation and cell viability are both 

indicators of drug efficacy, they are not interchangeable, and this may also be an explanation for these 

contradicting results. Cell proliferation describes the rate of division in a population of cells whereas 

cell viability refers to the ratio of living vs dead cells. The treatment of GBM spheroids may require 

further incubation time to allow for drug penetration.  

Differing cellular responses to these drugs may be due to their different specificities. Furamidine was 

found previously to have PRMT1 inhibiting effects with an IC50 of 9.4 µM (Yan et al., 2014), whereas 

MS023 has been shown to inhibit multiple PRMTs including PRMT1 (IC50 30 nM) (Eram et al., 2018, 

Yan et al., 2014). Its other activity includes against PRMT3 (IC50 119 nM), PRMT4 (IC50 83 nM), PRMT6 

(IC50 4 nM) and PRMT8 (IC50 5 nM). Although the original publication describing the activity of MS023 

could not identify any activity against PRMT2, a study has since demonstrated this by a decrease in 

the PRMT2 specific histone mark, H3R8me2a, following treatment with MS023 in hepatocellular 
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carcinoma cells (Hu et al., 2020). This difference in specificities would have influenced which PRMTs 

were responsible for the changes in cell proliferation. 

Furamidine has also previously been found to have an inhibitory effect on TDP1 (IC50 of approximately 

30 µM), an enzyme involved in the repair of both nuclear and mitochondrial DNA (Antony et al., 2007). 

This additional activity may have contributed to the different response seen in U-87MG cells, although 

studies have yet to find whether inhibition of TDP1 alone results in a lower rate of proliferation. 

However, TDP-1 has been found to act synergistically with topoisomerase inhibitors by preventing the 

repair of DNA damage (Zakharenko et al., 2019). An alternative explanation to the reduction in cell 

viability following Furamidine treatment may be the subsequent changes in SDMA and acetyl-lysine 

deposition, which are specific to Furamidine. Due to the lack of response in GSK591 treated cells, it 

may be more likely that changes in acetyl-lysine induce the changes in cell proliferation. This is also 

suggested by the fact that Furamidine has a higher IC50 for PRMT enzymes and should therefore 

require a longer incubation time to see effects, indicating the changes in proliferation seen here are 

due to the off-target effects of Furamidine. To eliminate the potential interference from TDP1 

inhibition, a lower dilution of Furamidine may be used, as the inhibitor has greater activity against 

PRMT1 (IC50 of 9.4 µM vs 30 µM). To further investigate the cause of proliferative changes, knock-

down experiments could also be conducted using siRNA’s against both PRMT1 and TDP1 to identify 

which protein is required for U-87MG cell growth, or if the mutual loss of both proteins is needed to 

reduce cellular proliferation.   

As well as changes in proliferation, it is important to consider other changes that may be taking place 

upon PRMT inhibition. The findings in this chapter show that inhibition of type I PRMTs with MS023 

did not result in a reduced proliferation of U-87MG cells when incubated for 48-72 hr in monolayer 

culture and 72-144 hr in a spheroid model. However, PRMT1 has been shown to play a role in the 

promotion of astrocyte differentiation (Honda et al., 2017) and is required for the activation of 

astrocytes in response to injury (Hashimoto et al., 2020). These effects will not be detectable with the 

MTS assay and thus, additional methods of determining cellular response to PRMT inhibition should 

be used, perhaps quantitative Polymerase Chain Reaction (qPCR) to detect changes in the expression 

of differentiation associated transcripts. 

Treatment with GSK591 failed to induce a reduction in proliferation according to the MTS assay. As 

mentioned earlier, a previous study demonstrated a reduction in proliferation with 10 µM of 

GSK3235025, an optimised compound produced from GSK591 (Duncan et al., 2016), in U-87MG when 

treated for 96 hr (Braun et al., 2016). In this study, cell proliferation was measured by the reduction 

in strength of a fluorescent dye in proliferating cells. Since this study, another group inhibited PRMT5 
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through GSK3235025 treatment for 48 hr in 3 GBM cell lines (LN229, LN18 and GBM39) but failed to 

show a reduction in cell viability when using the Cell Titer-Glo® luminescent cell assay (Holmes et al., 

2019). Similar to the MTS assay used in this chapter, the Cell Titer Glo assay determines the relative 

number of metabolically active cells. However, they were able to induce an effect when in 

combination with the mTOR inhibitor, PP242. Taken together, these studies suggest that to see an 

effect in GBM cells, a longer incubation time will be needed, or the drug should be used in combination 

with another inhibitor.  

Inhibition of PRMT5 through GSK591 has also been shown to reduce the formation of spheroid 

structures when incubated for 5 days in breast cancer cells (Chiang et al., 2017). In the experiments in 

this chapter, GBM spheroids were allowed to form for 3 days prior to drug treatment. However, 

inhibition of PRMT5 may have a greater effect on the early formation of these spheroid structures 

immediately following plating. In future experiments, GSK591 could be added during initial cell plating 

to determine if the spheroid formation is affected through measuring spheroid size and MTS assay. 

3.4.3) Inhibition of type I PRMTs by treatment with MS023 caused novel cross-talk events 

in both 2D and Spheroid Models 

When confirming drug activity by western blotting, it was revealed that inhibition of type I PRMTs by 

MS023 caused the increased symmetrical dimethylation of a protein at approximately 70 kDa. Due to 

the non-specific nature of MS023, it is unclear whether this cross-talk is between PRMT1, PRMT4, 

PRMT6, or PRMT8 and type II PRMTs. To investigate the possible identity of this methylated protein, 

or other proteins symmetrically demethylated as a result of MS023 treatment, mass spectrometry will 

be utilised in chapter 6. 

Since completing these studies, similar cross-talk events have been demonstrated by other groups in 

GBM cell lines but not yet in patient tissue (Gao et al., 2019b, Musiani et al., 2019, Fedoriw et al., 

2019). Fedoriw et al. found increases in MMA and SDMA marks, as seen by western blotting, following 

inhibition of PRMT1 by a small molecule inhibitor (GSK3368715). They were then able to reverse this 

increase in SDMA marks by the use of a PRMT5 inhibitor (GSK3203591, the inhibitor used in this 

chapter), but were not able to reverse the increase in MMA. This indicates that the increase in SDMA 

marks were a result of an increase PRMT5 activity, whereas the increase in MMA deposition was 

independent of PRMT5 activity. The increase in MMA marks may therefore be due to an increase in 

the activity of other type I and type II PRMTs. When used in isolation, the PRMT5 inhibitor did not 

cause any changes in ADMA, meaning the cross-talk events seen here are specific to type I PRMT loss. 

Gao et al. knocked down PRMT1 expression in mouse embryonic fibroblasts (MEF) cells by a Tamoxifen 

inducible system and detected increases in global MMA marks and increases in certain SDMA marks, 
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as seen by western blotting, including a band at roughly 70 kDa. They also used a PRMT5 specific 

inhibitor (EPZ015666) and like Fedoriw et al. (2019), did not see a change in ADMA marks. However, 

they demonstrated a reduction in MMA marks, contradicting the increase seen by Fedoriw and 

colleagues. Musiani et al. did not investigate the loss of PRMT1, however, they were able to 

demonstrate that loss of PRMT5 activity, by using GSK3203591, results in an increase in MMA marks 

as seen by mass spectrometry. These marks were at the same residues as the SDMA marks detected 

in control samples, suggesting that substrate scavenging was taking place.  

These studies have all shown that although loss of PRMT5 activity results in increases in ADMA, loss 

in PRMT1 does not cause an increase in SDMA marks. This may be due to the greater abundance of 

PRMT1 in cells compared with PRMT5. PRMT1 and PRMT5 share many target proteins and compete 

for such substrates, so it is logical to assume that loss in activity of either enzyme, will result in the 

increased deposition of marks associated with the other. However, the abundance of both enzymes 

should also be considered; PRMT1 is the most abundant PRMT in mammalian cells, whereas PRMT5 

has a much lower abundance (Tang et al., 2000). Loss of PRMT5 can therefore we compensated by the 

activity of PRMT1, whereas PRMT5 activity may not be sufficient to carry out the methylation events 

of PRMT1 upon its inhibition. 

In this chapter, treatment with MS023 also caused a reduction in certain SDMA marks, alongside the 

increase in SDMA of the 70 kDa protein. I hypothesise that due to the high concentration of drug used, 

this may be due to inhibition of some type II PRMTs. This may have significance in understanding these 

cross-talk events. The presence of both an increase and decrease in different SDMA marks suggests a 

protein specific cross-talk activity amongst PRMT enzymes.  

Cross-talk events have previously been identified between PRMTs and KATs /histone 

acetyltransferases (HATs). PRMT1 for example, has been shown to stimulate the acetylation of lysine 

residues in histone tails by p300 (Wang et al., 2001, Geoghegan et al., 2015). Loss of PRMT1 activity 

would therefore result in the reduction in such acetyl lysine marks, as seen in these experiments in 

this chapter (Figure 3.6). The lysine marks identified to be lost in this chapter are of molecular weights 

10 and 70 kDa, with only the 10 kDa protein being of a histone weight. There is minimal literature 

relating to possible cross-talk mechanisms involving higher molecular weight proteins, as most 

investigations concern the histone code. Although p300 predominantly acts has a HAT, it is also able 

to acetylate non-histone proteins such as transcription factors. These include HBP1 (HMG box-

containing protein 1) (Wang et al., 2012), AFF1(AF4/FMR2 family member 1) (Kumari et al., 2019), and 

the ~70 kDa protein Foxo1 (Forkhead box class O) (Perrot & Rechler 2005). 
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3.4.4) Conclusions 

The expression of all PRMTs were identified in U-87MG cells, excluding PRMT4. This is thought to be 

an issue with the antibodies as PRMT4 should be expressed within glial cells, as demonstrated by 

studies in human GBM tissue (Kappadakunnel et al., 2010, Dong et al., 2018), and in U-87MG cells at 

the RNA level (The Human Protein Atlas). Following confirmation of PRMT expression within U-87MG 

cells, PRMT inhibitors were utilised to investigate the tumour response to the loss of PRMT activity. 

Treatment with 100 µM Furamidine for 48-72 hr in the 2D cell culture model and 96-144 hr in the 3D 

cell culture model resulted in a statistically significant loss in metabolic capacity (used as a substitute 

for cell proliferation), when measured by MTS assay. Treatment with other PRMT inhibitors drugs, 

MS023, AMI-1 and GSK591 did not result in a decrease in metabolic capacity. As MS023 is a type II 

inhibitor with a much lower IC50 against PRMT enzymes, it was surprising that a similar effect was not 

observed, despite a reduction in ADMA marks. Taken with the fact that inhibition with Furamidine did 

not cause a global decrease in ADMA marks, it is tempting to speculate that the observed cell response 

may be due to specific changes in type II PRMT (Figure 3.4A) and KAT activity (Figure 3.6) upon 

Furamidine treatment. Due to the uncertainty surrounding Furamidine activity and the cellular 

response, MS023 were used in further experiments.   

In conclusion, the GBM cell lines, U-87MG, responds to treatment with some PRMT inhibitors both at 

the molecular level through changes in ArgMe and Lysine acetylation, and through change in cell 

viability. The following chapters will optimise and investigate the response of GBM tissue to PRMT 

inhibitors alone, and in combination with the chemotherapy agent TMZ. Due to a lack of investigations 

into response to MS023 in tissue, the following experiments focus on the use of this inhibitor using 

patient biopsies in a microfluidic device. The levels of ADMA, SDMA and MMA will also be investigated. 
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Chapter 4 – Treatment of Patient Samples with TMZ on-chip 

4.1) Introduction 

4.1.1) Microfluidic Culture of GBM Cells 

Monolayer and spheroid culture of cell lines are simple and reproducible models for the study of 

disease; however, they do not produce a completely accurate representation of the tumour in terms 

the tumour micro-environment. During their incubation, cells take in nutrients from growing medium, 

meaning the concentration of the glucose and essential amino acids is constantly decreasing. The cells 

also produce waste which accumulates in the surrounding area. In the in vivo environment, there is a 

dynamic diffusion of molecules as the various circulatory systems remove waste and replenish oxygen 

and nutrients in the tissues. A microfluidic model aims to reincorporate this aspect of the tumour 

environment by the perfusion of fresh medium over cells and has been used for the investigation into 

possible GBM treatments with varying levels of complexity (Logun et al., 2018, Cai et al., 2020).  

The use of extracellular matrix-like gels in microfluidics can incorporate a further aspect of the in vivo 

environment that may alter cell behaviour. Such gels include various components of the extra-cellular 

matrix including laminin , collagen, and elastin, each providing different mechanical and signalling 

effects on cultured cells and tissues. Collagens provide strength and support for cells both in vivo and 

in vitro and can be used to study cell growth, migration and differentiation (Kleinman et al., 1981). 

Laminin on the other hand binds cells together and holds cells within the ECM. When sued in cell 

culture, laminin therefore aids in cell adherence and can be used to study growth, signalling pathways 

and cell motility (Gamm et al., 2008). Chanon et al. developed a two micro-channel device containing 

human umbilical vein endothelial cells (HUVECs) either side of a channel holding glioma initiating cells 

seeded onto Polydimethylsiloxane (PDMS) with a collagen 1 scaffold in order to recapitulate the 

interactions between tumour and blood vessel within the brain and the extracellular matrix (Chanon 

et al., 2017). This method produced a more accurate representation of some of the cellular 

interactions that occur in the tumour environment and, using this model, the group were able to 

demonstrate that HUVECs promote the invasion of GBM stem cells.  

Orally administered drugs are initially processed by the intestine and liver prior to arrival at the tumour 

site, often altering treatment efficacy. Traditional 2D and 3D cell culture methods are unable to 

account for this metabolism pathway. Jie et al created a model where colon cells were incubated in a 

hollow fibre structure to represent the intestinal tissue, and liver cells were incubated alongside the 

GBM tumour cell line U-251 cells in chambers to mimic the liver and hepatocellular metabolism (Jie et 

al., 2017). This enabled for the pre-clinical testing of potential anti-tumour treatments whilst 

considering pharmacokinetic activity of the drug. In this study, the combinational treatment of 
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Camptothecin (CPT-11), a topoisomerase inhibitor, and TMZ, showed a synergistic effect when 

compared to single treatments.  

The use of microfluidics in GBM research allows for the better representation of the tumour 

microenvironment, however, a current major drawback is expense in terms of both time and cost. 

Accessibility of materials and infrastructure is more limited when compared to the ease of static 

culture and can especially become difficult when attempting high-through studies. Another limitation 

is the variability and inconsistency during chip manufacture, that can influence the reproducibility in 

tumour-on-chip investigations. However, with the increasing commercialisation of microfluidic 

devices, this aspect should become more consistent and robust. 

Although these studies described here have overcome some of the limitations of static cell cultures, 

they predominantly utilise only cancer cell lines, not considering the heterogeneity seen amongst 

patient tumours. Patient tumours even of the same cell type are rarely the same genetically and 

phenotypically, and so the use of cell lines disregards a significant proportion of the patient 

population, jeopardising clinical relevance. The use of patient samples provides are greater 

resemblance to the tumour-host environment, as the tissue will contain multiple cell types, allowing 

for more complex and biologically relevant interactions to take place. It also allows for a personalised 

medicine approach, as the tumour tissue used is directly related to the patient and can therefore be 

used to influence clinical decision making. There are limited studies involving the use of microfluidics 

on GBM patient samples (Logun et al., 2018). One such recent study performed by the group of Prof 

Greenman in Hull has described the development of a microfluidic model where GBM patient samples 

were maintained “on-chip” for up to 72 hr (Olubajo et al., 2020). LDH assay, Ki-67 quantification, and 

cleaved caspase quantification were used to demonstrate the viability of tissue following incubation 

on the device. The experiments in this chapter aim to describe a next generation “on-chip” 

maintenance of GBM patient tissue on an alternative device and for longer periods of incubation.  

4.1.2) Aims and Objectives 

Investigation of novel treatments in classic cell culture models is limited by the lack of representation 

of interactive systems and the tumour microenvironment. Therefore, an ex vivo microfluidic model 

that recapitulates the tumour environment by the maintenance of patient tissue on a chip under the 

perfusion of medium is characterised in this chapter. Changes in cellular processes including cell death 

and proliferation were measured. It was also examined whether there were any differences in 

proliferative activity amongst these slices when incubated with and without treatment with TMZ.   
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The aim of this chapter is to characterise a microfluidic model that supports GBM patient samples. I 

will assess tumour viability and characterise cellular processes and molecular signatures of GBM 

biopsies using LDH and MTS assays, and western blotting and IHC through the following objectives: 

• To identify an appropriate incubation period for patient samples on the microfluidic device, 

which ensures sample viability, by measuring the release of LDH at regular intervals into the 

effluent and upon lysis of the sample.  

• To assess intra-tumour heterogeneity by measuring the release of LDH into the effluent from 

multiple sample sections from the same patient tumour piece and proliferative markers by 

immunohistochemical staining.  

• To determine the response of the GBM biopsies maintained in the microfluidic model to TMZ, 

by measuring the release of LDH into the effluent medium and by MTS assay. 
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4.2) Materials and Methods 

4.2.1) Patient Samples 

Ten samples were used in the following experiments to evaluate the microfluidic model. These 

samples were collected from the hospital as previously described in chapter two. Patient information 

available including sex, age, GBM type and molecular markers are included in the table 4.1 below.  

Table 4.1: Patient information supplied by the clinical team at HRI. MGMT Status: MGMT gene 
promoter methylation status, with positive being methylated and negative being non-methylated. NA: 
not available. 

Sample 

Name 

Sex Age Primary vs 

Recurrent 

MGMT 

Status 

IDH 

Mutation  

EGFR 

Amplification 

TERT 

Mutation 

ATRX 

Mutation 

SD0003 F 29 Recurrent NA Mutant NA Positive Negative 

SD0002 F 76 Primary Negative Wild Type NA NA NA 

SD0022 M 48 Primary Negative Wild Type NA Positive Negative 

SD0023 M 66 Primary Negative Wild Type NA NA Negative 

SD0024 M 48 Primary Negative Wild Type NA Positive Negative 

SD0025 M 68 Primary Negative Wild Type NA NA Negative 

SD0027 F 83 Primary Negative Wild Type NA NA Negative 

SD0029 M 55 Primary Negative Wild Type NA Positive Negative 

SD0004 M 75 Recurrent Positive Wild Type NA NA NA 

SD0026 F 73 Primary Positive Wild Type NA NA Negative 

 

4.2.2) Incubation of Non-treated Patient Samples 

Patient samples SD0002, SD0003 and SD0004 were collected from Hull Royal Infirmary (HRI) and 

prepared as in section 2.1.2. Each sample was cut into 4 equally weighted sections and incubated for 

increasing lengths of time (48-192 hr), with some samples being lysed at the end of their incubation. 

LDH release was then measured using the LDH assay as in section 2.5. 

4.2.3) TMZ Treatment in GBM Patient Samples 

Patient samples SD0022, SD0023, SD0024, SD0025, SD0026, SD0027 and SD0029 were collected from 

HRI and prepared as in section 2.1.2. Each sample was cut into 8-10 equally weighted sections and 

treated with either 10 µM TMZ or equivalent volume of dimethyl sulphoxide (DMSO) for 192 hr, 

excluding SD0026, which was ran for 240 hr. Following incubation, samples SD0022, SD0023 and 

SD0024 were processed for IHC as in section 2.4. Samples SD0025, SD0026, SD0027 and SD0029 were 

processed for MTS and LDH assay (5 slices), and IHC (3-5 slices). 
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4.3) Results 

4.3.1) GBM Patient Samples Remain Viable on Chip for up to 8 days  

The first aim of these microfluidic experiments was to show that GBM patient tissue can be maintained 

in a viable state during incubation on the microfluidic device. To do this, an LDH assay was used that 

measured the concentration of LDH in both the effluent samples and lysed tissue. LDH is an enzyme 

released by damaged and dying cells through perforations in the membrane. In a viable sample, it is 

therefore expected that there would be minimal release of LDH in the effluent samples but a large 

release of LDH following lysis of the sample.  

A relatively high release of LDH into the effluent, comparable with the release during cell lysis, was 

observed at between 2 and 48 hr (Figure 4.1). This can be explained by the expected damage caused 

to the tissue during removal and handling. Minimal LDH release was then seen during the incubation 

time, rising slightly at 120 hr, most likely due to the changing of syringes when the 20 mL of growing 

medium was replaced. When the tissue was removed from the microfluidic chip and it was lysed, a 

greater concentration of LDH was detected in the lysate (Figure 4.1, red circles). These results indicate 

that although damage occurs to the tissue during initial handling and during syringe changing, the 

tissue remains viable as suggested by maintained membrane integrity. This is demonstrated by the 

minimal LDH release throughout the incubation, and by the release of LDH from cells at the end of 

incubation following lysis.  

 

Figure 4.1: LDH assay demonstrates maintenance of GBM patient tissue on chip for up to 192 hr. 
GBM Patient samples were sectioned into various sections and incubated on the microfluidic set up for 
increasing amounts of time and lysed. LDH release represented by absorbance per mg of tissue. LDH 
assays were carried out on the effluent and lysed samples. 
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4.3.2) Incubation of GBM Patient Samples with TMZ Did Not Result in Cell Death Using 

LDH Assay 

GBM is a very heterogenic disease with differences in the molecular phenotype and other 

characteristics from patient to patients. This heterogeneity can also be seen in the tumour itself, with 

clusters of varying clonal populations each competing for space and nutrients (Barthel et al., 2019). 

For this reason, it was speculated that during processing of the GBM samples, sections may be taken 

from different clonal populations and would therefore perhaps respond differently to treatment 

during incubation on the device. To investigate intra-tumour heterogeneity, samples were treated 

with the alkylating agent TMZ, the chemotherapeutic option for GBM patients. In the clinic, GBM 

patients receive between 75-200 mg/m2/day, depending on whether this is the initial low or following 

adjuvant dose (Stupp et al., 2009). When tested in non-human primates, a dose of 150-200 mg/m2 

was shown to result in a peak blood plasma concentration of 3–15 µg/mL, corresponding to 15–77 µM 

(Patel et al 2003). Lower daily doses of 75 mg/m2 were found to produce similar concentrations (10–

25 µM) in the CSF (Ostermann et al., 2004, Diez et al., 2010). In these experiments, samples were 

treated with 10 µM of drug to replicate the clinical use of TMZ. 

Incubation with TMZ is expected to result in an elevated LDH release into the effluent of treated 

samples, compared with control. It must be noted however that the methylation status of MGMT gene 

promoter is a major prognostic marker, with patients with a methylated promoter having a higher 

likelihood of response. The mechanism behind this change in sensitivity was visualised in Figure 1.4. 

However, it should be noted that the MGMT methylation status of the patients was not known until 

weeks following sample collection.  

For each biopsy, 6 sections were treated with the same concentration of TMZ, in order to observe if 

there were any differences in the response. Two sections were treated with DMSO alone to act as a 

control. It was found that treatment of patient GBM samples with 10 µM TMZ did not result in an 

increased release of LDH when compared with control (Figure 4.2, A, C, E). There were slight 

differences in the release of LDH between TMZ treated samples, with the disparity differing amongst 

patients. Patient SD0023, for example, showed consistent release of LDH across all tissue slices. On 

the other hand, the release of LDH from patient SD0024 tissue slices varied more greatly, particularly 

at 168 hrs (following disruption due to syringe changes). To further investigate the differences in 

tumour response to TMZ in heterogenic tissue, the levels of proliferation were measured through the 

quantification of Ki-67 positive cells as a proportion of total cells (Ki-67 index). This was done by 

immunohistochemical staining of the proliferative marker.  The Ki-67 index appeared to differ 

between sections sliced from the same biopsy, with standards deviations from 25% to 50% of the 

average index. A peak in ki-67 expression can be seen in patient SD0024 in the “TMZ 4” tissue slice in 
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Figure 4.2 F. This slice corresponds to the one that produce the peak in LDH release seen in Figure 4.2 

E, suggesting a greater release of LDH could be a result of great proliferative and so metabolic activity 

within the cells. 

 

Figure 4.2: LDH assay and Ki-67 staining of GBM patient samples to demonstrate intratumour 
heterogeneity. Three GBM patient biopsies were sectioned into 8 samples and incubated on the 
microfluidic device for 192 hr. For each patient sample, 6 tumour slices were treated with 10 µM TMZ 
and 2 were treated with an equal volume of DMSO. Following incubation, effluent samples were 
processed for LDH assay (A, C, E) and biopsies samples processed for IHC (B, D, F). (A, C, E) Points 
represent absorbance values per milligram of tissue. Elevated LDH levels can be seen at the early time 
points due to tissue handling, as well as at time points 144 and 168 hr due to the disruption caused by 
changing syringes. (B, D, F) Bars represent the Ki-67 index (number of ki-67 positive cells/total number 
of cells). Standard deviation amongst TMZ treated samples: SD0022- 0.011, SD0023- 0.00079, SD0024- 
0.025. Representative images can be found in Appendix 3.  
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4.3.3) LDH, Ki-67 and MTS assays Produce Similar Results of GBM Sample Response to 

TMZ 

The LDH assay allows for the quantification of cell death by the measurement of LDH enzyme release 

from damaged cells. In order to consolidate the findings of GBM tissue response to TMZ, a further 

assay was used: the MTS assay. This assay differs by being a measure of cell viability, through the 

availability of NADH in cells. In the four patient samples tested, both LDH and MTS assays showed no 

response of the patient tissue to treatment with 10 µM TMZ (Figure 4.3 and 4.4). The LDH assay 

showed greater reproducibility as shown by the smaller size of the error bars representing standard 

deviation.  

 

Figure 4.3: MTS assay to show changes in cell viability of GBM patient samples following treatment 
with TMZ. Absorbance values measured using MTS assay on four patient samples treated with 10 µM 
TMZ or DMSO for 192 (SD0025, SD0027 & SD0029) or 240 hr (SD0026). Error bars represent standard 
deviation of duplicate/triplicate sample slices. It should be noted that the y-axis does not have the 
same scale for each sample above. Due to the size of tissue collected following surgery, only one 
replicate was used for the DMSO control for SD0027 for MTS experiments. 

 



101 
 

 

Figure 4.4: LDH assay to demonstrate changes in cell death following treatment with TMZ.  
Absorbance values measured using LDH assay on four patient samples treated with 10 µM TMZ or 
DMSO for 192-240 hr. Following incubation with MTS reagent (non-toxic), samples were lysed, and 
LDH measured to demonstrate viability (excluding SD0029). Data not available for all time points for 
SD0025 and SD0029. Error bars represent standard deviation of duplicate/triplicate sample slices. 

The relative proportion of proliferating cells was also used to determine any response to TMZ 

treatment. Treatment with TMZ did not result in a reduction in Ki-67 index, however, similar to Figure 

4.2, Ki-67 was reduced following incubation on-chip. The pre-chip sample for SD0027 shows a 

significantly low Ki-67 index but this is most likely a staining error as there appeared to be no 

background staining on any of the pre-chip tissue slices (Appendix 4). It is also very unlikely that 

incubation on chip would induce an increase in proliferation. 
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Figure 4.5: Quantification of Ki-67 to demonstrate changes in proliferation following treatment with 
TMZ. Ki-67 index values measured following IHC of four patient samples treated with 10 µM TMZ or 
DMSO for 192-240 hr. Error bars represent standard deviation of duplicate/triplicate sample slices. 
Due to the size of tissue collected following surgery, only one replicate was used for the DMSO control 
for SD0027 for IHC experiments. Representative images can be found in Appendix 4. 

4.4) Discussion 

4.4.1) On-chip Incubation Maintained at 192 hr 

GBM patient samples were maintained on-chip with incubation times of between 48 and 192 hr. The 

concept that GBM tumour samples remained viable was supported by the minimal release of LDH into 

the effluent samples, and a large increase in LDH release upon lysis of the samples. These extended 

incubation times compared to the original work of Olubajo et al. would be beneficial in future 

experiments as it would allow more time for drug penetrance and activity (Olubajo et al. 2020). A 

compromise was made between longer incubation times and time restraints, and so 192 hr incubation 

time was carried forward. This incubation time allowed for the extended treatment with both TMZ 

and PRMT inhibiting drugs (see chapter 5). For some patient biopsy incubation, circumstances 

required a longer on-chip incubation of up to 240 hr (SD0026). Similar to other samples, there was no 

increase in LDH release past 192 hr. 
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4.4.2) Presence and Consequences of Intra-tumour heterogeneity 

Intra-tumour heterogeneity is a possible source of variation amongst the sectioned slices from each 

patient biopsy.  This is particularly important when studying GBM response, as it is highly evident in 

GBM tumours (Sottoriva et al., 2013, Patel et al., 2014, Barthel et al., 2019). Intra-tumour 

heterogeneity is often incorporated into model design, such as through the production of patient-

derived cell lines (Jacob et al., 2020). In these models, it enables the investigation of clonal evolution 

and drug resistance (Golebiewska et al., 2020). However, in the circumstances of this microfluidic 

model, variances in the characteristics of biopsy slices could influence the observed response to 

different treatments when used as biological replicates. 

To evaluate this aspect of GBM tumours in this microfluidic setup, patient biopsies were sliced into 8 

samples, 6 of which were treated with TMZ and two of which were treated with a DMSO control. The 

LDH assay carried out the effluent samples from these biopsies did show small differences amongst 

treated samples, but no trends separating treated and control samples. Expression of the proliferative 

marker, Ki-67, was found to vary amongst sections slices from the same biopsy, also indicating the 

presence of intra-tumour heterogeneity. This variance in endogenous levels of Ki-67 expression could 

cause either the under estimation or over estimation of Ki-67 changes following treatment. To over-

come this model characteristic, an increase in the number of biopsy slices per treatment should be 

used, to encapsulate a more representative response of the patient’s tumour.  

During  collection of the tissue slices, it was only possible to access the heterogeneity of tissue sections 

given by the surgical team at HRI. In future experiments, arrangements could be made to receive 

sections from different areas of the tumour, increasing the likelihood of identifying areas of 

heterogeneity if present. This may be limited by the fact that the priority for tissue distribution should 

be with histopathology, as the biopsy taken during surgery is used to confirm the diagnosis of GBM 

and advise treatment options. 

4.4.3) Influence of MGMT Promoter Methylation 

Methylation of the MGMT promoter results in silencing of the gene, and therefore a reduced 

expression of the suicide protein MGMT. As MGMT is required for the repair of TMZ induced legions, 

loss of the protein results in sensitisation to the drug. Methylation of the MGMT promoter is therefore 

used as a predictive marker in TMZ response and is used in the clinic to guide treatment options.  

Methylation of the MGMT promoter is seen in approximately 50% of GBM patients (Hega, 2005, Wick, 

2015). Despite this, only 37% of patient samples (10 out of 27) were reported to have an MGMT 

methylation status of positive amongst the samples collected. The methylation status of these 

samples was known retrospectively, and very few MGMT promoter methylated samples were actually 
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treated in these experiments. The lack of response seen in TMZ treated samples may therefore be a 

result of a functional MGMT protein. It could also not be determined if heterogeneity amongst tissue 

slices from the same patient resulted in a differential response to drugs in the microfluidic set up. This 

is because the patient samples used (SD0022, SD0023 and SD0024) were non MGMT promoter 

methylated and are more likely to show resistance to TMZ treatment (Bobola et al., 2012, Alnahhas 

et al., 2020). This is a limitation of this study, as the MGMT promoter methylation status of the patient 

is only known following incubation. A larger patient cohort will be needed in future, to investigate a 

greater proportion of MGMT promoter methylated samples. Methylation of the MGMT promoter is 

known to be homogenous within GBM tumours (Grasbon-Frodl et al., 2007), and so there should be 

limited variation amongst slices taken from the same biopsy.   

Both the MTS and LDH assays showed no changes in cell viability or cell death in GBM patients in 

response to TMZ treatment. There was greater accuracy in the LDH result however, as seen by the 

minimal size of the error bars compared with the MTS assay. LDH and MTS assays did not show an 

increase in cell death or a decrease in cell viability in the patient samples tested following treatment 

with TMZ.  

However, it was found that sample SD0026 was in fact MGMT methylated, meaning that the sample 

was theoretically sensitive to TMZ treatment (Bobola et al., 2012, Alnahhas et al., 2020). It should be 

noted that although methylation status of the MGMT promoter is provided as a positive or negative 

result, there are intermediate levels of DNA methylation (Bady et al., 2016). The definition of what is 

methylated or not depends on techniques used to quantify the methylation and there is a lack of 

standardisation in this biomarker (Wick et al., 2014). Therefore, the methylation levels of the SD0026 

biopsy may be relatively low, and perhaps not enough to result in a sensitivity to TMZ treatment. 

4.4.4) Limitations of the Microfluidic Set-up 

The LDH assay is widely used in GBM cancer research to quantify changes in cell death and 

proliferation, depending on the protocol utilised (Turkez et al., 2019, Ni et al., 2020), and has also been 

previously used in similar microfluidic experiments (Riley et al., 2019, Khot et al., 2020, Olubajo et al., 

2020). However, results indicating a lack of sensitivity to TMZ treatment on-chip may also be due to a 

lack in sensitivity of these assays to minor changes in cell viability and cell death.  A proof of concept 

experiment was also carried out where two biopsy slices were incubated with lysis buffer on chip for 

3 hr to demonstrate an increase in LDH detection in the effluent (Appendix 12). This treatment was 

successfully able to induce a measurable increase in LDH release. 

Although there were observed variation amongst all samples in Figure 4.2, there were no trends in Ki-

67 expression amongst treated and control samples, suggesting treatment with TMZ did not result in 
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the reduction of proliferation. This was also the case in the treated vs control samples in Figure 4.3. In 

samples sensitive to TMZ treatment, this was unexpected as other studies have shown a reduction in 

Ki-67 expression following TMZ treatment in both GBM cell lines and patient tissue (Prabhu et al., 

2017, Liu et al., 2019). It should be noted that there was a significant decrease in Ki-67 expression in 

the “on-chip” samples compared with the “pre-chip” samples. This suggests that although incubation 

on-chip does not cause cell death, the proliferative capacity of these patient samples is reduced. This 

may mute any response of the tissue to pharmacological treatment as drug activity may be dependent 

upon cells undergoing multiple rounds of replication, such as with TMZ. As TMZ works by introducing 

DNA damage during replication, this decrease in proliferation may mask any changes caused by drug 

treatment, as fewer DNA adducts will accumulate. 

4.4.5) Conclusion 
It is unclear whether the lack of response to TMZ was due to the lack of MGMT promoter methylation, 

lack of proliferative activity, or the presence of tumour heterogeneity. In the next chapter a new type 

of drug that has recently entered clinical trials in the oncology setting was used that is independent of 

DNA methylation, that is, PRMT inhibitors. 
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Chapter 5 – Investigating the Effects of PRMT inhibitors in GBM 

Patient Samples in a Microfluidic Device   

5.1) Introduction 

5.1.1) Use of Arginine Methylation Inhibitors in Clinical Trials 

Due to promising results of preclinical studies involving PRMT inhibition of PRMT1 and PRMT5 in 

cancer cells, the use of type I and type II PRMT inhibitors is currently under investigation in patient 

clinical trials. Some of these trials, including those involving the drugs GSK3326595 and PRT811, 

involve a recurrent GBM cohort (see sections 1.2.5 and 1.2.6). There is therefore a need to 

understand the molecular and cellular effects of PRMT inhibitors in GBM tissue.  

5.1.2) Aims and Objectives 

Results in the previous chapter indicate that GBM patient tissues can be maintained in a viable state 

when incubated in the microfluidic chips through the minimal release of LDH. This model was then 

used to investigate PRMT inhibition in patient tissue.  

• To evaluate the effect of PRMT inhibiting drugs (MS023, GSK591 and Furamidine) on tumour 

cell integrity by measuring the release of LDH from GBM samples maintained on-chip. 

• To determine the response of patient samples on-chip to PRMT inhibition by MS023 through 

the quantification of the proliferative markers by immunohistochemical staining in treated vs 

nontreated samples. 

• To preliminarily determine the response of patient samples on-chip to PRMT inhibition by 

MS023 through the sequencing of RNA and gene enrichment analysis. 

• To determine the response of patient samples on-chip to a combinational treatment 

incorporating type I PRMT and type II PRMT inhibitors and induction of DNA damage through 

TMZ. 

5.2) Materials and Methods 

5.2.1) Patient Samples 

Fifteen patient samples, collected from HRI, were used in the investigations in this chapter.  
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Table 5.1: Patient information supplied by the clinical team at HRI. MGMT Status: MGMT gene 
promoter methylation status, with positive being methylated and negative being non-methylated. NA: 
not available. 

Sample 

Name 

Sex Age MGMT 

Status 

IDH Mut  EGFR Amp TERT Mut ATRX Mut Histology 

SD0020 M 68 NA Wildtype NA NA Negative GBM 

SD0034 NA NA NA NA NA NA NA GBM 

SD0035 F 51 NA Wildtype NA NA NA GBM 

SD0008 M 66 Negative Wildtype NA NA Negative GBM 

SD0012 F 31 Negative Mutated Negative NA Negative Secondary 

SD0014 M 51 Negative Wildtype Negative Positive NA GBM 

SD0016 F 69 Negative Wildtype Positive Positive Negative GBM 

SD0017 F 38 Negative Wildtype Positive Positive Negative GBM 

SD0018 F 71 Negative Wildtype NA NA Negative GBM 

SD0030 M 79 Negative Wildtype NA NA Negative GBM 

SD0031 F 45 Negative Mutated NA Positive Positive Recurrent 

SD0015 F 55 Positive Wildtype Negative Negative Negative Secondary 

SD0019 M 72 Positive Wildtype NA NA Negative GBM 

SD0021 F 42 Positive Wildtype NA Positive Negative GBM 

SD0033 M 34 Positive NA NA NA Negative GBM 

 

5.2.2) MS023 Treatment in GBM Patient Samples 

Patient samples (SD0008, SD0012, SD0014, SD0015, SD0018, SD0019, SD0020 and SD0021) were 

collected from HRI and prepared as in section 2.1.2. Eight or ten equally weighted slices were 

separated, two of which were set aside. The remaining samples were incubated on chip for 192 hr. 

For SD0008, SD0011, and SD0012, three slices were incubated with only growing medium and three 

slices incubated with growing medium containing 100 nM MS023 (from a 50 mM MS023 stock in 

water). For SD0014, SD0015, SD0018, SD0019, SD0020 and SD0021, four slices were incubated with 

only growing medium and four slices incubated with growing medium containing 100 nM MS023. 

MS023 has an IC50 of between 4 nM to 119 nM, with a specific IC50 of 30 nM against PRMT1 (Eram 

et al., 2016), and so a concentration of 100 nM was used. Although published studies have used a 

higher molarity of drug (1 µM) such as one conducted by Gao et al., this was a shorter 6-day incubation 

(Gao et al., 2019b). 

Following incubation, slices and effluent samples were processed for either LDH assay, IHC, RNA 

sequencing, western blotting (see chapter 6), or mass spectrometry (see chapter 6). 
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5.2.3) RNA Sequencing  

5.2.3.1) RNA Isolation 

Following incubation on the microfluidic device, the tissue samples were harvested in one of two 

ways: placed into a microcentrifuge tube, submerged in liquid Nitrogen and stored at -80 °C (pre-chip 

sample) or fixed in 4% (v/v) formaldehyde for 2 hr, incubated in 30% (w/v) sucrose overnight and 

stored in -80 °C in OCT compound (control and MS023 treated samples).  

RNA isolation was carried out using the RNeasy mini kit (Qiagen) or the RNeasy FFPE mini kit (Qiagen), 

for liquid Nitrogen frozen samples and fixed samples, respectively, according to the manufacturer’s 

instructions. Tissue samples were grinded with a glass douncer in 350 µL of RLT buffer (from kit) and 

homogenised using a 20-gauge needle. Once the lysate was cleared and nucleic acids precipitated and 

collected on the column and solution washed, the RNA was eluted in 30 µL of RNAse-free water and 

stored at -20 °C for two weeks before being posted to Novogene facilities in Cambridge in dry ice. 

5.2.3.2) Initial RNA Quality Control 

Prior to transport of the RNA samples to Novogene, the concentration and 260/280 ratio of the RNA 

was tested using a Nanodrop Spectrophotometer to ensure a sufficient concentration of RNA and a 

lack of DNA contaminants. Once these parameters were identified, the samples were shipped in dry 

ice by express delivery to Novogene’s labs in Cambridge. 

5.2.3.3) Novogene RNA Sequencing Workflow 

The remaining RNA processing, sequencing and expression analysis were carried out by Novogene  

5.2.3.3.1) Further Total RNA Quality Control 

Once delivered to Novogene, similar quality control procedures were carried out, with the addition of 

an agarose gel electrophoresis to test for RNA degradation and potential contaminations and Agilent 

2100 automated electrophoresis to determine RNA integrity. 

5.2.3.3.2) Library Preparation 

Samples sent to Novogene contained total RNA, therefore, mRNA was enriched using oligo(dT) beads. 

This protocol utilises the fact that eukaryotic mRNA possesses a polyadenylic acid tail that forms stable 

bonds with oligo(dT) under high salt conditions. The isolated mRNA will contain strands of varying 

length, and some strands may be more readily sequenced in later steps. To combat this, the mRNA 

was fragmented into uniform length strands. These mRNA strands were then converted into cDNA 

using reverse transcriptase. After the first strand is synthesised, a “second strand synthesis buffer” 

was added, containing dNTPs, RNase H and polymerase I to generate the second strand by nick-

translation. The cDNA library was then purified, a non-templated nucleotide to the 3' end, a 
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sequencing adapter ligated and finally enriched by PCR. The library concentration was quantified using 

a Qubit 2.0 fluorometer. Sequencing was then carried out using Illumina and all data processing 

carried out by Novogene (read depth: 20 million, read length: Illumina PE150, unique machine 

identifier: HWI-ST1276). 

5.2.3.3.3) Gene expression analysis 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was carried out to identify any 

biological processes or pathways were enrichment in certain samples and Gene Ontology (GO) was 

carried out to identify biological functions that were enriched in different samples. Each condition has 

one biological replicate. 

Prior to differential gene expression analysis, for each sequenced library, the read counts were 

adjusted by edgeR program through one scaling normalized factor. Differential expression analysis of 

two conditions was performed using the DEGseq R package. The P values were adjusted using the 

Benjamini and Hochberg methods. Corrected p value of 0.005 and log2 (Fold Change) of 1 were set as 

the threshold for significantly differential expression. 

KEGG analysis was carried out using KOBAS software. KEGG terms with an adjusted P value less than 

0.05 were considered significant. 

GO enrichment analysis of differentially expressed genes was implemented by the GOseq R package, 

in which gene length bias was corrected. GO terms with corrected P value less than 0.05 were 

considered significantly enriched by differential expressed genes 

5.3) Results 

5.3.1) Treatment of Patient Samples with MS023 Resulted in ADMA Loss in 4 out of 9 

Samples Tested 

In order to confirm the activity of MS023 as a type I PRMT inhibitor, western blot analysis was carried 

out on patient samples to observe changes in ADMA after incubation of biopsies on-chip with MS023 

for 8 days. Similar to previous treatments in U87MG cells, treatment with the type I PRMT inhibitor, 

MS023, should result in a decrease in ADMA marks. A clear reduction of ADMA signals in treated 

samples compared to control was seen in 4 out of 9 samples analysed by western blot (green arrows 

in Figure 5.1). Two treated samples were analysed for western blot for sample SD0012 and appeared 

to have differing levels of ADMA compared with control, with some higher molecular weight proteins 

having greater levels of ADMA and lower molecular weight proteins having lower levels of ADMA. The 

loading control also made it difficult to interpret the changes in ADMA for SD0020, however band 

densitometry revealed that there was in fact a decrease in ADMA. Due to a low concentration of 
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protein and/or issues with the antibody, a loading control could not be provided for samples SD0018 

and SD0019, as reprobing did not result in any visible banding. 

 

Figure 5.1: Western blot of GBM patient samples treated with and without MS023 showing changes 
in ADMA (green arrows). Nine patient samples are shown each treated with and without 100 nM 
MS023 for 192 hr. ADMA is decreased following treatment in 4 out of 9 samples, increased in 2 and 
remains unchanged in 1. Loading controls could not be successfully probed for patients SD0008, 
SD0018 and SD0019. 

5.3.2) RNA Analysis of Patient Samples 

5.3.2.1) Coverage of the RNA Seq 

Patient sample SD0021 was treated with 100 nM MS023 as described in 5.2.2, with four slices being 

treated with drug, and four slices acting as a no treatment control. A single treated and a single non-

treated control slice was processed for RNA seq following incubation on-chip. A pre-chip sample was 

also processed. Although RNA from pre-chip, control and treatment samples were sent from 3 

different patients, not all passed quality control, and so it was not possible to compare RNA expression 

amongst different non treated samples from different patients. The only comparison possible was 

between differently treated replicates of the same patient.  
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Following RNA sequencing, a number of transcripts were identified in the three samples. A slightly 

higher percentage of the transcripts identified in the pre-chip samples were intronic when compared 

with the control and MS023 treated samples (Figure 5.2A). A total of 20,405 transcripts were identified 

in the pre-chip sample, 18,019 in the control sample, and 17,751 in the MS023 treated sample (Figure 

5.2B). Out of these transcripts, 16445 were shared amongst all samples, 725 transcripts were shared 

between the pre-chip and control sample, 489 between the control and treated samples, and 463 

between the pre-chip and treated samples (Figure 5.2B).  

 

Figure 5.2: Initial summery of the RNA data. (A) Mapping of samples to regions in a reference genome. 
At least 85% of reads were exonic. (B) A venn diagram to visualise the number of transcripts detected 
in each biopsy from 1 patient sample. 

5.3.2.2) RNA Analysis  

Both incubation of biopsy slices on-chip without any treatment, and treatment of biopsy slices with 

100 nM MS023 resulted in changes in gene expression. From the heatmap in Figure 5.3A, it is evident 

that there are clusters of genes differently expressed across all samples.  

The greatest difference observed was between pre-chip and control samples, with 2562 transcripts 

being upregulated, and 4151 being downregulated, in the incubated control sample (“Control”) 

compared with the fresh tissue (Pre-chip) (Figure 5.3B). Fewer genes appeared to have an altered 
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expression between the incubated control and treated samples, with 248 being downregulate, and 

132 being upregulated in the treated sample compared with control (Figure 5.3C).  

 

Figure 5.3: Different expression analysis of the GBM patient sample treated with MS023 on-chip. (A) 
Heatmap depicting the differential expression of gene sets in pre-chip, control and treated GBM biopsy 
sections (B) Volcano plot depicting the differential expression of genes in pre-chip and control samples 
(C) Volcano plot depicting the differential expression of genes in control and treated biopsies from a 
single patient.  

Gene enrichment analysis allowed for the identification of pathways and biological functions that 

were associated with these upregulated and downregulated transcripts. Transcripts with a log2(fold 

change) (log2(FC)) of greater than 1 and an adjusted p-value of less than 0.05 were assigned as 

differentially expressed. Gene ontology revealed that the genes differentially expressed between pre-

chip and control samples were related to cell adhesion, immune system process, transmembrane 

transport activity, the extracellular region, peptidase activity and transport (Figure 5.4A). KEGG 

analysis revealed that these genes differentially expressed between pre-chip and control samples 

were associated with metabolic pathways, ribosomes, cell adhesion molecules, phagosomes, the PI3K-
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Akt signalling pathway, lysosomes, pathways related to cancer, cytokine-cytokine receptor 

interaction, focal adhesion and hematopoietic cell lineage, among others (Figure 5.4B). Gene ontology 

also revealed that the genes differentially expressed between control and treated on chip samples 

were associated with immune processes and the extracellular region (Figure 5.4c). KEGG analysis 

revealed that these genes differentially expressed between control and treated on-chip samples were 

associated with TNF signalling, complement and coagulation processes, AGE/RAGE signalling, and 

other processes related infection and disease. A list of the GO terms and gene names identified during 

these comparisons can be found in Appendix 13. 

The transcript with the greatest increase in the MS023 treated sample compared with the control 

sample was ribosomal protein S17 (RPS17), with a log2(FC) of 5.05. RPS17 is a ribosomal protein found 

within the 40S subunit of the ribosome and known to be modified by arginine methylation (Larsen et 

al., 2016). The transcript with the greatest loss in MS023 treated samples was chemokine (C-C motif) 

ligand 20 (CCL20) (log2 FC: -6.23), a proinflammatory chemokine. 

Other significantly differentially expressed genes include some GBM molecular markers which are 

often mutated or amplified in the disease and have been summarised in Table 5.2. 
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Figure 5.4: Functional grouping analysis of differentially expressed genes. (A) GO analysis of Pre-chip 
and Control samples. (B) KEGG analysis of Pre-chip and Control samples. (C) GO analysis pf Control vs 
MS023 treated samples. (D) KEGG analysis of Control vs MS023 treated samples.  

Table 5.2: Significantly differentially expressed genes associated with GBM in the on-chip vs pre-
chip sample. Negative values indicate a reduction in expression on chip. 

Gene Log2 (Fold Change) 

TERT -2.11 

MDM4 -1.64 

CDK1 -1.41 

PTEN -1.03 

EGFR 1.08 

ATRX 1.29 

IDH1 1.34 

CDK6 1.49 

PDGFRA 1.51 

RB1 1.56 
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5.3.3) Treatment of Patient Samples with MS023 Did Not Result in An Increase in Cell 

Death or a Reduction in Proliferation 

Following the demonstration of maintained cell viability “on-chip”, the microfluidic model was used 

to explore the potential of PRMT inhibiting drugs as a treatment for GBM using patient samples on-

chip. Although previous experiments using the GBM cell line U87-MG did not show a reduction in cell 

viability by MTS assay, it was speculated that the 96-hour incubation time may not have been 

sufficient, as other studies have demonstrated changes in cell number in response to MS023 only after 

6 days (Gao et al., 2019b). For this reason, patient GBM samples were treated with 100 nM of MS023 

for a total of 192 hr (8 days). MS023 is a PRMT type I specific inhibitor that has recently become a gold 

standard for cancer biology preclinical research and demonstrates a consistent decrease in ADMA in 

other studies (Eram et al., 2016, Choucair et al, 2019, Gao et al., 2019b, Plotnikov et al., 2020). 

Effluent samples were collected every 24 hr and at the end of the incubation period, the tissues were 

lysed. An LDH assay was carried out in order to confirm sample viability on chip and determine any 

changes in cell death with treatment. Similar to previous experiments, a relatively high absorbance 

was seen within the first 48 hr, followed a period of minimal LDH release. A peak in absorbance was 

then seen in the lysed samples, confirming that the GBM tissue could be maintained on the device for 

192 hr. There was no difference, however, in the absorbance between control and treated samples. 

This was confirmed by a “repeated measures ANOVA”, giving a p-value of 0.375. 

  



116 
 

 

Figure 5.5: Treatment with MS023 did not result in an increase in cell death judged by LDH assay. 
Treated with 100 nM MS023 and control samples incubated with growing medium alone for 192 hr. 
Effluent samples were taken at regular intervals and samples were lysed at the end of the incubation. 
Here, absorbance represents the concentration of LDH, and therefore indicates cell death. Error bars 
represent standard deviation. 2-192 hr, N=7. Lysed, N=4. P-value=0.375. LDH release of individual 
patient samples can be found in Appendix 5. 

 

The LDH assay qualitatively assesses the levels of cell death through the release of an otherwise 

membrane enclosed protein. These results demonstrate that patient samples do not release greater 

detectable levels of LDH when treated with 100 nM of MS023 on-chip when compared with untreated 

samples (Figure 5.5). However, LDH measurements do not uncover any changes in other cellular 

processes such as cell proliferation. In order to determine whether any changes in proliferative 

capacity of the patient samples occur upon PRMT inhibition, pre-chip, control and treated samples 

were prepared for IHC and probed for Ki-67, a protein only expressed during the active stages of the 

cell cycle. Of the three samples tested in this manner, no significant decrease in Ki-67 expression was 

observed in the MS023 treated samples compared with the controls (Figure 5.6). It was observed that 

incubation of the patient samples on the microfluidic device resulted in a decrease in Ki-67, indicating 

that although the samples remain viable, as seen by the lack of LDH release, the patient samples lose 

a level of proliferative capacity when compared with samples prepared for IHC upon removal from the 

patient. Similar to treatment with TMZ, the cells are required to activity proliferative and carry out 

cycles of protein synthesis in order to be sensitive to PRMT inhibition. Although there are studies to 

argue that ArgMe is a dynamic process, the marks are relatively stable, and so in order for the 
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inhibition of a PRMT enzyme to induce a reduction in its associated methylation mark, there should 

be a level of protein turnover within the cells. 

 

Figure 5.6: Immunohistochemical staining of Ki-67 in three patient samples treated with MS023. 
Prior to chip incubation (“pre-chip”), incubation on the chip for 192 hr with no treatment (“control”), 
and incubation on the chip for 192 hr with 100 nM of MS023. Error bars represent standard deviation 
among 3 patient samples. An ANOVA was carried out with Tukey Post hoc tests. Pre-chip vs Control: 
P=0.039, Pre-chip vs 100 nM MS023: P= 0.02, Control vs 100 nM MS023: P=0.84. Ki-67 index for 
individual patient samples and representative images can be found in Appendix 6. 

 

5.3.4) Treatment of Patient Samples with MS023 in Combination with TMZ Did Not Result 

in Reduction in Proliferation or an Increase in Cell Death 

TMZ’s mode of action involves the induction of DNA breaks through alkylation of DNA. Numerous DNA 

repair mechanisms are involved in this process including the MMR machinery and nonhomologous 

ending joining or homologous recombination, during removal of the alkyl group and repairing of the 

DNA break, respectively. Due to the role of PRMTs and ArgMe in DNA repair (Boisvert et al., 2005b, 

Clarke et al., 2017), it was hypothesised that treatment with TMZ and PRMT inhibitors may have a 

synergistic effect. Other groups have demonstrated that two GBM cell lines, U-251 and A-172, when 

pre-treated with 100 µM of TMZ, showed a greater than additive increase in cell death following 

PRMT5 knock-down (Yan et al., 2014a). As this has yet to be shown with PRMT1 inhibition, GBM 

patient samples were incubated with both 10 µM TMZ and 100 nM MS023 and compared with singular 

treatment to determine if a combinational treatment was more effective at inducing cell death or led 

to a reduction in cell proliferation.  
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No increase in LDH release was seen in any treated samples compared with the DMSO control 

throughout the 192 hr incubation (Figure 5.7), suggesting that neither the singular nor combinational 

treatments resulted in an increase in cell death as measured by LDH release. There was also no 

reduction in Ki-67 index in treated samples compared with the DMSO control in the patient biopsies 

at the end of the incubation.  

 

Figure 5.7: LDH assay and Ki-67 quantification to show changes in cell death and proliferation 
following treatment with combinations of MS023 and TMZ. GBM Patient samples (SD0030 & SD0031) 
were treated with DMSO, TMZ, MS023 or a combination of TMZ and MS023 for 192 hr using the 
microfluidic set up. The two GBM patient biopsies were sectioned into 8 samples and incubated on the 
microfluidic device for 192 hr. For each patient sample, 6 tumour slices were treated with a 
combination of MS023 and TMZ and 2 slices with an equal volume of DMSO. Following incubation, 
effluent samples were processed for LDH assay and biopsies samples processed for IHC. Points 
represent absorbance values per milligram of tissue. Elevated LDH levels can be seen at the early time 
points due to tissue handling. (A) LDH assay to show the release of LDH, measured by absorbance at 
490 nm, into the effluent. (N=2) LDH release of each patient samples can be found in Appendix 7. (B) 
Ki-67 index measured by IHC. Error bars represent the standard deviation of two patient samples. (N=2) 
Ki-67 index for individual patients and representative images can be found in Appendix 8.  
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5.3.5) Treatment of Patient Samples with MS023 in Combination with GSK591 and TMZ 

Did Not Result in Reduction in Proliferation or an Increase in Cell Death 

As well as possible synergistic activity of PRMT inhibition and TMZ treatment, dual inhibition of PRMT1 

and PRMT5 was considered. Loss of PRMT1 expression alongside PRMT5 inhibition has been seen to 

produce a synergistic effect in MEF cells, with an increased loss of proliferation when compared to the 

predicted reduction of the separate treatments (Gao et al., 2019b). Together with the findings that 

inhibition of type I PRMTs results in the increased activity of type II PRMTs (sections 3.3.3 and 3.3.4), 

this suggests that there are redundancies between the two sets of enzymes, and that inhibition of 

both would result in a synergistic effect. To investigate this, patient biopsies were treated with 

different combinations of TMZ, MS023 and GSK591. As no change in LDH release of Ki-67 expression 

was seen in previous experiments, drug concentration was increased from 10 µM TMZ and 100 nM 

MS023, to 100 µM TMZ and 1 µM MS023, with GSK591 being given at 1 µM. 

Due to the extended storage of the drugs between these experiments as a result of the COVID19 

March 2020 lockdown, drug treatments were initially carried out on U-87MG cells to demonstrate 

inhibitor activity. Cells were treated with 1 µM and 100 µM of MS023 and GSK591 for 96 hr and 

harvested for western blot (Figure 5.8). Like experiments in chapter three, the levels of both ADMA 

and SDMA were determined by probing with specific antibodies. Treatment with MS023 resulted in 

the decrease in ADMA marks (green arrow), and the induction of some SDMA marks (red arrow). 

Treatment with GSK591 resulted in the loss of SDMA marks (orange arrow) and no change in ADMA 

marks (yellow arrow). 

 

Figure 5.8: Western blot to demonstrate drug activity of PRMT inhibitors. (N=1). Note the reduction 
in ADMA and SDMA upon treatment with MS023 and GSK591, respectively. Actin was used as a loading 
control. 
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First, the LDH release from GBM patients (SD0033, SD0034 & SD0035) maintained on-chip and treated 

with MS023 alone, MS023 together with TMZ, a cocktail of MS023 and GSK591, and PRMT inhibitors 

plus TMZ, were evaluated. (Figure 5.9). A higher concentration of MS023, GSK591 and TMZ were used 

compared with previous experiments, as a lack in response was seen when judged by LDH, MTS, and 

IHC. Although the biopsies remained viable, as seen by the minimal release of LDH during the 

incubation, no combination of drugs resulted in an increase in LDH release. 

 

Figure 5.9: LDH assay of GBM patient biopsies treated with different combinations of PRMT 
inhibitors and chemotherapeutic drugs (TMZ). Three GBM patient biopsies were sectioned into 10 
samples and incubated on the microfluidic device for 192 hr. For each patient sample, 2 tumour slices 
were treated with a different combination of drug and 2 were treated with an equal volume of DMSO. 
Following incubation, effluent samples were processed for LDH assay and biopsies samples processed 
for IHC (Figure 5.12). Points represent absorbance values per milligram of tissue. Elevated LDH levels 
can be seen at the early time points due to tissue handling. N=3 (SD0033, SD0034 & SD0035). Error 
bars represent standard deviation amongst different patient samples. LDH release for individual 
patients can be found in Appendix 9. 

Following incubation on the device, the patient biopsies were prepared, according to section 2.5, for 

immunohistochemical staining. In order to quantify any changes in the proliferative activity of the 

biopsies, Ki-67 was probed for, using specific antibodies, and the Ki-67 index calculated from the 

proportion of positive nuclei vs total nuclei. A large decrease was observed on biopsies incubated on 

the microfluidics devices when compared to the fresh sample. This was also observed in earlier 

experiments e.g., in Figure 5.8. No treatment combinations resulted in a decrease in Ki-67 positive 

nuclei (Figure 5.10). Due to the decrease in Ki-67 staining in the on-chip samples, it may be the case 

the cells do not have enough proliferative activity for the changes hypothesised to occur.   
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Figure 5.10: The Ki-67 index of GBM patient biopsies treated with different combinations of PRMT 
inhibiting drugs and the alkylating agent TMZ. Sample SD0033 and SD0034 biopsies were treated in 
duplicate with either growing media alone or with 1 µM MS023, 1 µM MS023 and 100 µM TMZ, 1 µM 
MS023 and 1 µM GSK591 or 1 µM MS023 with 100 µM TMZ and 1 µM GSK591. (N=2) Error bars 
represent standard deviation between biological replicates. Ki-67 index for individual patients and 
representative images can be found in Appendix 10. 

5.3.6) Patient Tissue Treated with Furamidine 

Incubation of U-87MG cells with the PRMT1 inhibiting drug Furamidine (Chapter 3) resulted in a 

decrease in cell viability as measured by MTS assay, although the mechanism behind this was unclear, 

due to the lack of response following MS023 treatment, another type I PRMT inhibitor. The next aim 

of this chapter was to determine if this response was also seen in patient tissue using the microfluidic 

model. Although no significant difference was observed overall (Figure 5.11), out of the two patient 

biopsies tested, one biopsy showed a minor increase in LDH release following Furamidine treatment 

when compared to the DMSO control (Appendix 11). It is unclear why these two patients showed a 

different response to Furamidine treatment, as they share similar characteristics and molecular 

markers (Table 5.1). Unfortunately, there was no tissue availability after these experiments for other 

cell viability and proliferation assays such as MTS and Ki-67 assays, to further interrogate these 

samples. 
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Figure 5.11: LDH assay of GBM patient biopsies treated with Furamidine. GBM Patient samples 
(SD0016 & SD0017) treated with and without Furamidine for a total of 192/288 hr. For each patient 
sample, 3 tumour slices were treated with 100 µM Furamidine and 2 slices with growing media only. 
Following incubation, both effluent samples and biopsy slices were processed for LDH assay. Points 
represent the average absorbance values per milligram of tissue. Elevated LDH levels can be seen at 
the early time points due to tissue handling and a peak of LDH release seen upon tissue lysis. (N=2) 
Error bars represent standard deviation between two patient samples. LDH release for individual 
patient samples can be found in Appendix 11. 

 

5.4) Discussion 

5.4.1) Differential Expression of Genes on Chip 

Differential expression analysis carried out on pre-chip and control samples showed a much greater 

alteration of gene expression when compared with the control vs MS023 treated analysis. Although 

preliminary, these data suggest that the samples undergo a phenotypical change during incubation 

using this microfluidic model. The genes with the most significantly altered expression were those 

related to cell adhesion, perhaps due to removal of the tissue from the tumour environment, and the 

immune response (Figure 5.6A).  

The three most differentially expressed genes between the off-chip and on-chip samples were β-

haemoglobin, α-haemoglobin 1 and α-haemoglobin 2 (Log2FC: -9 to -13.9). Together these subunits 

form the Haemoglobin structure of red blood cells used for the transport of oxygen in the circulatory 

system. It is likely that these transcripts were expressed in red blood cells within the tumour and 
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although red blood cells have a lifespan of approximately 120 days (Franco, 2012), they were most 

likely shed into the effluent during incubation. 

Out of all the PRMTs, only PRMT5 was found have a differential expression following sample 

incubation on-chip, showing an upregulation in expression, perhaps due to a stress response 

mechanism (Gao et al., 2017). It was also found that certain genes associated with GBM were also 

differentially expressed on-chip (Table 5.2). It is unknown whether these changes in transcript 

expression are translated into changes in protein expression, although this could be elucidated by the 

using of western blotting with specific antibodies. It is unclear to what extent these gene expression 

changes may alter the characteristics of the tumour, as the expression patterns of these genes are 

used to designate GBM tissues into classical, mesenchymal, neural and proneural subtypes.  This could 

have consequences in terms using this microfluidic model to replicate the patient response seen in 

the clinic. For instance, a reduction in the gene expression of the tumour suppressor gene, PTEN, in 

samples incubated on chip, could induce a resistance to PRMT inhibition. This is because one of the 

ways PRMT5 is thought to induce gliomagenesis is through the inhibition of PTEN to induce 

proliferation in GBM cells (Banasavadi-Siddegowda et al., 2018).  

Quantification of gene expression could be used in the future to valid this or a similar microfluidic 

model. As a model should replicate the in vivo scenario as accurately as possible, there should be 

minimal changes in gene expression when comparing samples from the same patient that have been 

incubated on chip, compared with fresh tissue. The gene expression of samples incubated on-chip 

could also be compared with samples incubated for the same length of time in a static culture method 

to demonstrate any improvements in the retention of the original patient gene expression profile.  

It should be noted that the pre-chip and on-chip control samples were prepared using different 

methodologies prior to RNA isolation as described in 2.6.1.1. This also meant that two different RNA 

isolation methodologies needed to be utilised for these samples. For samples fixed in 

paraformaldehyde, the cross-links formed during fixation were first broken down prior to RNA 

isolation. These different techniques could have introduced differences in mRNA integrity of certain 

transcripts and therefore the resulting gene expression analysis.  

5.4.2) Differential Expression of Genes Following Type I PRMT Inhibition 

RNA analysis of MS023 treated samples demonstrated that inhibition of type I PRMTs alters a large 

number of mechanisms and pathways. Included in these pathways are some involved in tumorigenesis 

and/or immune cell signalling, including TNF signalling, cytokine-cytokine receptor interaction, NOD-

like receptor signalling and NF-kappa B signalling. This is not surprising given the role of PRMTs in 

cancer (Bryant et al., 2021) and immunosurveillance (Nagai et al., 2019). 
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CCL20, a chemokine that has been shown to be a poor prognostic marker in GBM tissue (Wang et al., 

2012), was found to have the greatest loss in expression upon treatment with MS023. A possible 

explanation for this is the increased activity of PRMT5 as seen by the upregulation of SDMA marks 

seen by western blotting (Figure 4.6). This is because PRMT5 has been shown to inhibit Targeting TNF-

related apoptosis-inducing ligand (TRAIL) to bind the Death receptor, DR4, and reduces NF-κB 

activation and CCL20 expression (Kim et al., 2016). 

5.4.3) Involvement of Immune Cells 

As whole tumour biopsies were lysed prior to RNA isolation, it is important to consider what other 

cells of the tumour micro-environment may have contributed to the changes in gene expression seen. 

Studies have demonstrated that despite the brains isolation from the immune system, immune cells 

can still be found within GBM tumours. Tumour infiltrating lymphocytes (TILs) can be found in up to 

38.5% of GBM samples, with varying levels of infiltration (Orrego et al., 2018). Some patients with a 

low number of TILs were found to have a sequestration of T-cells within the bone marrow, an adaptive 

response of the tumour to evade the body’s immune system (Chongsathidkiet et al., 2018). Other 

immune cells including macrophages and microglial have also been found within GBM tumours with 

different infiltration patterns (Bowman et al., 2016, Frohne et al., 2019).  

Due to identification of immune response pathways during the enrichment analysis of both pre-chip 

vs control and control vs MS023 treated samples, it is likely that these non-tumour cells are taking an 

active part in the drug response. For instance, IL-1β, a chemokine that showed a reduced expression 

in treated samples, has been shown to promote tumorigenesis is gliomas when released by tumour 

associated macrophages (Lu et al., 2020). 

It is also possible that these cells also contribute to the effects seen in the immunohistochemical 

staining of Ki-67. This is a more representative model of the tumour environment, as these cells would 

also be present during clinical treatment of GBM patients.  

5.4.4) Limitations of RNA Expression Analysis 

As previously explored in chapter four, intra-tumour heterogeneity is likely to result in variance in the 

population of cells found in the different samples sectioned from a patient biopsy. Unfortunately, only 

one slice for control and one slice for treated were available to carry out the RNA analysis, and so 

these results should be treated as preliminary. In future experiments, a greater number of biological 

replicates should be used for each condition to accommodate for this. 
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Although preliminary, these experiments have identified a set of candidate genes that could be 

important in the response to PRMT inhibition. To further investigate this, qPCR experiments could be 

conducted to validate their expression following treatment with MS023. 

5.4.5) Cellular Response Seen in U-87MG cells Replicated in Patient Samples 

In chapter 3, the potential use of PRMT inhibiting drugs as a therapeutic option was evaluated using 

the GBM cell line U-87MG. In these experiments, only Furamidine was able to elicit a measurable 

response, observed by the decrease in absorption of the MTS product in treated samples. There was 

uncertainty concerning Furamidine activity, i.e., the irregular loss of ADMA marks, as well as the loss 

of acetyl lysine. Other PRMT inhibitors, including MS023, did not show a response U-87MG cells, 

however, MS023 did show a reliable inhibition of type I PRMT activity. This lack of response, despite 

the evident decrease in ADMA deposition in 4 out of 9 samples, was also seen in the ex vivo 

microfluidic model used in this chapter. Like immunohistochemical experiments conducted in chapter 

4, the on-chip samples had a lower Ki-67 index compared with the pre-chip sample. This may have 

muted any effects MS023 had on the proliferative activity of the biopsies. Although MS023 was the 

focus of this chapter, Furamidine was also investigated, and a small response was observed in one out 

of two of the Furamidine treated samples. This supports the previous findings in U-87MG cells, where 

Furamidine treatment resulted in a decrease in cell viability. It also reiterates the presence of 

intertumoral heterogeneity seen amongst GBM patients, and the need to identify predictive markers 

for treatment.  

5.4.6) Combinational Therapy of PRMT Inhibitors and TMZ did Not Result in Synergistic 

Effects 

No synergistic effect was observed in the experiments in this chapter, however, no decrease in Ki-67 

was observed with any treatment in the microfluidic model. This may be the case due to the reduction 

in Ki-67 staining in the on-chip slices when compared to the fresh biopsy as previously explored in 

4.4.4. 

The loss of PRMT1 and PRMT5 has previously been investigated, with cells with altered splicing found 

to be crucial in the combinational effects (Fong et al 2019). Through inhibition of PRMTs by GSK591 

and MS023, Fong et al. were able to demonstrate an increased sensitivity in cells with splicing factor 

mutations. They hypothesised that methylation of these RNA associated proteins weakened cation π 

interactions of their RGG/RG-rich motifs and effect the assembly of regulatory RNA processing 

organelles. This previous study suggests that the cells used here most likely have functional splicing 

factors. 
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5.4.7) Conclusion 

RNA analysis of patient samples incubated on the microfluidic device compared with fresh tissue 

suggested changes in expression of a wide range of genes, including those associated with cell 

adhesion, the immune system, and genes associated with different GBM phenotypes. Further analysis 

using biological replicates in multiple patient samples will need to be carried out in order to identify 

significant changes in the genes explored here. Similar to previous cell model work, treatment with 

MS023 did not result in a reduction in cell viability, judged by the minimal release of LDH and no 

reduction in Ki-67 index, although the incubation period was extended to 192 hr. This lack of response 

was also seen when a combination of PRMT inhibitors and TMZ was evaluated. As previously stated 

in chapter 4, incubation of samples on-chip results in a reduced proliferative activity. This was also 

found in the samples tested in this chapter, and so responses to MS023 treatment may not be 

apparent by measuring the Ki-67 index. MS023 has been used in these experiments to specifically 

inhibit type I PRMTs in both cell lines and patient biopsies. Although it is repeatedly used in pre-clinical 

studies in many cancers including GBM, other inhibitors are now available that are also used in clinical 

studies, including GSK3368715. This would bring further clinical relevance to these experiments.  

There are a number of ways to determine tumour response to either the classic chemotherapeutic 

drugs, i.e., TMZ, or novel therapies, i.e. PRMT inhibitors. Here, an LDH assay was used to determine 

cell death, MTS to determine cell viability, and ki-67 staining to measure proliferative activity. These 

methods may not have been sensitive enough to detect other changes in cell biology following 

treatment of the GBM cells. Other approaches that could be carried out in the future include flow 

cytometry to identify proportions of proliferating and apoptotic cells to a much greater level of 

accuracy and precision. An alternative methodology to inhibit PRMT activity to understand the 

enzymes’ role in GBM tumour biology would be the use of siRNA to silence genes rather than inhibiting 

the enzymes activity. This will allow for a more specific loss of PRMT activity compared with MS023, 

which inhibits the majority of type I PRMTs. 

The intriguing results seen in earlier chapters involving the visualisation of PTM cross-talk between 

the inhibition of asymmetric arginine dimethylation and the appearance of new protein bands 

recognised by symmetric arginine dimethylation antibodies will form the basis of the following 

chapters. 
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Chapter 6 – Identification of Cross-Talk Amongst PRMT Enzymes in 

GBM Cells and Patient Samples 

6.1) Introduction 
Interplay amongst PRMTs was identified in U-87MG cells in chapter 3 due to the increase in SDMA 

marks when assessed by western blotting. This has also since been demonstrated by other research 

groups tissue (Gao et al., 2019b, Musiani et al., 2019, Fedoriw et al., 2019), who have investigated the 

interactions specifically between PRMT1 and PRMT5, suggesting that these are the enzymes 

responsible for the cross-talk activity seen here. To date, all studies involving interactions between 

ArgMe have utilised cell-line models and cross-talk events have yet to be investigated in tissue. 

6.2) Aims and Objectives 
The presence of cross-talk between PRMT enzymes was identified in chapter 3 due to induction of 

SDMA marks following type I PRMT inhibition. As treatment with MS023 successfully reduced the 

levels of ADMA marks in these patient samples, the following chapter will investigate the presence of 

any cross-talk events and what proteins may be responsible. 

• Demonstrate any changes in SDMA and MMA marks in patient biopsies through western 

blotting in order to identity cross-talk activity amongst PRMT enzymes. 

• Further investigate cross-talk activity by SILAC mass spectrometry to identify specific 

proteins methylated as a result of type I PRMT inhibition by MS023. 

6.3) Materials and Methods 

6.3.1) Heavy Methyl SILAC 

6.3.1.1) The Heavy Methyl SILAC Method 

Heavy Methyl Stable Isotope Labelling of Amino Acids in Cell Culture (hmSILAC) is a technique where 

cells are incubated with a heavy form of methionine (Figure 6.1). This is then converted into a heavy 

form of SAM, the methyl donor required for methylation by PRMTs (Ong and Mann 2006, Musiani et 

al., 2019). PRMTs within the cell transfer the heavy methyl group of SAM onto target proteins, labelling 

them for identification by mass spectrometry. Sensitivity can be increased by prior enrichment of the 

PTM of interest using anti-methylarginine antibodies by immunoprecipitation (Onwuli et al., 2019).  
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Figure 6.1: Scheme of the hmSILAC method. Methionine, containing either a light (12CH3) or heavy 
(13CD3) methyl group, is converted into SAM by methionine adenosyl transferase (MAT), in an 
Adenosine triphosphate (ATP)-dependant reaction. The light/heavy methyl group is maintained and is 
transferred from SAM onto the target arginine by a PRMT enzyme. There is a +4 Da mass shift 
difference between the light (+14 Da or +28 Da for mono- and di-methylation, respectively) and heavy 
(+18 Da or +36 Da for mono- and di-methylation, respectively) methylarginine residues. This mass 
change is detectable by mass spectrometry.  

6.3.1.2) hmSILAC in Patient Samples 

6.3.1.2.1) hmSILAC Media Preparation 

DMEM containing no glutamine, no methionine and no cysteine (Fisher) was used to prepare the 

heavy and light methionine media. Glutamine (Sigma), methionine (light or heavy) (Sigma) and cystine 

(Sigma) were added at the following concentrations: Glutamine: 584 mg/L, Methionine (light/heavy): 

30 mg/L, Cystine: 62.6 mg/L.  

6.3.1.2.2 Sample Preparation 

Patient sample SD0014 (patient information in section 5.2.1) was incubated on the microfluidic device 

as in section 5.2.2 for 192 hr. Four out of the eight slices were set up according to Figure 6.2. LDH 

release was comparable with previous samples using regular DMEM medium.  
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Figure 6.2: GBM patient samples were incubated with and without 100 nM of MS023. One control 
sample contained light methionine and the other contained heavy methionine in the growing medium. 
One treated sample contained light methionine and the other contained heavy methionine in the 
growing medium. The tissue was then lysed, and control with heavy Met and MS023 samples treated 
with light Met were pooled (Pool 1). Similarly, control with light Met and MS023 samples treated with 
heavy Met were separately pooled (Pool 2). Certain methylation events would produce an identifiable 
heavy/light pair signature. If a methylation event was present in only the treated samples, a light 
methyl group (but no heavy methyl group) would be observed in Pool 1 and a heavy methyl group (but 
no light methyl group) would be observed in Pool 2. 

Following incubation, samples were snap frozen in liquid nitrogen for storage. When thawed, all 

samples were placed into a douncer individually, containing 500 µL of urea lysis buffer (20 mM HEPES, 

9 M Urea and protease inhibitor cocktail (Pierce Protease Inhibitor Tablets (Thermo Fisher)). The 

lysates were then sonicated on a high setting for 5 minutes with 30 second intervals. The lysates were 

then cleared by centrifugation at 20,000 g for 15 minutes and the supernatant transferred to a new 

tube. 

6.3.1.2.3) Protein Determination by Bradford Assay 

Protein concentration was determined by Bradford assay according to manufacturer’s instructions.  

Control with heavy Met and MS023 samples treated with light Met were pooled (Pool 1). Similarly, 

control with light Met and MS023 samples treated with heavy Met were separately pooled (Pool 2). 

Samples were pooled in a 1:1 ratio and made up to a volume of 1 mL with lysis buffer.  

6.3.1.2.4) Sample Preparation 

Proteins were reduced by incubation with 3.6 µL of 1.25 M DTT (4.5 mM total) for 30 minutes at 55 °C 

with frequent shaking. When the solution had cooled to room temperature, the proteins were 

alkylated by incubation with 100 µL of 102 µM iodoacetamide (in water). 

The lysate was diluted to 8 mL with 20 mM HEPES, to dilute the urea to 1 M. TPCK-treated Trypsin (in 

1 mM HCl) was added to a final concentration of 10 µg/mL and incubated over night at room 
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temperature. 400 µL of 20% (w/v) trifluoroacetic acid (TFA) was added and a precipitate formed 

following a 15 minute incubation on ice. The precipitate was removed by centrifugation at 1780 g for 

15 minutes. 

Peptides were purified by elution through a HyperSep C18 column (Thermo Fisher). The column was 

pre-wet with 100% acetonitrile and washed with 3 washes of 0.1% (w/v) TFA. The lysate was loaded 

and cleaned with 3 washes of 0.1% (w/v) TFA and two washes with 0.1% (w/v) TFA, 5% (w/v) 

acetonitrile. The lysate was then eluted with 0.1% (w/v) TFA, 40% (w/v) acetonitrile, snap frozen in 

liquid Nitrogen and lyophilised for 2 days.  

6.3.1.2.5) Immunoaffinity Purification 

The lyophilised peptides were collected by centrifuging at 5000 g for 5 minutes. The pellet was 

resuspended in 1.4 of immunoaffinity purification buffer (50 mM MOPS/NaOH pH 7.2, 10 mM 

Na2HPO4, 50 mM NaCl) and transferred to a 1.5 microcentrifuge tube. The solution was cleared by 

centrifuging at 10,000 g at 4 °C for 5 minutes and cooled on ice.  

The antibody-bead slurry contained MMA-specific antibodies conjugated to protein A agarose beads 

(Cell Signal #12235). This slurry was washed 5 times in 1 mL PBS and centrifuged at 2,000 g for 30 

seconds. The antibody-beads were then resuspended in 40 µL PBS. The peptide solution was added to 

the antibody-beads and incubated for 2 hr at 4 °C with rotation. The mixture was centrifuged at 2,000 

g for 30 seconds and the supernatant transferred to a new microcentrifuge tube. The beads were 

washed in 1 mL of immunoaffinity purification buffer twice and in water 3 times. The peptides were 

eluted by adding 55 µL of 0.15% (w/v) TFA allowing to stand at room temperature for 10 minutes. The 

eluate was centrifuged at 2000 g for 30 seconds and transferred to a new microcentrifuge tube. The 

elution step was repeated with 50 µL of TFA and both eluates were pooled. 

6.3.1.2.6) Concentration and Purification of Peptides 

Peptides were concentrated by Hypersep SpinTip C18 tips (Thermo Fisher). The tips were wet with 50 

µL of 0.05% (w/v) TFA plus 60% (w/v) acetonitrile and washed 3 times with 0.05% (w/v) TFA. The 

sample was loaded and washed with 0.05% (w/v) TFA two times. The peptides were eluted with 0.05% 

(w/v) TFA plus 60% (w/v) acetonitrile and concentrated in a Speed-Vac. 

6.3.1.2.7) Liquid Chromatography and Mass Spectrometry Analysis 

The eluted peptides were transported to the mass spectrometry facilities at the University of York 

where the analysis took place. Here, samples were acquired over 1 hr acquisitions with elution from 

a 50 cm C18 EN PepMap column onto an Orbitrap Fusion Tribrid mass spectrometer using a Waters 

mClass UPLC. Resulting LC-MS chromatograms were peak picked and searched against the human 
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subset of the SwissProt database using PEAKS Studio X. To identify “light” methylated peptides, a mass 

shift of +14 Da was searched for, and to identify “heavy” methylated peptides, a mass shift of +18 Da 

was searched for. 

6.3.1.3) hmSILAC of U-87MG Cells 

6.3.1.3.1) Cell Plating 

Cells were passaged when at 80% confluency into 4x T75s. One control and one treated sample 

contained light methionine and the other control and treated samples contained heavy methionine in 

the medium (Figure 6.3). When at 80% confluency, the cells were passaged into 8x 150 mm plates, 

with 2 plates for each above condition. Again, once at 80% confluency, the cells were passaged into 

32x150 mm plates, with 8 plates per condition. Once these cells reached 80% confluency, the flasks 

were harvested as described in the following steps. 

 

Figure 6.3: U-87MG cell were treated with and without 100 nM of MS023. One control sample 
contained light methionine and the other contained heavy methionine. One treated sample contained 
light methionine and the other contained heavy methionine in the medium. Control with heavy Met 
and MS023 samples treated with light Met were pooled (Pool 1). Similarly, control with light Met and 
MS023 samples treated with heavy Met were separately pooled (Pool 2). 

6.3.1.3.2) Cell Lysis 

Cells were scraped and washed in PBS and transferred to a 1.5 microcentrifuge tube and lysed in 500 

µL of urea lysis buffer (20 mM HEPES, 9 M Urea and protease inhibitor cocktail (Pierce Protease 

Inhibitor Tablets (Thermo Fisher)). The lysate was sonicated on a high setting for 5 minutes with 30 

second intervals. The lysate was then cleared by centrifugation at 20000 g for 15 minutes and the 

supernatant transferred to a new tube. The samples were processed for mass spectrometry according 
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to steps 6.2.1.2 – 6.2.1.10, with some slight differences. These differences are that the antibody-bead 

slurry contained antibodies specific against SDMA marks, therefore changing the mass shift used to 

identify methylated peptides. As SDMA marks contain two methyl groups, a mass shift of 28/34 Da 

m/z was used to identify methylated proteins rather than 14/18 Da in the patient samples. The 28 Da 

mass shift would identify two light methyl groups on the guanidino Nitrogen. Although two heavy 

methyl groups on the guanidino Nitrogen would produce a mass shift of 36 Da, the efficiency of the 

uptake and conversion of heavy isotopes was not clear, and it would be possible for such Nitrogen’s 

to have both a light and a heavy methyl group associated, producing a mass shift of 32 Da. Therefore, 

a compromised mass shift of 34 Da was chosen to maximise identification of “heavy” methylated 

peptides as this would be more representative of the average mass shift amongst a peptide 

population/peak. 

6.4 Results 

6.4.1) Treatment of Patient Samples with MS023 Induced Cross-Talk Between Type I and 

Type II PRMTs 

Inhibition of type I PRMTs in U-87MG cells resulted in cross-talk events as observed by the induction 

of symmetrical dimethylation. In this chapter, these cross-talk events are further elucidated through 

the use of PRMT inhibitors in patient tissue, western blotting and mass spectrometry. Patient samples 

were treated with MS023, and western blotting was used to demonstrate any changes in symmetrical 

arginine dimethylation. Six of the samples appeared to present cross-talk between type I and type II 

PRMTs, suggested by the increase in SDMA marks in MS023 treated samples (SD0008, SD0012, 

SD0014, SD0015, SD0020 & SD0021) (Figure 6.4A). Conversely, sample SD0011 did not show a change 

in SDMA following treatment with MS023. It was not possible to determine whether there was an 

increase in SDMA marks due to the lack of a successful loading control for SD0019.  

Type I and type II PRMTs catalyse the transfer of a single methyl group before then catalysing the 

transfer of a second. Considering this, western blot analysis was used to determine if there were any 

changes in MMA following inhibition of type I PRMTs. Out of the 5 patient samples analysed, 4 showed 

an increase in MMA with MS023 treatment (SD0012, SD0015, SD0020 & SD0021), with the other two 

samples showing minimal change (SD0014) (Figure 6.4B). This shows that upon inhibition of the type 

I enzymes, type II and type III PRMTs were still able to transfer single methyl groups onto proteins, 

producing the MMA mark. These marks would then be converted into SDMA by type II PRMTs, 

resulting in an increase in both MMA and SDMA marks.  Surprisingly, these increases in MMA and 

SDMA were not completely global, as some marks were simultaneously lost (Figure 6.4, green arrows). 
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Figure 6.4: Western blot analysis of GBM patient samples treated with MS023 showing presence of 
cross-talk activity amongst PRMT enzymes. (A) Western blot of GBM patient samples treated with 
and without MS023 showing changes in SDMA. Nine patient samples are shown each treated with and 
without 100 nM MS023 for 192 hr. SDMA is increased in 6 out of 9 samples (for examples see red 
arrows). Certain SDMA marks were decreased in some samples (green arrow). Loading controls could 
not be successfully probed for SD0019. (B) Western blot of GBM patient samples treated with and 
without MS023 showing changes in MMA. Five patient samples are shown each treated with and 
without 100 nM MS023 for 192 hr. MMA is increase in 4 out of 5 samples (Red arrows). Certain MMA 
marks were decreased in some samples (green arrow). GAPDH and ACTIN used as loading controls. 
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6.4.2) FUS is Methylated in the Presence of MS023 

Treatment of both a GBM cell line (chapter 3) and GBM patient cell lines (Figure 6.4) with the type I 

PRMT inhibitor MS023 resulted in an increase in SDMA marks, suggesting cross-talk activity between 

PRMT types. Changes from ADMA to SDMA marks may have significant consequences for protein-

protein interactions and tumour biology, for this reason, it is crucial to determine the identity of these 

modified proteins. HmSILAC is a mass spectrometry technique involving the detection of mass 

differences between methyl groups containing heavy and light Carbon and Hydrogen/Deuterium 

isotopes. This technique was utilised in order to identify proteins that are monomethylated and 

symmetrically dimethylated only as a result of MS023 treatment in both U-87MG cells and GBM 

patient samples, respectively. In addition to treatment with and without MS023, both tissue samples 

and U-87MG cells were incubated with either a light or heavy version of methionine (containing either 

a 12CH3 or 13CD3 methyl group, respectively), which was then converted into SAM within the cells. As 

PRMTs can transfer the light or heavy methyl group from SAM onto their target proteins, the 

methylation of proteins can be identified through mass spectrometry by the existence of light and 

heavy methyl combinations as explained in Figure 6.2.  

For the patient biopsy samples, mass spectrometry experiments identified a total of 133 peptides with 

light methyl modifications and 10 peptides with heavy methyl modifications in Pool 1. These shorter 

peptides are a result of protein digestion during tissue processing and may or may not originate from 

the same number proteins. In Pool 2, there were 183 peptides with light methyl modifications and 9 

peptides with heavy methyl modifications identified. Only one peptide presented with a light/heavy 

signature that indicated being methylated in the samples treated with MS023 only, and not in the 

untreated sample. This peptide had a light methyl modification in Pool 1 with the absence of a heavy 

modification, and a heavy methyl modification at the same residue in Pool 2 with the absence of a 

light modification. This peptide belongs to the RNA binding protein known as Fused in Sarcoma (FUS).  

The peptides associated with the FUS protein that were found to be methylated following both the 

patient tissue and U-87MG cell line mass spectrometry experiments can be found in Table 6.1. Analysis 

showed that FUS was methylated at arginine 394 in the MS023 treated samples alone (Table 6.1). This 

is because a light methyl group was identified at R394 in Pool 1, with an absence of a heavy methyl 

group; and a heavy methyl group was identified at R394 in Pool 2, with the absence of a light methyl 

group. Although methylation events were identified in other residues, these did not show the pattern 

representing methylation in the MS023 treated samples alone.  

In U-87MG cell experiment, in Pool 1, 77 peptides were identified with light methyl modifications and 

25 peptides were identified with heavy methyl modifications.  In Pool 2, 59 peptides were identified 
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with light methyl modifications and 35 peptides were identified with heavy methyl modifications. No 

peptides were identified as fully fitting the criteria previously described, although a methylation event 

was identified on R394 (Table 6.1). 
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Table 6.1: Identification of FUS peptides in U-87MG cells and GBM patient sample. A total of 6 FUS peptides were identified as methylated in patient samples 
and U-87MG cell lines, each containing either one or two methylation marks. In the patient sample (top), two FUS peptides were identified as being methylated 
in Pool 1, with light MMA modifications at R407, R394 and R407. One peptide was identified as being methylated in Pool 2 for the patient sample, with two 
heavy MMA modifications at R388 and R394. In the U-87MG cell line sample, two FUS peptides were also identified as being methylated in Pool 1, with each 
containing two light SDMA modifications, the first at R394 and R407, and the second at R216 and R218. One peptide was identified as being methylated in 
Pool 2 in the U-87MG cell line sample, with two heavy SDMA modifications at R248 and R259. Patient sample pool were immunoprecipitated with antibodies 
specific for MMA epitopes. U-87MG cell line pools were immunoprecipitated with antibodies specific SDMA epitopes. Pool 1: Light treated and heavy control 
(LTHC), Pool 2: Light control and heavy treated (LCHT).  

Pool FUS Peptide (P35637) FUS 

Position 

Expected 

MW 

Observed 

MW 

Mass 

Error  

Retention 

time 

m/z 

Patient Sample (IP: MMA)      

1 

(LTHC) 

GGYGGGGSGGGGR(+14.02)GGFPSGGGGGGGQQR 407 2250.9862 2265.002 -0.5 25.19 756.0076 

1 

(LTHC) 

GGPMGR(+14.02)GGYGGGGSGGGGR(+14.02) 394 & 407 1549.6803 1577.7117 1.1 25.51 789.864 

2 

(LCHT) 

GGRGR(+18.04)GGPMGR(+18.04)GGYGGGGSGGGGR 388 & 394 2032.9469 2069.0227 -0.4 41.85 690.6812 

U-87MG (IP: SDMA)      

1 

(LTHC) 

GGPMGR(+28.03)GGYGGGGSGGGGR(+28.03)GGFPSGGGGGGGQQR 394 & 407 2806.2449 2862.3076 -0.6 29.49 716.5837 

1 

(LTHC) 

GGR(+28.03)GR(+28.03)GGSGGGGGGGGGGYNR 216 & 218 1705.7740 1761.8367 1.1 28.02 441.4669 

2 

(LCHT) 

GR(+34.07)GGGRGGRGGMGGSDR(+34.07)GGFNK 248 & 259 2048.9782 2117.1162 -1.8 46.54 1059.5635 
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To further investigate the methylation of FUS following MS023 treatment, western blot membranes 

previously used to confirm drug activity following COVID-19 lockdown (Section 5.3.4), were stripped, 

and reblotted using a FUS antibody. When overlapping the original membrane image (Figure 5.7 B, 

left) with the FUS reblot (Figure 6.5), the upregulated SDMA mark (red arrow of Figure 5.10) 

overlapped approximately with the new FUS band, suggesting the proteins are of a similar molecular 

weight (Figure 6.5, green arrow). Further investigation will need to take place to confirm the identity 

of the ~70 kDa band observed in these western blot experiments and these possibilities will be 

discussed further.  

 

Figure 6.5: Western blot analysis of U-87MG cells treated with MS023 suggesting the SDMA of FUS. 
(A) FUS antibody (B) SDMA antibody (blot taken from Figure 5.10) (C) A & B blots merged with A 
coloured green and B coloured red. Actin was used as a loading control.  

6.5) Discussion 

6.5.1) Presence of Cross-talk in Samples with no Decrease in ADMA 

Some patient samples did not show a reduction in ADMA following incubation with MS023 but did in 

fact show cross-talk activity between type I and type II PRMTs by an increase in SDMA. The antibodies 

used recognise the epitope of asymmetrically or symmetrically methylated arginine residues but may 

have slightly different specificities and biases toward different residues. This means that a 

symmetrically methylated epitope may be recognised by the anti SDMA antibody, but the 

asymmetrically methylated version of the same epitope may not be recognised by the corresponding 

anti ADMA antibody used. Western blotting may also not be sensitive enough to detect more subtle 

changes in the quantity of ADMA marks, as detection of post translational modifications requires a 

relatively large concentration of sample (Mishra et al., 2017). 



138 
 

6.5.2) PRMT1 is Most Likely Responsible for Type I Cross-Talk 

When patient GBM samples were treated with the type I PRMT inhibitor, MS023, 6 out of 9 showed 

an increase in SDMA marks and 3 out of 5 samples showed an increase in MMA marks. From these 

results, it is not certain whether this cross-talk is a result of inhibiting a single type I PRMT, or whether 

inhibition of multiple enzymes is needed. Studies carried out by others, however, have shown similar 

increases in SDMA and MMA as a result of down regulating PRMT1 specifically by shRNA or inhibiting 

its activity with small molecule inhibitors (Dhar et al., 2013, Fedoriw et al., 2019, Hartel et al., 2019, 

Gao et al., 2019b). A similar study has also been carried out to investigate the loss of PRMT2 in GBM 

cells (Dong et al., 2018). Although there was not a focus on cross-talk activity amongst PRMT enzymes, 

no change was seen in the type II PRMT specific histone mark H4R3me2s, indicating that there was no 

induction in type II PRMT activity following PRMT2 inhibition.  

Although it is possible that the inhibition of PRMT2, PRMT3, PRMT4, PRMT6 and PRMT8, contributed 

to the induction of type II PRMT activity, through the availability of substrates, the specific loss of 

PRMT1, which is responsible for approximately 80% of type I PRMT activity, is sufficient for the 

induction of type II PRMT activity. 

6.5.3) Possible Cross-Talk Mechanisms  

Previous studies using cell lines suggest that loss of type I PRMTs, specifically PRMT1, may result in 

substrate scavenging by the remaining active PRMTs, causing a global increase in type II PRMT specific 

ArgMe (Gao et al., 2019b, Musiani et al., 2019, Fedoriw et al., 2019). Upon inhibition of type I PRMTs, 

sites that would otherwise be asymmetrically methylated, would be now available for symmetrical 

dimethylation by the type II PRMTs. This would explain the increases in SDMA marks, and perhaps the 

increase in MMA marks. PRMT1 is a partially processive enzyme (Obianyo et al., 2008), meaning it can 

catalyse both methylation reactions during a single binding step whilst bound to its substrate. Because 

of this, the increase in MMA is most likely due to other PRMT enzymes, such as PRMT5, which is 

unprocessive (Antonysamy et al., 2012), and is therefore more likely to add a single methylation mark.  

The reductions in SDMA marks seen following MS023 treatment could be a result of more specific 

cross-talk activity, rather than substrate scavenging. Although increases in the symmetrical 

dimethylation of some proteins was observed in this chapter, this change was not consistent amongst 

all proteins and all patient samples. For example, some proteins showed either no change in 

methylation status, or an increase in symmetrical dimethylation with MS023 treatment (Figure 4.6 & 

4.7 green arrows). This suggests either a patient-specific mechanism, perhaps as a result of variance 

in PRMT expression, or a protein specific mechanism. Inhibition of a type I PRMT could prevent the 

addition of an ADMA mark onto an uknown protein which could then result in a change of protein-
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protein interactions with a possible binding partner which then prevents the symmetrical 

dimethylation of a further protein. The fact that proteins that were symmetrically methylated in 

response to MS023 treatment had different molecular weights to asymmetrically methylated proteins 

in the control samples opens the possibility that this cross-talk may not always occur on the same 

residue or even protein.  

6.5.4) Consequence of PRMT Cross-talk 

Due to the immunoprecipitation steps of the mass spectrometry experiments, it is not clear whether 

FUS was unmethylated in the control samples, or simply methylated in a different manner 

(asymmetrically). Therefore, both the consequences of a shift of methylation status from 

unmethylated to symmetrically and monomethylated, and from asymmetrically to symmetrically 

methylated should be considered.  

A switch from asymmetrical dimethylation to symmetrical dimethylation is known to have effects on 

gene expression when involving histone proteins. For example, the histone modification H4R3me2a is 

an activating histone mark whereas H4R3me2s is a repressive histone mark (Blanc & Richard 2016). 

Although histone proteins may be affected by MS023 treatment, the proteins with increased SDMA 

marks have molecular weights of between 25 and 75 kDa whereas histone proteins are much lighter 

(Mongiardi et al., 2015).  

Any changes to protein interactions that occur when a protein is asymmetrically methylated rather 

than symmetrically methylated could cause unwanted effects such as a reduced activity of a tumour 

suppressor protein or signal other cellular mechanisms that could produce adverse effects during 

cancer treatment. Any changes to protein-protein interactions as a result of an ADMA to SDMA switch 

may in fact be the mechanism behind type I PRMT inhibiting drugs. For example, Myc is known to be 

methylated by both PRMT1 and PRMT5, where PRMT5 is required for Myc/PRMT1 binding (Favia et 

al., 2019). Inhibition of PRMT1 resulted in the increased SDMA of Myc and it was suggested that they 

both compete for Myc as a substrate. The neuronal specific Myc family member, NMyc, is also 

methylated by both PRMT1 (Eberhardt et al., 2016) and PRMT5 (Park et al., 2015). Inhibition of PRMT1 

was shown to reduce Myc recruitment to the SOX2 promoter in stem cell conditions, and CCND1 and 

EGFRvIII promoters in differentiated conditions (Favia et al., 2019). PRMT1 and PRMT5 have also been 

found in complex with MEP50, and enhancer of rudimentary homolog (ERH) and CHTOP, in GBM (Takai 

et al., 2014). The study found that this complex was associated with genes including EGFR, AKT3, CDK6, 

CCND2, and BRAF. These studies demonstrate that inhibition of PRMT1 could disrupt a number of 

mechanisms leading to changes in protein interactions and gene expression, that could have 

significant consequences in GBM.  
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6.5.5) FUS Protein Function and Methylation 

Substrates of PRMT1 and PRMT5, including CHTOP and Myc, have been found to play a role in GBM. 

To evaluate whether proteins such as these could be undergoing changes in their arginine methylation 

status following PRMT inhibition, the presence of relevant heavy/light methyl pairs was determined. 

CHTOP was found to be monomethylated in one of the pools of patient samples but did not appear to 

be methylated at all in the accompanying pool, and therefore these results are inconclusive. If uptake 

of exogenous methionine was improved, the desired methylation signature may have been produced. 

Myc was not found to be methylated in any of the samples tested. One other protein, however, 

demonstrated the heavy and light pairing associated with being methylated only in treated samples: 

FUS, an RNA binding protein, also known as Translocated in Liposarcoma Protein (TLS). Following 

hmSILAC experiments, it was found to be dimethylated only in the presence of MS023 in U-87MG cells 

and was also found to be monomethylated only in the presence of MS023 in a GBM patient sample.  

 

Figure 6.6: A summary of the known methylation sites on FUS (Cui et al., 2018). 

FUS is known to take part in a number of cellular mechanisms, mainly those associated with RNA 

processing, and has been found to play in role in tumorigenesis (Ghanbarpanah et al., 2018). FUS is 

phosphorylated by ataxia-telangiectasia mutated (ATM) and DNA-dependent protein kinase (DNA-PK), 

two factors required for DNA double strand break repair. Loss of FUS is associated with both reduced 

non-homologous end joining and homologous recombination, as well as an induction of DNA damage 

(Deng et al., 2014, Wang et al., 2018). 

FUS has been shown to play a role in a number of human cancers including lung, cervical cancer, and 

GBM, with its expression being associated with poor differentiation, poor prognosis and greater 

extend of metastasis (Xiong et al., 2018, Zhu et al., 2018). Due to FUS’s role in RNA processing, it is not 

surprising that it has been implicated in the pathogenesis of GBM through interactions with 

microRNAs and long noncoding RNAs. LINC00470 is a long noncoding RNA that was shown to induce 

malignant characteristics of GBM and has been proposed as a prognostic marker for astrocytoma 

patients (Liu et al., 2018). LINC00470 was shown to rely on interaction with FUS to activate AKT and 

induce this GBM phenotype (Liu et al., 2018). Another long noncoding RNA implicated in GBM is 

ADAMTS9-AS2 (Yan et al., 2019). ADAMTS9-AS2 was shown to promote GBM invasion and migration 

in TMZ resistance GBM cells and was associated with poor TMZ response in GBM patients. It was then 
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suggested that ADAMTS9-AS2 induced TMZ resistance by stabilising FUS and preventing its 

degradation mediated by MDM2 (Yan et al., 2019). Alongside the transcription factor BACH2, FUS was 

found to be expressed at high levels in GBM tissue compared with normal tissue and is thought to act 

as a coactivator with BACH2 to ultimately block the Hippo signalling pathway and promote malignancy 

in glioma cells (Yang et al., 2020). This inhibition of the Hippo signalling pathway was dependant on 

FUS’s regulation of the long noncoding RNA, TSLNC8, and the microRNA, miR-10b05p (Yang et al., 

2020). Another signalling pathway often impacted in cancer pathogenesis, the Hedgehog pathway, 

has also been shown to be regulated by FUS (Wu et al., 2021).  FUS was shown to positively regulate 

the transcription of SMO-193a.a, a circular RNA that encodes for the SMO protein that is required for 

the sustained hedgehog signalling to promote proliferation and self-renewal (Wu et al., 2021). An 

important aspect of tumour biology is the formation of blood vessels, angiogenesis. FUS has been 

shown to promote this process in GBM cells through upregulation of the circular RNA circ_002136, 

forming part of a positive feedback loop involving miR-138-5p, SOX13 and SPON2 (He et al., 2019). 

Due to FUS’s multifunctional role and number of interactions with noncoding RNAs, it presents a novel 

target for GBM therapy. Its ability to promote angiogenesis and TMZ resistance offers an alternative 

mechanism to combat the disease when used in combination with other drugs.  

FUS has previously been demonstrated to contain at least 20 arginine residues that are asymmetrically 

methylated (Rappsilber et al., 2003). In a study conducted by Du et al., R216, R218, R242 and R394 

were shown to be consistently methylated in HeLa cells, although it was not specified if these were 

ADMA or SDMA marks (Du et al., 2011). The group demonstrated FUS in a complex with PRMT1 and 

showed increased methylation of FUS following the enhanced expression of PRMT1. They also found 

that this co-expression of PRMT1 and FUS in HeLa cells caused a synergistic activation of the Survivin 

promoter. Survivin is a member of the Inhibitor of apoptosis (IAP) family of proteins. It is involved in 

the inhibition of apoptosis and is increased in expression in a number of cancers (Jaioswol et al., 2015). 

The mass spectrometry experiments conducted in this chapter suggest that treatment with MS023 

induces a switch from asymmetrical to symmetrical dimethylation of FUS at R394. It is currently 

unknown what the specific effect of FUS asymmetrical dimethylation at R394 may be. The loss of 

PRMT1 activity and induction of type II PRMT activity could inhibit FUS’s interaction with the Survivin 

promoter region and therefore the activation gene expression. This could present a mechanism for 

the anti-tumour activity of MS023 seen by other groups through the induction of apoptosis. For this 

reason, it may be useful to quantify changes in apoptotic markers, such as cleaved-PARP, by IHC, rather 

than the use of proliferative markers. This could also overcome the issues evident by the reduction in 

Ki-67 index in samples incubated on chip compared with pre-chip samples.  
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As previously mentioned in chapter 3, PRMT1 has been shown to stimulate the acetylation of lysine 

residues in histone tails by p300 (Wang et al., 2001, Geoghegan et al., 2015). FUS normally undergoes 

allosteric alteration by the long non-encoding RNA, pncRNA-D, allowing for its binding to and inhibition 

of CBP/p300 and its histone acetyl transferase (HAT) activity (Wang et al., 2008b). Methylation of FUS 

by PRMT1, however, was shown to inhibit this modification by pncRNA-D, resulting in the increased 

HAT activity of CBP/p300 (Cui et al., 2018). This HAT activity was specific towards the CCND1 promoter. 

It is unclear if a switch of ADMA to SDMA of FUS by type II PRMTs would also result in the same activity 

of FUS in this scenario. 

PRMT1 was found to be required for the accumulation of FUS with Amyotrophic lateral sclerosis (ALS) 

linked mutations within the cytoplasm rather than the nucleus (Tradewell et al., 2012), and autopsies 

of ALS patients show FUS granular like inclusions within neurons and glial cells of the brain 

(Rademakers et al., 2010). Methylation of FUS within RGG motifs in FUS’ C-terminal domain has also 

been shown to inhibit the ability of FUS to take part in phase separation, by disrupting protein-protein 

interactions (Qamar et al., 2018).  Alongside PRMT1, PRMT8 has also been shown to interact with and 

methylate FUS (Pahlich et al., 2008, Simandi et al., 2018). 

There are fewer studies that investigate the presence of SDMA marks within the FUS protein and the 

consequences of this modification. Fedoriw et al. (2019) and Fon et al. (2019) identified FUS in similar 

experiments to the SILAC mass spectrometry investigations in this chapter. Using the type I PRMT 

inhibitor, GSK3368715, in a wide range of cancer cell lines, Fedoriw et al. demonstrated that FUS was 

methylated, along with other proteins associated with pre-mRNA processing (Fedoriw et al., 2019). 

The peptide identified was also shown to be symmetrically dimethylated at residue 394 in the 

presence of GSK3368715, although it was not shown to be monomethylated at 394. Symmetrical 

dimethylation of FUS at R394 has also been identified by other groups (Chitiprolu et al., 2018). The 

paper did not focus on this specific modification but did find that symmetrical dimethylation by PRMT5 

of arginines in neighbouring RGG motifs, facilitated the binding of FUS to p62, a protein involved in 

autophagy (Rusten & Harald Stenmark 2010). 

6.5.6) Limitations of hmSILAC Approach 
A limited proportion of peptides were found to be methylated in these samples, suggesting 

inefficiency in the immunoaffinity purification stages. Hartel et al. showed multiple techniques are 

required in order to reveal complete methylome data (Hartel et al., 2019). They found that there was 

minimal overlap between the peptides identified following enrichment by two different techniques: 

immunopurification and high pH strong cation exchange. This suggests that many modified peptides 

were overlooked during the enrichment stage of lysate processing. This may be due to the unspecific 
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nature of high pH ion exchange, compared with the RGG motif recognition found in immunoaffinity 

purification. 

Our mass spectrometry experiments demonstrated that FUS was symmetrically dimethylated in U-

87MG cells and monomethylated in patient tissue in response to treatment with MS023. Although 

evidence suggests FUS is most likely normally asymmetrically dimethylated in cells (Rappsilber et al., 

2003, Du et al., 2011, Qamar et al., 2018), due to the immunoprecipitation step of the experiments, 

the methylation state of FUS prior to treatment with MS023 is unknown. To overcome this, antibodies 

against ArgMe, rather than MMA or SDMA specifically could be used, and LC MS/MS used to identify 

the presence of ADMA or SDMA marks. To investigate the methylation status of FUS, specific methyl 

FUS antibodies could be used, although currently, none are available for R392 methylFUS.  Another 

possibility is the use of immunoprecipitation to isolate the FUS protein and then a simpler MALDI mass 

spectrometry procedure to identify any methylation marks on the peptides. Treatment of the cells 

with FUS siRNA could also help confirm the identity of the FUS band prior to isolation.  

6.5.7) Conclusions 

As PRMT inhibitors targeting type I PRMTs are currently under investigation in clinical trials, it is 

important to address the cross-talk activity that occurs between type I and type II PRMTs, as they 

could have number of consequences in terms of cancer treatment. These changes could, for instance, 

result in drug resistance, if the resulting SDMA marks were functionally similar to the ADMA marks or 

could provide the drug mechanism of action. Western blot experiments demonstrated this cross-talk 

activity in 6 samples, judged by the increased SDMA in treated samples. Possible consequences of this 

shift from ADMA to SDMA are changes in protein-protein interacts, such as with Myc and CHTOP, 

leading to changes in the expression of genes including SOX2, CCND1/2, EGFR, AKT3, CDK6, and BRA. 

To identify specific proteins monomethylated or symmetrically dimethylated as a result of MS023 

treatment, SILAC mass spectrometry was utilised. Using this method, FUS was identified as being 

monomethylated in a patient sample and symmetrically dimethylated in U-87MG cells, as a 

consequence of type I PRMT inhibition. As this was only investigated in a single patient sample, it is 

not certain whether this methylation pattern of FUS is apparent in a wider range of GBM tumours and 

therefore whether it is important in GBM pathogenesis or PRMT targeted treatment. Methylation of 

FUS has previously been demonstrated, supporting these findings (Du et al., 2011, Rappsilber et al., 

2003, Cui et al., 2018, Tradewell et al., 2012, Qamar et al., 2018, Pahlich et al., 2008, Simandi et al., 

2018). These studies each suggest varying consequences of FUS methylation. The ADMA of FUS has 

been shown to alter its cellular localisation, the activation of the Survivin promoter region, and the 

inhibition of CBP/p300 and its HAT activity. SDMA of FUS, however, has been shown to facilitate its 

binding to p62. It remains unclear what consequence a shift from ADMA to SDMA will result in. The 
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vast majority of research that has been carried out on FUS has been in the setting of Amyotrophic 

lateral sclerosis (ALS) (Ishigaki & Sobue 2018) and there are limited studies that have investigated FUS 

in GBM  in terms of ArgMe. It is therefore difficult to determine if these functional consequences of 

FUS methylation discussed here will be applicable in GBM.  However, the change in methylation status 

following type I PRMT inhibition may alter its functionality and attenuate pathways such as the 

Hedgehog, Hippo and those involved in GBM stemness, proliferation and angiogenesis to contribute 

towards to activity of PRMT inhibitors. 
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Chapter 7 – Discussion 

7.1) Overview 

PRMTs have presented a novel target for the treatment of GBM, a cancer with no curative therapies 

available for patients. Currently, GBM patients are most commonly given concurrent radiotherapy and 

chemotherapy, following surgical removal of the tumour. Despite this aggressive intervention, 

prognosis is poor with patients surviving approximately 15 months from diagnosis. Small molecule 

inhibitors of PRMTs are currently in clinical trials to evaluate both the safety of administration, and to 

determine if this devastating prognosis can be improved. As PRMT inhibitors are being investigated in 

human trials, it is important to fully understand the role of ArgMe in GBM in clinically relevant model. 

Here, an ex vivo microfluidic model was evaluated and the consequences of PRMT loss in GBM cells 

and tissue were characterised.  The model successfully maintained GBM patient tissue in a viable state, 

allowing for the pharmacological treatment with a variety of PRMT inhibiting drugs. Drawbacks of the 

model included a reduced proliferative capacity of the tissues, meaning more thought would be 

needed for the appropriate end point. With the assays and markers used in these experiments, i.e., 

LDH assay, MTS assay and IHC, it is difficult to define the patient response to PRMT inhibition. 

However, cross-talk activity between PRMT enzymes was demonstrated and a protein identified that 

may play an important role in the cellular response to PRMT inhibition, something that had previously 

not been shown in GBM tissue. 

Out of all the PRMT inhibitors tested in the monolayer and spheroid cell line model, Furamidine was 

the only drug to induce a reduction is cell viability as judged by MTS assay. Differences in the response 

to Furamidine and MS023 are likely due to their differing specificities for PRMT enzymes and other 

targets, including TDP1. Treatment with Furamidine caused the loss of acetyl lysine marks, suggesting 

cross-talk mechanisms between PRMT1 and lysine acetyltransferases. Other cross-talk events were 

also observed between type I and type II PRMTs, as there was an increase in SDMA following 

treatment with MS023. These cross-talk mechanisms are also being investigated by other groups 

(Dhar et al., 2013, Fedoriw et al., 2019, Hartel et al., 2019, Gao et al., 2019b), but have not yet been 

demonstrated in tissue. For this reason, MS023 was the focus of further investigations into PRMT 

activity in GBM using patient biopsies. 

The microfluidic model was initially evaluated by measuring the release of LDH into effluent samples, 

where the presence of LDH would indicate cell death of the GBM biopsy. This methodology was used 

to determine how long the patient samples could be incubated on chip and remain viable. Minimal 

release of LDH into the effluent was observed up to 192 hr. Although previous microfluidic studies 
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were limited to incubation times of up to 72 hr (Riley et al., 2019, Olubajo et al., 2020) longer periods 

were investigated as this would allow for greater drug penetration and clinical relevance.  

As TMZ is given to GBM patient as standard care (Stupp et al., 2009), this drug was used to further 

evaluate the model’s efficacy. However, treatment with TMZ did not result in a tumour response when 

judged by LDH assay, MTS assay or Ki-67 quantification. This was surprising as patient sample SD0026 

was found to have a methylated MGMT promoter, meaning they were theoretically sensitive to TMZ 

treatment due to a reduction in DNA repair capacity. However, this was the only biopsy to show 

methylation of the MGMT promoter and definite conclusions cannot be made. Ki-67 was found to be 

statistically reduced in the on-chip samples, regardless of treatment. This suggests that although there 

is no increase in cell death on-chip, the biopsies have a reduced proliferative capacity after incubation 

on-chip for 8 days. This may help explain the lack of response seen in treated samples, due to the need 

for active cell division and protein turnover for both TMZ and MS023 to be effective. It may also be 

difficult to identify differences in ki-67 staining as all on-chip samples had ki-56 index values of less 

than 10%, meaning any differences may not be obvious or statistically significant.  

Treatment with TMZ was also used to determine the presence of intra-tumour heterogeneity in the 

GBM patient biopsies used. This was important as variance amongst slices taken from the same biopsy 

could introduce misleading observations when comparing to differently treated groups. Slices taken 

from the same biopsy that were ran in parallel with the same treatment showed small variances in 

LDH release throughout the microfluidic incubation and showed greater variance in Ki-67 index 

following immunohistochemical processing.  

Due to the demonstrable cross-talk events and clear inhibition of type I PRMT activity, MS023 was the 

focus of ArgMe experiments in later chapters. The efficacy of MS023 as a PRMT inhibiting drug to treat 

GBM patients was first evaluated using LDH assay and Ki-67 index. MS023 was initially given as a 

singular treatment, however, following a lack of response in 5 patient samples, it was given in 

combination with TMZ, due to the role of PRMT’s in the repair of DNA damage (Auclair & Richard 

2013). No change in LDH release or Ki-67 index was observed in the two patients tested. Drug 

concentrations were then increased ten-fold in an attempt to induce a cellular response, however no 

response was observed. It is hypothesised that the lack of response is due to the reduced proliferative 

activity of the patient biopsies during the microfluidic incubation leading to a loss of sensitivity of the 

GBM cells towards PRMT inhibition. 

Following inhibition of type I PRMTs by MS023 in both U-87MG cells and patient biopsies, an induction 

in the symmetrical dimethylation of certain proteins was observed, including one weighing 

approximately 70 kDa, as judged by the increased intensity of the SDMA band at the 70 kDa marker. 
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In order to shed some light on the identity of this protein, or other proteins with an increase in ArgMe, 

hmSILAC mass spectrometry was utilised. Using this method, FUS, a protein with a molecular of 

approx. 70 kDa, was the only protein to be identified as being monomethylated only in the presence 

of MS023. 

7.2) Patient Samples Had Reduced Proliferative Activity Following Microfluidic 

Incubation 

Many previous studies and some of the experiments in this thesis have been carried out on GBM cell 

lines, including U-87MG. Although this cell line allows for a comparable view of GBM cell 

characteristics when investigating PRMT activity, it is limited by the lack of genetic heterogeneity that 

is present both amongst patients and within a tumour itself. For this reason, future work could involve 

repeating these experiments on other GBM cell lines in order to increase the data reproducibility and 

confidence on the GBM tumour responses observed. An interesting cell line that could be investigated 

is T98G, as it is PTEN wildtype, whereas U-87MG cells are PTEN mutant, as previously described (Dong 

et al., 2018). In later chapters, experiments were predominantly carried out on GBM patient samples 

in an ex vivo model, a more representative and accurate model of both GBM tumours and their 

microenvironment.  

The minimal release of LDH into the effluent suggested the patient samples remained viable during 

incubation using this microfluidic model, and that the samples did not experience an increase in cell 

death. However, following quantification of Ki-67, it became apparent that the cells had a reduced 

proliferative activity. This is important as treatments such as TMZ act upon cells by inducing replication 

fork collapse and DNA breaks, resulting in ATR dependant cell cycle arrest and apoptosis (Mojas et al., 

2007). For this to occur, the cells need to go through rounds of replication, which may not be occurring 

at a sufficient rate in these patient samples whilst on chip. Due to PRMTs role in DNA repair (Auclair 

& Richard 2013), proliferative signalling (Wang et al., 2019) and RNA processing (Braun et al., 2017), 

inhibition of PRMT enzymes is also most effective in proliferating cells. Any tumour response to PRMT 

inhibition may therefore be muted in this microfluidic model. To further elucidate the trend in Ki-67 

expression and proliferative activity of the tumour cells, Ki-67 expression could be assessed at 

increasing time points up to 192 hr. The length of incubation prior to Ki-67 downregulation would then 

be used. Work carried out on tumour samples using similar microfluidic concepts found no decrease 

in Ki-67 following 72 hr (GBM, Olubajo et al., 2020) or 96 hr incubation (Thyroid, Riley et al., 2019). 

This suggests the loss of proliferation is most likely to occur between 72/96 and 192 hr. 

Markers of other cellular processes, including apoptosis and senescence, are available to quantify by 

IHC or by western blotting. Cleavage of poly (ADP-ribose) polymerase (PARP), for example, is a marker 
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of apoptosis (Kaufmann et al., 1993) and has been shown to increase in GBM cells following treatment 

with TMZ (Ciechomska et al., 2018) and has also been shown to increase upon inhibition of PRMT1 in 

neuroblastoma cells (Hua et al., 2020). Unpublished work carried out by colleagues also demonstrated 

a lack of response when judged by Ki-67 index when using a similar microfluidic model but have shown 

changes in cleaved PARP by IHC on Thyroid malignancies (Riley, et al., unpublished). This evidence 

suggests that cleavage of PARP would be a suitable marker of cellular response for future microfluidic 

incubation with classical chemotherapeutic and PRMT inhibiting drugs. 

Further investigation should be carried out to identify changes in flow rate or growing medium 

composition that could improve the maintenance of patient tissue on-chip. A flow rate of 3 µL/min 

was used here based on previous work carried out by colleagues at the University of Hull. However, it 

may be beneficial to use either a higher flow rate to aid in the removal of waste and provision of 

nutrients, or a lower rate to reduce stress upon the patient tissue. The growing medium used in this 

microfluidic model was the same as used in the earlier experiments with U-87MG cells. The use of a 

growing medium with greater resemblance to the CSF may be advantageous (Jacob et al., 2020). The 

use of growing medium without serum may also support the proliferation of a stem-like population of 

cells with greater robustness during microfluidic incubation.  

7.4) Further Investigation of ArgMe in GBM  

The changes in ADMA, SDMA and MMA levels observed by western blotting and mass spectrometry 

were used in these experiments to determine changes in PRMT activity. However, further 

methodologies exist that could provide a more in-depth elucidation of methylation within GBM cells. 

Such methodologies include the synthesis of enzymatically inactive PRMTs (Radzisheuskaya et al., 

2019), site-directed mutagenesis to produce unmethylated proteins (Jeong et al., 2019, Liu et al., 

2020), the use of ArgMe site specific antibodies (khumar et al., 2020), including a methyl-FUS specific 

antibody (Dormann et al., 2012), and finally, the measurement of PRMT activity through kinetic assays 

(Hevel and Price 2020).  

Our mass spectrometry investigations have identified FUS as being both monomethylated (in biopsies) 

and symmetrically methylated (in cells) following treatment with MS023. It is therefore a possible 

candidate for the 70 kDa protein identified in the U-87MG and tissue studies carried out here. In order 

to confirm this, immunoprecipitation experiments could be carried out on these lysates. This could be 

done in several ways. Cells or tissue samples treated with and without MS023 could be lysed and 

separated through SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Following staining of the gel 

and visualisation of the protein bands, the 70 kDa band could be excised and processed for mass 

spectrometry using SDMA specific antibodies to isolate methylated peptides. Using a Maxquant search 
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(Musiani et al., 2019), the presence of methyl-FUS could then be searched for in a very comprehensive 

and targeted manner. Alternatively, following cell lysis, immunoprecipitation could be carried out to 

isolate FUS, and the resulting lysate separated by SDS-PAGE. The proteins could be transferred onto a 

nitrocellulose membrane and an SDMA specific antibody used to visualise methyl-FUS if present on 

the membrane. 

To determine the functional consequences of asymmetrical and symmetrical dimethylation of FUS, a 

FUS peptide could be synthesised bearing either modification and conjugated to biotin. Following 

incubation of these peptides with GBM cells or tissue, the peptides could be isolated using a 

streptavidin system. If these two modifications were functionally distinct on the FUS peptide, then 

different binding partners or substrates would be isolated alongside the modified FUS peptide.  

There are currently possible biomarkers being investigated for patient stratification and response to 

PRMT inhibition. One such biomarker is MTAP deletion. Loss of MTAP results in an increase of its 

metabolite MTA, which can act as a selective inhibitor of PRMT5 (Fedoriw et al. 2019). This would offer 

an intrinsic method to produce the combinational loss of both PRMT1 and PRMT5, acting specifically 

on MTAP deleted cancer cells. This may be particularly useful in GBM treatment by allowing the 

stratification of patients, as loss of MTAP is relatively common in GBM tumours, making these patients 

suitable for treatment via PRMT inhibition (Bidinotto et al., 2016, Menezes et al., 2020). This is 

currently being investigated as a patient selection biomarker (NCT03666988) for clinical trials involving 

PRMT inhibitors.  

A possible biomarker for PRMT inhibition has been identified in peripheral blood mononuclear cells 

and in cancer cell lines (Noto et al., 2020). As PRMT inhibitors are administered either intravenously 

or orally (systemically), total PRMT activity is likely to decrease, meaning there should be a measurable 

decrease in the proteolytic products of methylated proteins (mMA, aDMA and sDMA). Levels of these 

products could therefore be used to determine patient response to small molecular inhibitors of 

PRMTs currently being investigated in clinical trials.  

7.5) Further Improvements and Applications of the Microfluidic Workflow 

7.5.1) Overview 
Microfluidics has provided a useful tool in the preclinical modelling of cancers, something that is 

greatly needed in the study of brain tumours (Aldape et al., 2019). Compared with conventional cell 

culture, microfluidics has a greater resemblance to the tumour environment and therefore allows for 

more accurate testing of pharmacological drugs.  The use of patient tissue on-chip also provides the 

opportunity for improved precision medicine, either through the investigation of new therapeutic 

avenues or patient screening (Xiao et al., 2019, Yi et al., 2019, Linkous et al., 2019). In order to 
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characterise GBM biology, microfluidic devices have been integrated with various techniques to 

further understand different aspects of GBM tumour cells including proliferation, migration, and 

genomic and proteomic contents (Logun et al., 2018, Cai et al., 2020). To achieve this, microfluidic 

chips have been fabricated in series with a number of analytical tools, such as qPCR (Shao et al., 2015) 

and immunocytochemistry array chip (Sun et al., 2010).  

7.5.2) Liquid Biopsies 
Individuals with GBM have the worst prognosis of all glioma patients, with a median survival of 1.5 

years following initial diagnosis (Ostrom et al, 2019). This is because GBM tumours are advanced and 

aggressive, being classed as grade IV astrocytomas. By the time of disease presentation and diagnosis, 

there are limited treatment options due to the diffuse nature of the tumour (Sahm et al., 2012). 

Therefore, there is a need for new methods that allow for the early detection and diagnosis of GBM. 

One such method being investigated is the use of liquid biopsies (Saenz-Antoñanzas et al., 2019). 

Surgery may not be an always be an option for GBM patients due to location of the tumour (Simpson 

et al., 1993). Due to the nature of the tissue that tumour is situated in, there is always a risk of affecting 

normal neurological function during the procedure (Shankar et al., 2017). When surgery is not an 

option, a liquid biopsy could be used to confirm the presence of GBM. GBM liquid biopsies can provide 

a wide range of information. For example, proteins, DNA and RNA can be isolated from circulating 

tumour cell, extracellular vesicles (EVs) and from a cell free fraction (Shankar et al., 2017). These can 

be collected through a number of methods, including blood, CSF, urine and saliva samples, as EVs have 

been shown to cross the BBB (García-Romero et al., 2017). EVs are membrane enclosed bodies that 

are released by cells, including cancer cells, that contain a variety of cellular components (Haraszti et 

al., 2016). When released by GBM cells, these vesicles mirror the phenotypical signature of their 

parent cell, meaning they can be used to not only diagnose GBM, but identify the molecular subtype 

prior to surgical intervention (Lane et al., 2019).  

Liquid biopsies allow for longitudinal tracking of tumour growth following treatment. Currently, 

imaging is used to track the progression of tumours following surgery and/or chemotherapy and 

radiotherapy. However, it is difficult to distinguish between progression of the tumour, and pseudo 

progression, the presence contrast-enhancing lesions caused by swelling as a result of treatment 

(Brandsma et al., 2008, Delgado-López et al., 2018). Liquid biopsies may therefore present a more 

reliable form of tracking patient recovery and possible progression. As well as being useful in a clinical 

setting, longitudinal sampling of GBM patient tumour cells has massive potential in investigating 

resistance mechanisms following chemotherapy to help progress the development of more effective 

treatments. Studies with this objective have been carried out in GBM but were limited to the use of 

primary and recurrent samples for their longitudinal experiments (Barthel et al., 2019). 
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The microfluidic model utilised in this thesis could be used to identity useful biomarkers for GBM 

diagnosis, patient stratification and response to treatment, and disease progression, by using the 

effluent samples collected at multiple time points through the incubation. Several methods could be 

utilised to identify these markers including ELISA; to identify cellular proteins in shed tumour cells, 

EVs, or soluble proteins released directly into the effluent, and qPCR to identify DNA or RNA. There 

are a limited number of known biomarkers of TMZ response. Studies evaluating the expression of 

CD36, EGFR and the GBM specific variant EGFRvIII, found that expression of these biomarkers was 

reduced in EVs released by GBM cells following TMZ treatment (Shao et al., 2012). However, more 

recent studies did not identify markers of TMZ response in cell lines when evaluating the expression 

of expression of EGFR, EGFRvIII, IDH1, PDPN, Hsp25, Hsp70, and Hsp90 through western blotting (Elisa 

et al., 2020).  To increase sensitivity and to cast a wider net, differential expression studies following 

RNA-seq could be used on isolated EVs in our microfluidic model to identify biomarkers of TMZ 

response. 

7.5.3) Other Cell Models 
Many previous uses of microfluidics in GBM research involve the use of classic cell lines such as U-

87MG and U-251s (Jie et al., 2017). This does not account for patient specific variability or intra-

tumour heterogeneity. To overcome this, another cell model utilised in GBM microfluidics is patient 

derived stem cell lines, where patient tumours are macerated following surgical removal and cultured 

in growing medium (Cui et al., 2020). These cells more closely resemble the genetic phenotypes of 

GBM tumours as well as incorporating the inter-tumour heterogeneity amongst patients (Ishiguro et 

al., 2017). These stem cells are also able to differentiate into various cell types with a similar 

proportion to the original tumour (Tchoghandjian et al., 2010). However, as these cells would be 

resected into a single cell suspension, some tumour architecture is lost, and histology would be 

uninformative. To overcome this, a group have developed a protocol for producing GBM organoids 

from patient tumours without the need for mechanical or enzymatic dissociation (Jacob et al., 2020). 

Following resection of the tumour, it is sliced into smaller sections and incubated on an orbital shaker 

in serum free growing medium, where it forms spherical bodies within 1-2 weeks. This method of 

organoid culture of primary samples could be carried out prior to microfluidic incubation carried out 

here, and perhaps improve issues with the loss of proliferative capacity, as the group were able to 

demonstrate a reduction in ki-67 following a weeklong treatment 10 Gy radiation and 50 μM TMZ. 

This may also provide greater replicates as a single tumour piece can develop many more propagated 

slices. 
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7.6) Conclusion 

The cross-talk between ADMA and SDMA marks identified here, along with evidence collated from 

other groups (Dhar et al., 2013, Fedoriw et al., 2019, Hartel et al., 2019, Gao et al., 2019b), opens the 

possibility that this is a mechanism by which GBM cells may be able to develop resistance to PRMT 

inhibitors. This is important because several type I and type II PRMT inhibitors are currently in 

preclinical and patient trials. The cross-talk may be due to the overlap in PRMT substrates, enhanced 

by the increased availability of substrate upon loss of type I PRMT activity. Although it was not evident 

here, most likely due to the limitations of this microfluidic model, the loss of both type and type II 

enzymes, namely PRMT1 and PRMT5, results in a synergistic effect upon cells (Fedoriw et al., 2019). 

Therefore, to effectively kills cancer cells with a reduced likelihood of drug resistance, a dual treatment 

should be explored. This could, however, produce unwanted side effects as PRMT1 and PRMT5 are 

responsible for the majority of ArgMe activity in human cells. In order to target only tumour cells 

specifically during treatment, a lack of either PRMT1 or PRMT5 activity should be endogenous, for 

instance, in tumours with an MTAP loss.  

To further investigate this, improvements to this microfluidic model should be made. The length of 

incubation that allows for sufficient drug penetration and activity, without the loss of proliferative 

activity should be assessed. To do this, markers of cellular responses such as Ki-67 for proliferation, 

and cleaved PARP for apoptosis, could be quantified at increasing time points throughout the 

incubation, by IHC.  
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Chapter 9 - Appendices 

 

Appendix 1: Figure 3.4 Quantification carried on Image J software by band densitometry. Each band 

density was measured and normalised against the corresponding loading control for that lane. 

 

 

Appendix 2: Figure 3.5 Quantification carried on Image J software by band densitometry. Each band 

density was measured and normalised against the corresponding loading control for that lane. 
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Appendix 3: Representative images of patient biopsy slices treated with and without TMZ on the 

microfluidic device (x40). A pre-chip slice is also included. Quantifications can be found in Figure 4.2. 
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Appendix 4: Representative images of patient biopsy slices treated with and without TMZ on the 

microfluidic device (x40). A pre-chip slice is also included. Quantifications can be found in Figure 4.3. 
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Appendix 5: The LDH release for each individual patient sample used in Figure 5.5. Treated with 100 

nM MS023 and control samples incubated with growing medium alone for 192 hr. Effluent samples 

were taken at regular intervals and samples were lysed at the end of the incubation. Error bars 

represent standard deviation amongst biological replicates (N=4). 
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Appendix 6: (A) The individual ki-67 index values for individual patient samples used in Figure 5.6. (B) 

Representative images of patient biopsy slices treated with and without MS023 on the microfluidic 

device (x40). A pre-chip slice is also included for each patient. Quantifications can be found in Figure 

5.6. 
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Appendix 7: The release of LDH into the effluent for each individual patient biopsies given as 

absorbance at 490 nm per milligram of tissue. Error bars represent standard deviation of biological 

replicates (N=2) The collective LDH release can be found in Figure 5.7A. 
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Appendix 8: Ki-67 index of individual patient biopsies. Error bars represent standard deviation of 

biological replicates (N=2) Collective Ki-67 index can be found in Figure 5.7B. 
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Appendix 9: The release of LDH into the effluent for each individual patient biopsies, depicted in 

Figure 5.9, given as absorbance at 490 nm per milligram of tissue. Error bars represent standard 

deviation of biological replicates (N=2) Collective LDH release can be ound in Figure 5.9. 
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Appendix 10: Ki-67 index for individual patient biopsies treated with combinations of TMZ and PRMT 

inhibitors, visualised in Figure 5.10, including representative images (x40). Error bars represent 

standard deviation of biological replicates (N=2) Collective Ki-67 index can be found in Figure 5.10. 
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Appendix 11: The release of LDH into the effluent for each individual patient biopsies, depicted in 

Figure 5.11, given as absorbance at 490 nm per milligram of tissue. Error bars represent standard 

deviation of biological replicates (N=3). Collective LDH release can be found in Figure 5.11. 

 

 

 

Appendix 12: Two biopsy slices from SD0031 were incubated with lysis buffer (1 % (v/v) triton X-100 

in PBS) for 2 hr at the end of the microfluidic incubation.  
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Appendix 13: Table of top GO terms for Control vs MS023 Treated and Pre-chip vs Control for SD0021 

RNA analysis. 

Control vs Treated Pre-chip vs Control 

immune 
system 
process 

extra cellular 
region 

immune 
system 
process 

cell adhesion transmembrane 
transporter activity 

extracellular 
region 

peptidase 
activity 

transport 

CXCL2 ESM1 CXCL10 CCDC18 KCNJ10 SEC11C PSEN1 ARHGAP35 

IL32 CCL28 PPBP CDH19 ATP6V0E2 APOL6 KCNJ10 IL16 

C1QL2 LUCAT1 BGLAP DSG2 SCAMP5 SCAMP5 PRTN3 BCAS3 

CXCL8 PDE10A HLA-DPB1 PCDHGB7 KCNB1 ADAMTS15 CTSF IDH1 

CCL28 CXCL3 IKBIP PCDHGB4 KCNJ14 ZC3H12B DPEP1 PPFIA2 

CCL20 CXCL5 SBSPON PCDH18 AL390879.1 CLEC10A PLA2G7 LTF 

IL1A MMP9 CXCL3 PCDHA10 ABCB1 CCDC18 ADAMTS4 CEP112 

TNFSF14 PLAT CXCL5 NECTIN4 KCNS1 CSF3 ADAMTS16 SLC13A3 

CXCL5 MMP10 HLA-DQA2 TSGA10 GABRB3 SLC4A11 ASIC3 RGS9BP 

CXCL9 IL32 ULBP1 STAB2 GPR137C ADAMTS4 TLL2 KCNN3 

IL1B CXCL8 CXCL1 CDH3 BATF3 ADAMTS16 GZMA PDZK1 

CXCL3 PI3 AC022167.2 PCDHA4 SCN2B MXRA7P1 MMP14 HERC2P3 

IL6 SLPI HLA-F PCDHA5 SLC29A4 CXCL3 ADAM20 NECTIN4 

C1QL4 IL6 CD70 PCDHA7 KCNN4 HHIPL1 JMJD7-
PLA2G4B 

ABCD2 

ENPP1 SBSN DYRK2 PCDHA2 SLC31A1 TLL2 AEBP1 SPARCL1 

CD70 CXCL2 IL12A PCDHA3 AC005682.1 TRAF3IP3 KLRA1P KCNJ16  
AC044797.1 IL32 PCDHGA3 ARHGAP35 WNT2B NECTIN4 SLCO3A1  
CCL20 CXCL11 SPECC1 CACNB2 METTL17 TPSG1 ATP7A  
IL1A C1QB FLT1 ASIC3 CALCB ADAM1A DNAH9  
MMP1 HLA-DPA1 BX664727.3 AC007000.1 CXCL11 SPARCL1 IDH2  
VEGFC C1QC CNTNAP2 KRT8P50 EFNA5 CES3 SGTB  
MMP3 HLA-DOB AL121748.2 AC027279.1 MMP11 ARL6IP4 SYT2  
C3 CCL24 CDH10 COX7A1 MMP14 HHIPL1 ITPKB  
GAL HLA-DQB2 PCDH12 SORT1 CXCL10 ECEL1 SLC6A13  
LTF CXCL13 CD24P4 KCNN3 ADAM20 ERMP1 FRS2  
TINCR SARM1 PCDH17 COX5BP2 SPTBN1 ADAMTS15 SLC26A9  
IGFBP6 IL6 PCDH8 ATAD5 TTC16 NAALADL2 SLC6A6  
AL672207.1 C1QL4 PCDHB1 SLC4A1 PJA1 CRB1 ITM2C  
ACAN LST1 THBS2 HERC2P3 MME CMBL ASIC4  
KCNIP2 CD1D ASGR1 MT-ATP6 CCL24 DHX34 FLVCR1  
ADM2 CXCL2 SCARB2 NECTIN4 CXCL13 TFDP2 PCDH12  
CXCL9 CCL8 LZIC RABL3 GAST CREG1 HBD  
ADAMTS8 CCL26 PCDHAC2 P2RX7 IL1RN CPD ASXL2   

IL23A AC040162.3 KCNE1 SCRT2 ADAM21 PRF1   
HFE SHISA9 SPARCL1 ADAM1A ACE STXBP6   
CCL20 CDH2 KCNJ16 SAA4 ADAMTS18 MEGF10   
IL1A FAM120AOS SCNN1D KCTD8 SMARCA2 BAAT   
SHISA9 F8 ATP5PB CXCL2 CTSK RND2   
CD8A PCDHGA2 ATP1A1 ADAMTSL2 KCNK13 B4GALT5   
HLA-H F5 SV2A STAB2 ADAMTSL4 APOLD1   
MR1 BCAN SLC2A13 DGKB TPP1 AP5M1   
TNFSF14 PCDHB18P KCNQ5 OCLN DNAH10OS CACNG4   
SUSD1 CELSR1 SLC6A16 MGP LPAL2 PRKAR1A   
HLA-DQB1 RASSF8-AS1 ARGLU1 KCNQ5 KLK14 ABCC2   
BCORP1 CDH22 AL031708.1 PRAP1 ASXL2 SLC10A5   
CSF3 CNTN2 SLC1A3 VEGFC HTRA1 CACNB2   
TTC16 NPIPA8 SLC39A1 PYY2 C1orf74 MYH16   
PRG4 CDH15 SLC47A2 COBL PCSK2 TRIM46   
HLA-DRB6 TRAF3IP3 SLC6A6 C3 CARMIL1 MFSD6   
OSM PCDH19 KIF3C B3GNT9 ELANE ABCD3   
HLA-DMA HAPLN1 SCN7A NCAN ACR TRAK1   
CD74 PCDHGC3 SLC17A5 NPC1L1 CTSL ERAS   
PROCR PCDHGB6 ITPR3 C5orf46 MTDH SLC8A3   
CCL7 SCARA3 ATP6V1D UBAP1L ACY1 KCNC1   
PF4V1 MATN2 KCNMB1 SVEP1 PRSS36 OLR1   
AL162231.4 DSC2 LAIR1 TBC1D10C PIGK UBALD1   
SIGLEC12 CTNNA1 KCNQ1 BTBD11 HFE RANBP6   
SIGLEC16 ACAN TCERG1 IGFBP6 SLC2A12 EMP2   
SLAMF1 PCDHB14 CACNA1G LRP1 MMP1 SCN2A   
CXCL6 FGL2 AP003119.3 SPECC1 PLCXD3 IL1R2   
C1QA AC068768.2 AL512353.2 ADM2 ADAM17 SCN3A   
HLA-DRB5 SUSD5 UNC119B UCN PRSS35 STXBP2   
RAB11FIP1 DMPK KCNE5 ADAMTS18 AKAP14 DES   
HLA-K PCDHB12 ATP6V1H MFAP5 MBTPS2 CHMP4BP1   
ENPP2 KRT8P33 SLC16A8 ESM1 ADAMTS17 KIAA0825    

CDH6 TMCO3 ADHFE1 SLC9A5 CXCR3    
AC098614.1 ZNF253 ADAMTSL4 MMP11 C1QB    
CDH4 MIR1-1HG-AS1 RCN1P2 ADAM10 XPOTP1 
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OMG AP001486.2 MT1H PBXIP1 ATP1B1    
MYO15B GRIK3 GRM6 PCSK6 SLC30A2    
OCLN FCGR1B STRCP1 SCPEP1 NAA16    
CPXM2 CACNA1H PPP1R9A ADAMTS10 SLC5A3    
CDH5 GRIK2 HTRA1 PHEX SDK1    
LINC00304 AC010329.2 DYRK2 ADAM28 FXYD5    
KCNQ1OT1 AKAP17A BEGAIN ZNF705E COG6    
NINJ2 HSP90AA2P MXRA7 CRAMP1 BDKRB2    
KTN1 VLDLR GPC3 KLKB1 RAB9A    
FCGR3B ASIC4 THBS2 RHBDL1 NXF1    
PCDHB17P MT-ATP8 IL12A DHH GJA1    
PCDHB6 SFXN1 STXBP6 ADAM11 MT-ATP6    
PCDHB7 GPR34 ASGR1 SPG7 TMCC3    
SESN3 PPP1R12C ZDHHC24 MMP17 PTPRG    
CNTNAP3B KCNA1 PML ADAMTS2 SLC16A6P1    
CNTN5 PDZK1 GPR45 CCDC85C GAS7    
BEGAIN FOSB LDLRAD4 CDKL5 TPTEP2    
KRT1 SMG1P3 HEXB INTU CACNA2D1    
STAB1 GABRR2 LZIC SIX6 HCN3    
EPDR1 FBXO32 APOLD1 MMP25 ARMCX1    
PCDH1 CCER2 PAWR PCSK4 FXYD6    
DDR2 P2RY1 PRSS36 ADAMTSL2 MCC    
PCDHGA11 CACNG4 IL23A COL12A1 MEOX2    
PCDHGA7 P2RY13 MYL9 NAA16 CLEC10A    
PCDHGA12 AC022893.1 ABCC2 NAPSA ABCC3    
CDH8 AC119751.3 SLC6A17 LAMP1 TLR2    
FAT4 GOLGA8VP PPP1R3D GZMM RAB30    
SDK2 AC009948.3 SHISA9 GOLGA2P5 CHMP6    
CTNNA1P1 SLC6A9 CFAP43 MAML2 CPNE3    
PCDH7 SFXN2 NPPA AFG3L1P AP3B2    
PCDHB2 UACA XIAP CFB MDFI    
LAMA1 SLC35F1 ETV5 NLN AQP3    
MRC2 AC138028.4 IL17RD TTC9 SLITRK6    
DCHS2 MANEA-AS1 MMP1 ADAMTS6 CHRNA10    
COL18A1 EHD3 BCORP1 HPN CLCN4    
MADCAM1 SLC30A1 EDN1 GZMB MPZ    
ARHGAP42 SLC22A14 GHRL GZMH COG7    
PCDHAC1 RND2 SLC26A10 BDKRB2 KCNN1    
FAT2 SLCO2A1 RETN HMGCS1 SLC16A5    
CDH11 SCNN1G DAPK2 LGMN CCDC144CP    
PCDHGB1 LZIC WNT6 NPEPL1 OLFML3     

SLC22A3 DYNC1H1 TWIST1 KCNK5     
ATP2B2 CCN2 BICRA SLC7A11     
LRMP YES1P1 ADAMTS13 MCCC1     
PAWR IFNE UNC5A SLC16A12     
ITM2C BCAN CPXM2 KCNJ9     
KRT5 LAS1L LNPEP ABCC5     
SH2D4A CCN6 PRSS27 MYO1F     
PRKAR1A CD109 TMEM154 GRIN2C     
ABCC2 HAMP ADAMTS8 SLC7A9     
SLC6A17 WFDC3 NPIPA8 ATP6V0E2     
GIMAP4 LOXL4 CASP4LP SCAMP5     
Z98749.2 FSD2 ACAT1 SCNN1D     
RAB6B CNTN2 ADAMTS9 GPR137C     
CFAP43 PBXIP1 NRXN3 SLC47A2     
SLC22A7 HNF1A CTSW TRAF3IP3     
SLC6A13 KRT1 LONP2 SORT1     
ASXL2 LINC01480 MUC20P1 SLC26A6     
TRAK1 ADAM28 PRCP NBAT1     
KCNH2 IGF1 AFG3L2 RABL3     
AC008147.2 CHD5 PCSK7 P2RX7     
CHRNE DTWD2 CARD11 MFSD1     
NACC2 SPOCK2 SCRN1 SLC35F3     
GPRC5B RASEF PDPN KCNQ5     
DYNC1H1 ADAM21 CAVIN2 SLC6A16     
SLC47A1 MMP17 MST1P2 ARGLU1     
YES1P1 ADAMTS2 SPPL2A SLC1A3     
MTATP6P1 TNNC2 CAPN5 SLCO2A1     
AL049844.2 LNCOC1 ART3 MSMO1     
SLC7A3 DES ADAM32 SCN7A     
COX4I2 SIX6 CAPN14 KCNQ1     
SLC22A20P MMP25 TENM3 SBSN     
ALDH1A3 IL32 PSMA6 TCERG1     
B4GALT5 APOL2 PRSS56 RRAD     
ABCD3 GCG STING1 DHX34     
GRM6 SCARA3 LOXL4 DAND5     
SLC9A5 MATN2 ADAMTS12 CCDC150 
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ERAS OXT MMP15 HSP90AA2P     
CARMN ADAMTS8 MMP2 TMED9     
DIRAS1 NBPF20 TINAGL1 SRPRB     
SLC33A1 KRT8P50 COL20A1 ADCY5     
SLC8A3 PI3 ATP9A SLC26A5     
KCNC1 TINCR ABHD12B GABRR2     
RNF13 COL12A1 TRIM63 SLC25A37     
ITPR1 TSGA10 MMP8 SLC47A1     
OLR1 SLC5A3 THSD4 P2RY13     
SLC26A6 KRT5 SLC7A11 CLEC4GP1     
SLC2A1 LAMP1 JAM2 SLC35F1     
SLC26A9 PROS1 TMEM47 ATP6V1H     
SLC6A11 IL6 VTCN1 SSTR1     
BX322650.1 MFAP2 COL27A1 PRKCA     
SLC13A4 MAML2 CPVL SLC19A3     
KYNU CCL8 MST1 TMEM255A     
CHST10 IGF2 LRP1B MFSD4A     
SLC7A8 FGL2 PLIN4 SH2D4A     
SLC35A5 F8 SNX33 CORO6     
SCN2A ADAMTS6 EVC DMBX1     
SLC7A2 CCL20 RHBDL3 RAB6B     
RAB26 IL1A CTSA AQP11     
SLC39A5 PCYT1B 

 
GRM6     

SCN3A DAPL1 
 

INTS4P1     
RALBP1 OXCT2P1 

 
LOXL4     

CACNA1A INSL5 
 

SLCO2B1     
SLC10A5 MROH6 

 
UEVLD     

CXCR3 C5orf66 
 

CD74     
RAD51-AS1 SBSPON 

 
VMP1     

C1QB KRT8P33 
 

SLC7A3     
IL1R2 CDH6 

 
ARHGAP26     

ABCC9 OSM 
 

ALDH1A3     
SPNS1 LTF 

 
ROS1     

KTN1 SCGN 
 

SLC9A5     
SLC30A2 MYO15B 

 
RNF13     

SRPRB ADAMTS13 SLC2A12     
KIAA1549 TRIM11 

 
SLC2A1     

MPEG1 HPCA 
 

KYNU     
RHCG PRSS27 

 
HSD17B12     

SDK1 ATP2B4 
 

SLC7A2     
GRIK4 TBC1D2 

 
CCDC91     

SCN1A SAA2 
 

ITPR2     
FXYD5 KCNQ1OT1 AP1G2     
CENPF DKK3 

 
CACNA1A     

TMEM38A OXCT2 
 

CARD14     
TCIRG1 MRPS17P1 APOL2     
SLC1A2 PDCD10 

 
XRCC4     

AC099489.1 IGFBP5 
 

TNFAIP2     
AFAP1 LRRIQ3 

 
DNAH17     

TTC9 ANKRD63 
 

PALMD     
ADAMTS6 TEPSIN 

 
ATP1B2     

LST1 KTN1 
 

KRT8P50     
DMPK MCC 

 
COL6A3     

AC105052.2 STC2 
 

GRIK4     
FLVCR1 CKAP4 

 
SLC1A2     

ITPR2 EXTL3-AS1 TMEM38A     
AC113191.1 CCN3 

 
PRKAA2     

KRT8P33 ALB 
 

SLC24A2     
TTN PLEKHF2 

 
SERHL     

KNOP1 PPBP 
 

LST1     
GJA1 PAM 

 
ZNF572     

GABRA4 IL36B 
 

FEZF2     
ATP6V1C2 ADAMTS9 SLC6A4     
SLC6A4 SOX7 

 
GPSM2     

TMCC3 RAB30 
 

AP2B1     
LRRFIP1P1 CXCL5 

 
SLC7A14     

P2RX5 HSD17B13 TM7SF3     
KCNA6 CXCL1 

 
BICD1P1     

SLC7A14 CNTN5 
 

G3BP2     
RAB3D PLAT 

 
SLC23A1     

OSBPL10 PF4V1 
 

CPLX1     
ATP2B4 FCN1 

 
SLC4A5     

ATP6V0C CORT 
 

MFSD2A     
KCNQ1OT1 GUCA1B 

 
CD93     

HCN3 KLRD1 
 

SRL     
MTURN CALU 

 
KRT1     

FXYD6 RHOT2 
 

STAB1 
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MCC HMCN2 

 
CENPJ     

MEOX2 EPDR1 
 

MAGEE1     
SLC22A10 CRYBG1 

 
BATF3     

GIMAP5 NPY 
 

LAPTM4B     
GIMAP8 ALDH5A1 

 
ZFYVE1     

HCG27 CXCL6 
 

SCN1A-AS1     
ABCC3 SBSN 

 
MX1     

SLC4A5 STMN2 
 

KCNG2     
KCNJ5 LINC00649 NCALD     
ATP8B1 QTRT1 

 
MAML3     

TLR2 CCL26 
 

GOLGA8VP     
RAB30 CST7 

 
REM2     

CPNE3 DMPK 
 

SLC13A4     
KCNE3 COL18A1 

 
SLC4A4     

CD93 SHISA3 
 

CACNA1I     
SRL MIR600HG ABHD4     
SLC2A12 KRT75 

 
KHDC1     

BEGAIN ADAMTS12 GABRE     
PIGCP1 MMP15 

 
CFAP70     

KRT1 MMP2 
 

APOL6     
SLC16A1 SUSD1 

 
STXBP5L     

CENPJ SAA1 
 

KCNJ14     
SBSN HPCAL4 

 
ABCB1     

SLC39A11 SLC8A2 
 

SNAP25     
RRAD KRT14 

 
GABRB3     

SLC39A6 TWIST1 
 

GOLGA8N     
SMIM24 MMP8 

 
SLC29A4     

CHRNA10 LAMA1 
 

KCNN4     
GABRB2 THSD4 

 
ASIC3     

CYP2U1 P2RX2 
 

ITPR1     
CLCN4 RAB11FIP1 CPLX2     
SESN3 SLC7A11 

 
ATP1A1     

SLC39A14 CCL7 
 

SDAD1P1     
RPL22P24 ACAN 

 
SLC4A1     

CHRNA7 MXRA5 
 

ZNF496     
AC010127.1 MEGF8 

 
SLC8A2     

ASPM ARHGAP42 ALG10B     
SLC14A1 KHDC1 

 
ARL6IP4     

SLC26A5 GNRH1 
 

CCDC39     
ATP6V1C1 IGFBP4 

 
CACNA1G     

GABRE S100A9 
 

SLC15A2     
GRIN3A GRIN2C 

 
SLC39A1     

KCNG2 
  

KIF3C     
KIAA1549L 

  
CRB1     

KCNN1 
 

SLC11A1     
MAML3 

  
ARHGAP27P1-
BPTFP1-
KPNA2P3     

SLC2A5 
  

SPIRE1     
PRF1 

  
MT-ATP8     

REM2 
  

SPECC1     
SLC30A6 

  
SLC16A8     

CLCN3 
  

KCNE1     
KCNK5 

  
AQP4     

SLC4A4 
  

SEPTIN7     
RAB23 

  
DIAPH3     

AC139769.1 
  

SRSF5     
TRIM63 

 
NDE1     

ASCL1 
  

KCNS1     
CACNA1I 

  
IKBIP     

ZNF572 
  

RAD51-AS1     
P2RX2 

  
SLC16A10     

GRIN2C 
  

FOSB     
SLC7A11 

  
TMTC3     

MCCC1 
  

SEC23B     
SLC34A2 

  
DHX40     

PCDH12 
  

NXF3     
SLC44A1 

  
AP3M2     

ABCC5 
  

SFXN2     
BDKRB2 

  
UACA     

KCNJ9 
  

VAMP2     
MX1 

  
SLC43A3     

GIMAP7 
  

AQP7P1     
SLC7A9 

  
LZIC     

TMCO1 
  

SLC22A3     
RAB9A 

  
PAWR        
MTX1P1 
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SLC22A7        
KCNH2        
UQCRHL        
NACC2        
SLC49A4        
SLC22A20P        
NPHP3        
DIRAS1        
TOM1L1        
SLC6A11        
VAMP1        
VPS41        
STON1        
MREG        
PEX26        
ADRA2A        
ABCC9        
MYRIP        
KRT5        
CENPF        
MAML2        
TCIRG1        
CHRNA7        
ATP6V1C1        
FAM135B        
TNPO1P3        
MTATP6P1        
NPEPL1        
CCDC18        
APOB        
P2RX5        
SLC5A4        
KCNA6        
NUTF2P6        
PDCD10        
VPS35        
GIMAP8        
CLEC7A        
KCNJ5        
SESN3        
ZNF20        
KCNE5        
MOB1A        
KCNE3        
YWHAQ        
RFFL        
HMCN2        
EXOC5        
TMED10        
RPL22P24        
ITPR3        
CCER2        
CLTC        
ZNF770        
SLC2A5        
SLC30A6        
SRGAP3        
ASCL1        
SLC35B2        
SDC1        
P2RX2        
LONP2        
CHMP4A        
SLC2A13        
KCNJ10        
KCNB1        
TNPO1        
SLC6A9        
SLC4A11        
SLC31A1        
MYH3        
PIGCP1        
SMG1P3        
SLC22A14        
SMIM24        
TERF1P7        
SLC39A11 
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ATP5PB        
AQP6        
SV2A        
SLC22A10        
GPRC5B        
SLC17A5        
KCNMB1        
SPN        
KCNA1        
UNC119B        
TMCO3        
MIR1-1HG-AS1        
GRIK3        
SYTL5        
GGA1        
CACNA1H        
CHST10        
VLDLR        
GPR34        
PPP1R12C        
RGPD2        
VWCE        
FBXO32        
AP4B1        
KIF1B        
RASAL3        
ASPN        
TMEM144        
EHD3        
SLC30A1        
SLC14A1        
IRAG2        
SLC6A17        
GIMAP4        
MTX3        
DYNC1H1        
SLC5A6        
AQP5        
CHRNE        
MFSD6L        
UBE2E4P        
PSTPIP1        
CARMN        
SCNN1G        
TFCP2L1        
NXT2        
SYNE3        
BGLAP        
SLC7A8        
SLC35A5        
SFXN1        
SLC39A5        
GIMAP7        
SPNS1        
PRR5        
COL12A1        
KIAA1549        
RHCG        
MPEG1        
SCN1A        
RAMP3        
AFAP1        
RAB23        
KRT8P33        
ADCYAP1R1        
GABRA4        
ATP6V1C2        
AQP8        
MORF4L1P1        
RAB3D        
OSBPL10        
SLC24A5        
ATP6V0C        
KCNQ1OT1        
FSD2        
KTN1        
NXF5 



235 
 

       
GIMAP5        
NPIPA8        
GBP2        
PLEKHF2        
HCG27        
SLC17A7        
IGF2R        
ATP8B1        
SLC5A11        
PRDM15        
BEGAIN        
SLC16A1        
SLC39A6        
GABRB2        
PSPH        
SLC39A14        
DNAJC28        
ASPM        
DMPK        
FER1L6        
GRIN3A        
IL21-AS1        
KRT75        
PCDH7        
SLC24A3        
CLCN3        
RAB26        
AR        
KRT14        
TRIM63        
MTURN        
SLC34A2        
ELMOD2        
CLPB    

  
  

TTN 

 

 


