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Abstract  

Glioblastoma Multiforme (GBM) is one of the most aggressive types of brain 

tumour; it is hard to treat with conventional therapy and often shows tumour 

regrowth after surgical removal. Recent studies have indicated the presence of 

cancer stem cells in GBM tumours, which are more resistant to therapy and 

driver of tumour recurrence after treatment. Here, we investigate the effect of 

several epigenetic inhibitors on two GBM stem cell lines, G7 and E2. Cells were 

not sensitive to the BET inhibitor OTX015, but the EZH2 inhibitors EPZ6438, 

UNC1999 and GSK343 all significantly reduced colony formation. The three EZH2 

inhibitors induced expression of senescence-associated β-galactosidase, 

sensitised both cell lines to the alkylating agent temozolomide, and sensitised 

the E2 cell line to radiation. RNA-seq analysis following treatment with EZH2 

inhibitors revealed a significant induction of genes related to neurogenesis and 

neuronal function, particular in the G7 cell line. 

ChIP-seq analysis of the epigenetic changes following EZH2 treatment was used 

to identify genes that were both upregulated and showed a decrease in histone 

H3 lysine 27 tri-methylation, which is the epigenetic mark deposited by EZH2. 

Several regulatory factors were identified that are potential candidates for 

driving the neuronal differentiation of the cancer stem cells. One of these 

candidates is the transcription factor PAX2, which is upregulated in both G7 and 

E2 cells. PAX2 is essential for the correct development of the inner ear and the 

eye, and is known to regulate expression of the neural transcription factors 

NEUROG1, NEUROD1 and ATOH1. 

Based on these data, it is hypothesise that the EZH2 inhibitors reduce GBM stem 

cell proliferation by inducing neuronal differentiation of the cancer stem cells, 

in addition to causing therapy induced senescence. Further work is required to 

investigate whether the candidate regulatory genes that were identified, 

including PAX2, do indeed play a role in driving this differentiation. Sensitisation 

of the GBM stem cells to temozolomide and radiation is a promising line of 

enquiry for further investigation into improving treatments for GBM. 
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Chapter 1 Introduction 

1.1 Introduction  

Malignant brain tumours account for approximately 2% of cancers, with gliomas 

making up 86% of those (McKinney, 2004). Based on the WHO grading system, 

gliomas are divided into low grade (grades I and II) and high grade (grades III and 

IV). Low grade gliomas have low proliferative potential and have good prognosis, 

while high grade gliomas have histological evidence of malignancy and tend to 

have a poorer prognosis (Louis et al., 2007).  

Glioblastoma multiforme (GBM) is a subtype of glioma that is thought to arise 

from glial or neural stem cells (NSCs) and is graded IV on the basis of more 

advanced malignancy features, which include necrosis and vascular invasion 

(Zong, Verhaak and Canoll, 2012). GBM is characterised by being highly 

proliferative and infiltrative in nature, which makes surgical resection of the 

tumour challenging and hard to cure. The median survival of patient with GBM is 

approximately 1 year due to resistance to conventional therapy (Villano, Seery 

and Bressler, 2009; Alcantara Llaguno and Parada, 2016). It has been established 

that pathological diagnosis cannot predict clinical outcome, due to molecular 

heterogeneity among GBM cells (Veliz et al., 2015).  

 

1.2  GBM classification and characteristics  

GBM considered the most lethal type of brain tumour, and it shows 

heterogeneity at the genomic, transcriptional and cytopathological levels. Under 

the microscope regions of microvascular proliferation, pleomorphic nuclei and 

cell and pseudopalisading necrosis can be seen. One of the features of malignant 

glioma is existence of area of pseudopalisading cells that surrounds necrotic 

foci. It is been reported the existence of hypoxic and necrotic regions within 

astrocytoma. This result in  tumour cells to  migrate  away from hypoxic region 

thus indicating the existence of pseudpalisades (Rong et al., 2006).   

GBM can be divided into two subtypes based on clinical presentation. Primary 

GBM arises without a precursor of lower grade disease and without any prior 
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clinical symptoms. Primary GBM is also considered to be derived from cells with 

stem like properties such as glial precursor cells or NSCs. Secondary GBM arises 

from the progression of lower grade astrocytoma. Histologically, primary and 

secondary GBMs are very similar, and prognosis is the same between the two 

subtypes (Parsons et al., 2008) 

Primary and secondary glioma can often be distinguished by their genomic and 

transcriptional profiles (Furnari et al., 2007). For example, mutation of PTEN 

and amplification of epidermal growth factor receptor (EGFR) are most 

commonly found in primary GBM, while mutation in TP53 is frequently seen in 

secondary GBMs. However, these modifications alone are not sufficient to 

differentiate between the two subtypes of GBMs (Parsons et al., 2008).  It was 

found that IDH1 mutant GBM is more sensitive to radiochemotherapy than IDH1 

wild type GBM, and mutant IDH1 is correlated with higher survival in patients 

(Tran et al., 2014). Mutation in IDH1 and IDH2 can lead to a loss of normal 

catalytic activity and abnormal production of 2 hydroxyglutarate (2-HG), which 

is similar in structure to α-ketoglutarate (α-KG) and acts as an antagonist to α-

KG. 2-HG is an inhibitor α-KG - dependent dioxygenases, which includes 

inhibition of the ten eleven translocation (TET) family of 5-methylcytosine 

hydroxylases, and lysine histone demethylases (Yang et al., 2012). Thus, 2-HG 

induces a range of metabolic and epigenetic reprogramming steps that affect 

tumour growth and development (Huang, 2019).  

GBM can also be classified into four subtypes based on genomic profiling of 

human samples, which include classical, neural, mesenchymal and proneural. 

Genetic lesions in GBM typically lead to activation of signalling pathways 

downstream of tyrosine kinase receptors such as platelet derived growth factor 

receptor (PDGFR) and epidermal growth factor receptor (EGFR), either through 

oncogene activation and/or inactivation of tumour suppressors such as PTEN  

(Figure 1-1) (Holland, 2000).Classical GBM is characterised by amplification of 

EGFR and lack of CDKN2A and PTEN. Neural GBM expresses genes involved with 

neuron projection and axons, along with expression of high levels of neuron 

markers. Mesenchymal GBM is typified by NF1 deletion, TP53 and PTEN 

mutation, CDKN2A loss and epithelial-mesenchymal transition (EMT) marker 

expression. Proneural GBM is associated with genetic lesions in IDH1 and 

PDGFRA, loss of PTEN and TP53, and also loss of CDKN2A (Clarke et al., 2013). 
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Figure 1-1 An illustration of EGFR, Retinoblastoma protein and P53 known as canonical 
gliomagenesis mediators that is crucial for signalling in tumour cells.  

The promotion of angiogenesis proliferation and invasion is usually mediated by EGFR that 
is either mutated or amplified. The inactivation of Retinoblastoma protein (RB),  a tumour 
suppresser gene, leads to transcription of E2F1 thus activating cell cycle. In GBM, mutation 
of P53 also leads to inhibition of apoptosis “Figure taken from  (Shergalis et al., 2018)”.  

 

Recent findings proposed that GBM can have either proneural or mesenchymal 

features while the other two types (classical and neural) intersect with either 

proneural or mesenchymal features. GBMs with proneural properties express 

neuronal markers and often have mutated IDH1 that is a feature of secondary 

GBM. Mesenchymal GBM tends to be more aggressive and expresses more stem 

cell markers. The other types can go through the EMT and acquire mesenchymal 

features (Verhaak et al., 2010). Targeting the mesenchymal transition and 

forcing the cells to convert to proneural might increase a patient’s survival rate 

since tumours with mesenchymal characteristics are more aggressive and show 

the worst prognosis. 
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1.3 Cancer stem cell hypothesis 

Current literature indicates that many cancers contain a small population of 

cells responsible for tumour initiation and maintenance known as cancer stem 

cells (CSCs). These stem like cells express the same markers as normal stem 

cells, with the ability to self renewal (Figure 1-2) and also to form daughter cells 

that are phenotypically different from mother cells (Yuan et al., 2004). The 

growth of these cells tends to be in a conserved hierarchy, with slow cycling 

stem cells generating progenitor cells that in turn generate differentiated cells. 

This model suggests that tumour cells exhibit heterogeneity, in which cancer 

stem cells are at the top of hierarchy followed by more differentiated cancer 

cells at lower hierarchical order. These differentiated cells are fast growing cells 

that comprise vast majority of the tumour’s volume. The differentiated cells 

lack the ability to self renew and regrow new tumours (Lan et al., 2017).  

One of the key features of CSCs is self renewal, which allows cells to go through 

unlimited cell division and ensures expansion of the tumour. Along with 

persistent proliferation, CSCs are also characterised by their ability to 

differentiate down multiple lineages. CSCs can either divide into two identical 

daughter (stem or progenitor) cells in a process known as symmetrical division or 

can divide into one stem cell and one progenitor/differentiated cell, known as 

asymmetrical division (Morrison and Kimble 2006). CSCs that are capable of 

forming tumours in a xenograft model are known as tumour initiating cells. The  

failure of current treatment to target these CSCs population might be associated 

with the recurrence, invasiveness and metastasis of the tumour (Frank, Schatton 

and Frank, 2010).  
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Figure 1-2 Evidence indicated the existence of small population of cells responsible for 
tumour initiation and maintenance known as CSCs.  

These cells are characterised by sustained self renewal and sustained  proliferation. They 
also share  the same features as normal stem cells such as  expression of stem cell markers 
and the ability to differentiate. Unlike differentiated cancer cells, CSCs shows resistance to 
the treatment resulting in recurrence of the disease after exposure to conventional cancer 
therapy “Figure taken from (Lathia et al., 2015)”.  

  

1.4 The CSC origin 

Knowing the origin of CSCs might help in developing suitable and effective 

treatment strategies. Bonnet et al. proposed the concept of CSCs, and his group 

observed that malignant cells have self renewal ability that resembles that of 

normal stem cells within the same organ. They proposed that a small group of 

cells possess the ability to form tumour (Bonnet and Dick, 1997). Another 

published study indicated that both stem cells and differentiated cells can 

become cancer cells(Bachoo et al., 2002). In this study they found that NSCs and 

mature astrocytes can become immortal cells after serial passaging. The loss of 

tumour suppressor genes p16 and p19 and activation of EGFR promotes 

astrocytic dedifferentiation (Bachoo et al., 2002). There are two theories that 

explain the origin of CSCs; the first one indicates that normal stem cells can 

undergo mutation and transform into CSCs. The second theory implies that CSCs 
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behave like stem cells and can arise from any cells that have some stem cells 

characteristics (Figure 1-3). Mutation in stem cells, progenitor cells or even 

differentiated cells can lead to  CSCs that contributes to tumour development. 

This model indicates that differentiated cells might lose their properties and 

gain self renewal capacity. CSCs can arise from mutation of genes of normal 

stem cells, but in some cases  progenitor cells may undergo mutation resulting in 

reacquired self renewal ability (Sell, 2010).   

Embryonic stem cells are characterised by pluripotency, which gives the cells 

the capacity to generate any type of cells. This pluripotency in embryonic stem 

cells is promoted by maintaining proliferation and self renewal capacity, which 

allows the cells to self renew continuously when growing in vitro. Recent reports 

suggest that these specific characteristics of embryonic cells are expressed in 

various types of cancer, indicating that these shared characteristics might help 

in identifying new approaches in cancer therapy (Kim and Orkin, 2011). 
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Figure 1-3  This figure shows the origin of GBM stem cells (GSC)s.  

Primary GBM thought to be developed from genetic and epigenetic dysregulation that occur 
in NSCs or glial progenitor cells while secondary GBM is derived from low grade gliomas. In 
GBM, GSCs can retain stemness and thought to be at the top of hierarchy that forms 
heterogeneous tumour. Some of the GBM differentiated cells shows resistance to 
conventional therapy and dedifferentiate into GSCs resulting in tumour relapse (original 
figure).  

 

 

 

1.5 Existence of CSC population in GBM 

Increasing evidence indicates the existence of a small population of stem like 

cells known as GSCs in GBM tumours that play a significant role in resistance to 

conventional therapy and recurrence of disease after treatment (Bao et al., 

2006).  GBM cells that are taken from patients showed the ability to form 

spheres when grown in media containing growth factors, including epidermal 

growth factor (EGF) and basic fibroblast growth factor (bFGF), similar to the in 

vitro conditions in which NSCs are grown (Kondo, Setoguchi and Taga, 2004). 
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Recent hypotheses indicate that the origin of GSCs might come from genetic 

mutation and epigenetic alteration of NSCs. 

In the brain, NSCs can differentiate into progenitor cells (neuronal or glial), 

neuronal progenitor cells differentiate into neurons, while glial progenitor cells 

can differentiate into  astrocytes, ependymal cells or oligodendrocytes. Brain 

tumours can develop as a result of transformation of NSCs into CSCs. Similarly, 

glial progenitor cells  and differentiated cells such as astrocytes , 

oligodendrocytes, ependyma cells and neurons also have the potential to 

undergo abnormal transformation into CSCs and develop malignant tumours (Safa 

et al., 2015).   

 

1.6 GSCs microenvironment  

GSCs arise in a stem cell niche in which angiogenesis and stemness is influenced 

by the microenvironment. One study suggested that necrosis can be found in 

hyperproliferating areas where there is a high level of stem cell antigens.  

Necrotic areas develop in the centre which makes GSCs form a ring outside the 

proliferating areas (Schiffer et al., 2014). GSCs are often located in perivascular 

niches and can manipulate their microenvironment both through secretion of 

vascular endothelial growth factor (VEGF) and through differentiation into 

pericytes themselves. TGFβ released by endothelial cells induces differentiation 

of GSCs into vascular pericytes, which support blood vessel structure and 

function thus promoting vascularisation and tumour growth. Evidence suggests 

that since GSCs have  similar characteristics as NSCs they can act as pericytes 

progenitors. These GBM pericytes express the same markers as normal brain 

vascular pericytes. In vivo models showed the ability of these GSCs to promote 

vasculature formation to support tumour growth without relying on surrounding 

normal pericytes (Sena et al., 2018; Cheng et al., 2013a).  
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1.7 GBM and stem cell markers 

Several studies focus on identifying reliable CSC markers for isolation of GBM 

stem cells within tumour. Due to the lack of decisive markers it is hard to 

distinguish CSCs from the rest of non stem cell population. In somatic cells, the 

expression of transcription factors that induce pluripotency in stem cells. 

Overexpression of these embryonic transcription factors can be seen in tumour 

cells due to the similarities between embryonic stem cells and CSCs. Thus, 

transcription factors play key role in regulating growth in CSCs. Markers such as 

CD15 and CD133 were used in combination with other markers such as OCT4, 

SOX2 and NESTIN which were found to be successful in identification of GSC 

population in vivo and in vitro. These markers were selected for identifying new 

GSCs that showed high level of tumour engraftment and are more invasive 

phenotypically.This population of CSCs were shown to be more resistant to 

conventional therapy than bulk differentiated  cells (Auffinger et al., 2014). 

Brescia et al. suggested that CD133 is important for maintaining  the GSC 

population. qRT-PCR analysis showed differences in mRNA expression of CD133 

taken from different GBM samples. Flow cytometric analysis  indicated that in 

neurospheres not all GBM cells are expressing the same level of CD133,  in fact 

there are populations of cells who lack the expression of CD133 (Brescia et al., 

2013). Another in vitro study showed that CD133+ GBM cells are more resistant 

to conventional therapy. The same study also indicated that GSCs population is 

still highly tumourgeneic despite the variation in CD133 expression (Liu et al., 

2006).These results indicate that GBM tumours are heterogeneous and there is 

not a single marker for all GSC populations. A recent study demonstrated that 

from a single GBM tumour a mixed population of cells can be found based on 

expression of markers CD133 and CD44. The cells were sorted using FACS into 

four groups: CD133+ CD44+, CD133- CD44-, CD133+CD44-and CD133-CD44+ 

(Brown et al., 2017). 

CSCs markers are also found to be useful in identifying different subtypes of 

GBM. One in vitro study indicated  the existence of two main subtypes of GBM, 

mesenchymal and proneural (Denysenko et al., 2014). High expression of the 

CD133 marker indicated proneural properties, while low CD133 expression 

showed mesenchymal characteristics in vitro. Cell lines that have mesenchymal 

properties showed high resistance to hydroxyurea treatment (Denysenko et al., 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Auffinger%20B%5BAuthor%5D&cauthor=true&cauthor_uid=24608791
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2014). In general, most GSCs were found to  express CD133 while some of them 

expressed CD44 instead of CD133. Mesenchymal GSCs express CD44 while 

proneural GSCs are express CD133 (Nakano, 2015).   

A number of transcription factors found to be activated in GSCs are involved in 

tumour maintenance through self renewal, stemness and proliferation. These 

transcription factors were found to be expressed at higher levels in GSCs and are 

involved in several  pathways that contribute to therapeutic resistance 

(Auffinger et al., 2014). OCT4, a transcription factor belonging to  the POU 

family, is found to be expressed in mammalian embryonic cells at early 

development. The activity of OCT4 was found to induce pluripotency and 

proliferation in germ cells and embryo cells (Nichols et al., 1998). OCT4 can 

work alone or in cooperation with other transcription factors by recruiting 

chromatin remodelers that are involved in regulating the expression of specific 

target genes. Therefore, OCT4 has a key role as developmental regulator that is 

involved in reprogramming somatic cells (Jerabek et al., 2014). An experimental 

model of rat glioma cells showed  decreased level of Oct4 resulted in reduction 

of proliferation and colony formation (Du et al., 2009).  

Regulation of gene expression by the transcription factor SOX2 is found to be 

associated with CSCs as well as differentiated cancer cells (Berezovsky et al., 

2014). In normal cells, SOX2 is expressed by stem cells and is thought promote 

stem cell proliferation. SOX2 was found to play a role in maintaining the 

characteristics of neural progenitor cells and inhibiting differentiation (Graham 

et al., 2003). High levels of SOX2 were found to be correlated with basal like 

breast cancer (Rodriguez-Pinilla et al., 2007). Recent work revealed that 

downregulation of SOX2 can decrease the chemoresistance of GSCs. Encouraging 

results demonstrated that silencing SOX2 through miRNA 145 might be a 

promising therapeutic approach (Garros-Regulez et al., 2016). In glioma cells, 

SOX2 was found to maintain proliferation. Knocking down SOX2 expression using 

a retroviral victor expressing miRNA that is engineered for targeting  SOX2 mRNA 

can reduce tumourigenicity and  reduce  proliferation capacity of the cells 

(Gangemi et al., 2009). 

In vitro analysis showed the expression level of the transcription factor Nanog 

was higher in stem cells and lower in differentiated cells.The elevated level of 
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Nanog was associated with clonal expansion and maintaining the level of OCT4 in 

embryonic stem cells (Chambers et al., 2003). Furthermore, the maintenance of 

brain tumour stem cells was found to be associated with high level of Nanog 

expression. In a GBM xenograft model, the inhibition of Nanog expression led to 

decreases in pluripotency, proliferation, invasiveness and migration in tumour 

cells (Higgins et al., 2013). Expression of Nanog can also promote EMT, which 

allows the tumour cells to migrate to other organs and form metastatic tumours 

(Wang et al., 2014). 

OLIG2, a member of the basic helix loop helix (bHLH) family of transcription 

factors, is universally expressed in the central nervous system (Kosty et al., 

2017). OLIG2 has a critical role in proliferation of glial progenitor cells, and is 

found to be expressed at higher levels in gliomas. Deletion of OLIG2 in animal 

models with the proneural subtype of GBM inhibits tumour growth resulting in a 

phenotypic shift from oligodendrocyte to astrocyte with upregulation of EGFR 

and downregulation of PDGFR (Kosty et al., 2017). Immunohistochemical analysis 

of patient samples showed that the number of GBM cells with positive Olig2 was 

higher in secondary GBM when compared to primary GBM, in recurrent GBMs 

there were also high level of Olig2 expression (Trépant et al., 2015) .OLIG2 has a 

role in activating cell proliferation through regulating growth receptors such as 

EGFR and PDGFR and controls plasticity in glioma cells. OLIG2 inhibition makes 

tumour cells sensitive to EGFR inhibitors, and expression of OLIG2 is also 

essential for maintaining tumour propagation in proneural subtype of GBM (Lu et 

al., 2016). In NSCs, OLIG2 has a role in initiating oligodendrocyte differentiation 

(Zhou and Anderson, 2002). 

The level of NESTIN, a type IV intermediate filament, is found to change the 

properties of stem cells. During embryonic development, NESTIN is expressed in 

cells that show migration and proliferation capacity. In GBM cell lines, data 

indicates that NESTIN downregulation leads to a reduction in sphere formation 

and a reduction in tumour size in vivo models (Matsuda et al., 2015). One study 

showed that NESTIN expression is regulated by γ secretase in glioma stem cells, 

which has a role in activating  notch signalling pathways and stemness of cells 

(Jin et al., 2013). Western blot analysis also revealed the potential role of OCT4 

in regulating the expression of NESTIN and GFAP, as downregulation of OCT4 in 
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glioma cell lines led to downregulation of NESTIN and upregulation of GFAP and 

vice versa (Du et al., 2009) 

Suva et al. proposed that four types of transcription factors (SOX2, OLIG2, SALL2 

and POU3F2) were found to be important for GSCs proliferation.  This study 

showed that expression of these transcription factors is important for 

maintenance of GSC population in GBM tumour. GBM cells expressing these 

markers are reprogramed into CSCs (Suvà et al., 2014). GBM cells also showed 

upregulation of transcription factors including SOX2 and FOXG1; upregulation of 

these transcription factors can cause the cells to dedifferentiate into stem cells 

and limit astrocyte differentiation (Bulstrode et al., 2017). These data indicate 

that shifting of differentiated cancer cell into a non differentiated state that is 

controlled by epigenetic regulators. Prohibiting the dedifferentiation of cancer 

cell could be a new therapeutic approach, if there was a better understanding of 

mechanism underlying epigenetic regulatory involvement in the reprogramming 

of differentiated cells into CSCs.   
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Stem cell 

markers  

Function  Pathways involved  

in GBM cells 

References  

OCT4 and 

SOX2  

Pluripotency stem 

cell marker 

Downregulation of 

miRNAs include 

miR-148a 

SOX2 also Induce 

plasticity by 

downregulation of 

Wnt pathways and 

upregulation of 

cytokine pathways 

(Lopez-Bertoni 

et al., 2015) 

 
(Berezovsky et 

al., 2014)  

NANOG Increase stemness 

in GBM 

Involved in 

hedgehog GLI 

signalling pathways 

required for GBM 

growth  

(Zbinden et al., 

2010)  

 

OLIG2  Reprogramming 

into stem like 

properties 

Regulating linage 

restriction 

pathways essential 

for proliferation  

(Ligon et al., 

2007) 

 

 

Table 1-1 Common transcription factors that are expressed in GBM cells and are thought to 
have a role in cancer cell plasticity.  

 

 

1.8 GBM and CSC resistance  

It is reported that CSCs are responsible for resistance and regrowth of tumour 

after treatment. There are different mechanisms that makes GSCs resistant to 

conventional therapy such as overexpression of O6-Methylquanine-DNA 



30 
 

Methyltransferase (MGMT) which is DNA repair gene that makes differentiated 

cancer cells undergoes dedifferentiation to CSCs. These cells acquire the 

stemness properties and are mediated by several pathways that maintains 

reprograming of tumour cells (Dahan et al., 2014). The effect of radiation and 

chemotherapy usually depends on the rate of cell proliferation, which makes 

differentiated cancer cells more sensitive  than normal cells. Cancer cells that 

are in slow growth state have a significant role in tumour recurrence. RNA-seq 

analysis showed that high number GBM cells that have low proliferative rate also 

have  high expression of stem related genes (Sen et al., 2018).  

CSCs have a major role in tumour recurrence after treatment with radiation as a 

result of innate resistance such as developing antioxidant and high DNA repair 

capabilities. One experiment showed that exposing glioma stem cells to 

radiation can leads to radioresistance not only through intrinsic resistance but 

also by developing adaptive mechanism as a result of repeated radiation. 

(Otsuka et al., 2018). CSCs can acquire resistant mechanisms and become 

radioresistant. In vitro study showed that brain tumour cells enriched with 

CD15+/CD133-  have increased stem gene expression and self renewal ability 

after treatment with chemorediotherpay (Qazi et al., 2016). Developing an  

effective therapy that can cross the blood-brain barrier and target slow growing 

CSCs can be challenging.  

1.9 Cancer cell quiescence  

The ability of cells to go through reversable G0 phase to avoid re-entering the 

cell cycle in response to physiological stimuli is known as cell quiescence. 

Quiescent cells are characterised by being in a state of dormancy but still retain 

their proliferation capacity. This phenomenon can be particularly observed in 

stem cells in which cells enter a quiescence state to preserve their ability of self 

renewal and avoid genetic alteration resulted from repeated division (Gulaia et 

al., 2018). 

Cell quiescence is usually controlled by signalling pathways, the signalling 

molecules that are involved in regulating stem cell quiescence include p21,  p27, 

p53, RB proteins and some miRNAs (Cheung and Rando, 2013). Some evidence 

suggests that CSCs populations are relatively quiescent which  ensures long term 
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survival against environmental stress. It was also reported that some  tumour 

cells can enter state of dormancy that allows cells to maintain non proliferative 

quiescent stage, that can lead to tumour relapse and progression  when these 

dormant  cell are exposed to conventional therapy (Wang and Lin, 2013). 

In GBM, a population of CSCs were identified by expressing transgenes that are 

specific for quiescent NSCs. After treatment with chemotherapy, these cells 

were able to produce cancer cells and maintain tumour regrowth (Chen et al., 

2012b). RNA-seq analysis of GBM tumour cells also indicated the heterogeneity 

among tumour cells and that  a population of these cells harbours markers that 

are associated with quiescent characteristics and showed stemness signatures. 

This quiescent state is considered an important factor that contributes to the 

resistance against the conventional therapy by protecting  CSCs population  from 

antiproliferative agents (Patel et al., 2014).  

 

1.10 Experimental methods for characterisation of CSCs 

populations 

Various experiments are conducted to assess the features of CSCs both in vivo 

and in vitro. Neurosphere assay was able to evaluate self renewal and 

proliferation capacity but was unable to assess tumour hierarchy. In vivo 

transplantation to form tumour might be essential to indicate the presence of 

the CSC population (Lathia et al., 2015). The expression of markers is not 

sufficient for identifying CSCs population. Various in vitro and in vivo methods 

have been used to assess the properties of stem cells. For in vitro evaluation, 

limiting dilution assay and sphere formation assay are used for assessment of self 

renewal and proliferation capacity. CSCs also exhibits clonal characteristics in 

which they possess the ability to grow in serum free media forming clonal 

tumourspheres. Based on Hoechst dye staining method, CSCs are isolated 

depending on their dye efflux. Cells that show stem cells characteristics  

exhibited the lowest amount of dye and had the highest rate of dye efflux. CSCs 

were also identified based on ATP binding cassette (ABC) transporter’ 

overexpression, which is associated with chemoresistance and tumour 

progression (Richard et al., 2013). Lastly, in vivo ability of CSCs for limiting 
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dilution makes these cells able to form heterogeneous tumour after serial 

transplantations into mice models (Bandhavkar, 2016). 

 

1.11 Epigenetic alteration in GBM 

In mammals, epigenetic modifications are important for regulating expression of 

genes involved in cell growth and maintenance. Disruption of this epigenetic 

machinery  is one of the  hallmarks of cancer that can lead to abnormal cellular 

growth and development of malignant tumour (Sharma, Kelly and Jones, 2010). 

H2A, H2B,H3 and H4 are the core histone proteins that undergo post translation 

modifications which include methylation, acetylation, ubiquitylation and 

phosphorylation. Among these modifications, methylation of lysine 27(K27) and  

lysine 4 (K4) are of certain interest due to their key role in developmental 

process (Ringrose and Paro, 2004). 

It is believed that accumulation of genetic mutation and epigenetic 

dysregulation can lead to cancer development and progression, and alteration of 

epigenetics in tumour suppresser genes and oncogenes have a critical role in 

GBM development. Epigenetic changes such as microRNA dysregulation, aberrant 

DNA methylation and chromatin remodelling have been closely associated with 

the GBM development (Figure 1-4). Genes and enzymes that are involved in 

regulation of these modification are considered new targets for treating cancer. 

According to Lathia et al. epigenetic alterations can play an important role in 

resistance, suggesting that tumour contain subpopulation of cells known as CSCs 

that are drug tolerant. Epigenetic targeted therapy might reverse epigenetic 

abnormalities and sensitise these cells to conventional therapy (Lathia et al., 

2015). 

Epigenetic modifications have an effect on transcription factor binding affinities 

that is present in all genome region. It was found that these changes have a role 

in transcribing  genes. Recent literature showed various location that indicates 

correlation between epigenetic modification and transcription factors. Analysis 

revealed that some histone modifications such as H3K4me3 was found near 
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transcription start site (TSS) while some other histone modifications such as 

H3K4me1 was found far from TSS (Liu, Jin and Zhou, 2015).  

 

 

Figure 1-4 Different type of routes that contribute with the disruption of epigenetic 
machinery,  

Altered epigenetic mechanism affects cellular hierarchy that is involved in normal 
differentiation  of neural cells “Figure taken from  (Carén, Pollard and Beck, 2013)”. 
 

Deregulation of epigenetic mechanisms can impact on neoplastic transformation, 

cell state and identity. Epigenetic regulation mechanisms include non-coding 

RNA, DNA methylation and histone modification. These mechanisms control 

transcription by regulating the accessibility of transcription factors to DNA and 

the efficiency of transcription. In GBM, epigenetic mechanisms have attracted 

attention as diagnostic biomarkers, in developing therapy and predicting 
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responsiveness to treatment. Trimethylation of H3K27 and H3K9 are known to 

have roles in repressing transcription. In NSCs, H3K27me3 is considered to be a 

key epigenetic change and aberrant alteration is often found to be associated 

with GBM (Mack et al., 2016).  

 

1.12 The role Polycomb group proteins in GBM 

1.12.1 Polycomb group proteins 

Post translational modification of histone proteins plays a critical role in gene 

regulation. Many studies have investigated the effect of epigenetic modifications 

on CSCs, as they can lead to upregulation of oncogenes or repression of tumour 

suppressors and can cause tumour heterogeneity in many types of cancer. One of 

these modifications is methylation of arginine and lysine residues, which are 

catalysed by histone methyl transferase enzymes (Weber and Henikoff, 2014). 

The addition of a methyl group to a histone tale can activate or repress target 

genes depending on exactly which amino acid residue is modified (Chi, Allis and 

Wang, 2010).   

Polycomb group (PcG) proteins were first discovered in Drosophila melanogaster 

as epigenetic regulators that control gene expression through catalysing histone 

post translation modifications (Chi, Allis and Wang,2010). PcG proteins are 

epigenetic regulators that is crucial for maintaining stem cells. PcG proteins 

have been associated with different types of cancer. The two classes of 

polycomb group proteins, polycomb repressive complex 1 (PRC1) and polycomb 

repressive complex 2 (PRC2) are involved in gene silencing (Sauvageau and 

Sauvageau, 2010). The two types of PRC are found to be linked to many forms of 

tumours resulting in  transcriptional silencing of tumour suppressor genes. These 

epigenetic dysregulation are involved in changing  cellular pathways, thereby 

increasing proliferation capacity of tumour cells. In mammals, PRC2 consists of 

four functional core subunits, enhancer of zeste homolog 2 (EZH2)  with histone 

methyl transferase activity, embryonic ectoderm development (EED), suppressor 

of zeste 12 (SUZ12) and retinoblastoma suppressor associated proteins 46/48 

(RBAP46/48) (Richly, Aloia and Di Croce, 2011).The core subunits of PRC1 
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consists of B lymphoma Mo-MLV insertion region1 (BMI1), ring finger protein1 A/B 

(RING1A/B), human polyhomeotic homolog (HPH), chromobox homolog (CBX) and  

polyhomeotic homolog (PHC).  

The expression of PRC2 components can be controlled by c-MYC and E2F that 

maintains self renewal and proliferation. In embryonic stem cells, c-MYC 

maintains pluripotency by direct transcriptional upregulation of PRC2 subunits. 

c-MYC is a transcription factor that is belong to MYC family proteins and is highly 

expressed in cancer cells resulting in rapid cell division and suppression of gene 

with antiproliferative effect (Miller et al., 2012). Inhibition of c-MYC can affect 

transcriptional response of cells to hypoxia, this finding was also enabled to 

distinguish proneural from other GBM subtypes based on genes whose expression 

altered by c-MYC inhibition (Mongiardi et al., 2016). Upregulation of c-MYC leads 

to over expression of miR-29c and REV3L induction which subsequently facilitate 

the mechanism of resistance to alkylating agent temozolomide (TMZ). Disrupting 

the signalling pathway of c-Myc/miR-29c/REV3L might make GBM cells more 

sensitive to conventional  treatment (Luo et al., 2015a). PRC2 also found to 

repress a subset of genes during embryonic development to maintain 

pluripotency (Lee et al., 2006).  

Polycomb repressive complexes (PRC1 and PRC2) play a critical role in silencing 

target genes through histone modification (Figure 1-5)  (Chittock et al., 2017). 

The two polycomb group can work together or separate from one another. PRC2 

has been linked with tumourgenesis through recruiting DNA methyltransferases 

and silencing  tumour suppresser p21. EZH2, a member of the PRC2 complex, 

inhibits gene expression through trimethylation of lysine 27 on H3 (Herviou et 

al., 2016).  
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Figure 1-5 Role of PRC2 and PRC1 complexes on chromatin structure and gene expression.  

PRC2 trimethylates histone H3 at K27 that is recognised by PRC1 complex. The PRC1 
complex monoubiquitinates histone H2A at K119, both complexes work together to repress 
transcription of targeted genes (original figure).  

 

Existing evidence shows that PRC2 can recruit PRC1 though the PHC subunit, and 

the two complexes can work together to mediate chromatin compaction and 

gene silencing (Veazey, Muller and Golding, 2013). The SET domain (with histone 

methyl transferase activity) of EZH2 catalyses trimethylation of histone (H3) at 

Lysine 27 (K27). The CBX protein subunit of the PRC1 component recognises 

trimethylation of H3K27 and recruits the PRC1 complex. BMI1 interacts with 

RING1B enhancing the activity of E3 ligase. The enzymatic activity E3 ligase of 

RING1B  catalyses monoubiquitination of H2A at lysine 119 mediating chromatin 

compaction and repressing transcription of the targeted genes (Wu et al., 2013).   
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1.12.2 PRC role in cell cycle dysregulation   

PcG proteins contribute to the repression of INK4b-ARF-INK4a transcription that 

encodes p14, p15 and p16 proteins. These proteins regulate signalling pathways  

that protect the cell from uncontrolled cell division or proliferation by 

promoting apoptosis or senescence (Gil and Peters 2006).  p16 and p15 are cyclin 

dependent kinase inhibitors (CDKI), p16 prevents the transition of cell from G1 

phase to S phase.  p16 binds to CDK4/6 and prevents phosphorylation of RB, 

which binds to E2F  preventing transcription of its targeted genes that are 

critical in G1 phase to  S phase transition. p14 promotes apoptosis by arresting 

cell cycle progression in G1 phase and G2 phase. p14 inhibits MDM2 thus 

activating p53 pathway, MDM2 induces transcriptional repression of p53 and also 

mediates degradation of proteasome (Gil and Peters, 2006).  

Over expression of EZH2 has been linked with silencing of differential genes and 

tumour suppresser genes which contributes with self renewal and uncontrolled 

cell division in cancer. A member of RB known as pRb2/p130  binds with HDAC1 

resulting in gene silencing, EZH2 competes with HDAC1 for binding to pRb2/p130 

leading to cell cycle progression (Tonini et al., 2004). In B cell acute 

lymphoblastic Leukemia, overexpression of EZH2 inhibits p21, p53 and 

phosphatase and tensin homolog (PTEN) resulting in reduction of apoptosis and 

cell cycle progression (Chen et al., 2012a). EZH2 overexpression is also involved 

with DAB2IP silencing. DAB2IP is a Ras GTPase-activating protein and tumour 

necrosis factor that is associated with JNK signalling pathways promoting 

apoptosis.In various types pf cancer, downregulation of DAB2IP by EZH2 

dependent repression  is linked with poor prognosis and metastasis (Chen, Tu 

and Hsieh, 2005).  
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1.12.3 Role of EZH2 in cancer cells 

Recent studies indicates that EZH2 mutation or overexpression have been 

detected in many types of cancer, including GBM, and are associated with 

maintaining  pluripotency of CSCs (Richly, Aloia and Di Croce, 2011). In human, 

EZH2 consists of several domains (Figure 1-6). One of the domain is SET domain 

at C- terminus  which is required for  histone methyltransferase maintenance. 

Other domains interact with PRC2 components and include; WDB domain binding 

region for EED, SANT domains involved in chromatin remodelling, CXC cysteine 

rich domain and Domain I and II that are binding domains for PHF1 and SUZ12, 

respectively (Margueron and Reinberg, 2011). Domains I and II are known as 

domain for protein interaction and  is required for assembly  and maintenance 

PRC2 complex.  

 

Figure 1-6 The organisation and interaction of human EZH2 domains.  

WBD and domain 2 serve as binding site for PRC2 components which include EED and 
SUZ12 respectively. The C-terminal  SET domain is require for histone methyltransferase 
activity “Figure adapted from (Wen et al., 2017)”.  

 

In human, the EZH2 gene is located on chromosome 7q35 with 746 amino acid 

residues. EZH2 is typically found in nucleus but it can also be located in the 

cytoplasm (Su et al., 2005). In order for EZH2 to obtain histone 

methyltransferase activity it has to interact with other PRC2 subunits EED and 

SUZ12 to form a complex (Cao and Zhang, 2004). Besides methylation of H3K27, 

EZH2 found to be involved in other modifications such as ubiquitination and 

phosphorylation (Figure 1-7) (Han Li and Chen, 2015). EZH2 also methylates non 

histone proteins through PRC2 mediated gene repression, such as direct 

methylation of GATA4 at lysine 299  (He et al., 2012). EZH2 can have an 

activating role that is independent from PRC2 (not part of the complex) through 

direct methylation of STAT3. Reports showed that AKT signalling plays an 
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important role in interaction of EZH2-STAT3. AKT phosphorylates EZH2 at serine 

residue 21 which in turn binds to and methylates STAT3. That leads to activation 

of STAT3 which contributes to GBM tumour progression (Kim et al., 2013). 

 

Figure 1-7 Mechanism action of EZH2 in activation and repression of targeted genes.   

EZH2 acts as epigenetic silencer of targeted genes as a part of PRC2 recruited subunits. 
While EZH2 directly methylates non histone target mediated through dependent manner. 
EZh2 also works independently from PRC2 recruitment as gene activator (original figure). 

 

 

EZH2 has been found to play a role in tumour initiation and its maintenance.  

Recent in vitro study using RNA interference indicated that EZH2 downregulation 

results in G1/S phase cell cycle arrest and apoptosis (Fan et al., 2014). EZH2 has 

another homologue called EZH1, both members of EZH are involved with PRC2 

complex although their end products seem to have different function. It is 

indicated that EZH2 contributes more to di and tri methylation of H3K27 

compared to  EZH1 that has lower methyltransferase activity (Margueron et al., 

2008). 

The overexpression of EZH2 is dependent on the type of GBM. The two GBM 

subtypes proneural and mesenchymal are found to be unevenly distributed in a 
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tumour based on GSCs interaction with microenvironment(Jin et al., 2017).  

Cells with a proneural profile are usually found in vascular regions, while cells 

with a mesenchymal profile are typically located in hypoxic regions. The 

proneural GSCs express high level of EZH2 while the mesenchymal GSCs show 

high level of BMI1 protein. The heterogeneous nature of cell phenotypes within 

an individual tumour indicates that the combined therapy BMI1 and EZH2 

inhibitors might be effective in GBM with proneural and mesenchymal 

characteristics(Jin et al., 2017). 

The MYC proteins are transcription factors that are usually mutated and 

amplified in most tumours. New evidence indicated that MYC not only controls 

gene expression but also as act as a regulator of miRNA expression (Dang, 2012). 

In most tumour cells, the expression of miRNAs is repressed by MYC resulting in 

cell proliferation and impairment of cell cycle arrest (Lu et al., 2005). MYC was 

also found to regulate the expression of EZH2 through repression of miR-26a and 

miR-26b (Sander, Bullinger and Wirth,2009).  

Data showed that nuclear EZH2 is involved in reprograming GBM cells which help 

their adaptation to microenvironment (Natsume et al., 2013). EZH2 is highly 

expressed in GBM cells  compared to other lower grade. Inhibition of EZH2 

expression led to a decrease in proliferation of glioma stem like cells (Orzan et 

al., 2011). Lee et al. demonstrated the repression of BMPR1B expression that 

blocks differentiation and enhances tumourgenicity in GBM tumour cells.  They 

found that knockdown of EZH2 increased the level of BMPR1B and that the CpG 

nucleotide BMPR1B promoter was less methylated, which indicates the role of 

EZH2 transcriptional repression mediated by PRC2 in BMP signalling pathway 

(Lee et al., 2008). Targeting EZH2 in GBM cells might strongly impair CSCs 

capacity for self renewal and tumour initiation (Suvà et al., 2009) . 

In paediatric GBM, mutation of H3F3A that encodes H3.3 leads to decreasing the 

level of H3K27me3 without affecting the expression of EZH2 (Venneti et al., 

2013). The H3F3A mutations result in substitution of amino acids at two site on 

the histone tail:G34R/G34V and K27M (Schwartzentruber et al., 2012). Mutation 

of G34 and K27 in H3F3A results in trimethylation of H3K36 which is involved in 

active transcription. This causes upregulating of MYCN which is a potent gene 

involved in tumourgenesis in paediatric GBM (Bjerke et al., 2013). In paediatric 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sander%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19197161
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bullinger%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19197161
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wirth%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19197161
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high-grade glioma, it was found that DNA hypomethylation and reduced level of 

H3K27me3 are associated with activation of gene expression in cells carrying the 

K27M mutant of histone H3.3 (Bender et al., 2013).  

 

1.12.4 Role of BMI1 in cancer 

PRC1 represses gene transcription though monoubiquitylation of H2AK119. One 

of the PRC1 subunits BMI1 has been shown to contribute to tumour development 

in various types of cancer. A recent study showed that upregulation of BMI1 

leads to progression and aggressiveness of tumour in biliary tract cancer (Mayr et 

al., 2016). Studies showed that PRC1 binds to H3K27me3 and H2AK119ub1 and 

thus works with the PRC2 complex to mediate chromatin compaction (Francis, 

Kingston and Woodcock, 2004). BMI1 consists of three functional regions: the 

central helix turn helix (HTH) domain that binds to DNA, the RING domain that 

has a role in DNA damage repair and the C- terminal region known as the proline 

serine threonine (PEST) rich domain that is involved in protein degradation. The 

RING domain allows BMI1 to form a complex with RING1 A/B, which comprises a 

E3 ubiquitine ligase that upregulates the activity of monoubiquitination of H2A. 

The HTH domain is involved in protein-protein interactions and it serves as  

binding region for polyhomeotic proteins (PHC1, PHC2 and PHC3). Both HTH and 

RING domains were found to  prevent cellular senescence (Gray et al., 2016). 

Downregulation of BMI1 is found to upregulate expression of p16INK4a and p19ARF , 

genes which are involved in pathways that regulates apoptosis and senescence 

(López-Arribillaga et al., 2015). In GBM cells, in vitro observations revealed that 

knocking down BMI1 resulted in increased expression of transcripts involved in 

neurogenesis.  

It was also reported that BMI1 prevents GBM cells from undergoing cell cycle 

arrest and apoptosis. ChIP assay revealed that P21Cip  is a direct target of BMI1. 

The expression of FOXOA3, which induces apoptosis, was also upregulated 

following knocking down of BMI1 (Abdouh et al., 2009). In vivo experiments 

revealed that Bmi-1 directly represses the expression of p21 in NSCs. Knocking 

down Bmi-1 in a mouse model resulted in elevated expression of p21 that 

inhibits phosphorylation of RB (Fasano et al., 2007). There is evidence that BMI1 
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is expressed at higher levels in GBM cells which is essential for maintaining  self 

renewal capacity in cells through downregulation of P21 (Abdouh et al., 2009). 

 

1.12.5 Polycomb group proteins and microRNAs 

Several non-coding RNAs are associated with PRC complex recruitment. Micro 

RNA (miRNA) is short non-coding RNAs that have a role in post transcriptional 

regulation of genes. miRNAs have been found play a key role in the pathogenesis 

of GBM, and are involved in regulation of cell cycle, apoptosis, angiogenesis, 

invasion and cell proliferation (Luo et al., 2015b). In GBM, the enzymatic 

activity of EZH2 inhibits miR-26a-5p that regulates EZH2 transcription, 

suggesting a negative feedback loop between EZH2 and miR-26a-3p (Sharma et 

al., 2016). Overexpression of miRNA 873 reduces invasion, cell proliferation and 

migration in GBM. It was found that miRNA 873 involved in inhibition of IGF2BPI 

expression that plays a role in stabilizing mRNA transcripts of genes that are 

involved in GBM progression (Wang et al., 2015). The evidence of regulatory 

changes between miRNA and PRC are seen in GBM, upregulation of miR-128 

inhibits PRC subunits BMI1 and SUZ12 as well as cell proliferation (Peruzzi et al., 

2013; Dawson and Kouzarides, 2012).  

 

1.13 Tumour cell heterogeneity and plasticity 

1.13.1 Tumour cell heterogeneity 

During tumour development, changes in epigenetic regulators can cause cellular 

reprograming which leads to uncontrolled cell division. In cancer cells,          

sub-clonal mutations in epigenetic mechanisms can result in tumour 

heterogeneity through promoting changes in signalling of microenvironment 

(Dawson and Kouzarides, 2012). There are two general models that explain 

heterogeneity in solid tumours. The first model suggest that all cancer cells have 

a low proliferating capacity in which they behave as CSCs in a clonogenic assay 

and have the ability to form new tumours in vivo. The second model indicates 

that only small subset of cells has the capacity to proliferate extensively and 
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form tumour known as CSCs, the rest of the cells are depleted of that ability. 

The existing treatments are based largely on the first model, but the failure of 

these treatments to ultimately cure cancer might indicate that the second 

model might be more accurate (Reya et al., 2001). It has been proposed that the 

intertumoural heterogeneity in GBM might depend on the origin of the cells as 

well as genetic mutation and epigenetic alteration. Based on the level of gene 

expression, the fragments of the tumour taken from the same GBM patient can 

be categorised into different GBM subtypes (Sottoriva et al., 2013).  

Single cell RNA-seq analysis highlighted the hierarchical modelling and 

intratumoural heterogeneity in GBM tumour cells (Couturier et al., 2020; Patel 

et al., 2014). Interestingly, Single cell RNA-seq analysis revealed diversity in 

oncogenic signalling in relation with transcriptional program in five primary 

GBMs. Individual  cells shows characteristics of different GBM subtypes that 

indicates heterogeneity mixture within single tumour. Regardless of the 

predominant subtype of the tumour, few cells had proneural characteristics in 

all tumours (Patel et al., 2014). PRC2 mediated H3K27me3 controls the 

expression of miR-1275 that regulates cell differentiation indicating the role of  

PRC2 and miRNA in GBM tumour heterogeneity (Katsushima et al., 2012). 

 

1.13.2 EZH2 and tumour cell plasticity 

In embryonic stem cells, genes are characterised by a bivalent domain structure 

which is important for maintaining plasticity of the cells and regulating the 

expression of many important genes during development (Figure 1-8). A bivalent 

domain consists of repressive H3K27me3 and  active H3K4me3. Genes lose their 

bivalent structure during differentiation process, as active or repressive 

monovalent domains are established (Sharma, Kelly and Jones, 2010). For 

example, bivalent domains disappears when embryonic stem cells differentiate 

into NSCs. However, there is emerging evidence that the resolution of bivalent 

domains can be reversed, allowing plasticity in gene expression and cell 

phenotype. Epigenetic alterations play a part in cellular plasticity through 

induction of  dysfunction in DNA repair genes  or silencing tumour suppressor 

genes (Easwaran, Tsai and Baylin, 2014). PRC2 plays a key role in this plasticity, 
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and may act as a driver of dedifferentiation in cancer cells. It has been reported 

that the mechanism of PRC2 mediated H3K27me3 regulates the interconnection 

between GSCs and GBM differentiated cells, leading to tumour heterogeneity 

(Natsume et al., 2013).  

 

 

 

Figure 1-8 Bivalent domains in normal and tumour cells. 

In normal cells, bivalent domains are converted to monovalent domains during 
differentiation to either active H3K4me3 resulting in transcription, or repressive H3K27me3 
leading to silencing of certain genes. In tumour, cells might undergo dedifferentiation as a 
result of bivalent domain being recreated. This bivalency of genes has vital role in cancer 
cell plasticity “Figure taken from (Easwaran, Tsai and Baylin, 2014)”. 
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The interconversion between GSCs and differentiated cells is associated with 

loss or gain of developmental or pluripotent genes mediated by activity of 

H3K27me3. EZH2 knockdown disrupts this interconversion. In GBM tumours, the 

level of EZH2 is higher in blood vessel areas, indicating the involvement of EZH2 

in reprograming cells in response to the surrounding environment into more 

invasive forms (Kondo et al., 2014).  

 

1.14 Therapeutic resistance  

Typical treatments for GBM include surgery followed by radiation and 

chemotherapy. However, the 5 year survival rate is still very poor. Previous 

studies indicate that GSCs cells are resistant to current therapy, which makes 

GBM difficult to treat (Auffinger et al., 2014; Alves et al., 2021). Radiation 

therapy causes the cell to go through apoptosis as a result of double strand 

breaks which leads to severe damage of DNA. EGFRvIII, a constitutively active 

mutant form of EGFR, mediates resistance to radiotherapy by upregulating the 

repair pathways for DNA double strand breaks (Carlsson, Brothers and 

Wahlestedt, 2014).  

Therapeutic efficacy and resistance are complicated by intra and inter tumour 

heterogeneity. For example, isolated clones from fresh GBM tumour showed that 

the response of each clone to cancer therapy is different (Meyer et al., 2015). 

Transcriptional profiling that was calculated using GBM subtype score showed 

clones that are sensitive to TMZ had higher score in classical and proneural  and 

lower score in mesenchymal compared to resistant clones (Meyer et al., 2015). 

 

1.15 Mechanism of resistance to TMZ 

Standard treatment for GBM include surgical removal of tumour followed by 

radiation and chemotherapy (Stupp et al., 2005). TMZ is an alkylating agent that 

is given orally to patients and it is considered the drug of choice for treatment 

of GBM. It has been indicated that about half of patients have a little or no 
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response to the treatment due to a population of cells within tumour that show 

resistance to TMZ (Perazzoli et al., 2015).  

Following oral administration of TMZ, the prodrug is absorbed in the small 

intestine and then penetrates blood-brain barrier. It then converts via hydrolysis 

into methyl triazeno imidazole carboxamide (MTIC) which is an aqueous solution 

and potent agent.  MTIC transforms to 5- aminoamidazole -4-carboxamide (AIC) 

that adds a methyl group to nucleotides, especially to guanine bases, that leads 

to double strand breaks and cell death (Wesolowski, Rajdev and Mukherji, 2010; 

Villano, Seery and Bressler, 2009). Alkylation of guanine that results in  O6 

methyl guanine lesion can be repaired by the protein MGMT. MGMT acts as 

suicide protein by transmitting methyl group to its own residue leading to 

degradation (Figure 1-9). Cells with high levels of MGMT usually show resistance 

to TMZ (Lee, 2016). MGMT silencing through DNA methylation of the promotor 

region is associated with increased sensitivity to TMZ in GBM patients (Hegi et 

al., 2005). 

Other mechanisms of resistance to TMZ have been found. For example, in one 

investigation that was conducted on primary and recurrent GBM, it was found in 

patient with recurrent disease that MGMT promotor methylation status did not 

change, but there were lower levels of mismatch repair (MMR) proteins (MLH1, 

MSH2, MSH6 and PMS2) (Felsberg et al., 2011). There is also evidence that 

suggests the role of TMZ in conversion of non GSC into GSC. TMZ induces hypoxic 

responses as well as regulating chemoresistance gene expression in new GSCs 

(Deheeger, Lesniak and Ahmed, 2014). 
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Figure 1-9 Mechanism action of TMZ in GBM cells.  

TMZ forms lesion in DNA which include O6-methylguanine(O6-meG), N7-methylguanine (N7-
meG) and N3-methyladenine (N3-meA). MGMT removes methyl group from O6-meG thus by 
restoring guanine to its normal state. MGMT function can be impaired by O6-4-bromothenyl 
guanine (PaTrin-2) and O6 -benzylguanine (O6-BG) inhibitors. Mutation of IDH1 can form 
CpG island methylator phenotype (CIMP) resulting in hypermethylation of MGMT leading to 
DNA double strand break and cell death. N3-meA and N7-meG lesions are usually repaired 
by Base excision repair pathway “Figure taken from (Sze et al., 2013)”. 

 

 

1.16 Epigenetic targeting of the GSC population  

Current therapy focuses largely on targeting bulk tumour cells lead to shrinkage 

of the tumour. Therapies that are more specific against CSCs might be more 

effective, so the tumour loses the ability to maintain and regrowth (Figure 1-10). 

Epigenetic modifications are found to play vital role in GBM tumour 

development. These epigenetic alterations are considered a potential 

therapeutic targets because of their interactions with the biological  

characteristics of GBM (Gusyatiner and Hegi, 2018).  The brain is protected by 

the blood-brain barrier that is highly selective and prohibits entering  larger 

molecules, so finding suitable treatment that are highly specific and can cross 

blood -brain barrier can be difficult.  
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Figure 1-10 CSCs hypothesis and treatments that target tumour cells.  

Conventional therapy usually targets bulk differentiated cells leaving CSCs that leads to 
tumour relapse. Current literature focus on eradication of CSCs population , with the 
absence of CSCs tumour losses the ability to sustain itself leading tumour eradication 
(original figure).  

 

Several epigenetic drugs have been used to reverse the epigenetic reprograming 

of tumour cells.  However, these drugs lack selective specificity on genomic 

basis and may cause toxicity. Bromodomain and extra terminal domain (BET) 

family proteins, act as repressors or activators of gene expression by binding to 

acetylated lysine residues on histones. Members of the BET family such as BRD2 

and BRD4 have been linked with GBM pathogenesis. Inhibiting BET proteins 

reduces cell proliferation in GBM, which make them a potential target for 

epigenetic therapy (Pastori et al., 2014). BET bromodomain inhibitors have 

shown efficacy in treatment of GBM cells that are resistant to TMZ. OTXO15, a 

novel BRD inhibitors displayed a significant therapeutic effect in GBM xenograft 

model, both alone or in combination with TMZ (Berenguer-Daizé et al., 2016). 
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One research showed that inhibition of BET in lymphoma and leukaemia cells  

can selectively downregulate the level of MYC resulting in P21 reactivation, G1 

arrest and cell death (Mertz et al., 2011). 

The effect of JQ1, another BET inhibitor, was tested on GBM cells. Treatment 

with JQ1 had significantly altered the expression of a number of genes that 

contribute to the pathogenesis of GBM such as p21CIP1/WAF1, c-Myc, Bcl-xL, Bcl-2 

and hTERT(Cheng et al., 2013b). New evidence suggested that the I-BET151 

drug, which is also a BET inhibitor, causes cell cycle arrest resulting in inhibition 

of GBM cell proliferation (Pastori et al., 2014). In glioma cells, it has been 

established that HDACi decreases the expression of proteins that have role in 

formation of the mitotic spindle, segregation of chromosomes and DNA repair 

mechanisms resulting in cell death (Cornago et al., 2014) . 

1.16.1 EZH2 inhibitors 

Given the role of EZH2 in stem cell maintenance, it has attracted much 

attention as a potential target for tumour treatment. Recent investigation 

showed that treatment with small molecule 3-deazaneplanocin A (DZNep) that 

inhibits the level of S-adenosylhomocysteine hydrolase was found to be 

associated with suppression of tumour growth in various types of cancer (Glazer 

et al., 1986).  DZNep is a commonly used EZH2 inhibitor that downregulates the 

level of EZH2 protein effectively. The inhibition of S-adenosylhomocysteine 

hydrolase leads to S- adenosylhomocysteine accumulation in the cell that 

reduces methylation of H3K27. Although DZNep suppressed proliferation and 

stemness in CSCs, it was found to be non specific for EZH2 inhibition and toxic in 

animal models (Miranda et al., 2009). DZNep is also found to inhibit other PRC2 

subunits including SUZ12 and EED. Recent approaches focus on developing  

compounds that are highly selective  toward inhibition of EZH2 to avoid 

interfering with non tumourigenic pathways,  Research groups are examining 

agents that are more specific to the inhibition of histone methyl transferases. 

These new compounds include S-adenosyl methionine (SAM) competitive 

inhibitors that compete with SAM methyl donor for binding site without targeting 

other PRC2 subunits. There are several types of histone methyl transferases and 

each one has different structure of methyl donor pocket although they all share 

the same SAM methyl donor to add methyl groups to histones. This allows the 
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development of compounds that can target one type of histone methyl 

transferase (Miranda et al., 2009).  

Several inhibitors that are SAM competitive inhibitors have been reported to 

reduce the level of H3K27me3. These compounds demonstrated potent effect in 

CSCs via impairing PRC function (Wen et al., 2017). These selective EZH2 

inhibitors were developed in recent years which include EPZ005687, EPZ6438, 

E11, GSK343, GSK126 (Helin and Dhanak, 2013). These compounds were 

developed based on their potency against the SET domain of EZH2, which is 

binding site of SAM and histone H3 lysine K27 (Figure 1-11).  

These inhibitors have similar structure with 2-pyridone core that blocks the site 

of binding pocket for SAM methyl donor(Fioravanti et al., 2018). EPZ005687 

inhibits trimethylation of H3K27 and exhibits more selectivity for EZH2, although 

it showed minimal pharmacokinetic effects.  A second EZH2 inhibitor known as 

EPZ6438 was developed from EPZ005687 and optimised with higher potency and 

pharmacokinetic properties. EPZ6438 also known as Tazemetostat or E7438, 

displayed greater selectivity for EZH2 activity over EZH1 and is more potent than 

EPZ005687(Knutson et al., 2013). Another potent inhibitor of EZH2 activity is 

GSK126, similar to EPZ6438 it is a SAM competitive inhibitor with high selectivity 

for inhibition of EZH2 over EZH1. Furthermore, GSK343 is also a highly selective 

SAM competitive that showed  antitumor effects and is a structurally related to 

GSK126. GSK343 showed more potency in inhibition of EZH2 and in global 

reduction of H3K27 methylation (Verma et al., 2012).   
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Figure 1-11 Mechanism action of SAM competitive inhibitors. 

EZH2 trimethylates H3 at K27 by transferring methyl group from SAM methyl donor in PRC2 
dependent manner. EZH2 inhibitors binds with EZH2 binding pocket competing with SAM 
methyl  donor blocking methyl group transference (original figure).  

 

 

In vivo studies have shown that EPZ6438 prolonged the survival of xenograft 

model by blocking medulloblastoma tumour growth. In this study, in vitro 

analysis showed reactivation of adhesion molecule G protein coupled with 

receptor B1(ADGRB1) that controls the expression of p53. Inhibition of 

H3K27me3 resulted in switching the chromatin into an active status and 

expression of BAI1 gene (Zhang et al., 2020). Treatment with EPZ6438 was also 

found to reduce spheroid formation and invasion.  Moreover, the level of 

polycomb subunits BMI1 and SUZ12 were reduced following treatment, and the 

level of Oct4 was also declined. EPZ6438 was also shown to activate apoptotic 

pathways through downregulation of PARP and upregulation of caspase 3  

(Adhikary et al., 2015). Additionally, EPZ6438 induces G1 arrest and increases 

the level of the cell cycle regulator p21 (Knutson et al., 2014a).   
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Targeted genes  Regulation Function  References 

c-MYC Upregulated  Oncogene expressed 

in many  types of 

cancer  

(Suvà et al., 

2009) 

E-cadherin  Downregulated Involved in cell 
adhesion 

(Rosa et al., 
2016) 

TIMP3 Downregulated Metalloproteinase 

inhibitor 

(Rosa et al., 

2016) 

p21 Downregulated Regulates cell cycle (Yu et al., 2017) 

miR 26a 5p Downregulated Regulates EZH2 

transcription  

(Sharma et al., 

2016) 

p16 Downregulated Regulates cell cycle (Zhang and Jiao, 

2015) 

 

Table 1-2 This table shows  genes affected by the enzymatic activity of EZH2 in GBM cells.  

 

 

Recent studies indicate that inhibition of EZH2 might lead to compensation by 

EZH1 activity (Margueron et al., 2008; Shen et al., 2008). Given the similarity 

between EZH2 and EZH1 in enzymatic activity  and their interchangeability, a 

new compound known as UNC1999 was developed with dual inhibition for both 

EZH2 and EZH1 enzymatic activity. UNC1999 potently inhibited both wild and 

mutated Y641 of EZH2 or EZH1(Konze et al., 2013) and used in combination with 

HDAC resulted in increased DNA damage and apoptosis in GBM tumour cells  

(Grinshtein et al., 2016).The dual inhibition of EZH2 and EZH1 might have more 

effect on tumour cells than inhibition of EZH2 alone. However, the exact 

significant of EZH1 in cancer cells is not well understood, nor whether targeting 

both EZH2 and EZH1 can have a more toxic effect on cancer cells (Wen et al., 
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2017). EPZ6438 was the first SAM competitive inhibitor to enter human clinical 

trials (Knutson et al., 2014a; Morschhauser et al., 2020), and has since been 

approved by the FDA for the treatment of follicular lymphoma and epithelial 

sarcoma under the brand name Tazverik. 

 

1.17 Tumour angiogenesis and metastasis 

Angiogenic pathway activation is a key part of metastasis and tumour invasion 

into other organs. When tumour cells start to move from primary site and  

invade other organs, cells obtain mesenchymal features and lose epithelial 

characteristics. This phenomenon known as EMT (Thiery, 2002; Mani et al., 

2008). Loss of tight junctions through silencing of adhesion molecules such as    

E-Cadherin (encoded by the CDH1 gene), and activating metalloproteinases 

enables the cancer cells to become more invasive and move through the 

extracellular matrix (Lombaerts et al., 2006). In metastatic cancer, cell cycle 

inhibitory signals are supressed to promote anchorage independent growth. 

Cancer cell proliferation can also promoted by angiogenesis, in normal cells 

angiogenesis is controlled by a number of pro-angiogenic and anti-angiogenic 

factors, these factors  have altered expression during tumour growth and 

invasion.  

EZH2 act as gene silencer in a PRC2 dependent manner to silence                 

anti-angiogenic and anti-metastatic genes. The enzymatic activity of EZH2 

triggers suppression of the Ras inhibitor DAB2IP, which encodes for a Ras-

GTPase- activating protein, and leads to decreased GTPase activity. In turn, this 

results in stimulation of the Ras-MEK-ERK pathway that phosphorylates EZH2. 

These events lead to phosphorylated EZH2 silencing miRNAs that are involved in 

inhibiting the expression of EZH2 in positive feedback loop(Crea et al., 2012). 

Some miRNAs are known to act as anti-metastatic factors; in GBM cells 

downregulation of miR-101 is associated with overexpression of EZH2 which 

increases metastases and angiogenesis (Smits et al., 2010).   
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1.18  EZH2 and signalling pathways in cancer 

There are a number of pathways in GBM cells that are associated with 

conventional therapeutic resistance. Genome wide analysis shows multiple 

dysregulations in cellular signalling pathways in GBM cells. Therefore,  targeting 

these pathways with inhibitors might be successful in cancer treatment. Since 

tumour cells  are heterogeneous, targeting several pathways might be more 

effective  in eradicating GBM tumour. One of these pathways are WNT/B-catenin  

and Notch pathways are found to promote stemness in different types of cancer.  

 

The WNT signalling pathway is recognised as one of the fundamental regulatory 

pathways that are  involved in embryonic development as well as in self renewal  

proliferation and maintenance of stem cells in adult tissues. Dysregulation of the 

WNT signalling pathway has implicated in many forms of cancer, which leads to 

increase of self renewal and invasiveness of tumour cells (Logan and Nusse, 

2004). WNT signalling pathway was also found to have a critical role in brain 

development, thus alteration of this signalling pathway was found to be 

associated with aggressiveness in GBM (Denysenko et al., 2016). CSCs maintain 

tumour growth as well as invasiveness as the cells go through EMT. A similar 

process can be seen in GBM tumours making the cells go through glial-

mesenchymal transition, which enhances migration and decreases apoptosis. 

Recent data demonstrated the relationship between WNT signalling pathways 

and  EMT (Chang et al., 2015). One study indicated that in tumour cells 

inhibiting related genes involved in WNT signalling pathway such as β catenin 

reduces EMT (Cilibrasi et al., 2017). 

PRC1 and PRC2 complexes interacts with transcriptional regulators that are 

considered to have  key role in signalling pathways such as WNT, NOTCH and 

HEDGHOG. The WNT signalling pathway is divided into two types, canonical 

which is β catenin dependent, and non canonical that is β catenin independent. 

In canonical signalling pathways, β catenin is trapped by a complex consisting of  

casein kinase 1 (CK1), glycogen synthase kinase3 (GSK3 ), adenomatous polyposis 

coli (APC) and  Axin (Figure 1-12). This complex degrades β catenin through 

proteasomal ubiquitination (Stamos and Weis, 2013). The degradation complex is 

inhibited when WNT protein binds to low density lipoprotein receptor related 
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protein (LRP5/6) and  frizzled (FZD) receptor. This leads to accumulation of β 

catenin in cytoplasm, that moves into nucleus  and binds to T cell 

factor/lymphoid enhancer factor-1 (TCF/LEF1) enabling  activation of repressed 

genes (MacDonald, Tamai and He, 2009).  

Evidence suggested the prevalence of genomic alteration in the canonical WNT 

signalling pathway and its association with increased tumourigenesis.  It was 

found that the canonical WNT signalling pathway drives β catenin into activation 

of specific genes and is linked to CSCs self renewal in many types of cancer (Wen 

et al., 2020). Multiple data recently proposed that modification of histones 

might have a key role as epigenetic regulators in canonical WNT signalling 

pathway. Further studies indicate that EZH2 mediated H3K27me3 transcription 

repression of WNT signalling inhibitors leads to constitutive activation of 

canonical WNT signalling, that increases proliferation in tumour cells. This study 

showed the role of PRC complexes as epigenetic silencer in modulating canonical 

WNT signalling pathways that causes uncontrolled cell division in cancer (Chang 

et al., 2015). 

Recent studies indicated dysregulation of canonical WNT signalling pathways in 

relation to EZH2 overexpression. A positive correlation was found between levels 

of WNT β catenin mRNA and the level of EZH2 mRNA expression (Chen, Zheng 

and Yang, 2016).  
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Figure 1-12 Epigenetic modification of canonical WNT signalling pathways in CSCs.  

The activity of WNT β catenin pathways depends on multiple epigenetic regulators. The 
enzymatic activity of EZH2 targets contributes in accumulation of β catenin that is 
associated with self renewal in CSCs (original figure).  

 

 

An elevated expression of EZH2 has been related to the increase in β catenin 

accumulation in tumour cells. CXXC4 was identified as one of EZH2 targets that 

is known to inhibit dishevelled and stabilise the degradation complex of β 

catenin (Lu et al., 2013). Downregulation of CXXC4 that is associated with 

metastasis and poor prognosis was observed in many types of cancer (Kojima et 

al., 2009). The epigenetic silencing of EZH2 was found to be contributing to the 

activation of canonical WNT signalling and promoting cell proliferation. EZH2 

supresses the expression of WNT signalling inhibitors that are GSK3 and TP53 in 

PRC2 dependent manner(Chen, Zheng and Yang, 2016). These finding indicates 



57 
 

the role of EZH2 in repressing canonical WNT signalling inhibitors thus increasing 

the expression of its targeted genes. Furthermore, pharmacological inhibition of 

EZH2 was found to restore canonical WNT signalling pathway to its proper 

activity (Jiang et al., 2008).  

 

1.19 GBM cell lines 

The most common GBM models that are used in research are U87, U251, T98G, 

and A172. These cell lines have been widely used for in vitro and in vivo studies, 

and are cultured in standard media that contains serum (De Vleeschouwer, 

2017). However, it has been shown that culturing glioma-derived cells under 

serum-free conditions, similar to those used for NSCs, preserves tumour-

initiating cells more effectively, and enriches for phenotypes that are more 

similar to those of the primary tumour .   

G7 and E2 are two primary GBM cell lines that were obtained from freshly 

resurrected tumour specimens (Fael Al-Mayhani et al., 2009). When grown under 

serum free neurosphere condition that promote stem cell maintenance, 

upregulation of stem cell markers SOX2, NESTIN and CD133 and downregulation 

of GFAP astrocytic marker was observed in both cell lines. Intracranial injection 

of these G7 and E2 GSCs generated highly invasive tumours in 100% of mice. 

However, injection of  G7 cells grown under “differentiation conditions” that 

include serum led to the formation of non-invasive tumours, while E2 cells grown 

under differentiation conditions didn’t form tumours in mice at all (Mannino et 

al., 2014). G7 and E2 cell lines grown under stem cell conditions in 2D and 3D 

cultures also showed upregulation of markers such as SOX2 and NESTIN, showing 

that maintenance of stem cell phenotypes does not require neurosphere culture 

(Gomez-Roman et al., 2017). In immunodeficient mice,  tumours derived from  

2D and 3D cultured G7 exhibited similar  histopathological characteristics to GBM 

tumours, including high rates of mitosis and, proliferation and white matter 

infiltration. Tumours derived from E2 cells grown under 2D and 3D culture 

displayed upregulation of Ki67 proliferative marker and high invasiveness 

(Gomez-Roman et al., 2017). Thus, 2D culture of G7 and E2 cells under stem cell 

conditions maintains their tumorigenic potential . 
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1.20 Rationale  

In recent decades, accumulating evidence has supported the hypothesis that 

CSCs play a key role in many tumours, including GBM (Yu et al., 2012; Batlle and 

Clevers, 2017). These CSC subpopulations have properties similar to stem cells in 

terms of  self renewal, proliferation and ability to differentiate. 

Several authors have attributed tumour progression and relapse following 

therapy to the existence of a population of radio-resistant GSCs (Alves et al., 

2021; Lathia et al., 2015; Prager et al., 2020). Intra and inter- tumour 

heterogeneity also leads to varying responses to conventional treatment and 

development of resistance. The failure of conventional therapy to target the 

GSC populations and to deal with tumour heterogeneity means there is an urgent 

need for further research to develop an effective treatment. 

The role of epigenetic regulators in normal and cancer cells has been widely 

studied, and upregulation of PRC1 and/or PRC2 components, which act via 

H3K27me3, has been linked to GBM progression (Zhang et al., 2015) . Several 

SAM competitive inhibitors have been synthesised to target enzymatic activity of 

EZH2, and one of them, EPZ6438, has been approved for clinical treatment of 

certain cancers in the USA. There is also considerable interest in combining 

epigenetic inhibitors with chemo-, radio- or immuno-therapies in order to 

improve sensitivity and specificity towards cancer cells (Feng and De Carvalho, 

2022). 

As explained earlier, many studies have examined the effects of EZH2 inhibitors 

on GBM in vitro and in vivo, and the changes in expression of various well known 

cancer-related genes have been reported. However, there have been no efforts 

to explore the effects of these inhibitors on the transcriptome as a whole, so a 

detailed understanding of the mechanisms of action of these drugs is unknown . 

Furthermore, although these inhibitors are predicted to affect the histone 

modification H3K27me3, there are no reports of their effects on H3K27me3 

across the genome.  
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This study focuses on investigating three SAM competitive inhibitors: EPZ6438, 

UNC1999 and GSK343. The main aim is to investigate the mechanisms that 

contribute to their antitumour activity in GBM tumour cells by determining the 

underlying transcriptomic and epigenomic changes that occur in GBM stem cell 

lines before and after treatment with these EZH2 inhibitors. By using three 

different EZH2 inhibitors and two GBM stem cell lines, the aim is to identify 

responses, genes and pathways that are common to all experiments. This robust 

approach should highlight core mechanisms involved in the response to EZH2 

inhibitors that will be applicable to future studies and can guide the 

development of improved therapeutic approaches.   
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1.21 Aims and objectives 

1.21.1 Aims 

1. To investigate whether GSCs are sensitive to various epigenetic inhibitors, 

particular those that act via the PRC1 and PRC2 complexes.  

2. To investigate the mechanism of action of these inhibitors. This study uses 

two GBM stem cell lines, termed G7 and E2 (Gomez-Roman et al., 2017), 

which were a kind gift from Prof. Chalmers.  

 

1.21.2 Objectives 

1. How do culture conditions affect gene expression in the two GBM stem 

cell lines? Previous studies have shown that culturing under “stem cell” 

conditions can preserve the stem cell characteristics of GBM lines. The 

first objective was to investigate the effect of culture conditions on the 

expression of various stem cell marker genes, thus ensuring that the most 

appropriate conditions were used for subsequent experiments.  

2. What are the missense mutations in G7 and E2 cells that might be driving 

their cancer phenotype? The response of G7 and E2 cells to epigenetic 

inhibitors could be influenced by their genetic makeup. RNA-seq data 

from subsequent objectives was used to identify coding changes in cancer 

driver genes.  

3. Are G7 and E2 cells sensitive to epigenetic inhibitors? The epigenetic 

drugs tested were the BET inhibitor OTX015, the BMI1 inhibitor PTC209 

and the EZH2 inhibitors EPZ6438, UNC1999 and GSK343. Cell survival was 

assayed, as was induction of apoptosis and expression of a senescence-

related marker gene. Based on these data, the decision was taken to 

focus on the three EZH2 inhibitors in subsequent experiments.  



61 
 

4. Do the epigenetic inhibitors sensitise G7 and E2 cells to the standard DNA 

damaging agents used in the clinic, TMZ and radiation? 

5. What are the molecular mechanisms by which EZH2 inhibitors reduce cell 

proliferation? RNA-seq analysis was performed to investigate the gene 

expression changes following EZH2 inhibitor treatment of the cells.  

6. How does the EZH2 inhibitor EPZ6438 change the epigenetic profile of G7 

and E2 cells, and what are the direct targets of EZH2 that might be 

driving the observed cellular phenotypes?   
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Chapter 2 Material and methods  

2.1 Cell culture 

2.1.1 GBM cell lines 

Frozen vials of G7 and E2 cells were collected from Professor Anthony Chalmers 

Laboratory. Cells in frozen vials were partially thawed at 37oC, transferred drop 

by drop  into 15 ml tubes containing 8 ml of pre-warmed media with 

supplements (described below). The tubes containing cell and media  was  

centrifuged for 5 minutes at 2000 rpm, the pellet was resuspended in residual 

media. 10 ml of media was added into the 15 ml tube containing the cell 

suspension by pipetting up and  down several times. Then the 10 ml  of media 

with cells was transferred into T75 flask with vented cap (Corning). Cells are 

grown as monolayer and incubated in a 37oC incubator at 5% CO2  until reached 

90% confluency. 

2.1.2 Culturing of GSCs and differentiated cell populations 

CSCs were grown in stem cells  condition in AdDMEM/F12 medium supplemented 

with 20 ng/ml.epidermal growth factor (EGF), 10 ng/ml basic fibroblast growth 

factors (bFGF),1% B27, 0.5% N2, 4 ng/μl.Heparin, and  L-Glutamine. CSCs were 

seeded onto Matrigel coated Flasks or plates. Matrigel was diluted in 

AdDMEM/F12 medium  with no supplements in 1:40 dilution . Differentiated 

(bulk) cancer cells were maintained in  MEM medium  with 10%  fetal bovine 

serum (FBS) and 1% L-Glutamine.  
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2.1.3 Growth of GSCs and differentiated cells.  

Both CSCs and differentiated cancer cells were grown as adherent monolayers in 

T75 flasks with vented cap, with 12-14 ml of CSCs or differentiated cancer cell 

media. Cells were incubated in 37OC with 5% CO2.  

When cells reached 80-90% confluency,  serial passaging of cells was performed. 

The media was aspirated off from the flask and the cells  were washed twice 

with phosphate buffer saline (PBS, Gibco), Accutase was used to dissociate cells 

from the flasks, cells were incubated with 2 ml Accutase for 5 minutes to allow 

cells to detach then 3 ml of pre-warmed media was added to the flask and 

pipetted up and down several times. Then cell suspension was seeded into new 

flasks with 12-14 ml pre-warmed media. 

Reagents Supplier Catalogue number 

Hu EGF (1mg) Invitrogen                PHG0313 

Hu bFGF (1mg) Invitrogen PHG0263 

Matrigel (10 ml) BD 354230 

B27 Supplement  (10 ml) Invitrogen 17504-044 

N2 Supplement (5 ml) Invitrogen 17502-048 

Pen/Strep (100 ml) Invitrogen 15140122 

AdDMEM/F12 (10 x 500 ml) Invitrogen 12634028 

Accutase (100 ml) Invitrogen A11105-01 

MEM (500 ml) Invitrogen 10370047 

Heparin (50 mg) Sigma H3393-10KU 

Table 2-1 List or reagents used in GBM cell culture. 

 

2.1.4 Cryopreservation of cells 

Cells were detached from flasks and centrifuged for 5 minutes at 1200 rpm. The 

pellet were resuspended in culture media (with no supplements) containing 10% 

dimethyl sulfoxide (DMSO), then cryovials containing 1 ml of cell suspension 

were stored in - 80OC freezer.The next day cryovials were transferred into liquid 

nitrogen for long term storage.  
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2.1.5 Cell counting 

Cells were detached after incubation with 2 ml of Accutase, 3 ml of media was 

added into cell suspension. Number of viable cells were counted using Trypan 

blue and haemocytometer slides . The mean of cells counted from four corner  

of haemocytometer’s squares and divided by 4. The total number of cells/ml 

was calculated using the equation: total cells counted x dilution factor x 10000 

cells/ml. 

 

2.2 RNA isolation and qRT-PCR 

2.2.1 RNA extraction 

RNA was collected from 3 different passages of stem  and differentiated 

conditions for both G7 and E2 cells. Cells were seeded at 600000 in 10 cm 

dishes.  Cells were scraped after adding  600 μl of RLT lysis buffer and 

transferred to 1 ml tubes. 70% ethanol was added into  lysate (1:1 ratio) and 

mixed by pipetting up and down. 700 μl sample was transferred into RNeasy mini 

spin column, centrifuged at 1200 rpm for 1 minute, the flow though was 

discarded. 700 μl of RW1 was added then centrifuged at 1200 rpm for 1 minute, 

500 μl of RPE was added twice  into the columns and centrifuged each time for  

1 minute at 1200 rpm, after that the flow through was discarded. The RNeasy 

mini spin column was placed into new 1.5 ml tube, 50 μl of RNase free water 

was added directly into the spine column membrane. Then centrifuged for 1 

minute at 1200 rpm. 

For RNA isolation, RNeasy® Mini kit (Qiagen) was used following manufacturer’s 

instruction.  

Reagents Supplier Catalogue number 

RNeasy® Mini kit  Qiagen 74104 

RLT lysis buffer Qiagen 79216 

Table 2-2 Reagents with supplier and catalogue number  
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2.2.2 cDNA synthesis 

After total RNA extraction, cDNA was synthesised using Oligo(dt)20 primer and 

super script IV enzyme, the cDNA synthesis consists of three steps; primer 

annealing, reverse transcription and RNA digestion. 

  

Reagents  Supplier Catalogue number 

Oligo(dT)20 Eurofins genomics  

dNTPs Biolabs N0447S 

FS -RT-buffer(5X) Invitrogen  18057018 

DTT (0.1 M) Invitrogen 18057018 

RNase outTM Invitrogen 10777019 

SuperScriptTM IV Invitrogen 18057018 

SYBR Green  Roche 04913914001 

dH2O Qiagen 129112 

RNase H Biolabs M0297S 

RNase H buffer Biolabs B0297S 

Table 2-3 This table represent list of reagents used in cDNA symthesis 

 

2.2.2.1 Primer annealing  

The first step of cDNA synthesis was preparing the following  reagents then the 

tubes were incubated  in thermocycler at 64oC for 5 minute and cooled for         

1 minute on ice, reagents were mixed as follow: 

RNA 500 ng 

Oligo(dt)20  0.5 μl 

dNTPs (10 mM) 0.5 μl 

dH2O Up to 10 μl 
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2.2.2.2 Reverse transcription  

For the second step a master mix was prepared, then 5 μl of master mix was 

added into the tube containing components from previous step.  The tubes were 

incubated in thermocycler at 50oC for 50 minutes then at 85oC for 5 minutes, the 

master mix was prepared as follow: 

FS RT buffer (5X) 3 μl 

DTT (0.1M) 1 μl 

RNase outTM 0.5 μl 

SuperScriptTM IV 0.5 μl 

 
 

2.2.2.3 RNA digestion  

The third step included adding 1 μl of RNase H to the reaction  for digesting the 

RNA. The tubes were  incubated in thermocycler at 37oC for 20 minutes, then 

cDNA was stored at - 20 oC.  

2.2.3 qPCR 

To determine the type of genes expressed in G7 and E2 cells in stem cells and 

differentiated state, cDNA was diluted in 1:5 ratio. 5 μl of diluted cDNA  and    

20 μl of primer’s master mix was added into each well of 96 well plate (Thermo 

fisher) , making the final volume 25 μl per well.  

The primer’s master mix was prepared as follow: 

 
 

SYBR Green mix 12.5 μl 

Forward primer 3 μl 

Reverse primer 3 μl 

dH2O 1.5 μl 

 
 

qRT-PCR was performed by selecting SYBR Green dissociation curve using Mx Pro 

3000 program. PCR products that have been amplified was detected using SYBR 

green assay. The thermal cycler profile setup was performed as follow: 
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Segments Cycles Time  Temperature 

1 1 10 minutes 95oC 
2 40 15 seconds 95oC 

1 minutes 60oC 
3 1 1 minutes 95oC 

30 seconds 55oC 
30 seconds 95oC 

 

 

Genes were amplified using primer sets that were designed by NCBI software 

except for CD133 primer sets were taken from an article (Brescia, et al., 2013) 

.The primers were designed to span on exon-exon junction, 70-150 base pair with 

melting temperature of 58-62oC. Once the primers were ordered  (Eurofins 

Genomics) they were resuspended in TE buffer according to the oligonucleotide 

synthesis report. TE buffer was prepared from 10 mM Tris (pH 7.5) and 1 mM 

EDTA (pH 8) in DNase free water. 

 

 

 

 

 

 

 

 

 



68 
 

 

Primer  sequence 

SOX2  Forward TACAGCATGATGCAGGACCA 

SOX2 Reverse CCGTTCATGTAGGTCTGCGA 

NESTIN Forward CTCAGCTTTCAGGACCCCAAG 

NESTIN Reverse GCACAGGTGTCTCAAGGGTA   

OLIG2 Forward ATAGATCGACGCGACACCAG 

OLIG2 Reverse CTCGGACCCGAAAATCTGGA 

GFAP Forward ACCTGCAGATTCGAGAAACCAG 

GFAP Reverse TCCTGCCTCACATCACATCC 

β III Tubulin Forward TCCATTTCTCGACTTTCCAAACTG 

β III Tubulin Reverse CTTCCCAGAACTGTGGACGC 

CD133 Forward ACCAGGTAAGAACCCGGATCAA 

CD133 Reverse CAAGAA TTCCGCCTCCTAGCACT 

NANOG Forward CAATGGTGTGACGCAGGGAT 

NANOG Reverse TGCACCAGGTCTGAGTGTTC 

MYC  Forward ACT CTG AGG AGG AAC AAG AA 

MYC Reverse TGG AGA CGT GGC ACC TCT T  

EZH2 Forward  AAT CAG AGT ACA TGC GAC TGA GA 

EZH2 Reverse GCT GTA TCC TTC GCT GTT TCC 

MGMT Forward GCT GAA TGC CTA TTT CCA CCA 

MGMT Reverse  CAC AAC CTT CAG CAG CTT CCA 

PTEN Forward CAA GAT GAT GTT TGA AAC TAT TCC AAT 
G 
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PTEN Reverse CCT TTA GCT GGC AGA CCA CAA 

P16INK4a Forward GCC CTG GAG GCG GCG AGA 

P16INK4a Reverse CGA CCG TAA CTA TTC GGT GCG TTG G 

CDK2 Forward GGC AGA CCA GCA TGA CAG ATT 

CDK2 Reverse AAG GCA GAA GAT GTA GAG CGG 

β -Actin Forward ATT GGC AAT GAG CGG TTC 

β -Actin Reverse GGA TGC CAC AGG ACT CCA T 

Table 2-4 List of primers used in qRT-PCR and their sequence.  

 

 

2.2.4 qRT-PCR analysis 

For stem and differentiated genes the fold change was calculated from average 

ΔCt using the formula 2^(-ΔCt). The average ΔCt represent ΔCt from three 

biological replicates. Error bars represent standard deviation of ΔCt of three 

replicates. The ΔCt was calculated by subtracting the Ct from housekeeping 

gene from interested gene.  

For PRC2 targeted genes the average Ct from three Ct values was calculated, the 

average Ct housekeeping gene was subtracted from average Ct of gene of 

interest the fold change of gene of interest was calculated using the formula 2^(-

ΔCt).  

 

2.3 Clonogenic assay 

2.3.1 Clonogenic assays of EZH2 and BMI1 inhibitors 

G7 and E2 cell lines  were grown in stem conditions and seeded into Matrigel 

coated 6 well plates (corning), the seeding density of cells was 250 cells per well 
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in 1 ml media .The plates were inoculated and incubated for 24 hrs to allow cell 

attachment to the surface of the plate. 

Cells were exposed to different concentrations of  EPZ6438 (Selleckchem), 

GSK343 (Selleckchem), UNC1999 (Selleckchem) and PTC209 (MedChemExpress) 

or 0.2% DMSO, the  concentration of the stock was 10 mM.After treating the cells  

with different concentrations of drugs , plates were incubated with the drugs for 

48 hrs. After 48 hrs, media containing the drugs was aspirated and replaced with 

new 2 ml media. Plates were left in incubator for 14 days to allow cell to form 

colonies.  

Cells were also seeded at 250/well in 6 well plates in 1 ml media and exposed to 

increasing doses of radiation (1,2.3.4 and 5 Gy) or  TMZ (10 mM stock 

concentration) for 24 hrs following incubation with increasing concentration of 

drugs or 0.2% DMSO  for 24 hrs. After overnight incubation,  the media and drugs 

was changed with new 2 ml media , the plates were returned to the incubator 

and left for 14 days to form colonies.  

G7 and E2 stem cells were maintained in AdDMEM/F12 medium with supplements 

and growth factors throughout the entire experiment. After 14 days, media was 

aspirated and cells were fixed with 1 ml of 50% methanol and PBS for 15 minutes 

then aspirated and cells were fixed with 1 ml methanol  for 15 minutes. After 

methanol was removed from the plates, cells were stained with crystal violet 

diluted in PBS (1:25) for 45 minutes.  

Colony assay was calculated by taking the mean from independent experiments. 

The error bars represent standard error of mean of colonies counted from each 

experiment. For clonogenic assay of cells treated with  drugs only, the p value 

was calculated using Student’s T test  from means of 3 independent experiment 

of drug treated vs control. IC50 from three independent experiments was 

calculated.  

Dose modifying ratio (DMR) of cells treated with combination of drugs and 

radiation was determined. The DMR was calculated by taking the ratio of the 

radiation dose required to reduce survival to 37% for control and treated 

samples. p value calculated by comparison of means, sd and sample size (n) of 
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drug treated vs control was calculated using tools on website 

https://www.medcalc.org/calc/comparison_of_means.php . 

 

2.3.2 Clonogenic assay of TMZ and BET inhibitors 

GBM cell lines were grown  in stem and differentiated conditions in 6 well 

plates, the seeding density of cells was 250 cells per well  The plates were 

inoculated and incubated for 24 hrs to allow cell attachment to the surface. 

Next day, cells were treated with different concentrations of the drug. 

Cells were also  exposed to increasing  concentrations of  TMZ (Selleckchem) 

with 10 mM stock concentration or BET inhibitor OTX015 (Selleckchem) with 100 

mM stock concentration,  separately. Cells were incubated  with TMZ for 1 hr. 

After treating the cells  with different concentrations of OTX015, plates were 

incubated for 24 hrs. For assessing the combination of TMZ and OTX015, plates 

were incubated for 1 hr with TMZ  then with 24 hrs of OTX015, or DMSO ( 0.1%) 

Media was changed after treating the cells with drugs every 3 days for 10 days.  

For counting the colonies, cells were fixed with methanol and stained with 0.1% 

crystal violet (sigma). Colonies were counted manually. Colony assay was 

calculated by taking the mean from independent experiments. The error bars 

represent standard error of mean of colonies counted from each experiment.     

IC50 of three independent experiments was calculated. p value was calculated 

using Student’s T test  from means of 3 independent experiment of drug treated 

vs control. 

 

2.4 Cell Titer –Glo assay 

2.4.1 Glo assays for EZH2 and BMI1 inhibitors  

Cells were seeded into 96 well plates coated with Matrigel and grown in stem 

condition. Each well of 96 well plate was inoculated at density 2500 cells in    

100 μl media , then  the plates were incubated for 24 hrs overnight. The seeding 

https://www.medcalc.org/calc/comparison_of_means.php


72 
 

density of cells was calculated with haemocytometer. Cells were treated with 

increasing concentration of EPZ6438, UNC1999, GSK343 and PTC209 or 0.2% 

DMSO then  retuned to the incubator and left for 5 days.. 

After 5 days of incubation with drugs, number of viable cells were detected 

using Cell Titer- Glo (Promega). This assay depends on luciferase reaction in 

which the amount of ATP from viable cells were quantified following cell lysis. 

100 μl of Cell Titer- Glo reagent was added into each well containing cells and 

left for 10 minutes at room temperature to induce cell lysis. Luminescence 

signal of each sample was detected using Luminoskan Ascent using Cell Titer- 

Glo assay following manufacturer’s instruction. p value of means of 3 

independent experiments was calculated using Student’s T test in drug treated 

vs control. IC50 was calculated from  three independent experiments. 

 

2.4.2 Glo assays for TMZ and BET inhibitors 

Cells were grown in stem and differentiated conditions in 96 well plates. Each 

well of 96 well plate was inoculated with 5000 cells and 100 µl of media, plates 

were incubated for 24 hrs to allow cells to attach to the surface of the plate. 

The next day, cells were treated with  0.2% DMSO or increasing concentration  of  

OTX015 and TMZ separately  and in combination for 3 days. Luminescence signal 

of each sample was detected with Luminoskan Ascent using Cell Titer- Glo assay 

following manufacturer’s instruction. IC50 was calculated from  three 

independent experiments. p value of means of 3 independent experiments was 

calculated using Student’s T test in drug treated vs control.  

 

2.5 RNA sequencing  

2.5.1 Initial analysis  of data with Galaxy server 

G7 and E2 were grown in stem condition on Matrigel coated 10 cm dishes and 

seeded at 600000/dish. Cells were incubated with 2 μM of EZH2 inhibitors for     
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5 days. RNA extraction was performed on the samples as explained in qRT-PCR 

section. 

RNA samples were sent to BGI genomics in Hong Kong for RNA sequencing, this 

resulted in generating  FastQ files for each samples. The low level analysis of 

Fastq files was performed using Galaxy server (Afgan et al., 2018)  that is hosted 

by   University of Glasgow polyomics. The FastQC was selected to determine the 

quality of sequenced  data for each sample.  HISAT2 (Kim, Langmead and 

Salzberg, 2015), a sequence alignment mapping program, used to map RNA 

sequence and produce BAM files. This spliced alignment tool  used to map reads 

to reference human genome. From the software the unstranded option was 

selected in specified standard information and GTF file was chosen from 

advanced option  to determine exon-intron junction.  

The aligned reads were then assembled using StringTie program into transcript. 

The unstranded option and GTF file were selected again. The read length was 

set at 100 bp with reference transcription only being selected along with BAM 

files that were selected as input files. The count files that produced by StringTie  

were selected in Deseq2 (Love, Huber and Anders, 2014). In the first factor 

level, gene counted data for treated sample was chosen and compared to gene 

counted data for control from second factor level. Three different types of  files 

were generated from Deseq2 analysis these include  normalised count, plots and 

result files. 

2.5.2 Visualisation of the data  using Searchlight2 

To visualise RNA- seq data searchlight2 with single comparison was selected from 

Galaxy server . Searchlight2 (Cole et al., 2020) is visualisation tool that is used 

for unlimited differential datasets.  Three input files were needed to run 

searchlight2; expression matrix, sample sheet and differential expression.  All 

the input files  that were used in Searchlight2 were created in excel and  saved 

as Tab delimited format file. Deseq2 result file was modified into differential 

expression  file while Deseq2 count file was formatted into expression matrix. 

Sample sheet was also modified from Deseq2 count file that only includes the  

name and the group  of samples . After the output files created from 
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searchlight2, the files were download and  the R program was used to modify the 

plots and export as images.  

2.5.3 RNA-seq analysis  using Gene Ontology  

To identify biological processes and pathways that are involved with 

differentially expressed genes (DEGs) Gene Ontology (GO) analysis was 

performed. Before GO analysis, the Deseq2 differentially expressed files were 

filtered with adjusted p value  < 0.05. the DEGs were filtered into upregulated 

genes with Log2 fold change >  0 and downregulated genes with Log2 fold change 

< 0.  The analysis of GO was performed using Toppgene, which is a program that 

is used for the gene enrichment analysis. The list of all of upregulated and 

downregulated DEGs from DESeq2 files were copied into Toppgene website 

separately. The ensemble gene IDs were copies into Toppfun column and the 

analysis was run through the software. The output file generated from Toppgene 

website was modified using excel sheet. The file was filtered to include only 

Biological process with  q value (Bonferroni) < 0.05 that was plotted on graph 

against  - Log10 of q value calculated for upregulated genes and Log10 q value 

for downregulated genes separately.   

 

2.5.4 InteractiVenn 

The Venn diagram was created using InteractiVenn tool (Heberle et al., 2015), 

this software was used to identify similarities between G7 and E2 stem cell lines. 

The Deseq2 result file was modified with adj. p value < 0.05 and Log2 fold 

change > 0 for upregulated genes while for down regulated genes, Log2  fold 

change < 0 with adj. p value < 0.05.  The upregulated and downregulated genes  

for  G7 stem  and E2 stem were ran separately using InteractiVenn creating 

diagrams that were exported as images.  

p value was determined by calculating representation factor using the website 

http://nemates.org/MA/progs/overlap_stats.html. The representation factor was 

calculated as fellow: Expected number of genes = number of genes in group 1 * 

http://nemates.org/MA/progs/overlap_stats.html
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number of genes in group 2 / total number of genes, Representation factor= 

number of genes common in both groups / expected number of genes. 

2.5.5 RNA-seq analysis using Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) can be more 

accurate in identifying pathways  that are changed  in cell lines compared to GO 

analysis. GSEA not only looks at  the gene expressions that are significantly 

changed but also looks at the genes with the smallest change in expression. The 

count files from Deseq2 were formatted into two type of files (expression data 

set and phenotype label files) and uploaded into GSEA program. In phenotype 

label option treated vs control sample file was chosen and gene set as per 

mutation type was selected.  The output file generated from GSEA website was 

modified using excel sheet. The file was filtered with nominal (NOM) p value < 

0.05 and false discovery rate (FDR) q value < 0.25. A graph was plotted with  

normalised enrichment score (NES) against pathways, NES < 0 for upregulated 

pathways and NES > 0 for downregulated pathways.  

 

2.5.6 Open cravat 

The interpretation of genomic variants of the sample was made through Open 

cravat https://opencravat.org/.This web toolkit  analysis the variants and 

creates a file with variants annotation, scores and impact. The VCF files of the 

each sample was created by uploading BAM files of G7 and E2 controls into Free 

Bayes BAM dataset after selecting Merge output VCFs using Galaxy platform, the 

VCF files that were  uploaded into Open Cravat web tool. Hg 38 was selected as 

reference genome and from annotation tab; Sequence Ontology Summery, Gene 

Ontology, Cancer Genome Interpreter, CHASM plus and CHASM plus GBM . From 

filter tab CHASM plus p value < 0.01 and CHASM plus GBM p value < 0.05 were 

selected. From variant tab a file with variant annotation was created.  

 

https://opencravat.org/
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2.6 ChIP sequencing 

2.6.1 Chromatin sample preparation (cross linking) 

G7 and E2 were grown in stem condition on Matrigel coated 10 cm dishes and 

seeded at 600000/dish. Cells were incubated with 2 μM EPZ6438 for 5 days then 

ChIP-seq was performed. One plate was used for cell counting and the others 

were used for chromatin collection. When the cells reaches 80-90% confluence, 

the media was changed with pre-warmed media (with no supplements). The 16% 

formaldehyde stock was diluted in solution consisted of(1 mM EDTA, 0.1 M NaCl, 

50 mM HEPES pH 8.0, and 0.5 mM EGTA) to make 10% formaldehyde. Cells were 

cross linked on shaker for 10 minutes at room temperature  by adding 10% 

formaldehyde  to make 1% final concentration. 

The cross linking reaction was quenched  on shaker for 5 minutes by adding  0.75 

ml of 1 M glycine. After that cells were washed  with 10ml prechilled PBS and 

scraped with 5 ml pre chilled PBS. Cells were centrifuged for 5 minutes at 1200 

rpm at 4oC, the pellet was resuspended in PBS and centrifuged again. Finally, 

the pellet was resuspended in RIPA buffer(0.1% sodium deoxycholate, 10 mM 

Tris-HCl pH 8, 1 mM EDTA pH 8, 0.5 mM EGTA pH 8, 0.1% SDS, 1 X protease 

inhibitor cocktail,  1% triton X-100, and 10 µM of sodium butyrate). The Amount 

of RIPA buffer was calculated: 7.5 x 107 cells in 2 ml RIPA buffer. Samples were 

incubated on ice for 10 minutes then stored at -80. 

 

2.6.2 Chromatin sonication  

The samples were thawed on wet ice, then chromatin was sheared using 

sonication (Sonicator 3000) for 30 minutes, high power voltage and amplitude 30 

seconds on/30 seconds off. 

2.6.3 Reverse crosslinking reaction  

Chromatin sample was reverse cross linked  in tube that contained 4 µl of 

sonicated chromatin, 2 µl distilled water, 1 µl of proteinase K ( 1:5 diluted in 

water) 1 µl RNase A ( 1:10 diluted in water) and  2 µl of 1 M NaCl.The reaction 
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was incubated at 65oC for 2 hrs, the tubes were allowed to cool at room 

temperature then the DNA was purified using Qiagen mini elute column kit and 

eluted in 12 µl elution buffer. The concentration of DNA was determined with 

nanodrop then 4 ul of 25% glycerol was added  to 2 µl of  DNA sample, the 

samples were ran in 1% agarose gel electrophoresis  for 50 minutes.  

 

2.6.4 Chromatin immunoprecipitation 

The chromatin sample (10 µl) was thawed on wet ice and spun in 12000 rpm for 

5 minutes at 4oC, the supernatant was transferred into new tube, 900 µl of cold 

RIPA buffer( 1 mM EDTA pH 8, 10 mM Tris-HCl pH 8, 140 mM NaCl, 0.5 mM EGTA 

pH 8, 0.1% sodium deoxycholate, 0.1% SDS, 1 X protease inhibitor cocktail, 1% 

triton X-100 and 10 mM sodium butyrate) was added into chromatin samples.  

The magnetic beads were washed twice with 200 µl of blocking buffer ( 0.5% BSA 

and 0.5% tween-20 in PBS). The antibody was bound to magnetic beads by adding 

2-3 µl of antibody to 200 µl of blocking buffer and incubated on a rotator at 

room temperature for 1 hr. The supernatant was removed by placing the 

antibody conjugated beads on magnet. 

400 µl of chromatin sample was applied to antibody conjugated beads and 

incubated for 3 hrs at 4oC on a rotator. The beads were washed   using the 

magnet to remove the supernatant  with a pipette each time; twice with 500 µl 

of cold RIPA buffer, twice with 500 µl of cold RIPA-500 (500 mM NaCl, 1 mM 

EDTA pH 8, 10 mM Tis-HCl pH 8, 0.5 mM EGTA pH 8, 0.1% SDS, 0.1% sodium 

deoxycholate, 1 X protease inhibitor cocktail, 1% triton X-100 and 10 mM sodium 

butyrate). once with 500 µl of cold RIPA-LiCl (1 mM EDTA pH 8, 10 mM Tis-HCl pH 

8, 0.5 mM EGTA pH 8, 0.1% SDS, 0.5% NP40, 250 mM LiCl, 1 X protease inhibitor 

cocktail, and 10 mM sodium butyrate), twice with 500 µl of room temp TE pH 8 

(1 mM EDTA and10 mM Tris-HCl pH 8 ). With the last wash, the sample with 

beads were spun briefly then the magnet was used to remove all of the 

supernatant. 
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The beads and the input were resuspended by pipetting up and down in 70 µl of 

elution buffer (5 mM EDTA, 10 mM Tris-HCl pH 8, 300 mM NaCl and 0.5% SDS) and 

4 µl of proteinase K , 1 µl of RNase A was added to the input only, The beads and 

the input were incubated at 55oC for 1hr. After incubation, the samples were 

allowed to sit at room temperature for 10 minutes then stored at -20. 

 

 

Antibody Species 

raised 

Supplier ul per IP  Catalogue 

number 

H3K4me3 Rabbit EMD Millipore 2.5 07-473 

H3K27me3 Rabbit EMD Millipore 3 07-449 

H3 pan ct Rabbit EMD Millipore 2 07-690 

Table 2-5 List of antibodies used in ChIP sequencing experiment.  

 

The next day, tubes were warmed at 37oC to allow samples to resuspend, then 

the samples were spun briefly and supernatant were collected  after applying 

magnet to the beads. The samples containing the DNA was purified using Qiagen 

mini elute PCR purification kit,50 µl of Qiagen elution buffer was added to the 

samples. At this stage samples were frozen at -80 until  they were shipped for 

ChIP- seq.  

2.7 ChIP-seq analysis 

ChIP DNA was combined from 2 – 3 immunoprecipitations to yield at least 10 ng 

for sequencing. DNA was quantified by Glasgow Polyomics using Qubit 

technology. Samples were sequenced by Novogene using paired end sequencing 

to give 150 bp reads. Fastq files were processed by tools using the Galaxy server 

hosted by Glasgow Polyomics. Bowtie2 (Langmead et al., 2009) was used to align 

reads to the Hg38 genome, which was imported from the UCSC genome browser 

server in May 2021. The sensitive end to end alignment setting was chosen to 

maximise the number of correctly aligned reads.  
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2.7.1 UCSC genome browser and ChIPseeker 

To view the ChIP-seq data on the UCSC genome browser, the bamCoverage 

(Ramírez et al., 2016) tool  was used to create BigWig files. The bin size was 50 

bases, reads were normalised to reads to kilobase per million, and reads were 

extended to 300 bases for visualisation purposes. BigWig files were uploaded to 

the Cyverse Discovery Environment, from where a public link was used to load 

the data into the UCSC genome browser. 

MACS2 was used to call peaks from ChIP samples using the data from input 

chromatin as the control. Several settings were tested in order to generate 

peaks that best matched those observed on the BigWig traces. The final settings 

used were: band width of 500 bases and a q value of 0.05 for peak detection 

(Zhang and Su, 2012), along with the broad peak setting with an FDR of 0.05. 

The default settings for model building were used. The broad peak setting 

combines nearby highly enriched regions into one broad region. The tool 

ChIPseeker was used to annotate the MACS output bed file with genomic regions. 

The reference was a gtf file containing transcript information that was 

downloaded from the UCSC genome browser server in May 2021.  

2.7.2 Seqmonk 

To analyse the peaks, bam files were downloaded and imported into Seqmonk 

version 1.48.0 (Babraham Bioinformatics). Hg38 version 102 was used as the 

reference genome. Probes were defined using the MACS2 peaks for the control 

(non drug treated) sample in each experiment, and read counts across these 

probes were quantified in both the control and drug treated samples. Read 

counts were corrected per total million reads to allow for differences in library 

size. Read counts are expressed in log2. Upregulated DEGs from the DESeq2 

output described in the RNA-seq analysis section (adj.p < 0.05) were used to 

create an annotation list. Genome co-ordinates were ascribed to each DEG using 

the function vlookup in excel, referring to the gtf file as the source of the co-

ordinates.  The DEG.gtf file was imported into Seqmonk, and used to filter the 

MACS2 probes so as to select peaks that overlapped with an upregulated DEG. 

These probes were then filtered for TSS, so that only peaks overlapping with the 

TSS of an upregulated DEG were retained. The “filter on values differences” 
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function was used to filter H3K27me3-DEG up-TSS peaks that had a decrease of 

0.5 log2  in the drug treated samples compared to the control. For H3K4me3, 

DEG up-TSS peaks were selected that had an increase of 0.4 log2 in the drug 

treated compared to control. Plots were created using the scatter plot function.  

The exported lists of peaks from Seqmonk were annotated in excel. Growth 

factors, receptor tyrosine kinase genes and genes involved in neurogenesis or 

central nervous system development were identified based on GO terms within 

Toppgene. Transcription factors were annotated using the database created by 

Lambert et al (2018), using the vlookup function in excel.  

To see if there is any correlation between ChIP quantification and expression 

level, Seqmok was used to quantify the peaks from control samples, then it was 

filtered for those that overlaps TSS eponine. The Seqmonk file was exported that 

contained prob list with gene names and quantification. Vlookup was used to 

import gene count from each replicate of Deseq2 count file into Seqmonk output 

file. The average count from the 3 replicates were calculated and converted to 

Log2 using excel sheet. The Log2 quantification > -5 of each ChIP peak against 

Log2 average count > 0 was plotted in scatter plot.   

The Seqmonk output file was also used  to create box and whiskers plots. The 

formula vlookup was used  to look for all gene names in the list of genes with 

ChIP peaks. A list of all genes was created with based on whether they have a 

ChIP peak or don’t have ChIP peak. The Log2 (> 0) of average count from Deseq2 

count file was calculated to create box and whiskers plot.  

 

 

2.8 Senescence β- galactosidase staining  

G7 and E2 stem cells were seeded in 6 well plates  coated with Matrigel  at 

density of 2000 cells/well and left overnight to allow cells to  attach to the 

wells. Next day, E2 and G7 cells were treated with 2 μM of drugs (EPZ6438, 

GSK343, PTC209 and UNC1999) then left in the incubator. After 5 days 

incubation with the drugs the media was removed, the plates were rinsed once 
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with 2 ml  1x PBS, the Senescence- β -Galactosidase staining kit (Cell Signalling 

Technology #9860).1 ml of 1X fixative solution was added into each well, cells 

were allowed to fix for 15 minutes at room temperature. Plates were rinsed 

twice with 1X PBS then 1 ml of  β- galactosidase staining solution was added into 

each well, plates were sealed with parafilm to prevent evaporation and 

incubated overnight at 37oC in incubator with no CO2. The Next day, cells (with 

β- galactosidase still on the plate) were checked under microscope to see the 

blue colour have been developed.   

The images of the cells were captured using Confocal microscope with ZEN 

microscope software. The images from treated and control cells of each well  

were captured in 3 different fields.  The cells within the image was counted 

using Image J program.This assay was performed as 3 independent experiment.  

p value was calculated using Student’s T test  from means of 3 independent 

experiment of drug treated vs control 

 

2.9 Apoptosis assay 

Cells were seeded at 600000 in 10 cm dish, both G7 and E2 cells were grown in 

stem culture media on Matrigel coated plates. Cells were incubated for 24 hrs to 

allow cells to attach to the surface of the plates. The next day, cells were 

incubated with 2 μM of drugs (EPZ6438, GSK343, PTC209 and UNC1999) for          

5 days.  

Cells were detached with cell scraper and centrifuged at 1200 rpm for 5 

minutes. The supernatant was discarded,1 ml of Hank’s Balanced salt solution 

(HBSS) was added then centrifuged and the supernatant was discarded again. 

The total of working solution was prepared  per sample was (40 μl HBSS, 5 μl 

AnnexinV and 5 μl 7AAD). 50 μl of stock was added to the sample. For single dye 

control, 45 μl of HBSS and 5 μl of dye were added. For cells only control nothing 

was added to the sample. The racks containing the tubes were shaken then 

incubated for 15 minutes at room temperature in the dark. 300 μl of HBSS was 

added into each tube. Each tube was vortexed before reading, The flow 

cytometric analysis was carried out using FlowJo program  
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Reagent Supplier  Catalogue number 

HBSS Merck 55037C 

7AAD BD Bioscience 559925 

AnnexinV Biolegend 640906 

Table 2-6 List of reagents used in Apoptosis assay.  
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Chapter 3 Characteristics of GBM cell lines 

3.1 Aims 

This chapter presents initial characterisation of the two GBM cell lines used in 

this study, G7 and E2.  

Aims: 

1) GBM cells typically express several genes associated with cancer stem 

cells (CSC) and neural stem cells (NSC). The first objective is to investigate the 

effect of culturing the cell lines under “stem” and “differentiated” culture 

conditions on the expression of various stem cell marker genes.  

2) To investigate the sensitivity of the GBM cell lines to the standard 

chemotherapy drug, TMZ. 

3) To investigate the sensitivity of the GBM cell lines to epigenetic drugs 

that inhibit BMI1 and BET proteins, and to investigate whether these drugs can 

increase the sensitivity of the cells to the standard treatments of radiation or 

TMZ. 

4) To identify genetic mutations in cancer driver genes in the GBM cell lines. 

3.2 Introduction 

G7 and E2 cell lines were derived from resected GBM tumours. Cells were  

maintained in stem media and differentiated media. To  assess the sensitivity of 

CSCs to conventional chemotherapy and epigenetic drugs, GBM cell lines were 

cultured in vitro in under conditions that either promote the maintenance of 

GSC characteristics,  or promote a more differentiated state that is typical of 

the bulk of cells within a GBM tumour (Ledur et al., 2017).  Previous studies 

have focused on distinguishing CSCs from the rest of the cancer cell population 

using different approaches. The expression level of stem cell markers that are 

highly expressed in CSCs population has been utilised as one of the methods to 

identify GSC population. Brescia et al.,  classified GBM cell lines by quantifying  

their high and low mRNA expression of the same stem cell marker (Brescia et 
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al., 2013). This study suggested not to rely on single stem marker to isolate GSC 

population, since there is not universal marker for CSCs. Facs sorting analysis of 

GBM tumour cells showed mixed population of CSCs that are expressing different 

levels of  stem cell surface markers (Brown et al., 2017). 

Previous investigations using clonogenic survival assays showed that the GSC 

population in GBM tumour is radioresistant (Ali et al., 2020). SOX2 and NESTIN 

are considered NSC markers that are expressed in stem cells of  the central 

nervous system (Zhang and Jiao, 2015). OLIG2 is also considered a NSC marker 

that prevents astrocyte differentiation (Setoguchi and Kondo, 2004).In cancer, 

stem cell’s markers such as SOX2 and OLIG2  are expressed in GSCs found to be 

correlated with radioresistance (Kowalski-Chauvel et al., 2018). Lee et al., 

demonstrated  that  SOX2 overexpression  correlates with promoting clonogenic 

growth in  GBM cells (Lee et al., 2015). They have shown  that a significant 

increase in levels  of SOX2 was observed  as a results of irradiation of GBM 

tumour cells. Recent finding also indicates the involvement of some CSCs 

markers in signalling pathways that enhances the chemoresistance of GSCs 

population. Overexpression of NANOG in GBM tumour cells, was found to  play a 

vital role in HEDGEHOG-GLI signalling pathways that are involved in  DNA repair 

mechanism (Soni et al., 2017). 

The first objective of this chapter is to characterise the “stemness” of the GBM 

cell lines being studied, by investigating the expression level of various CSC 

markers. 

 

3.3 Characteristics of G7 and E2 cell lines in stem and 

differentiated cultures 

In order to maintain the CSC characteristics, GBM cell lines were cultured in 

media without serum in the presence of  growth factors (EGF and FGF), and 

allowed to adhere to a Matrigel coated surface (stem cell conditions). 

Conversely, cells grown under differentiated conditions were cultured in the 

presence of serum without additional growth factors or Matrigel. 
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Studies have focused on identifying GSCs and distinguishing them from the rest 

of non stem cell population. Since there is not a universal marker for GSCs, it is 

important not to rely on a single marker for identification of CSCs. CD133 is 

usually expressed in GSCs, although some GBM cells are found to have CSCs 

characteristics despite exhibiting low CD133 expression (Brown et al., 2017). 

Common  CSCs markers that are expressed in GSCs are SOX2, OLIG2, NESTIN and 

NANOG, while GFAP is an astrocytic marker that is usually expressed in 

differentiated GBM cells (Hattermann et al., 2016).   

Here, GBM cells cultured under stem (S) and differentiated (D) conditions and 

were characterised by a panel of CSCs makers (Figure 3-1). E2S cells had 

significantly higher expression of several CSC markers than G7S cells, including 

OLIG2, CD133 and NESTIN. In contrast, G7S cells had higher expression of the 

astrocyte marker, GFAP. Growing the E2 cells under stem conditions led to 

significant increases in OLIG2, SOX2 and GFAP compared to the differentiated 

conditions, and a trend towards increased expression of CD133 and NESTIN. For 

the G7 cells, the only gene showing a significant reduction in expression under 

differentiated conditions was NESTIN. 
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Figure 3-1 Marker gene expression in G7 and E2 cells grown under stem and differentiated 
conditions.  

mRNA expression of the indicated genes was quantified by qRT-PCR and normalised to  
actin. The mean expression relative to actin from three independent experiments is plotted 
for G7 cells grown under stem (G7S) and differentiated (G7D) conditions, and for E2 cells 
grown under stem (E2S) and differentiated (E2D) conditions. Error bars represent the SEM. 
The media for stem conditions lacks serum but contains EGF and FGF, and cells are grown 
on Matrigel. The media for differentiated conditions contains FBS. Student’s T test was used 
to compare expression between stem vs differentiated media (black bars), and to compare 
expression between G7 and E2 cells under stem conditions (red bars).  * p ≤ 0.05, ** p ≤ 0.01.  
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3.4 Effect of TMZ on GSCs 

TMZ is a cytotoxic drug that is widely used to treat GBM. However, many GBM 

tumours are resistant to TMZ due to overexpression of the DNA repair enzyme 

MGMT. In order to investigate the sensitivity of the G7 and E2 cells to TMZ in 

vitro, colony assays were performed. Colony assays are considered to be the 

“gold standard” method of assaying sensitivity to DNA damaging drugs, as cells 

have to be able to proliferate in order to form a colony. Cells with damaged DNA 

that are still alive but cannot proliferate are therefore excluded from this assay.  

Figure 3-2 illustrates the effect of TMZ on the growth of G7 and E2 cells cultured 

under stem  and differentiated  conditions. In this assay, cells were only exposed 

to TMZ for one hour. The drug was then washed out and the cells allowed to 

grow for 10 days.  In most experiments, the number of colonies increased at     

10 µM TMZ, then decreased as the TMZ concentration was increased. The IC50 

for TMZ in G7 stem cells (29 µM) was similar to that for G7 differentiated cells 

(37 µM) and E2 differentiated cells (35 µM). The IC50 for E2 stem cells could not 

be determined as the reduction in colony numbers was more than 50% at the 

highest concentration tested. 
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Figure 3-2 The effect of TMZ on cell survival in G7 and E2  cell lines  grown in stem and 
differentiated conditions.  

Each experiment determining the effects of different  concentrations of TMZ was performed 
in three independent experiments.  The seeding density was 250 cells per well of a six well 
plate. Cells were plated either in stem cell media on Matrigel, or in differentiated media in 
the absence of Matrigel. Cells were exposed to TMZ or DMSO for 1hr then allowed to grow 
for 10 days. Cells were fixed and stained, and the number of colonies was counted 
manually. The graph represents the mean and SEM of three independent experiments. 
Student’s T test was performed to determine the significance of data in control and treated  
cells. * p ≤ 0.05 and ** p ≤ 0.01. 

 

Cell proliferation assays can also be used to assess the effect of cytotoxic drugs, 

as they measure the number of cells  present in the sample. In this assay, the 

TMZ remained in the cell culture media for the duration of the experiment. Cells 

were allowed to proliferate for 3 days. Cell proliferation was assayed using Cell 

Titer Glo reagents (Promega) that measure the amount of ATP, which is 

proportional to the number of viable cells in the sample. Figure 3-3 proliferation 

assay shows the inhibitory effect of TMZ on G7 and E2 cell lines  (under stem and 

differentiated conditions)  as a single agent. The data shows that increasing 

concentration of TMZ did not have significant effect on cell proliferation in GBM 

cell lines.  The IC50 of G7 and E2 cell lines grown in stem and differentiated 

condition could not be determined as the assay didn’t show reduction in number 

of viable cells. 

Taken together, the colony assays and proliferation assays indicate  that TMZ is 

not very effective on G7 and E2 cells under these conditions . These data form a 

baseline for subsequent experiments in this thesis, which investigate whether 
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the combination of TMZ with epigenetic drugs could be more effective at killing 

the GBM cells than using single agent.  

 

Figure 3-3 The effect of TMZ on proliferation of  G7 and E2 cells grown under stem and 
differentiated conditions. 

Cells were seeded at 5000 per well in stem or differentiated conditions, then incubated with 
DMSO or increasing concentrations of TMZ for three days. Cell density was determined 
using the Cell Titer Glo kit (Promega) that quantifies the amount of ATP present in the 
samples. The experiment was repeated on three separate  occasions, and with technical 
triplicates for each sample within each experiment. The mean number of viable cells from 
three independent experiments is plotted, with the vehicle control set to 100%. Error bars 
represent the SEM. Student’s T test was used to compare data of control and treated  in G7 
and E2 cell lines. * p ≤ 0.05 and  ** p ≤ 0.01. 

 

 

 

3.5 Effect of PTC209 on GBM cell lines alone and 

combined with radiation 

PTC209  is a drug that is reported to inhibit expression of BMI1 (Li, Vangundy and 

Poi, 2020). Clonogenic and proliferation assays were performed to investigate 

whether G7 and E2 cells are sensitive to this drug when grown under stem 

conditions. In the clonogenic assays, cells were incubated with the drug for       

48 hrs, then allowed to form colonies over the next 14 days. Clonogenic assays 

indicated that both cell lines are sensitive to incubation with PTC209, with 
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fewer than 40% of colonies remaining at 2 μM  treatment (Figure 3-4). The IC50 

for G7 was 2.8 μM and for E2 was 2.7  μM. 

 

 

 

Figure 3-4 Assessing the effect of increasing concentrations of PTC209 on colony formation 
in G7 and E2 cell lines grown in stem condition .  

Clonogenic assay was used to measure  the capacity of cells to form colonies after 
treatment with PTC209. After 48 hrs incubation with increasing concentrations of  PTC209, 
media was changed and plates  were incubated  to allow cells to form colonies for 14 days. . 
GBM stem cell lines were seeded in 6 well plates  at 250 cells/well. The colony numbers 
were counted manually.Results are mean values of three independent experiments  with 
error bars representing the SEM. Student’s T test was used to compare data of control and 
treated cells. * p ≤ 0.05 and  ** p ≤ 0.01. 

 

** 

** 

** 
** 
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* 
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Cell proliferation assays were also performed, allowing the cells to proliferate in 

the presence of drug for 5 days.  Treating GSCs with PTC209  showed a decrease 

in percentage of viable cells with increasing dose.  As shown in Figure 3-5, 

PTC209  inhibited cells proliferation for both G7 and E2 stem cells at higher  

concentrations (10 μM and 20 μM). G7 cell lines showed significant reduction of 

colonies at higher concentration of PTC209. However,  E2 cells were more 

sensitive to PTC209 than the G7 cells, with a 60% reduction in cell numbers at    

2 μM. The value of IC50 in G7 was 14.97 μM and in E2 was 1.13 μM,  indicating 

that PTC209 has more potent effect on E2 cell lines than G7 cells..  
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Figure 3-5 Dose dependent effect of PTC209 on cell proliferation in G7 stem and E2 stem 
cell lines.  

GBM stem cell lines  were seeded at 2500 cells per well in triplicates in 96 well plates at 
different concentrations of  PTC209. Percentage of viable cells was determined with Cell 
Titer Glo assay after 5 days of treatment. This assay detects luminescence signal generated 
from the amount of ATP released from lysed cells that is proportional to the number of 
viable cells. Results are mean values of three independent experiment. Error bars represent 
SEM.  Student’s T test was performed to determine the significance of data in control and 
treated  cells. * p ≤ 0.05. 

 

 

 

 

* * 
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Epigenetic therapies often have broad effects that are not specific to cancer 

cells, so there is much interest in using epigenetic drugs to sensitise tumours to 

standard therapies such as radiation or cytotoxic agents.  The mechanism of 

these  epigenetic drugs involved epigenetic changes of genes associated with 

DNA repair, apoptosis or cell cycle (Smits et al., 2014). To investigate this 

possibility, colony  assays were performed to determine whether combining 

PTC209 with radiation has an effect on GSC survival . Cells were treated with 

low concentrations of PTC209 (0.5 – 2 μM)  or DMSO for 24 hrs prior to 

irradiation. Figure 3-6 shows that the clonogenic survival of stem cells was 

decreased following radiation of up to 5 Gy. Addition of PTC209 to radiation 

treatment does not have a significant effect on the survival of G7 cells. 

However, the addition of PTC209 decreases the survival of E2 cells irradiated  

with 5 Gy in a dose responsive manner. The dose modifying ratio (DMR) was used 

to quantify the radiosensitisation of control and treated cells  with PTC209 by 

calculating the ratio of doses needed to  reduces the survival fraction to 0.37 

(Table 3-1). E2 cell have significantly  higher DMR values at 1 μM and  2 μM 

compared to G7. These data are consistent with the earlier observation that E2 

cells are more sensitive to PTC209 than the G7  cells at concentrations of 5 μM 

or lower . This shows that PTC209 sensitise E2 cells to radiation more effectively 

than G7.  
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Figure 3-6 Clonogenic survival analysis of GSC cell lines treated with combination of 
PTC209 and radiation.  

Cells were seeded for colony formation, and exposed to various doses of radiation from     
0-5 Gy following treatment with (0.5, 1 and 2 μM) PTC209. Cells were seeded in triplicates, 
incubated with the drug  for 24 hrs  then exposed to radiation for 24 hrs. Result shows mean 
survival fraction from three independent experiments. Error bars represent SEM.  
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G7  DMR(0.37) 

0.5 μM PTC209 0.69 

1 μM PTC209 0.99 

2 μM PTC209 1.18* 

 

 E2  DMR(0.37) 

0.5 μM PTC209 0.3 

1 μM PTC209 1.46*** 

2 μM PTC209 1.71*** 

 

Table 3-1 These tables show DMR values of G7 and E2 cell lines. 

The DMR represents the dose required to reduce survival fraction to 0.37 in control vs  
treated with increasing concentration of PTC209. p value is calculated by comparing the 
means, sd and n of drug treated vs control. * p ≤ 0.05 and *** p ≤ 0.001 
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3.6 Effect of OTX015 alone and combined with TMZ on 

GBM cell lines 

Colony  assays were used to investigate the sensitivity of OTX015, a potent 

bromodomain inhibitor, in G7 and E2 cell lines . Cells were incubated with 

OTX015 for 24 hrs, then the drug was washed out and the cells allowed to form 

colonies over the next 10 days. Results from figure 3-7 shows that various 

concentrations of OTX015 did not have an effect on colony formation, either in 

G7 or E2 cells, or under stem or differentiated conditions. There was no clear 

downward trend of colony formation with increasing OTX015 concentrations, 

even at the highest dose of 500 nM. The IC50 for both cell lines could not be 

calculated because the percentage  survival did not drop below 50% in all 

graphs. 

 

Figure 3-7 The effect of OTX015 on stem and differentiated GBM cell lines. 

OTX015 effect on GBM cells was determined with colony formation assay over a range of 
concentrations. Cells were seeded at 250 per each well, after incubation with OTX015 for   
24 hrs, cells were allowed to form colonies  for 10 days. At each concentration of OTX015 
cells were seeded in triplicates, Data points represents mean of three independent 
experiments with error bars indicating SEM. Student’s T test was used to compare control 
with treated samples in G7 and E2 cells. * p ≤ 0.05. 

 

Although the GBM cells were not sensitive to OTX015 as a single agent, it is 

possible that the combination of OTX015 with TMZ would be more effective at 
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preventing colony formation. G7 and E2 cell lines were cultured in stem and 

differentiated conditions. To investigate this, cells were incubated with TMZ for 

one hour then with OTX015  for 24 hrs. Figure 3-8 shows colony formation for 

TMZ and OTX015 individually and in combination. In E2 cells, the combination of 

TMZ and OTX015 did not reduce colony formation any further than using either 

drug alone. Similar results were observed for G7 cells grown under stem 

conditions. Intriguingly, the combination of TMZ and OTX015 appeared to  

stimulate colony formation in G7 cells grown under differentiated conditions .    

 

Figure 3-8 The effect of combined treatment of TMZ and OTX015 on colony formation in 
GBM cell lines grown in stem and differentiated conditions. 

The seeding density of cells was 250 cells/well .Cells were treated with TMZ for 1 hr followed 
by 24 hrs treatment with OTX015 then allowed to form colonies for 10 days. Cell were 
seeded in triplicates at each combination of TMZ and OTX015 with the respect to 0.1% 
DMSO as a control. The linear graph shows mean value and SEM of three independent 
experiments. Student’s T test was used to compare control with treated samples in G7 and 
E2 cells.* p ≤ 0.05 and  ** p ≤ 0.01. 
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The above data show that treatment with OTX015 for 24 hrs does not have an 

impact on colony formation over the subsequent 10 days, either in the presence 

or absence of TMZ. To investigate whether the drug affects cell proliferation 

when it is present continuously in the culture, proliferation assays were 

performed. Figure 3-9 shows that the BET inhibitor OTX015 does not strongly 

affect GBM cell proliferation, even at higher concentrations. When  cells were 

treated with increasing concentrations of OTX015,  the growth of cells remained 

almost the same except for G7 stem in which number of cells was higher at     

250 nM.  The values of IC50 for stem and differentiated cell lines were 

undetermined, the assay didn’t show reduction in number of cells at higher 

concentration.  

The combination of OTX015 with TMZ did appear to be more effective in 

inhibiting cell proliferation. Figure 3-10 shows the effect of increasing 

concentrations of both drugs on G7 and E2 cells under stem and differentiated 

conditions. There is a downwards trend in proliferation as the concentrations of 

the drugs are increased in the combination, which was not observed when the 

drugs were used individually (Figures 3-3 and 3-9). Indeed, cell numbers at the 

higher concentrations, especially at 100 μM TMZ and 500 nM OTX015, are 

significantly lower than 500 nM OTX015 when is used alone, for G7 differentiated 

, E2 stem and E2 differentiated experiments (p < 0.05). Therefore, the use of 

TMZ and OTX015 together is more effective at reducing cell proliferation.  

However, it should be noted that these concentrations are still much higher than 

those used in previous studies.   
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Figure 3-9 The effect of increasing concentrations of OTX015 on GBM cell proliferation.  

Cells were seeded at 5000 cells/well in 96 well plates under stem or differentiated 
conditions, then incubated with OTX015 for 3 days. Cell viability was determined by 
measuring the amount of ATP present in the samples Cell Titer- Glo assay (Promega ). Each 
condition was carried out in triplicate wells, and three independent experiments were 
performed.  The mean value represents number of viable cells from three independent  
experiments as a percentage of the DMSO control; error bars represent the SEM. Student’s 
T test was used to determine significance of data in  control and  treated samples.* p ≤ 0.05 
and  ** p ≤ 0.01. 
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Figure 3-10 Effect of OTX015 combined with TMZ on cell proliferation in GBM stem and 
differentiated cell lines. 

Proliferation assay after 3 days exposure to a different combination of TMZ and OTX015, 
cells were seeded at 5000 cells/well. Cell proliferation was measured using Cell Titer Glo 
assay (Promega), by measuring the amount of ATP present in GBM cells. Each combination 
of TMZ and OTX015 was performed in triplicates. The final concentration of DMSO was kept 
constant in all experiments. Student’s T test was used to compare data between control and 
treated samples * p < 0.05, ** p < 0.01 and  *** p < 0.001. 

 

3.7 Identifying missense mutation in G7 and E2 cells          

In order to try and identify key genes that are mutated in G7 and E2 cells and 

that might be driving the cancer phenotype of these cells, variant calling was 

performed using transcript data from RNA-seq analysis (see chapter 4 for details 

of RNA-seq). The Galaxy tool Free Bayes was used to compared RNA-seq reads 

from the two cell lines with the reference Hg38 genome sequence in order to 

identify sequence changes (Garrison and Marth, 2012). The resulting VCF files 

containing information about sequence variants were analysed using the Open 
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Cravat platform (Pagel et al., 2020). The use of RNA-seq data means that only 

variants in the exons of expressed genes can be identified. Variants were filtered 

using the CHASM plus (p < 0.01) and CHASM plus GBM widgets (p < 0.05) 

(Tokheim and Karchin, 2019). “CHASM plus” aims to identify variants that are 

likely to be cancer driver mutations (as opposed to passenger mutations), and 

“CHASM plus GBM” categorises variants based on how likely they are to be 

drivers of GBM.   

After filtering, 10 variants were identified in G7 cells and 9 in E2 cells that are 

likely to be cancer driver genes (Table 3-2). The CHASM plus GBM scores for 

these genes are plotted in Figure 3-11. G7 cells have two heterozygous 

mutations in TP53, two heterozygous mutations in MAP3K1, and one homozygous 

and one heterozygous mutation in PIK3R2. It cannot be determined from the 

RNA-seq data whether the heterozygous mutations are on the same allele or 

different alleles, as the mutations are too far apart to be on the same read or 

mate-pair. E2 cells have heterozygous mutations in EGFR and TP53, and two 

heterozygous mutations in MAP3K1. It is notable that both cell lines have the 

same loss of function mutations in MAP3K1 and APC (Xue et al., 2018; Wang et 

al., 2018), and the same gain of function mutation in PIK3R2 (Cheung et al., 

2011). 
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A:G7  

 

 

B: E2 

Gene Protein VCF 

Phred 

Zyg. Alt 

reads 

Total 

reads 

VAF Chr Position Ref Alt UniProt 

Accession 

CHASM

plus 

Score 

CHASM 

plus 

GBM 

Score 

EGFR Ala289Val 617 het 25 36 0.69 chr7 55154129 C T P00533 0.80 0.85 

TP53  Arg273His 13568 het 504 587 0.86 chr17 7673802 C T P04637 0.82 0.75 

MAP3K1  Asp806Asn 2134 het 91 234 0.39 chr5 56881616 G A Q13233 0.62 0.32 

MAP3K1  Val906Ile 2833 het 113 251 0.45 chr5 56881916 G A Q13233 0.35 0.18 

USP9X  Gln640His 731 hom 23 23 1 chrX 41162812 A C Q93008 0.52 0.18 

PTCH1  Pro1315Leu 563 het 26 57 0.46 chr9 95447312 G A Q13635 0.33 0.17 

LZTR1  Gly301Ser 4774 hom 161 161 1 chr22 20991737 G A Q8N653 0.34 0.16 

APC  Val1822Asp 1889 hom 61 61 1 chr5 112841059 T A P25054 0.49 0.16 

PIK3R2  Ser234Arg 13717 hom 437 437 1 chr19 18161380 A C O00459 0.35 0.13 

 

Table 3-2 Potential GBM  cancer driver mutations in G7 and E2 cell lines grown in stem 
condition. 

VCF files were generated from combined RNA-seq data from control (untreated) cells 
compared to Hg38 references sequence using FreeBayes. Files were uploaded to Open-
Cravat tool, and filtered to only analyse variants that lead to change in protein sequence, 
have a Chasm plus p value < 0.01 and Chasm plus GBM p value < 0.05. The variants were 

Gene Protein VCF 

Phred 

Zyg. Alt. 

reads 

Total 

reads 

VAF Chr Position Ref  Alt  UniProt  CHASM 

plus 

Score 

CHASM 

plus 

GBM 

Score 

TP53 Arg248Gln 7489 het 292 603 0.48 chr17 7674220 C T P04637 0.85 0.80 

TP53 Arg282Trp 10846 het 431 902 0.48 chr17 7673776 G A P04637 0.79 0.70 

MAP3K1 Asp806Asn 264 het 11 17 0.65 chr5 56881616 G A Q13233 0.62 0.32 

SETD2 Pro1962Leu 9043 hom 303 303 1.00 chr3 47083895 G A Q9BYW2 0.32 0.21 

MAP3K1 Val906Ile 528 het 21 35 0.60 chr5 56881916 G A Q13233 0.35 0.18 

APC Val1822Asp 556 het 25 49 0.51 chr5 112841059 T A P25054 0.49 0.16 

PIK3R2 Ala415Thr 12598 het 489 1026 0.48 chr19 18163100 G A O00459 0.40 0.14 

CDKN1A Asp149His 39 het 5 18 0.28 chr6 36684546 G C P38936 0.59 0.13 

PIK3R2 Ser234Arg 14405 hom 464 464 1.00 chr19 18161380 A C O00459 0.35 0.13 

ARID1A Pro683Ser 1407 het 65 196 0.33 chr1 26760982 C T O14497 0.67 0.12 
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then filtered to remove those with a VCF PHRED score of less than 20 (ie >1% chance of 
error), fewer than 15 total reads, or a variant allele frequency of less than 0.25, in order to 
remove variants that are less reliable. Zyg: zygosity. Alt reads: number of reads matching 
the alternate allele. VAF: variant allele frequency. Chr: chromsome. Ref: reference base. Alt: 
alternate base. Variants in grey are found in both G7 and E2 cells.  

 

 

 

 

 

Figure 3-11 Chasm plus GBM scores for variants in G7 and E2 cells gown in stem condition.  

VCF files were generated from combined RNA-seq data from control (untreated) cells 
compared to Hg38 references sequence using FreeBayes. Files were uploaded to Open-
Cravat tool, and filtered to only analyse variants that lead to change in protein sequence, 
have a Chasm plus p value < 0.01 and Chasm plus GBM p value < 0.05.  The variants were 
then filtered to remove those with a VCF PHRED score of less than 20 (ie >1% chance of 
error), fewer than 15 total reads, or a variant allele frequency of less than 0.25. The CHASM 
plus GBM score is plotted for all variants that pass the filters. The higher the score the 
greater the likelihood that the mutation in the gene is a driver mutation in GBM cell line.  
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3.8 Discussion  

G7 and E2 cell lines were characterised for expression of stem cell markers after 

being cultured in stem and differentiated cancer cell media. E2 stem exhibited 

higher levels of CSC marker expression compared to G7 stem, including CD133, 

NESTIN, and OLIG2. E2 stem cells also had higher expression of the neuronal 

marker β III tubulin, whereas G7 stem had higher expression of the glial marker 

GFAP. Culturing E2 cells under stem conditions increased expression of SOX2, 

OLIG2 and β III tubulin compared to differentiated conditions, while G7 showed 

significant higher expression of NESTIN under stem compared to differentiated 

conditions. These data reveal the importance of stem culture conditions in 

maintaining the CSCs characteristics of the two cell lines, in particular E2 cells. 

The data also emphasise that G7 and E2 cells have different gene expression 

patterns, with E2 appearing to be more stem cell-like, which may impact on how 

these cells respond to different epigenetic drug treatments 

TMZ is an oral alkylating agent that is often given as a first line of treatment for 

GBM. Despite the antiproliferative effect of TMZ, patients tend to develop 

resistance to the drug after prolonged treatment. Current studies focus on 

developing new epigenetic therapies that are aiming to target specific pathways 

involved in mechanism of resistance  and enhance the cytotoxic effect of TMZ on 

GBM cells. The data showed that at higher concentrations, TMZ has an inhibitory 

effect on the growth of colonies. For G7 cells and E2 cells cultured in 

differentiated conditions, treatment with 30 μM and 50 μM TMZ resulted in 

reduction of number of colonies compare to control. E2 cells cultured under 

stem conditions appeared to be less sensitive. The results for the proliferation 

assay showed that TMZ did not have any effect on proliferation rate when 

compared with DMSO treated control. This indicates that treatment with TMZ 

does not have an effect on the number of viable cells in these GBM cell lines in 

short term culture, while it reduces colony formation at higher concentrations 

when cells are allowed to grow over a longer period. 

OTX015 is an epigenetic inhibitor that binds to BET proteins and prevents their 

binding to chromatin, thus by inhibiting transcription. The efficacy of OTX015 on 

GBM cells was tested both in vitro and in vivo and also the ability to cross  
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blood-brain barrier (Berenguer-Daizé et al., 2016). However, the data presented 

here shows that OTX015 alone did not have an effect on the survival of colonies 

or on proliferation  in G7  and E2 GBM cells. Combined treatment of TMZ and 

OTX015 was not more effective than TMZ alone in the colony assays, and 

actually increased colony survival above the no drug control in G7 differentiated 

cells. These results show that treating GBM cells with OTX015 as a single agent 

does not reduce proliferation or colony formation, and suggest that OTX015 may 

interfere with the inhibitory effect of TMZ when the two drugs were combined. 

This has potential implications for the use of these two drugs in treating GBM.   

The anticancer activity of PTC209, a specific BMI1 inhibitor, has been evaluated 

in different types of cancer. It was reported that PTC209 targets the expression 

of BMI1 at post transcriptional level (Mayr et al., 2016). In GBM cells, treatment 

with PTC209 lead to derepression of tumour suppressor genes involved with cell 

cycle regulation and proliferation (Kong et al., 2018). Here, our data showed 

that PTC209  exhibited an antiproliferative effect and also showed cytotoxic 

effect on colony formation in GBM cell lines. Colony assays were also performed 

to determine the drug efficacy of PTC209 when combined with radiation on GBM 

cells. A recent literature determined that ubiquitination of H2AK119 with BMI1 

along with PRC1 subunits contributed to DNA repair mechanism (Ginjala et al., 

2011). In this study results showed increase sensitivity of  E2 cells to  PTC209 at 

higher doses of radiation. The graphs and DMR values indicate that treatment of 

PTC209 in combination with radiation reduces the survival fraction in E2 at 

higher concentrations.  

The gene expression data in this chapter highlights some of the differences 

between the G7 and E2 cell lines. In order to investigate these cell lines further, 

data from our RNA-seq analysis, which is described in detail in later chapters, 

was used to identify missense mutations in the coding regions of expressed 

genes. In cancer, missense mutations are found to be the most common types of 

mutations(Vogelstein et al., 2013). New methods have been developed to 

separate driver missense mutations from passenger missense mutations in cancer 

genomes. Chasm plus is a new approach to predict the oncogenic effect of a 

missense mutation based on its score. This method was developed to classify 

somatic missense mutations as driver or passenger (Tokheim and Karchin, 2019) . 

Chasm plus analysis finds that  genes with high scores are usually associated with 
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metastases and deregulation of cell proliferation and survival. The analysis 

showed high score associated with TP53 in G7 and EGFR in E2.  Both genes are 

associated with cell division and growth and their Mutations is linked with lung 

cancer progression (Qin et al., 2020). 

In conclusion, G7 stem and E2 stem cell lines showed increased expression of 

common CSC markers. Both stem cell lines also carried mutations that are likely 

to be driver mutations in GBM. Targeting the CSC population is thought to be an 

important strategy in eliminating GBM tumour growth and metastasis. While the 

effects of TMZ and OTX015 on these cells were weak, the BMI1 inhibitor PTC209 

inhibited cell proliferation and suppressed colony formation at higher doses. This 

indicates that targeting PRC subunits might be a promising strategy to treat 

GBM. 
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Chapter 4 Efficacy of EPZ6438 on GBM cell lines 

4.1 Introduction 

EPZ6438 is a selective and potent inhibitor of EZH2 . Recent reports have 

demonstrated the antiproliferative effects of EPZ6438 and its effect on            

derepression of genes targeted by PRC2 complex (Zhang et al., 2020) . This 

compound shares similar in vitro characteristics as the previous inhibitor 

EPZ005687, only it has superior pharmacokinetic properties.  EPZ6438 disrupts 

PRC2 function by inhibiting the enzymatic activity EZH2 through a SAM 

competitive mechanism. In vitro data also revealed that EPZ6438 inhibits cancer 

progression  in multiple myeloma (Tremblay-LeMay et al., 2018). Consistent with 

this, EPZ6438 was found to inhibit both wild type and mutant EZH2 . This in vivo 

study demonstrated that  treatment with EPZ6438 showed potent antitumour 

activity in a xenograft model  of rhabdoid tumour. EPZ6438 is 35 fold more 

selective to EZH2 compared to EZH1 (Knutson et al., 2013) . Exposing cancer 

cells to EPZ6438 resulted in re-expression of PRC2 targeted genes as well as an 

increase in  the percentage of cells at the G1 phase of cell cycle and induction 

of apoptosis (Knutson et al., 2013). Treatment with EPZ6438 leads to inhibition 

of cellular growth and reduction in H3K27me3 in cancer cell lines (Knutson et 

al., 2014a). Inhibition of proliferation was observed  after treating cancer cells 

with EPZ6438 for 6-11 days (Knutson et al., 2014b).  

This chapter investigates the effect of EPZ6438 on G7 and E2 cell lines grown 

under stem cell conditions. The anti-tumour effect of EPZ6438 was evaluated 

with cell survival and viability assays, and RNA-seq analysis was performed to 

investigate the mechanistic basis of the drug action.   
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4.2 Effect of EPZ6438 on survival assay and proliferation 

assay 

The effect of EPZ6438 was determined by performing clonogenic survival assay 

to evaluate the potency EPZ6438 has on colony formation in GSCs. Figure 4-1 

demonstrate the effect of EPZ6438 on number of colonies formed in G7 and E2 

cell lines after plating the cells on Matrigel coated 6 well plates and incubating 

with the drug for 48 hrs then allowed to form colonies for 14 days. Treating G7  

cell lines with 2 μM EPZ6438 caused a slight decrease in percentage of colonies 

formed 82%  then followed by an abrupt increase 133% at 1 μM. At higher 

concentration data showed reduction in percentage of colonies formed. Similar 

results were obtained with E2  cell lines treated with increasing concentration of 

EPZ6438. The data showed an increase in percentage of colonies at 1 μM 

followed by significant decrease at higher concentrations. The IC50 was similar 

for G7 (1.90 μM) and E2 (1.64 μM) treated with EPZ6438.  
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Figure 4-1 Clonogenic survival curves of G7 and E2 treated with EPZ6438. 

Clonogenic assay was used to measure  the capacity of cells to form colonies after 48 hrs 
incubation with increasing concentrations of the drug.. Cells were fixed and colonies were 
counted manually after 14 days of incubation. A graph is plotted that shows the effect of 
increasing concentration of EPZ6438 on number of colonies formed in both cell lines  . Cells 
were seeded at each concentration in triplicates. Data points represents  mean values and 
SEM  of three independent experiments. Student’s T test was performed to determine the 
significance of data in control and treated  cells. * p ≤ 0.05 and ** p ≤ 0.01. 
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The assessment EPZ6438 potency was also determined by conducting  viability  

assay in GBM  cell lines. G7 and E2  cell lines were seeded into 96 plates coated 

with Matrigel at density of 2500 per well. Cells were incubated with the 

increasing concentration of EPZ6438 or corresponding DMSO as a control for 5 

days. Results were normalised with control and plotted as shown in Figure 4-2. 

The treatment of G7  cell lines with 1 μM of the drug  showed an increase to 

118% when compared with the DMSO control. Then followed by a slight decrease 

at higher concentrations. The same was observed with E2  cell lines treated with 

EPZ6438 when compared to control. The data shows EPZ6438 exposure did not 

have significant effect on viable cells in GSCs. The value of IC50 in the E2 cell 

line was higher (11.48 μM) than in the G7 cell line (2.01 μM) in the proliferation 

assay. 

 

 

 

 

 

 

 



111 
 

 

 

 

Figure 4-2 Dose dependent effect of EPZ6438  on cell proliferation in G7  and E2 cell lines.  

GBM cells were seeded in triplicate in 96 well plates in the presence of varying 
concentrations of EPZ6438, and allowed to grow for five days.  DMSO at 0.2% was used as 
the control. The Cell Titer Glo kit (Promega) was used to quantify viable cells.  Cell viability 
was calculated as a percentage of the DMSO control, and results are plotted as the mean 
value of three independent experiments. Error bars show the SEM. 
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The combined effect of TMZ and EPZ6438 on GBM cell lines was confirmed with 

clonogenic survival assay. G7 and E2  cell lines were seeded into Matrigel 

covered  6 well plates at seeding 250 per well. Cell culture where then 

incubated with increasing concentration of EPZ6438  for 24 hrs followed by 

treatment with 10 μM of TMZ for 24 hrs. Cells were left to form colonies for 14 

days. As can be seen in Figure 4-3, treatment of TMZ and EPZ6438 reduced 

colony formation in both cell lines compared to DMSO control. There was a 

significant reduction in colony formation at 0.5 μM EPZ6438 with 10 μM TMZ. At 

higher concentration of EPZ6438  with 10 μM TMZ the number of colonies were 

abolished. 
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Figure 4-3 Clonogenic assay plot showing combined treatment of TMZ with EPZ6438 in G7 
and E2  cell lines.  

The survival assay was performed to determine  the ability of treated cells to form colonies. 
Data shows the combined  effect of 10 μM TMZ  with increasing dose of EPZ6438. Cells were 

incubated  with increasing concentration of EPZ6438 for 24 hrs then with 10 μM TMZ  for  24 

hrs. Data point represent mean of number of colonies from three independent experiment 
with error bars representing SEM. Student’s T test was used to determine the significance 
of data in control vs treated  cells. **p ≤ 0.01 and *** p ≤ 0.001. 
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The effect of EPZ6438 with radiation was investigated with clonogenic survival 

assays. G7 and E2 cell lines were incubated with EPZ6438 or the corresponding 

concentration of DMSO for 24 hrs, then plates were irradiated with 0-5 Gy, and 

incubation in the presence of drug was then continued for an additional  24 hrs. 

The 6 well plates were then incubated for 14 days and allowed to form colonies. 

The resulting clonogenic survival curve of both cell lines is shown in Figure 4-4.In 

G7 cells, the mean survival fraction was below 0.8 at 3 Gy at all concentrations 

of EPZ6438. At higher doses of radiation, the survival fraction was further 

decreased especially at 2 μM EPZ6438 when compared with control. There is a 

trend towards reduced survival when EPZ6438 is added, but the differences are 

not significant. In E2 cell line, there is a clear decrease in the surviving fraction 

when increasing concentrations of EPZ6438 are added at both 3 Gy and 5 Gy. For 

example, the surviving fraction after 5 Gy in the absence of drug is 0.33, and 

this is reduced to 0.11 in the presence of 2 μM EPZ6428. Table 4-1 shows the 

DMR values generated from survival fraction data in both cell lines. The highest 

DMR of 1.3 was obtained for E2 cells treated with 2 μM EPZ6438. This means that 

1.3 fold more radiation is needed to reduce the survival fraction to 0.37 in 

control cells compared to cells treated with 2 μM EPZ6438. These data confirm 

that treatment with EPZ6438 makes E2 cells more sensitive to radiation, but 

does not affect G7 radiosensitivity. 
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Figure 4-4 Clonogenic survival assay plot showing the combined effect of radiation with 
EPZ6438 in G7 and E2  cells. 

Result shows mean survival fraction from three independent colony formation assay 
experiment, error bars represent SEM. Cells were seeded under stem conditions in 6 well 
plates in triplicate, incubated with different concentration of EPZ6438 for 24 hrs, exposed to 
radiation at 0 to 5 Gy, then incubation in the presence of the drug was continued for 24 hrs. 
The drug was then washed out and colonies allowed to form over 14 days.  Cells were fixed 
then colonies were counted manually.  
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G7  DMR(0.37) 

0.5 μM EPZ6438 1.05 

1 μM EPZ6438 1.01 

2 μM EPZ6438 1.06 

 

E2 DMR(0.37) 

0.5 μM EPZ6438 1.2* 

1 μM EPZ6438 1.2** 

2 μM EPZ6438 1.3** 

 

Table 4-1 The DMR of G7 and E2 cell lines. 

The DMR represents the dose required to reduce survival fraction to 0.37 in control vs 
treated with increasing concentration of EPZ6438.  p value is calculated by comparing the 
means, sd and n of drug vs control. * p ≤ 0.05 and ** p ≤ 0.01. 
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4.3 Assessment of EPZ6438 in apoptosis and 

senescence assays 

The previous experiments established that EPZ6438 inhibits colony formation in 

G7 and E2 cells. In order to investigate the biological processes occurring in 

these cells, assays for senescence and apoptosis were performed. Although 

cancer cell lines are immortal, usually due to the re-expression of telomerase, it 

is well established that chemotherapeutics and radiation can still induce cellular 

senescence in cancer cells. Therapy induced senescence is characterised by  

enhanced expression of senescence-associated β-galactosidase and prolonged 

growth arrest, and usually involves induction of p21 and p16 (Saleh et al., 2020).   

An assay for senescence-associated β-galactosidase was performed to determine 

whether EPZ6438 induces senescence in G7 or E2 cells. A concentration of 2 μM 

EPZ6438 was chosen for this experiment as this is the lowest concentration that 

has a significant effect on colony formation (Figure 4-1). Cells were incubated 

with EPZ6438 or corresponding DMSO as control for 5 days. Cells were fixed and 

stained with β-galactosidase staining kit. 

Figure 4-5 (A) shows an increase in number of senescence-β-galactosidase 

stained cells in G7  cell line incubated with EPZ6438  when compared with 

control. The GBM cell lines that were not stained were graded as live cells  while 

those  with blue stain were classified as senescent cells. The result summarised 

in Figure 4-5 (B) suggested that EPZ6438 at 2 μM promotes senescence in G7 

cells. The same observation can be found with E2  cell lines  treated with 2 μM 

EPZ6438. The graph Figure 4-5 (B) indicates a significant increase in number of 

β-galactosidase stained cells compared to control. 
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A) 

 

B) 

 

Figure 4-5  Senescence assay plots in G7 and E2 cell lines after treatment with 2 μM 

EPZ6438 or corresponding DMSO. 

The images β-galactosidase stained cells was captured using confocal microscope (A). 
After 5 days of incubation with the drug ,cells were fixed and stained with β-galactosidase 
staining solution, β- galactosidase positive cells were quantified and plotted in a graph (B) 
with mean and  SEM of three independent experiments. p value was calculated using 
student’s T test. *p  ≤ 0.5 and **p ≤ 0.01. 
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Flow cytometry analysis was performed to examine the apoptotic effect EPZ6438 

on GBM stem cells lines. G7 and E2  cell lines were seeded into Matrigel coated 

10 cm dishes. Cells were treated with 2 μM EPZ6438  or corresponding 

concentration of DMSO as control. Quantification of apoptotic cells was 

determined with AnnexinV and 7AAD staining kit. Figure 4-6 show apoptosis 

analysis with flow cytometry determines that EPZ6438 did not induce apoptosis 

in G7 and E2 cell lines when compared to control. Percentage of early and late 

apoptotic cells was very low compared to viable cells in plotted graph of treated 

cells.  
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A) 

 

B) 

 

 

Figure 4-6 Apoptosis assay of  G7 and E2  cell line treated with EPZ6438 or corresponding 
DMSO. 

Flow cytometric data shows apoptotic effect of  2 μM EPZ6438 treatment  in G7 and E2 cell 

line. Cells were incubated with the drug or DMSO for 5 days, then fixed and stained with 
AnnexinV and 7AAD . The percentage of cell (A) was plotted as scatter plots showing live 
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(Q4), early apoptosis (Q3), late apoptosis (Q2) and dead cells (Q1) . The viable, early , late 
apoptosis cells are represent in a graph (B).  

 

  

 

4.4 Effect of EPZ6438 on genes associated with 

stemness and tumourgenesis 

qRT- PCR was performed to assess the effect of EPZ6438 on genes involved with 

stemness of stem cells. SOX2, NESTIN, CD133 and OLIG2 are commonly used 

stem markers to identify GBM stem cells population, while GFAP, an astrocyte 

marker, and βIII tubulin are identified as differentiated markers. G7  and E2 

were cultured under stem conditions and incubated for 5 days with the drug . 

Figure 4-7 shows stem and differentiated gene expression in G7  and E2 cells   

after exposure to increasing concentration of EPZ6438 or corresponding 

concentration of DMSO.  In G7 cells, most of the genes did not show a consistent 

trend in changes in expression following drug treatment. Expression of OLIG2  

and NANOG increased, but the overall relative expression compared to β-Actin is 

very low compared to genes such as SOX2 and NESTIN .    

In the same Figure, the qRT-PCR graph of E2  showed an elevated expression 

level of SOX2 and NESTIN in treated cells compared to control especially at       

0.5 μM EPZ6438. However, the expression level of other genes remained low in 

both treated and control cells. 
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Figure 4-7 The level of mRNA expression of stem cell markers and differentiated markers in 
G7 and E2 cell lines following treatment with increasing concentration of EPZ6438 or 
corresponding DMSO as control. 

The graph shows qRT-PCR data of G7  and E2  cells treated with (0.5, 1 and 2 μM) of  
EPZ6438  for 5 days. Data are  normalised with β-Actin, the mRNA expression  represents 

the fold change that is calculated from delta Ct  with error bars representing SEM .Each  
RNA sample was loaded into wells in triplicates. 
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qRT- PCR was also performed to determine the level of genes associated with 

cell cycle regulation and tumour suppression.  GSCs were incubated with 

increasing concentrations of EPZ6438 on Matrigel coated plates  for 5 days The 

expression level of p21 and CDK2, cell cycle regulators, found to be elevated in 

G7  at 2 μM EPZ6438 (Figure 4-8). However, the level of tumour suppresser PTEN 

and senescent marker p16 remained the same for treated and control. 

Surprisingly, the level of oncogene MYC and PRC2 subunit EZH2 was also 

elevated at 2 μM EPZ6438. Similarly, in E2  the level of p21 and CDK2 was 

increased at 2 μM EPZ6438. The level of EZH2 was also increased while MYC 

expression level remained low. The p16 and MGMT expression levels were 

remained the same and the level of  PTEN increased at 2 μM EPZ6438  . 
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Figure 4-8  The level of mRNA expression of genes involved with cell cycle, apoptosis and 
senescence in  GBM stem cell lines  treated with increasing concentration of EPZ6438 or 
corresponding DMSO as control. 

The mRNA relative expression  in G7 and  E2 treated with (0.5, 1 and 2 μM) EPZ6438 for        
5 days were examined with qRT-PCR. Each RNA sample was loaded into wells in triplicates. 

Data are normalised with β-Actin, error bars represent SEM. The mRNA expression  

represents the fold change that is calculated from delta Ct.   
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4.5 RNA sequencing analysis of GBM cell lines treated 

with EPZ6438 

4.5.1 Quality control and data visualisation with searchlight2 

using Galaxy 

G7 and E2 cell lines were treated with 2 μM EPZ6438 for 5 days. RNA samples 

were prepared and shipped for paired-end RNA-seq analysis. The Fastq files 

containing the raw sequencing data were obtained from BGI genomics and were 

processed through Galaxy server. FastQC was used to assess the quality of data. 

The samples displayed an overall GC content of 50% and typical PHRED scores of 

36 (range of 29- 38). Hisat2 was used to align the samples to the human Hg38 

genome, and the percentage of mapped reads was typically 95%. Data were 

visualised using Searchlight2 to determine the changes that can be observed in 

DEGs in both cell lines treated with EPZ6438 versus control. In principal 

component analysis (PCA) plots, the second and third replicates of treated and 

control experiments in both cell lines formed clusters that indicates similarity in 

gene expression. However, the first replicates of control and treated in G7 and 

E2 cell lines did not form  cluster with the other replicates. Thus, indicating 

variability between samples and less significantly changed genes will be 

identified (Figure 4-9). 
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Figure 4-9 PCA plots for G7  and E2  lines treated with 2 μM EPZ6438 and controls. 

The scatterplot shows two sample groups control and treated that is distributed and 
presented as dots. The blue dots represent control and the red dots represent the treated 
samples. The total variation percentage explained by each component is given in the x and 
y axis. The PCA plots were generated from searchlight2 .  
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Searchlight also generated MA plots that is shows log fold change vs normalised 

gene expression between treated and control (Figure 4-10). The MA plot is 

presented as scatter plots with normalised mean expression on y axis and Log2 

fold change on x axis. The data points  > 0 Log2 fold change  indicates 

upregulated genes while data points < 0 Log2 fold change represents 

downregulated genes. 

 

 

 

Figure 4-10 MA plots  in G7 and E2  treated with 2 μM EPZ6438 .  

The MA plot shows the relationship between the mean expression of each gene and its fold 
change. The plots were created by Deseq2 using RNA-seq data. The x axis indicates the 
normalised mean expression from all samples, while the y axis indicates the Log2 fold 
change between treated and control. Significantly changed genes are shown in red and 
non−significant genes in black . 
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Similar results were obtained with significant genes heatmaps with p value < 

0.05 in G7 and E2 cell treated and control. The heatmap showed the level of 

significantly genes expressed were similar in all three replicates with red 

indicating upregulated and blue presenting downregulated (Figure 4-11).  

 

Figure 4-11 Significant genes heatmaps of G7 and E2  treated with 2 μM EPZ6438 and 

controls.  

The plot is generated by modifying  and running Deseq2 count and result files on Galaxy 
server Antioch . The output files from searchlight2 were visualised using R program. Gene 
expression  is represented in a hierarchical cluster heatmap (Spearman) with p value < 0.05. 
Red represent  upregulated genes and blue represent downregulated genes. 
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4.5.2 Pathway analysis with Gene ontology (GO) 

In order to identify pathways that are involved with gene expression, GO analysis 

was performed using software analysis Toppgene. The Deseq2 file was modified 

using filter function on excel with p value < 0.05 forming two list of genes 

upregulated (Log2 fold change > 0) and downregulated (Log2 fold change < 0). 

The two list of genes were ran through Toppgenes creating an output files of 

significant DEGs and their pathways.   

In G7, the biological process with  q value (Bonferroni) < 0.05 from output file of 

GO analysis showed most of the upregulated genes associated with neurogenesis. 

However, the biological process for downregulated genes found only 2 pathways 

one involved with postsynaptic density organisation  while the other one 

associated with noncoding RNA metabolism. No GO biological process categories 

were significantly altered in E2 cells. 
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a) 
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b) 

 

Figure 4-12 Significantly enriched GO biological processes in G7 cells treated with 2 μM 

EPZ6438.  

GO analysis (biological processes) was performed using Toppgene. Significantly 
upregulated (- Log10 q value) and  downregulated (Log10 q value)  biological process 
categories with q value (Bonferroni)  < 0.05 are shown.  The Log10 q value is plotted as a 
horizontal bar; upregulated categories (a) have a positive value and downregulated 
categories (b) have a negative value.  The GO analysis was performed on DEGs (adj p value 
< 0.05), treating upregulated genes (Log2 fold change > 0) and downregulated genes (Log2 
fold change < 0) separately.  

 

 

 

 

4.5.3 Comparative analysis with InteractiVenn and GO analysis 

A Venn diagram was plotted using InteractiVenn to identify similarity in  DEGs 

that are associated in G7 and E2 treated with 2 μM EPZ6438. The Deseq2 files 

was modified with filter function to form a list of significant upregulated genes 

(Log2 fold change > 0 and p value < 0.05 ) then the list for both cell lines were 

run through InteractiVenn (Figure 4-16). The output file generated Venn diagram 

with 1149 for G7 and 248 for E2,  with 98 common genes. However, the 
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downregulated (Log2 fold change < 0 and p value < 0.05)  list of both cell lines 

showed 440 for G7  and 98 for E2  with 8 genes in common. The overlap 

significance was determined by calculating the representation factor of 

upregulated common genes (13.4) and downregulated common genes (9.9).  

Indicating more significant overlaps between G7 and E2 cells treated with 

EPZ6438.                                                         

 

Figure 4-13 Venn diagram for upregulated (A) and downregulated (B) genes in G7 and E2  
cell lines treated with EPZ6438.  

The Deseq2 result file was modified with the  adj. p value < 0.05 creating a list  for 
upregulated genes (log2 fold change > 0)  and downregulated genes (log2 fold change < 0). 
The lists of upregulated and downregulated genes were run through InteractiVenn to show 
common genes associated in both cell lines.   p value was determined by calculating the 
representation factor of overlapped genes for both upregulated and downregulated genes. p 
≤ 0.001.  

 

 

The list of upregulated and downregulated genes common in both G7 and E2   

produced from InteractiVenn was ran through Toppgene for GO analysis. This 

created output files modified with p value < 0.05 for upregulated genes (Log 2 

fold change > 0) and downregulated genes (Log2 fold change < 0). The biological 

process showed 11 pathways for only upregulated genes involved in neurogenesis 

and synaptic signalling, while GO analysis did not show any downregulated 

pathways.  
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Figure 4-14 Biological process significantly upregulated in both G7 and E2 cell lines treated 
with EPZ6438.  

GO analysis was carried out on list of upregulated  common genes obtained from 
InteractiVenn analysis of G7 and E2 treated with EPZ6438. The horizontal graph is plotted 
with - log10 on x axis that is calculated from q value Bonferroni and biological process on y 
axis. The list biological process was filtered on excel with q value (Bonferroni)  < 0.05. 
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4.5.4 Pathway analysis with GSEA 

GSEA was used to identify pathways involved in G7 stem and E2 stem treated 

with 2 μM EPZ6438. This is a powerful tool that can analyse small gene 

expression changes across the whole data set rather than just using the list of 

DEGs that pass a certain cut off. The Deseq2 file was modified and uploaded into 

GSEA software, and analysed using the Hallmarks group of gene sets (Liberzon et 

al., 2015) . The Hallmarks group contains 50 gene sets that been curated to 

provide lists of genes with coherent expression that represent well defined 

biological states or processes.  

In G7 cells, positive enrichment of 18 gene sets and negative enrichment of 5 

gene sets were observed with a nominal (NOM) p value < 0.05 and false discovery 

rate (FDR) q value < 0.25  (Figure 4-15).  Figure 4-16 shows two enrichment plots 

from G7  that were generated by GSEA. The plots shows the set of genes that are 

downregulated in response to KRAS signalling (HALLMARK 

_KRAS_SIGNALLING_DN, FDR q value 0.026), and a subset of genes that are 

targets of MYC (HALLMARK_MYC_TARGETS_ V2,FDR q value 0).   
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 a)
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b) 

 

Figure 4-15 Horizontal bar chart of enriched GSEA Hallmarks gene sets in G7 treated with  

2 μM EPZ6438.  

Normalised enrichment score (NES) is indicated on x axis that is plotted against gene sets 
represented on y axis. The plot represents significant gene sets that was filtered using 
GSEA report output file with NOM p value < 0.05 and the FDR < 0.25. (a) plot with  NES > 0 
indicates gene sets that are positively enriched and (b) plot with NES < 0 indicates gene set 
negatively enriched in GBM treated cells.   
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Figure 4-16 The enriched plot of GSEA in G7 treated with 2 μM EPZ6438 and  G7 Control.  

Plot (A) represents the top positive enrichment gene set: genes that are downregulated in 
response to KRAS signalling. Plot (B) represents the top negative enrichment gene set: 
targets of MYC. The enriched score (ES) is indicated as the green curve;  the final ES score 
is indicated at the peak of the curve of that gene set. The plot is obtained from GSEA output 
file after running the Deseq2 counts  file through GSEA software.  
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In E2 cells, GSEA indicates significant enrichment of 11 gene sets ( NOM p value 

< 0.05 and FDR q value < 0.25) (Figure 4-17). The plots for the top positive and  

negative enriched gene sets are shown in Figure 4-18: G2M checkpoints (FDR q 

value 0) and Oxidative phosphorylation (FDR q value 0). 

a) 
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b) 

 

 

Figure 4-17 Horizontal bar chart of enriched GSEA Hallmarks gene sets in E2 treated with 2 
μM EPZ6438.  

NES is indicated on x axis while gene sets represented on y axis. The plot represent 
significant gene sets that  was made with NOM p value < 0.05 and the FDR < 0.25  obtained 
from GSEA report output file of E2 stem  treated cells .  (a) graph with NES > 0 indicates 
gene sets that are positively enriched and (b) graph with NES < 0 indicates gene set 
negatively enriched in E2 stem treated cells.   
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Figure 4-18 The enriched plot of GSEA in E2 treated with 2 μM EPZ6438 and  E2 Control.  

Plot (A) represents the top enrichment at the top of the list while plot (B) represents top 
negative enrichment  of the horizontal bar. The ES is indicated as the green curve, the final 
ES score is indicated at the peak of the curve of that gene set. The Deseq2 count file was 
modified and ran through GSEA software to generate enriched  plot. 

  

Comparative analysis was performed based on GSEA  analysis of NES values of G7 

and E2 cell lines. Table 4-2 shows pathways common in both cell lines treated 

with EPZ6438. The analysis showed 3 pathways were positively enriched; 

Hallmarks of KRAS signalling DN,  KRAS signalling UP and UV response DN. Only 

one  pathway that include Hallmark of Oxidative phosphorylation was found 

negatively enriched. 

 

 

Table 4-2 Hallmark of gene set positively and negatively enriched in G7 and E2 cell line.  

This table shows NES values of significant pathways present in both G7 and E2 cells treated 

with 2 μM EPZ6438. NES > 0 indicates positive enrichment while NES< 0 represents negative 

enrichment.  

 

 

Hallmark G7   NES E2 NES 

HALLMARK_KRAS_SIGNALING_DN 1.59 1.59

HALLMARK_KRAS_SIGNALING_UP 1.47 1.27

HALLMARK_UV_RESPONSE_DN 1.27 1.46

HALLMARK_OXIDATIVE_PHOSPHORYLATION -1.52 -2.11
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4.6 Discussion  

This chapter demonstrates  the investigation  of EPZ6438 and its importance as 

inhibitor of EZH2 enzymatic activity in GSCs. . Previous reports  demonstrated 

that EPZ6438 inhibits trimethylation of histone H3K27 by inhibiting EZH2 

activity. The data presented in this chapter show  that treatment  with EPZ6438 

reduces colony formation  in GBM stem cell lines. This shows that exposure to 

EPZ6438 has a detrimental effect on the ability of cells to survive and proliferate 

over the long term. However, the drug did not affect cell numbers over a shorter 

five days period. 

In order to further investigate the effect of EPZ6438 on the GBM cells, assays for 

apoptosis and senescence per performed. The apoptosis assay demonstrated that 

the percentage of early and late apoptotic cells remained low in treated 

compared with control cells, providing no evidence that the drug induces 

apoptosis at these concentrations. However, there was an increase in the 

percentage of cells expressing senescence-associated- β-galactosidase following 

treatment with EPZ6438. Previous reports indicated that p21 and p16 are 

associated with promoting therapy induced senescence in tumour cells (Saleh et 

al., 2020) . qRT-PCR analysis clearly indicated higher expression of p21 in both 

treated GBM cell lines. Increases in p16 expression were not detected in either 

cell line, and, as explained in chapter 3, subsequent analysis revealed that both 

alleles of CDKN2a, the gene that expresses p16, are absent in E2 cells. RNA-seq 

data indicated that senescence-associated genes such as those associated with 

the senescence-associated secretory phenotype (SASP) were not enriched in 

either the GO or the GSEA analyses.The induction of the SASP varies, depending 

on cell type and the nature of the stimulus, and can depend on the p53 status 

(Bojko et al., 2019). Variant analysis in chapter 3 indicated that both G7 and E2 

cells have heterozygous p53 mutations, which is likely to influence the senescent 

phenotype. This data suggests that EPZ6438 can induce senescence in G7 and E2 

cells, but further analysis is required to investigate the nature of the 

senescence-related changes in these cells.    

In order to investigate the effect of the drug on the whole transcriptome rather 

than a few candidate genes, RNA-seq analysis was performed. GO analysis 

showed that the significantly upregulated genes were strongly linked to 
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neurogenesis-related pathways in G7 treated cells. The GO analysis of E2 treated 

cells   did not show any significant upregulated genes associated with 

neurogenesis pathways, probably because there were fewer DEGs. However, 

Venn diagrams revealed that there were 98 genes upregulated in both G7 and E2 

cells, and most of these are associated with synapse regulation in neurons. Thus, 

increases in neuronal gene expression were present in both G7 and E2 treated 

cells. Based on this data, we hypothesise that EPZ6438 causes the cells to lose 

their ability to maintain their stem cell phenotype, and results in differentiation 

down neuronal-related pathways. Further investigation is required to test this 

hypothesis; for example, cell imaging and immunofluorescence studies could be 

used to examine the expression of neuronal marker genes. 

GSEA analysis can be a more sensitive approach than GO when identifying 

pathways or cell types that are altered. This is because it takes into account 

small changes in many genes along a pathway, rather than relying on significant 

changes in a few genes. GSEA revealed that sets of genes regulated by KRAS 

signalling are enriched in both G7 and E2 cells. It is possible that increased 

signalling through the KRAS pathway drives the increase in the expression of 

genes related to neurogenesis as observed in the GO analysis. GSEA also 

indicated that several other signalling pathways were activated in EPZ6438 

treated G7 cells, including IL6 and Wnt-β catenin, both of which have been 

implicated in neurogenesis.   

The MYC target gene set was found to be a negatively enriched dataset in GSEA 

analysis. However, interrogation of the RNA-seq data set found that the 

expression of MYC and MYCN were not significantly altered in G7 or E2 cells (p > 

0.25). MYC is well known as an oncogene that regulates pathways involved in 

survival of cancer cells such as cell growth and cell cycle progression (Holmen 

and Williams, 2005). Interestingly, MYC oncogenes have been found to regulate 

EZH2 at both the transcriptional and post transcriptional level (Koh et al., 2011). 

It is possible that inhibition EZH2 leads to changes in expression of one or more 

co-factors that modulate the activity of MYC.   

Pathway analysis with GSEA also showed that genes involved in oxidative 

phosphorylation (OxPhos) appear to be downregulated in both G7 and E2 cells 

following drug treatment. OxPhos is the mechanism by which ATP is produced in 
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the mitochondria, and is required for cell proliferation (Vasileiou et al., 2019; 

Xiong et al., 2012). However, it is not possible to say from our data whether the 

reduction in OxPhos gene expression is a consequence of reduced proliferation 

and cell cycle arrest, or vice versa. 

Pharmacological inhibition of EZH2 with EPZ6438 with either radiation or TMZ 

was also assessed.  In vitro clonogenic assays determined the inhibitory effect of 

EPZ6438 combined with radiation. DMR showed significantly increased 

radiosensitivity of E2 treated cells. Indicating the increasing sensitivity of E2 

following combined treatment of EPZ6438 with radiation.   

Furthermore, the combined treatment of the alkylating agent TMZ with EPZ6438 

shows that the two drugs seemingly have a synergistic effect. Interestingly, GSEA 

revealed that the gene set of DNA repair genes was negatively enriched in G7 

cells. This gene set was also negatively enriched in E2 cells, although it didn’t 

reach significance. Based on this data, it is  hypothesise that EPZ6438 treatment 

leads to downregulation of genes involved  in DNA repair, thus sensitising the 

cells to DNA damaging agents such as radiation and TMZ. 

In conclusion, treatment with EPZ6438 lead to a reduction in the number of 

colonies in both GBM cell lines. This did not appear to be due to a significant 

level of apoptosis, but gene expression analysis indicated it could be due to 

differentiation of the cells or even induction of senescence. Consistent with 

above assays,  downregulation of genes involved in OxPhos was observed. 

EPZ6438 also sensitised the cells to the DNA damaging agents’ radiation and 

TMZ. The result detailed above supports further investigation into the 

mechanism of action of EPZ6438, with a view to its potential use as an anti -

tumour agent.   
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Chapter 5 Efficacy of UNC1999 on GBM cell lines 

5.1 Introduction  

UNC1999 is orally bioavailable SAM competitive inhibitor that supresses 

enzymatic activity of EZH2 or EZH1 (Konze et al., 2013). In vitro analysis showed 

potency of UNC1999 in inhibiting proliferation and migration in bladder cancer 

(Chen et al., 2019). In vivo xenograft model treated with UNC1999 exhibited 

reduction in  tumour growth and self renewal in colorectal cancer (Lima-

Fernandes et al., 2019). UNC1999 also found to prolong survival of murine 

Leukemia model in vivo.  It was observed treatment with UNC1999 re-expressed 

genes  that are usually targeted by the PRC2 complex (Xu et al., 2015).  

In this chapter the efficacy of UNC1999 as an EZH2 inhibitor in GBM cells was 

investigated. Gene expression changes in drug treated cells compared to 

controls were further examined. All experiments were performed on  G7 and E2 

cell lines that were grown in stem conditions on Matrigel coated plates.  

5.2 Effect of UNC1999 on survival assay and proliferation 

assay 

The effect of increasing concentrations of UNC1999 was evaluated using 

clonogenic assays in GBM cell lines. Figure 5-1 shows the effect of UNC1999 on 

colony formation in G7 and E2 cell lines. There was no consistent effect in G7 

cell lines at concentrations of 1 μM and below, then colony numbers were 

reduced at higher concentrations. The E2 cell line was a little more sensitive, 

with the percentage of colonies decreasing to 73% at 0.5 μM, then higher doses 

led to complete loss in colony formation.  The IC50 was higher in G7 (1.66 μM) 

compared to E2 (0.73 μM). 
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Figure 5-1 Clonogenic survival curves of G7 and E2 exposed to increasing doses of 
UNC1999. 

Cells were seeded on 6 well plates at 250 per well. Cells were incubated with the drug or 
DMSO for 48 hrs. The drug was then washed out and cells allowed to grow for 14 days. Cells 
were then fixed, and colonies were counted manually. At each drug concentration cells were 
seeded in triplicates. A graph is plotted that shows the effect of increasing concentration of 
UNC1999 on number of colonies formed in G7 and E2. Data points represents mean values 
and SEM of three independent experiments.  p value was determined using student’s T test 
in control vs treated cells. **p ≤ 0.01 and *** p ≤ 0.001. 
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Viability assays were performed with the Cell Titer Glo kit to determine the 

effect of increasing dose of UNC1999 on GBM cell lines over the short term 

(Figure 5-2). The percentage of viable cells in the G7 cell line showed a slight 

increase at low drug concentrations up to 113% at 0.5 μM, then higher 

concentrations resulted in a reduction in viable cells. In the E2 cell line, 

treatment with UNC1999 showed steeper reduction in cell viability, especially at 

higher concentration that resulted in complete eradication of live cells. In G7 

cell, the IC50 was 6.72 μM while in E2 it was 2.86 μM.  
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Figure 5-2 Cell viability assay shows the effect of UNC1999 on cell proliferation in G7 and E2  
cell lines.  

Cells were seeded in triplicate in 96 well plates at 2500 per well in the presence of varying 
concentrations of UNC1999 and allowed to grow for five days.  DMSO at 0.2% was used as 
the control. The Cell Titer Glo kit (Promega) was used to quantify viable cells.  Cell viability 
was calculated as a percentage of the DMSO control, and results are plotted as the mean 
value of three independent experiments. Error bars show the SEM. 
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The combined effect of TMZ and UNC1999 was assessed with clonogenic assays. 

Cells were incubated with UNC1999 for 24 hrs then with TMZ for 24 hrs. The data 

shows that the 10 μM TMZ more potently reduced the number of colonies when 

combined with increasing concentration of UNC1999. Figure 5-3 represents the 

synergistic effect of TMZ with UNC1999 in G7 and E2 cell lines. 
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Figure 5-3 Clonogenic assay plots of G7 and E2 shows combined treatment of TMZ with 
UNC1999 .  

The survival assay was performed to determine the ability of treated cells to form colonies. 
Cells were seeded at 250 / well on Matrigel coated 6 well plates, then incubated with 
UNC1999 for 24 hrs then with 10 μM TMZ for 24 hrs. Data shows the combined effect of      
10 μM TMZ and with increasing dose of UNC1999.  Data points represent mean of number of 
colonies from three independent experiment with error bars representing SEM. Student’s T 
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test was performed to determine the significance of data in control vs treated  cells. **p ≤ 
0.01 and *** p ≤ 0.001 

 

 

The effect of UNC1999 on the response of the cells to gamma radiation was 

investigated using colony assays. G7 and E2 cell lines were exposed to varying 

concentrations of UNC1999 for 24 hrs then irradiated and allowed to form 

colonies. Figure 5-4 shows that the survival fraction of GBM cell lines decreased 

at 3 Gy and higher. Pre-treatment with UNC1999 did not have a significant effect 

on the survival fraction in G7 cells. However, UNC1999 did significantly decrease 

colony formation in irradiated E2 cells, especially at 4 Gy and 5 Gy. This effect 

was apparent even at the lowest dose of UNC1999 tested, where the survival 

fraction reduced from 0.346% with 5 Gy alone to 0.198% with 5 Gy and 0.5 μM 

UNC1999. At this concentration, UNC1999 only causes a 27% reduction in colony 

numbers when used as a single agent (Figure 5-1). This data indicates that 

UNC1999 sensitises E2 cells to gamma radiation.  Table 5-1 shows the values of 

DMR in G7 (0.88 - 0.94) and E2 (1.17 -1.25). The DMR for G7 was less than 1 

indicating cells were less sensitive to radiation after treatment with UNC1999. 

However, The values of DMR in E2  increased significantly  with increasing 

concentration of UNC1999, indicating that higher concentrations of the drug 

increases radiosensitivity  of E2 cell line. 
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Figure 5-4 Clonogenic survival assay plot showing the combined effect of radiation with 
UNC1999 on G7 and E2 cells. 

The  mean survival fraction from three independent colony assay experiment is plotted in a 
graph, error bars represent SEM.  After 24 hrs incubation with different concentration of 
UNC1999, cells were exposed to different doses of  radiation at 0 to 5 Gy for 24 hrs.Cells 
were fixed then colonies were counted manually. The mean of number of colonies were 
counted and calculated as survival fraction and plotted in a graph with radiation dose. 
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G7 DMR(0.37) 

0.5 μM 0.88 

1 μM 0.90 

2 μM 0.94 

 

E2 DMR(0.37) 

0.5 μM 1.17* 

1 μM 1.17** 

2 μM 1.25** 

 

Table 5-1 These tables represent  DMR values of G7 and E2 cell lines. 

The DMR represents the dose required to reduce survival fraction to 0.37 in control vs 
treated with increasing concentration of UNC1999. p value is calculated by comparing the 
means, sd and n of drug treated with control. * p ≤ 0.05 and ** p ≤ 0.01  
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5.3 Assessment of UNC1999 in senescence and 

apoptosis assay 

To investigate whether UNC1999 induces senescence in the GBM cells, cells were 

incubated with 2 μM UNC1999 for 5 days and then fixed and stained with            

β-galactosidase staining solution. Figure 5-5 (B) shows that the percentage of        

β-galactosidase stained cells was significantly increased at 2 μM UNC1999 

compared to the DMSO control in G7 and E2 cell lines. The graph indicates 

induction of senescence in GBM cell lines following treatment with UNC1999. 

Flow cytometry was used to assay for early and late apoptosis after 5 days 

incubation with UNC1999. Figure 5-6 shows that there is no increase in apoptotic 

cells in the G7 population following EPZ6438 treatment. Indeed, the percentage 

of dead cells was decreased compared to the DMSO control (< 1.62% and 35.7%, 

respectively). This is consistent with the cell viability assays shown in Figure 5-2, 

where 2 μM UNC1999 does not decrease the percentage of viable G7 cells after 5 

days, and in fact increases cell numbers to 111% of the control. In contrast, E2 

cells had 10.8% of cells in early apoptosis and 38% of cells in late apoptosis after 

5 days incubation with 2 μM UNC1999 (Figure 5-6). This is consistent with the 

61% reduction in viable E2 cells that was previously observed in Figure 5-2.    
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A) 

 

 

B) 

 

Figure 5-5 Senescence assay plots in G7 and E2 cell line after treatment with 2 μM UNC1999 

or corresponding DMSO. 

The treated cells were incubated for 5 days the  were fixed and stained with β- galactosidase 
staining solution. Picture of β- galactosidase stained cells (A) was captured using confocal 
microscope. β- galactosidase positive cells were quantified and plotted in a graph (B) with 
mean and  SEM of three independent experiments, p value was calculated using student’s T 
test. *p ≤ 0.05 and  ***p ≤ 0.001. 
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A) 

 

B) 

 

 

Figure 5-6 Apoptosis assay determining the effect of UNC1999  in G7 and E2 cell lines. 

 

Flow cytometric analysis showing the apoptotic effect of 2 μM UNC1999  in G7 and E2  cell 

lines. Cells were incubated with the drug for 5 days, then fixed and stained with AnnexinV 
and 7AAD . The percentage of viable, early apoptosis, late apoptotic and dead cells are 
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represented in a graph (B). The percentage of cells (A) was plotted as scatter plots showing 
live (Q4), early apoptosis (Q3), late apoptosis (Q2) and dead cells (Q1) .  

 

 

5.4 Effect of UNC1999 on genes associated with 

stemness and tumourgenesis 

qRT-PCR was performed to determine whether UNC1999 affects the expression 

of stem cell marker genes. Figure 5-7 shows the expression of stem and 

differentiated marker genes in G7 and E2 cells after treatment with increasing 

concentrations of UNC1999 over 5 days.  The relative expression of the SOX2 and 

NESTIN are elevated in treated G7 and E2  cell lines when compared to the 

control, particularly at 0.5 μM. In E2 cells the level of the astrocyte maker GFAP 

increases as the drug concentration increases, whereas in G7 cells, GFAP 

expression decreases at the higher drug concentrations. However, these data are 

from single biological samples so caution should be taken when drawing any 

conclusions. 
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Figure 5-7 The effect of UNC1999 on the  level of mRNA expression of stem cell markers and 
differentiated markers in G7 and E2 cell lines. 

qRT-PCR was performed following treatment of G7 and E2 cells with (0.5, 1 and 2 μM) of 
UNC1999 or corresponding DMSO  for 5 days. Data were normalised with β-Actin, the mRNA 
expression  represents the fold change that is calculated from delta Ct  with error bars 
representing SEM. Each RNA sample was loaded into wells in triplicates. 
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The expression of genes involved in cell cycle regulation and tumorigenesis was 

also evaluated with qRT-PCR (Figure 5-8).  The expression of P21, PTEN and 

CDK2 was found to be elevated in G7 treated cells compared to control, 

particularly at 2 μM. CDK2 expression was also elevated in E2 cells, whereas 

PTEN was increased at 0.5 μM  but decreased at higher concentrations.   
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Figure 5-8 The level of mRNA expression of genes involved with cell cycle, apoptosis and 
senescence in G7 and E2  cell lines exposed to increasing dose of UNC1999. 

The mRNA relative expression  in G7 and E2 treated with (0.5, 1 and 2 μM) UNC1999 or 
corresponding DMSO for 5 days were examined with qRT-PCR. Each RNA sample was 
loaded into wells in triplicates. The mRNA expression  represents the fold change that is 
calculated from delta Ct. Data are normalised with β- Actin, error bars represent SEM.  
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5.5 RNA sequencing analysis of GBM cells treated with 

UNC1999 

5.5.1 Quality control and data visualisation with Searchlight2 

In order to investigate the changes in gene expression on a genome-wide basis, 

RNA-seq was performed. The concentration of 2 μM UNC1999 was chosen for 

these experiments as changes in cell survival and gene expression were apparent 

at this concentration, but there were sufficient surviving and proliferating cells 

to obtain a high quality RNA sample that should give meaningful gene expression 

data. Cells were treated with drug or DMSO for 5 days, and RNA samples were 

collected from three biological replicates.  FastQC was used to assess the quality 

of data. The samples displayed %GC of 50, average PHRED score of 36 and the 

percentage of mapped reads was typically 95%. 

RNA-seq data was aligned to the Hg38 genome using Hisat2, Stringtie was used to 

assemble and quantity transcripts, and Deseq2 was used to generate a statistical 

model of the transcript distribution and calculate the differences in expression 

between drug treated and control samples. The RNA-seq analysis of E2 treated 

and control showed variability between the three replicates. The analysis was 

repeated with  one of the  E2 replicate was excluded in both treated and control 

samples. PCA plots of RNA-seq samples treated with 2 μM UNC1999 and control 

were illustrated  in Figure 5-9 .  In G7, the PCA plot showed that second and 

third replicates are closer together than first replicate in both treated and 

control groups. Whereas PCA plot for E2 showed that treated samples formed 

good cluster unlike control samples. 
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Figure 5-9 PCA plots for G7 and E2 lines treated with 2 μM UNC1999 and control. 

The total variation percentage explained by each component is given in the x and y axis. 
The scatterplot represents two sample groups; control and treated that is distributed and 
presented as dots. The blue dots indicate control group while red dots present the treated 
group. The values of expressed genes were transformed  using the z-score , prior to the 
PCA plot.  
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Figure 5 -10 shows the MA plot of the Log2 fold change and normalised mean 

expression in for all genes in G7 and E2 cells. Significantly upregulated genes are 

shown in red above the x axis, and significantly downregulated genes are shown 

in red below the x axis. It can be seen that there are more DEGs in the G7 cells 

than in the E2 cells.   

 

 

 

 

Figure 5-10 MA plots of G7 and E2 treated with UNC1999 .  

The MA plot shows the relationship between the mean expression of each gene and its fold 
change. The plots were created by Deseq2 using RNA-seq data. The x axis indicates the 
normalised mean expression from all samples, while the y axis indicates the Log2 fold 
change between treated and control. Significantly changed genes are shown in red and 
non−significant genes in black. 
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The hierarchical clustered heatmaps show the significant DEGs in control and 

UNC1999-treated G7 and E2 cells. The replicates are presented in the G7 and E2 

heatmaps (Figure 5-11) as being clustered together into control and treated 

groups. The figure demonstrates that the differences in expression for the 

significant DEGs are consistent across all replicates.   

 

 

Figure 5-11 Significant genes heatmaps of G7  and E2  treated with 2 μM UNC1999 and 

controls.  

The plot is generated using Deseq2 files that were modifies and uploaded into Galaxy server 
Antioch using searclight2. The output file was visualised using R program. Gene expression  
is represented in a hierarchical cluster heatmap (Spearman) with p value < 0.05. The 
intensity of the colour represents gene expression with Red indicating upregulated genes 
and blue represent downregulated genes. 
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5.5.2 Pathway analysis with GO 

DEGs with an adjusted p value of less than 0.05 were taken forward into GO 

analysis in order to get an overview of the pathways and processes that were 

altered following UNC1999 treatment. Upregulated DEGs (893 for G7 and 370 for 

E2) were considered separately from downregulated DEGs (661 for G7 and 478 

for E2), as this gives more meaningful GO data. Figure 5-12 shows the biological 

process GO categories that were significantly enriched in the lists of upregulated 

and downregulated DEGs from G7 cells. It can be seen that most of the GO 

categories for the upregulated genes are related to neurogenesis, neuron 

morphology and neuronal function.  GO categories enriched in the 

downregulated genes in G7 cells are mainly related to RNA processing, ribosome 

function, cell number homeostasis and organelle organisation.  

The GO analysis for E2 DEGs showed 31 significantly upregulated and 34 

significantly downregulated genes in biological process categories. Most of 

upregulated genes were associated with metabolic and catabolic processes. 

Whereas downregulated biological processes were mostly involved in cell cycle 

processes, cell division, DNA replication and DNA repairs (Figure 5-13).  
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a) 
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b) 

 

 

Figure 5-12 Significantly enriched GO biological processes in G7 cells treated with 2 μM 

UNC1999.  

GO analysis (biological processes) was performed using Toppgene. Significantly 
upregulated (a) and  downregulated (b) biological process categories with q value 
(Bonferroni)  < 0.05 are shown.  The upregulated categories have a positive value (- Log10 q 
value) and downregulated categories have a negative value (Log10 q value).  The GO 
analysis was performed on DEGs (adj p value < 0.05), treating upregulated genes (Log2 fold 
change > 0) and downregulated genes (Log2 fold change < 0) separately.  
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a) 
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b) 

 

Figure 5-13 Significantly enriched GO biological processes in E2  cells treated with 2 μM 

UNC1999.  

GO analysis  was performed using Toppgene. Significantly upregulated (a) and  
downregulated (b) biological process categories with q value (Bonferroni)  < 0.05 are shown.  
The upregulated categories have a positive value (- Log10 q value) and downregulated 
categories have a negative value (Log10 q value).  The GO analysis was performed on DEGs 
(adj p value < 0.05), treating upregulated genes (Log2 fold change > 0) and downregulated 
genes (Log2 fold change <0)  separately.  
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5.5.3 Comparative analysis with InteractiVenn and GO 

The common significantly upregulated and downregulated genes in G7 and E2 

cell lines were illustrated in Venn diagrams. The comparative analysis with 

InteractiVenn  identified 22  significantly upregulated genes common between 

G7 and E2 cell lines (Figure 5-14 (A)). Both cell lines had 10 common  

significantly downregulated genes as shown in Figure 5-14 (B). The GO analysis 

showed only 4 significant upregulated  biological process common in both cell 

lines. The Figure 5-15 shows  two common biological processes were related to 

neurogenesis, one related to central nervous system development  and  one  

associated with regulation of multicellular organismal development .  The 

overlap significance was determined by calculating the representation factor of 

upregulated common genes (4.3) and downregulated common genes (1.9).  

Indicating more significant overlaps between G7 and E2 cells. 

 

Figure 5-14 Venn diagram of upregulated (A) and downregulated (B)  genes in G7  and E2  
cell lines treated with UNC1999.  

The Deseq2 result file was filtered, the  adj. p value < 0.05: Log2 fold change > 0, resulting 
upregulated genes;  and Log2 fold change < 0 resulting in downregulated genes. The list of 
upregulated and downregulated genes was run through InteractiVenn to show common 
genes associated in both cell lines. . p value was determined by calculating the 
representation factor of overlapped genes for both upregulated and downregulated genes. p 
≤ 0.001. 
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Figure 5-15 Biological process significantly upregulated in both G7 and E2 cell lines treated 
with UNC1999.  

GO analysis was performed  on list of upregulated  common genes in G7 and E2 treated that 
is  obtained from InteractiVenn analysis. The horizontal graph is plotted with - Log10 on x 
axis that is calculated from q value Bonferroni and biological process on y axis. The list 
biological process was filtered on excel with q value (Bonferroni)  < 0.05. 
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5.5.4 Pathway analysis with GSEA 

GSEA analysis was carried out on data from G7 and E2 cell using the Hallmarks 

list of gene sets, as previously described in chapter 4. G7 cells treated with 2 μM 

UNC1999 identified 9 positive enrichment gene sets and 8 negatively enriched 

gene sets. Figure 5-16 is a horizontal bar chart plotting the normalised 

enrichment score for gene sets from G7 cells that have a NOM p value < 0.05 and 

FDR q value < 0.25. The Hallmark gene set of genes expressed in pancreatic beta 

cells is the most positively enriched (FDR q value 0.034), and Hallmark gene set 

of MYC target genes is the most negatively enriched (FDR q value 0) in G7 as 

shown in Figure 5-17. 

a) 
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b) 

 

Figure 5-16 Bar plot of significantly enriched GSEA in G7 treated with 2 μM UNC1999. 

showing hallmarks gene sets. 

The plot represents significant gene sets that was filtered using GSEA report output file 
with NOM p value < 0.05 and the FDR < 0.25. Normalised enrichment score (NES) is 
indicated on x axis that is plotted against gene sets represented on y axis.. NES > 0 
indicates gene sets that are positively enriched (a) while NES < 0 indicates gene set 
represents negatively enriched (b) in G7 cell line.   
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Figure 5-17  The two plots of GSEA showing  enrichment  in G7 treated with 2 μM UNC1999 

and  G7 Control.  

The ES is indicated as the green curve, the final ES score is indicated at the peak of the 
curve of that gene set. The top positive enriched plot (A), and the top negative enriched plot  
(B) of the GSEA horizontal bar. The plot is obtained from GSEA output file after running 
Deseq2 count file through GSEA software.  
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The GSEA analysis of E2 cells treated with 2 μM UNC1999 only presented 6 

positively enriched gene sets with NOM p value < 0.05 and FDR q value < 0.25 

(Figure 5-18).  The GSEA plot in Figure 5-19 shows top positively enriched 

Hallmark gene set of Estrogen response early. No comparative analysis was found 

to identify significantly positive and negative enriched  gene sets in both cell 

lines treated with 2 μM UNC1999.  

 

 

Figure 5-18 Enriched GSEA is plotted in a graph that  showing hallmarks gene sets in E2  
treated with 2 μM UNC1999.  

The plot represent significant gene sets that  was made with NOM p value < 0.05 and the 
FDR < 0.25  obtained from GSEA report output file of E2 treated cells . Normalised 
enrichment score (NES) is indicated on x axis while gene sets represented on y axis.       
NES > 0 indicates gene sets that are positively enriched in E2  treated cells.   
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Figure 5-19 The enriched plot of GSEA in E2 treated with 2 μM UNC1999 and  E2 Control.  

The Deseq2 count file was modified and ran through GSEA software to generate GSEA top 
positive enriched plot  of the horizontal bar. The ES is indicated as the green curve, the final 
ES score is indicated at the peak of the curve of that gene set.  
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5.6 Discussion  

In this chapter the efficacy of UNC1999 was investigated in GBM cell lines. The 

clonogenic and proliferation assays was determined following treatment with 

increasing concentration of UNC1999. The survival assay showed detrimental 

effect of UNC1999 especially at higher concentration. However, UNC1999 

showed to have more potency on proliferation rate in E2 cell compared to G7 

cell line. The survival rate was also measured following combined treatment 

with GBM conventional therapies.  The synergistic effect of UNC1999 combined 

with 10 μM TMZ was evaluated with clonogenic assays. The two drugs worked 

together to eliminate colonies formed enhancing the mechanism of action of one 

another. In addition, combined UNC1999 with radiation demonstrated inhibition 

of survival rate at higher doses in E2 cells. In E2 cells, the DMR values showed 

increased radiosensitivity of cells with increasing concentration of UNC1999. 

Thus, indicating that UNC1999 sensitises E2 to radiation. 

The effect of UNC1999 on inducing senescence and apoptosis was assessed. The 

percentage of cells expressing senescence-associated β-galactosidase was 

significantly elevated following exposure to UNC1999 in both G7 and E2 cell 

lines. However, senescence-related categories were not enriched in GO or GSEA 

analysis. Flow cytometry did not detect apoptosis in the G7 population, but did 

detect up to 40% of cells in early or late apoptosis in the E2 population. This 

difference between the G7 and E2 is consistent with the greater sensitivity of E2 

cells to UNC1999 as shown by the colony and cell viability assays. 

GO analysis of upregulated genes in G7 cells revealed many significantly 

enriched categories related to neurogenesis and neuronal characteristics. As 

previously discussed in Chapter 4, G7 cells treated with EPZ6438 also showed 

upregulation of genes involved in neurogenesis and neuronal structure and 

function. Thus, it appears that both UNC1999 and EPZ6438 may cause G7 cells to 

differentiate down neuronal-related pathways. The GO analysis of  E2 showed 

upregulation  of genes involved in catabolic and metabolic processes unlike E2 

treated EPZ6438 that did not show any significant biological process.  

GSEA analysis of UNC1999 treated G7 cells revealed enrichment in targets of 

KRAS and IL6 signalling. This implies that KRAS and IL6 signalling is upregulated 



177 
 

in these cells, and could be driving the increase in expression of neurogenesis 

and neuronal-related genes. These pathways were also enriched in the EPZ6438-

treated cells (Chapter 4), as was the negative enrichment of gene sets for MYC 

target genes and genes involved in DNA repair. 

In E2 cells, the gene sets enriched following UNC1999 treatment included 

upregulation of  mTORC1 and TNFA signalling both Hallmarks have roles in 

neurogenesis.  GSEA analysis also showed upregulation of Hallmarks of Hypoxia. 

These pathways were not upregulated in E2 treated with EPZ6438. 

The GO pathways associated with downregulated genes in G7 cells are mainly 

associated with RNA processing, ribosome function, cell number homeostasis and 

organelle organisation. Interestingly, one of the two downregulated categories 

following EPZ6438 treatment was ncRNA metabolic processes, which is also one 

of the downregulated categories in the UNC1999 data. Whereas, the GO analysis 

of  E2 showed downregulation of genes involved in cell cycle progression and 

telomere organisation. 

GSEA indicated that genes involved in oxidative phosphorylation are 

downregulated in G7 cells following UNC1999 treatment, as previously observed 

for EPZ6438 treated cells. Taken together, this data is consistent with reduced 

growth and metabolic activity in G7 cells treated with 2 µM UNC1999, which is 

consistent with the reduction in clonogenic survival. However,E2 treated with 

UNC1999 did not show any negatively enriched gene sets.  

In conclusion, treatment with UNC1999 was found to inhibit colonies formation  

in G7 and E2 cell lines, both as a single agent and combined with either TMZ or 

radiation. Pathway analysis of G7 cells showed upregulation of neurogenesis 

related genes and downregulation of genes related to oxidative phosphorylation 

and RNA metabolism, revealing similarities in the response to UNC1999 and 

EPZ6438. Whereas E2 cells showed  downregulation of genes involved with cell 

division.  
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Chapter 6 Efficacy of GSK343 on GBM cell lines 

6.1 Introduction 

GSK343 is one of the EZH2 inhibitors that selectively inhibits trimethylation of 

H3K27 by competing with SAM methyl donor. Recent studies demonstrate the 

inhibitory effect of GSK343 in various types of cancer (Ihira et al., 2017; Gong et 

al., 2020) . Anti tumour effect GSK343 was measured in xenograft model of 

neuroblastoma . Treatment with GSK343 lead to significant decrease in in vivo 

tumour growth (Bownes et al., 2021). It has been reported that GSK343 induces 

apoptosis in osteosarcoma (Xiong et al., 2020). Additional evidence also  

suggests that GSK343 reduced stemness in spheroid formation assay and 

attenuated cell motility in glioma cells (Yu et al., 2017). 

In this chapter, clonogenic survival assays were used to assess the effect of 

GSK343 on GBM cell lines grown under stem conditions. The effect of GSK343 on 

colony formation was determined alone or in combination with conventional DNA 

damaging approaches. The levels of senescence and apoptosis were also assayed, 

along with analysis of gene expression changes associated with treatment with 

GSK343. 

6.2 Effect of GSK343 on survival assay and proliferation 

assay 

Clonogenic assays were conducted to evaluate the efficacy of increasing 

concentration of GSK343 on colony formation in GBM cell lines. The effect of 

GSK343 on colony formation in G7 and E2 cell lines is shown in Figure 6-1. In G7 

cells, colony formation was largely unaffected at concentrations up to 2 μM, but 

was substantially reduced at 5 μM and above. E2 cells were more sensitive, 

showing a 53% reduction in colony formation at 2 μM, and 16% reduction at 5 μM. 

The IC50 of G7 and E2 was 4 μM and 1.7 μM respectively.  
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Figure 6-1 Clonogenic survival curves of G7 and E2 cells exposed to different doses of 
GSK343. 

Clonogenic assays were performed to assess the ability of cells to form colonies after 
exposure to increasing concentrations of the GSK343. Cells were seeded at 250 per well on 
6 well Matrigel coated plates.  After 48 hrs incubation with the drug or DMSO, media was 
changed and cells were left to form colonies for 14 days. Then cells were fixed, and colonies 
were counted. A graph is plotted that shows the effect of increasing concentration of 
GSK343 on number of colonies formed in both cell lines. Cells were seeded in triplicates at 
each concentration. Data points represents mean values and SEM  of three independent 
experiments. p value was determined using student’s T test in control vs treated cells.         
*p ≤ 0.05,  **p ≤ 0.01 and *** p ≤ 0.001. 
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The effect of GSK343 on cell viability following continuous incubation for 5 days 

was determined with the Cell Titer Glo assay (Figure 6-2). In G7 cells, there was 

a gradual decrease in the number of viable cells between 5 and 20 μM. E2 cells 

were more sensitive, showing a decrease in viable cells between 1 and 10 μM. 

The values of IC50 were 6.09 μM for G7 and 0.45 μM for E2 cells.  

 

 

Figure 6-2 Cell survival assay showing the effect of increasing concentration of GSK343 on 
cell proliferation in G7 and E2 cell lines.  

Cells were plated at 2500 per well in triplicate on 96 well Matrigel coated plates. GSK343 or 
0.2% DMSO was added and cells allowed to grow for five days.  The Cell Titer Glo kit 
(Promega) was used to quantify viable cells.  Cell viability was calculated as a percentage of 
the DMSO control, and results are plotted as the mean value of three independent 
experiments. Error bars show the SEM. Student’s T test was performed to calculate p value 
in control vs treated cells *p ≤ 0.05.  
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The ability of GSK343 to sensitise cells to TMZ was investigated using clonogenic 

assays. Cells were treated with GSK343 for 24 hrs then with TMZ for 24 hrs. 

Figure 6-3 demonstrates the effect of increasing concentration of GSK343 with 

10 μM TMZ in G7 and E2 cell lines.  Both graphs indicate that the combination of 

the two drugs together more potently inhibited the percentage of colonies than 

each drug individually. It seems that GSK343 acted synergistically with TMZ to 

completely diminish the survival rate of both cell lines. 
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Figure 6-3 Clonogenic assay plot determining the effect of combination of TMZ with GSK343 
in G7 and E2 cell lines.  

The graph represents the combined  effect of 10 μM TMZ and with increasing dose of 
GSK343. Cells were seeded at 250/well on Matrigel coated 6 well plates, then were incubated 
with increasing concentration of GSK343 for 24 hrs then with 10 μM TMZ  for  24 hrs. Result 
indicates the percentage of  colonies calculated from  three independent with error bars 
representing SEM. Student’s T test was used to determine p value in control vs treated cells 
*p ≤ 0.05 and  ***p ≤ 0.001.  
 

 



183 
 

Clonogenic assays were also used to investigate whether GSK343 sensitises cells 

to radiation treatment. GBM cell lines were exposed to increasing doses of 

radiation following exposure to varying concentrations of GSK343 (Figure 6-4). In 

G7 cells, pre-treatment with 2 μM GSK343  reduced the surviving fraction at 4 Gy 

and 5 Gy radiation.  In E2 cells, pre-treatment with 0.5 μM, 1 μM or 2 μM GSK343 

also reduced the survival fraction at the highest dose of radiation. The DMR 

values of G7 and E2 cells are shown in Table 6-1. The DMR values showed that G7 

is significantly sensitive to radiation at 2 μM. Whereas in E2 cells the DMR values 

ranged from (1.33, 1.29 and 1.44) indicating that GSK343 significantly induced 

radiosensitisation.  
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Figure 6-4 Clonogenic survival assay plot showing the combined effect of radiation with 
GSK343 in G7 and E2 cells. 

The graph shows survival fraction on y axis calculated from counting colonies and 
increasing dose of radiation on x axis. Cells were seeded at 250/well on Matrigel coated 6 
well plates in triplicates, then incubated with different concentration of GSK343 for 24 hrs 
before being exposed to radiation at 0 to 5 Gy. Colonies were allowed to grow for 14 days 
before being fixed and counted. The curve represents mean survival fraction from three 
independent experiments with error bars indicating the mean. 
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G7  DMR(0.37) 

0.5 μM 1.11 

1 μM 0.97 

2 μM 1.62*** 

 

E2 DMR(0.37) 

0.5 μM 1.33*** 

1 μM 1.29*** 

2 μM 1.41*** 

Table 6-1 The values of DMR in G7 and E2 cells. 

The DMR represents the dose required to reduce survival fraction to 0.37 in control vs 
treated with increasing concentration of GSK343. p value is calculated by comparing the 
means, sd and n of drug treated with control.   ***p ≤ 0.001.  

 

 

6.3 Assessment of GSK343 in apoptosis and senescence 

assays 

Senescence and apoptosis assays were conducted to determine the efficacy of 

GSK343 in cell cycle arrest and cell death. Senescence assay was performed 

following treatment with 2 μM GSK343 for 5 days. The graphs in Figure 6-5 

indicate a significant increase in the percentage of cells expressing                    

β-galactosidase when compared with the control. These results suggest that 

GSK343 may be inducing cellular senescence in GBM cell lines. 

In contrast, the apoptosis assay performed with flow cytometry demonstrated 

that 2 μM GSK343 did not appear to induce apoptosis. Figure 6-6 represents flow 

cytometric analysis of cells that were stained with AnnexinV and 7AAD after 

treatment for 5 days. In G7 and E2 plots the graphs showed a low percentage of 
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cells in early and late apoptosis in both treated and control comparing to viable 

cells. The percentage of dead cells increased in both G7 and E2 cells, but 

without evidence of early or late apoptosis it is not possible to determine the 

mechanism of cell death. 

A) 

 

B) 

 

 

Figure 6-5 Senescence assay plots after exposing G7 and E2 cell lines to 2 μM GSK343 or 
corresponding DMSO. 

Senescence associated β- galactosidase is used to identify senescent cell in culture media 
treated with GSK343. The picture of β- galactosidase cells was captured with confocal 
microscopes (A). After cell fixation and staining with β- galactosidase  solution,                     
β--galactosidase positive cells were quantified and plotted in a graph (B) with mean and  
SEM of three independent experiments, p value was calculated using student’s T test in 
drug treated vs control.  **p ≤ 0.01 and ***p ≤ 0.001. 
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A) 

 

B) 

 

 

Figure 6-6 Apoptosis analysis by flow cytometry of  G7 and E2 cell line treated with GSK343 
or corresponding DMSO. 

Data shows apoptotic effect of 2 μM GSK343 treatment  in G7 cell line. After 5 days of 
incubating cells with GSK343 or DMSO, cells were fixed and stained with AnnexinV and 
7AAD .The percentage of cell (A) was plotted as scatter plots showing live (Q4), early 
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apoptosis (Q3), late apoptosis (Q2) and dead cells (Q1). The graph (B) indicates the viable, 
early, late apoptosis and dead cells.  

 

 

 

 

6.4 Effect of GSK343 on genes associated with stemness 

and tumourgenesis 

qRT-PCR was performed to determine the effect of GSK343 on expression of 

genes involved in stemness and genes associated with cell cycle regulation and 

tumorigeneses. The experiment was conducted following incubation with the 

drug for 5 days. A graph was plotted based on the mRNA expression of each gene 

normalised to  β -Actin in treated and no drug control. Figure 6-7 shows the 

expression of stem and differentiated genes after exposure to increasing 

concentration of GSK343 for 5 days. SOX2 expression was elevated while the 

level of GFAP expression reduced in treated G7 cells compared to control. The 

E2 graph shows that there was no substantial difference in gene expression in 

cells treated and no drug control. However, caution should be used when 

interpreting these data as they are from single biological replicates. 
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Figure 6-7 mRNA expression level of stem cell markers and differentiated markers in G7 and 
E2 cell lines after exposure to increasing concentration of GSK343. 

G7 and E2 cells were incubated with GSK343 or DMSO for 5 days. Gene expression was 
determined by qRT-PCR with data  normalised to β-Actin. The mRNA expression  represents 
the fold change that is calculated from delta Ct  with error bars representing SEM .Each 
RNA sample was loaded into wells in triplicates. 
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Interestingly, treatment with GSK343 increased the expression level of P21 and 

CDK2 (Figure 6-8). P21 is an inhibitor of cell cycle progression, whereas CDK2 is a 

cyclin-dependent kinase that drives the cell cycle. The level of PTEN increased 

in both cell lines while the level of EZH2 was only elevated in E2. The expression 

of the senescence marker P16 remained low in treated cell lines compared to 

the control. 

 

  

 

Figure 6-8 mRNA expression level of cell cycle, apoptosis and senescence markers in G7  
and E2 cell lines after exposure to increasing concentration of GSK343. 

G7 and E2 cells were incubated with GSK343 or DMSO for 5 days. Gene expression was 
determined by qRT-PCR with data  normalised to β-Actin. The mRNA expression  represents 
the fold change that is calculated from delta Ct  with error bars representing SEM . Each 
RNA sample was loaded into wells in triplicates. 
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6.5 RNA sequencing analysis of GBM cells treated with 

GSK343 

6.5.1  Quality control and data visualisation with searchlight2 

using Galaxy 

In order to investigate the changes in gene expression on a genome-wide basis, 

RNA-seq was performed. Cells were treated with 2 μM GSK343 or DMSO for 5 

days, and RNA samples were collected from three biological replicates. Paired 

end sequencing was carried out by BGI genomics. FastQC was used to assess the 

quality of data. The samples displayed %GC of 50, PHRED score of 36 and the 

percentage of mapped reads was 95%. RNA-seq data was aligned to the Hg38 

genome using Hisat2, Stringtie was used to assemble and quantify transcripts, 

and Deseq2 was used to generate a statistical model of the transcript 

distribution and calculate the differences in expression between drug treated 

and control samples.  

PCA plots of G7 and E2 RNA-seq samples treated with 2 μM GSK343 and control 

were illustrated. The plots presented show that the 3 replicates of control and 

treated in both G7 and E2 cell lines did not form cluster. This indicates 

differences  in gene expression between the three replicates of the same group 

of samples (Figure 6-9). 
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Figure 6-9 Scatterplots of gene expression data PCA showing PC1 vs PC2 in G7 and E2.  

Searchlight 2 was used to generate the PCA plots. The dots represent individual samples, 
the blue dot represent the control and red dots represent treated samples with 2 μM 
GSK343. The total variation percentage explained by each component is indicated in the x 
axis and y axis. All gene expression values were scaled on a gene by gene basis using the 
z-score transformation, before PCA plot was generated.   
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The MA plot is generated from the Log2 fold change and normalised mean 

expression of each gene in 2 μM GSK343 treated and control samples for both 

cell lines (Figure 6-10). The plots show the overall distribution of the data, and 

it can be seen there are more significantly changed genes than for UNC1999 and 

EPZ6438 treated cells. 

 

 

 

 

Figure 6-10 MA plots  in G7 and E2 treated with GSK343.  

The MA plot shows the relationship between the mean expression of each gene and its fold 
change. The plots were created from Deseq2 using RNA-seq data. The x axis indicates the 
normalised mean expression from all samples, while the y axis indicates the Log2 fold 
change between treated and control. Significantly changed genes are shown in red and 
non−significant genes in black . 
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The hierarchical clustered heatmaps show the significant DEGs in control and 

GSK343 treated cells (Figure 6-11).  The heatmaps show the 3 replicates of 

samples are clustered together into control and treated groups, and illustrate 

how expression is similar between experimental replicates and significantly 

different to that in the control replicates. 

 

Figure 6-11 Hierarchically clustered heatmap that shows significantly DEGs with log2 fold 
change >1 and p adj < 0.05 between treated with GSK343 and control samples.  

The plot shows samples  on  x axis with colour intensity representing expression level of 
genes. Low expression is presented in blue , and high expression is presented in red. 
Expression levels have been row scaled into z−scores. The x and y axis have been 
hierarchically clustered using Spearman distances. 
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6.5.2  Pathway analysis with GO 

 Filtering of the Deseq2 output files using an adjusted p value < 0.05 revealed 

4342 upregulated genes and 4064 downregulated genes p value < 0.05. In E2 

cells, there were 1244 upregulated and 1376 downregulated genes. GO analysis 

with Toppgene was carried out to identify significantly upregulated and 

downregulated biological processes associated with GBM cell lines in treated and 

control cells. Figure 6-12 shows the top two significantly upregulated genes were 

involved with  microtubule bundle formation and movement, while the rest of 

the  upregulated biological processes were mostly related to cell cycle and 

synaptic signalling. Significantly downregulated pathways were associated with a 

range of other biological process including RNA metabolism and subcellular 

protein localisation. 

a) 
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b) 

 

 

Figure 6-12 Significantly enriched GO biological processes in G7 cells treated with 2 μM 

GSK343.  

GO analysis (biological processes) was performed using Toppgene. Significantly 
upregulated (- Log10 q value) and  downregulated (Log10 q value) biological process 
categories with q value (Bonferroni)  < 0.05 are shown.  The Log10 q value is plotted as a 
horizontal bar; (a) upregulated categories have a positive value and (b) downregulated 
categories have a negative value.  The GO analysis was performed on DEGs (adj p value < 
0.05), treating upregulated genes (Log2 fold change > 0) and downregulated genes (Log2 
fold change < 0) separately. 
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The E2 cell line showed significantly upregulated pathways mostly related to 

neurogenesis (Figure 6-13). The significant downregulated pathways include 

several signalling pathways associated with the innate immune response, for 

example response to interferons, virus, cytokines and lipopolysaccharides. 

a) 
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b) 

 

Figure 6-13 Significantly enriched GO biological processes in E2 cells treated with 2 μM 

GSK343.  

GO analysis (biological processes) was performed using Toppgene. Significantly 
upregulated ( - Log10 q value ) and  downregulated (Log10 q value) biological process 
categories with q value (Bonferroni)  < 0.05 are shown.  The Log10 q value is plotted as a 
horizontal bar; (a) upregulated categories have a positive value and (b) downregulated 
categories have a negative value.  The GO analysis was performed on DEGs (adj p value < 
0.05), treating upregulated genes (Log2 fold change > 0) and downregulated genes (Log2 
fold change < 0) separately.  
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6.5.3  Comparative analysis with InteractiVenn and GO analysis 

Venn diagrams of G7 and E2 cell lines were generated using InteractiVenn to 

identify the common DEGs in both cell lines. The list of significant upregulated 

genes with p value < 0.05 and Log2 fold change > 0 and significantly 

downregulated genes with p value < 0.05 and Log2 fold change < 0 were ran 

through InteractiVenn. Figure 6-14 shows 574 upregulated and 604 

downregulated DEGs that are common in G7 and E2 cell lines treated with 2 μM 

GSK343. Representation factor of upregulated common genes  is 6.3 and 

downregulated common genes is 6.4 ,indicating more significant overlaps 

between G7 and E2 cells treated with GSK343. 

   

                                                                                        

Figure 6-14 Venn diagram of upregulated (A) and downregulated (B)  genes in G7 and E2 
cell lines treated with GSK343. 

Venn diagrams were generated using InteractiVenn which can show the overlap between G7 
and E2 lists of genes. The Deseq2 result file was filtered, the  adj. p value < 0.05 : Log2 fold 
change > 0, resulting upregulated genes; and Log2 fold change < 0 resulting in 
downregulated list of genes that  were run on InteractiVenn. p value was determined by 
calculating the representation factor of overlapped genes for both upregulated and 
downregulated genes. p ≤ 0.001.  
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The upregulated and downregulated list of common genes in the two cell lines 

were run through Toppgene (Figure 6-15). The analysis showed 6 upregulated 

pathways mostly involved in glycosylation and glycoprotein processes and 8 

downregulated pathways related to adhesion, cellular component and signalling.  

a) 
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b) 

 

Figure 6-15 Biological processes significantly upregulated (a) and downregulated (b)  in 
both G7 and E2 treated with GSK343. 

GO analysis of upregulated ( - Log10 q value) and downregulated (Log10 q value) biological 
process  in both  treated cell lines  obtained from running output files of InteractiVenn on 
Toppgene. The Log10 q value (Bonferroni)  < 0.05 is represented on the x axis, and list of 
biological process on y axis.  
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6.5.4  Pathway analysis with GSEA 

To analyse the whole data set instead of just DEGs, GSEA analysis was used. This 

resulted in pathways identified in G7 and E2 cell lines. Figure 6-16 shows the 

GSEA results from G7 cells plotted into a graph, with 2 positively enriched gene 

sets and 13 negatively enriched gene sets (NOM p value < 0.05 and FDR q value < 

0.25). The plots for the top positively enriched and top negatively enriched gene 

sets are shown in Figure 6-17: genes upregulated in response to alpha interferon 

(FDR 0.017) and genes defining the epithelial-mesenchymal transition (FDR 0). It 

is notable how few positively enriched gene sets there are for G7, particularly 

when there were over 8400 significant DEGs in this dataset. 

a) 
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b) 

 

Figure 6-16 The graph of enriched GSEA indicating  hallmarks gene sets in G7 treated with  

2 μM GSK343.  

The plot represents significant gene sets generated from GSEA report output file with NOM 
p value < 0.05 and the FDR < 0.25. Normalised enrichment score (NES) is indicated on x axis 
that is plotted against gene sets represented on y axis. Positively enriched gene set (a) have 
NES > 0  while negatively enriched gene set (b) have NES < 0.   
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Figure 6-17 GSEA Enriched plots of G7  treated with GSK343.  

GSEA enrichment plots represents the top positive enriched plot (A), and the top negative 
enriched plot  (B) in G7 treated GSK343. The  green curve indicates the ES for that specific 
gene with the peak indicating the final ES score. The plot is obtained from GSEA output file 
after running Deseq2 count file through GSEA software  
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In E2 cells, the GSEA analysis showed 5 positively enriched gene sets and 2 

negatively enriched gene sets (NOM p value < 0.05 and FDR q value < 0.25) 

(Figure 6-18). Figure 6-19 shows the plots for the top positive enriched gene set, 

genes involved in the Mitotic spindle,  and the top negative enriched gene set, 

genes upregulated in response to Interferon alpha.   

 

a) 
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b) 

 

Figure 6-18 The enriched GSEA horizontal graph indicating hallmarks gene sets in E2 

treated with 2 μM GSK343.  

Normalised enrichment score (NES) is indicated on x axis that is plotted against gene sets 
presented on y axis.. The plot represents significant gene sets generated from GSEA report 
output file with NOM p value < 0.05 and the FDR < 0.25. Positively enriched gene set (a) have 
NES > 0 while negatively enriched gene set (b) have NES < 0.   
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Figure 6-19 The enriched plot of GSEA in E2 treated with 2 μM GSK343 .  

GSEA enriched  plot represents top positive enriched plot (A), and the top negative enriched 
plot  (B)  of the horizontal bar. The ES is indicated as the green curve the final ES score is 
indicated at the peak of the curve of that gene set.  

 

Table 6-2 shows the NES values of positively and negative enrichment of gene 

sets of GSEA analysis that is common in G7 and E2 cell lines. The Hallmark gene 

sets of E2F targets genes are positively enriched in both cell lines. Whereas the 

Hallmark gene sets of UV response DN genes are negatively enriched in G7 and 

positively enriched in E2, while Hallmark gene sets of Interferon alpha response 

genes are positively enriched in G7 and negatively enriched in E2.  

 

 

Table 6-2 Hallmark of gene set positively and negatively enriched in G7 and E2 cell line.  

The NES values of significant pathways is presented in table  in  G7 and E2 cells treated 

with 2 μM GSK343. NES > 0 indicates positive enrichment while NES < 0 represents negative 

enrichment.  

 

Hallmark G7  NES E2 NES 

HALLMARK_E2F_TARGETS 1.39 1.61

HALLMARK_UV_RESPONSE_DN -1.53 1.55

HALLMARK_INTERFERON_ALPHA_RESPONSE 1.59 -1.89
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6.6 Discussion  

GSK343 is a SAM competitive inhibitor that demonstrated potency in several 

types of cancer. In this chapter, treatment with GSK343 led to a reduction in the 

number of colonies formed at higher concentrations in G7 and E2 cell lines.The 

effect of GSK343 on cell viability was also evaluated as an antiproliferative 

agent. Result obtained showed GSK343 effectively inhibits the number of viable 

cells thus reducing proliferation, with E2 cells being more sensitive than G7 

cells.  This confirms  recent findings that show that GSK343 suppresses 

proliferation (Yu et al., 2017). 

Assessment was further evaluated to determine the effect of GSK343 combined 

with either radiation or TMZ. The clonogenic assay showed the cytotoxic effect 

of GSK343 with increasing doses of radiation on the number of colonies formed. 

The combination treatment of GSK343 and TMZ caused the two drugs to act 

synergistically; the experiment yielded a reduction in colony survival, indicating 

the potency of 10 μM TMZ when combined with GSK343.  These data support the 

effect of GSK343 in sensitising GBM cells to DNA damaging agents. 

The mechanism of GSK343 in inducing senescence and apoptosis in GBM cells was 

also investigated. AnnexinV/7AAD results suggested that GSK343 did not induce 

early and late apoptosis in GBM cell lines. This contradicts with recent literature 

that demonstrated GSK343 induces cellular apoptosis (Xiong et al., 2020). 

Further analysis showed an increase in the expression of senescence-associated 

β- galactosidase after exposure to GSK343. Expression of P21, which causes cell 

cycle arrest, was increased, but the senescence marker gene P16 was not. 

Furthermore, senescence-related genes were not enriched in the GO or GSEA 

analyses. Therefore, further investigation would be required to determine 

whether these cells are actually undergoing senescence or not. 

In G7 cell lines, GSK343 induced many more significant changes in gene 

expression than was observed with EPZ6438 or UNC1999 (Chapter 4 and 5). May 

be this is due to the fact that  there are more off target effects of GSK343 that 

leads to more changes in gene expression  than EPZ6438 and UNC1999. Since the 

PCA plot did not show  the replicates close together. In G7,GO analysis of 

changes induced by GSK343 showed upregulation of genes related to cell cycle 
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process and synaptic signalling both associated with cancer progression (Collins, 

Jacks and Pavletich, 1997; Monje, 2020). Whereas upregulation of neurogenesis 

and neuronal function genes was found in E2 cells.This may indicate the 

inhibition of tumour cell progression and increase differentiation. 

Downregulated pathways in G7 cells included those related to  rRNA processing 

and protein targeting, whereas many of the pathways downregulated in E2 

involved the innate immune response, such as the response to interferon and 

cytokines.  This confirms heterogeneity in GBM cell lines, in which E2 cells 

exhibited more sensitivity to GSK343 treatment and it is consistence with 

proliferation assay.  

However, the comparative analysis with Venn diagrams showed that both cell 

lines upregulated genes associated with glycosylation, and downregulated genes 

associated with cell adhesion. Hence, downregulation of genes related to GBM 

invasiveness (Tysnes and Mahesparan, 2001).  

Finally, GSEA analysis was carried out to further investigate the changes in gene 

expression. Only two upregulated gene sets were enriched in G7 cells, but it is 

interesting that the most negatively enriched gene set is genes associated with 

the EMT. This Hallmark is known as an irreversible biological process that is 

associated with increased resistance and invasiveness of GBM cells (Iwadate, 

2016). 

Both G7 and E2 cells showed enrichment of the E2F target gene set, and E2 cells 

also showed enrichment of gene sets associated with the G2M checkpoint and 

the mitotic spindle, as previously observed in EPZ6438 treated E2 cells (Chapter 

4).    
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Chapter 7 ChIP sequencing analysis of G7 and 

E2 treated with EPZ6438  

7.1 Introduction 

Chapter 4 identified DEGs  that were upregulated following treatment with 

EPZ6438. Some of  these genes may be direct targets for EZH2, so should show a 

decrease in H3K27me3 signal over the promoters and transcription start sites 

(TSS). Other genes may be upregulated due to indirect effects and are not 

primary targets for EZH2.  

In this chapter the ChIP-seq analysis was carried out to identify upregulated 

genes that are direct targets of EZH2. The analysis was performed following 

incubation of  G7 and E2 cell line under stem conditions with 2 μM EPZ6438 or 

solvent control for 5 days. 

7.2 Characterisation of ChIP peaks in GBM cell lines 

ChIP-seq DNA was sequenced by paired-end sequencing, with 150 bp per read. 

The number of pairs of reads sequenced range from 22.1 million to 41.8 million. 

PHRED quality scores were greater than 35 for all positions for all samples. 

Reads were aligned to the human genome build Hg38 using Bowtie 2. This is the 

same tool that Hisat2 is based on, but it doesn’t use a gtf file as there are no 

introns that need to be accounted. Bowtie2 uses the quality score of each base 

to guide alignment. 49 – 82% of pairs aligned concordantly exactly 1 time, which 

is 22.3 – 42.4 million aligned pairs.  

MACS2 was used to identify peaks in the H3K27me3 and H3K4me3 data, with 

comparison to the input control for G7 and E2 samples (Zhang et al., 2008; Feng 

et al., 2012). ChIPseeker was used to annotate the peaks, to determine whether 

they overlap with known genetic elements (Figure 7-1). Approximately 50% of 

H3K4me3 peaks overlap with promoter regions less than 1 kb from a  TSS, 

consistent with the known role of this modification at active promoters. 

H3K27me3 peaks were found at a range of elements, with the largest category 

being distal intergenic regions. No significant differences were found when 

comparing G7 to E2 cells. 
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Figure 7-1 Annotation of H3K72me3and H3K4me3 peaks in G7 and E2 cells 

MACS2 (broad setting) was used to call peaks from aligned H3K27me3 or H3K4me3  ChIP-
seq reads for G7 and E2 cells, using the input reads as the control. The tool ChIPseeker was 
used to annotate the peaks based on their position with respect to various genomic 
locations. The pie charts show the percentage of peaks that fall into each annotation 
category.  

 

Seqmonk was used to quantify peaks and compare ChIP peak intensity against 

gene expression in control samples. In order to see if there is a correlation 

between expression level and ChIP quantification, scatter plots were created  

separately for H3K27me3 and H3K4me3 peaks for each cell line. The 

quantification of each peak was plotted against the average Log2 RNA-seq count 

for overlapping genes. The trendline shows a gentle trend of genes with higher 

expression having less H3K27me3 signal (Figure 7-2). Whereas genes with more 

H3K4me3 have higher expression than genes with low H3K4me3 (Figure 7-3). 
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Figure 7-2 The scatter plot of Log2 of quantification of H3K27me3 peaks from the control 
against Log2 RNA expression. 

The quantification of peaks of the control sample was performed using Seqmonk, then 
filtered for those that overlap TSS eponine. The probe lists were exported that include gene 
names and quantifications. The Log2 H3K27me3 > - 5 represents quantification of peaks 
from Seqmonk output file. The Log2 RNA expression > 0 represents  average count from the 
3 replicates of genes from Deseq2 count file. 
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Figure 7-3 The scatter plot of Log2 of quantification of H3K4me3 peaks from the control 
against Log2 RNA expression. 

The quantification of peaks of the control sample was performed using Seqmonk, then 
filtered for those that overlap TSS eponine. The probe lists were exported containing gene 
names and quantifications. The Log2 RNA expression > 0  represents  average count from 
the 3 replicates of genes from Deseq2 count file. The Log2 H3K27me3 > - 5 represents 
quantification of peaks from Seqmonk output file.  
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In order to compare expression of genes that overlap the ChIP peaks and genes 

that don’t have ChIP peaks, a box plot was created. The same steps for creating 

scatter plots using Seqmonk output file was performed. Box and whiskers were 

plotted by separating list of genes that have ChIP peaks and genes that don’t 

have ChIP peaks. Figure 7-4 shows that genes with a H3K27me3 peak have higher 

expression than genes that don’t have H3K27me3 peak in G7 and E2 non treated 

control cells. The same can be seen in Figure 7-5 that shows genes with 

H3K4me3 peak have higher expression than genes with no H3K4me3 peaks. 

In untreated GBM cells, the box plots showed that average gene expression was 

higher in genes that have a peak of H3K27me3 in comparison with genes that do 

not have a H3K27me3 peak. Whilst unexpected, given that H3K27me3 is a 

repressive mark, this data probably reflects the fact that H3K27me3 is not a 

universal mechanism for gene silencing, as many genes can be silenced with 

H3K9me3 (Ninova, Fejes Tóth and Aravin, 2019), DNA methylation (Newell-Price, 

Clark and King, 2000), or other mechanisms. This will also include bivalent genes 

that have both H3K4me3 and H3K27me3 and have low levels of expression.  
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Figure 7-4 Box and whiskers plot compares the RNA expression of genes that have a 
H3K27me3 peaks with genes those that don’t have H3K27me3 peaks. 

The probe lists created from Seqmonk were exported that contain gene names and 
quantifications. The Log2 ( > 0)  of average expression from triplicates of Deseq2 control file 
was calculated . Box and whiskers plot were created from list of genes with one box is the 
combined expression of all genes that overlap ChIP peaks and other box is the data from all 
genes that don’t have ChIP peaks.   
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Figure 7-5 Box and whiskers plot compares the expression of genes that have a H3K4me3 
peaks with those that don’t have H3K4me3 peaks. 

The probe lists created from Seqmonk were exported that contain gene names and 
quantifications. The Log2 (> 0) of average expression from triplicates of Deseq2 control file 
was calculated . Box and whiskers plot were created from list of genes with one box is the 
combined expression of all genes that overlap ChIP peaks and other box is the data from all 
genes that don’t have ChIP peaks.  

 

 

The ChIP-seq data was visualised on the UCSC genome browser in order to 

confirm enrichment of H3K27me3 at genes that are known to be repressed by 

this modification. BigWig files were created using bamcoverage tool, and MACS 

peak was used to call peaks by comparing data to the input control. Figure 7-6 

and Figure 7-7  show H3K27me3 ChIP-seq data at haematopoietic genes that are 

repressed in neural and GBM cells, TAL1 and HBA (the alpha globin gene locus). 
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The ChIP-seq data of G7 and E2 control cells were compared with other publicly 

available data for H3K27me3 in normal brain, GBM and oligodendroglioma cell 

lines. Data from the G7 and E2 cell lines showed a similar profile of H3K27me3 

signal compared to the other cell types, with clear enrichment at the TAL1 and 

HBA genes compared to the surrounding genomic environment. This data is 

consistent with silencing of these genes in GBM cells, and supports the 

conclusion that the H3K27me3 ChIP-seq has been performed successfully.  

 

Figure 7-6  ChIP-seq data at the TAL1 gene locus 

H3K27me3 ChIP-seq data for G7 and E2 control cells were converted to BigWig files and 
displayed on the UCSC genome browser. MACS2 peaks are shown as black boxes 
underneath their respective BigWig track. The TAL1 gene is shown at the top, and it is 
transcribed from right to left (indicated by arrows). Deep boxes are exons, thin horizontal 
lines are introns. 
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Figure 7-7 ChIP-seq data at the HBA1 gene locus. 

H3K27me3  ChIP-seq data for G7 and E2 control cells were converted to BigWig files and 
displayed on the UCSC genome browser. MACS2 peaks are shown as black boxes 
underneath their respective BigWig track. The HBA1 gene is shown at the top, and it is 
transcribed from left  to right (indicated by arrows). Deep boxes are exons, thin horizontal 
lines are introns. 

 

7.3 Investigation of  H3K27me3 level in GBM cell lines 

following treatment with EPZ6438 

In order to identify changes that occur in genome wide profile of H3K27me3 and 

H3K4me3 in cells treated with EPZ6438 versus control, MACS2 was used to define 

H3K27me3 peaks in untreated cells, and the intensity of signal at these peaks 

was quantified in the data from both treated and untreated cells. This approach 

should reveal any changes in H3K27me3 signal resulting from EZH2 inhibition. 

The grey, red and blue points in the scatter plot in Figure 7-8 show the intensity 

of signal for all peaks in control and EPZ6438 treated cells. The data show that 

the intensity of H3K27me3 peaks is stronger in control cells than in treated cells 

in both cell lines, consistent with inhibition of EZH2 enzymatic activity after 

drug treatment.   
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The ChIP-seq data was then intersected with the RNA-seq data in order to 

identify potential genes that are direct targets of EZH2’s histone methylation 

activity. Potential direct targets were defined as genes that i) have a peak of 

H3K27me3 overlapping the TSS in untreated cells, and ii) upon EZH2 inhibition,  

the H3K27me3 peak decreased in intensity and iii) the expression of the gene 

significantly increased. In Figure 7-8, blue points indicate H3K27me3 peaks that 

overlap with the TSS of upregulated DEGs, as defined in chapter 4. A decrease in 

ChIP-seq read counts of at least log2 = 0.5 (i.e. greater than 30% decrease) was 

then chosen as the cut off to indicate a peak with a decrease in H3K27me3 in 

EPZ6438 treated cells (red points). This process identified 278 potential EZH2 

target genes in G7 cells, and 128 genes in E2 cells.  
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Figure 7-8 Scatter plot showing the H3K27me3 peaks in control and EPZ6438 treated GBM 
cells.    

Scatter plot showing quantification of reads within MACS peaks. The x axis represents the 
peak in control and the y axis represents the peak in treated cells. The diagonal line 
corresponds to the same enrichment in control and treated cells.   
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In addition to a decrease in H3K27me3 signal, it might be anticipated that 

upregulated DEGs would also show an increase in H3K4me3 signal. To identify 

these genes, MACS2 peaks were defined for H3K4me3 in untreated G7 and E2 

cells using the input chromatin as the control. The peaks were quantified in both 

treated and untreated cells, and are plotted in a scatter plot in Figure 7-9. In 

contrast to the H3K27me3 data, there was no general trend indicating a change 

in H3K4me3 enrichment in treated compared to untreated cells.  Peaks were 

then filtered to highlight those that overlap with the TSS of upregulated DEGs 

(blue points). A log2 increase of 0.4 was used as a cut off to identify filtered 

peaks that have an increase in H3K4me3 signal (red points).    
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Figure 7-9 Scatter plot showing the H3K4me3 peaks in control and EPZ6438 treated GBM 
cells.    

The x axis represents the peak in control and the y axis represents the peak in treated cells. 
The diagonal line corresponds to the same enrichment in control and treated cells.   
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7.4 Investigation of H3K27me3 signal in relation with 

EZH2 targeted genes  

In order to investigate the roles of the 278 genes in G7 cells that were identified 

as potential EZH2 targets, GO was performed. The top six biological process 

categories are all related to neurogenesis and neuron development. In order to 

try and identify which genes might be driving the process of neuronal 

differentiation, the functional roles of these 278 genes were examined. 

Transcription factors, growth factors and receptor tyrosine kinases were chosen 

as categories of regulatory protein that might drive cellular phenotype. The 

genes that fall into these categories are shown in table 7-1. One of these, BMP7, 

also showed an increase in H3K4me3 enrichment.  

In E2 cells, only 128 genes were found to be upregulated and also show a 

decrease in H3K27me3 signal. GO analysis revealed enrichment in biological  

processes including neurogenesis, organ morphogenesis and the response to 

BMP7 signalling. The gene list was interrogated for regulatory proteins including 

transcription factors, growth factors and receptor tyrosine kinases, and 6 genes 

were identified (Table 7-2). 
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Table 7-1 Putative EZH2 target genes that drive neuronal differentiation in EPZ-6438 treated 
G7 cells. 

G7 genes significantly upregulated in the presence of EPZ6438 were filtered for a decrease 
in H3K27me3 signal. From those 278 genes, transcription factors (TF) were identified from 
the TF database published by Lambert et al (2016), and growth factors (GF) and receptor 
tyrosine kinases (RTK) were annotated using GO  (Toppgene). The 38 genes with the 
annotation TF, GF and RTK are shown in this table. Roles in neurogenesis or central 
nervous system development were identified from GO (Toppgene). Genes with an increase 
in H3K4me3  are noted. 

 

Feature ID category neurogenesis or CNS 
development 

H3K4me3 
increased? 

BMP7 ENSG00000101144 GF neurogenesis H3K4me3 up 

CXCL12 ENSG00000107562 GF neurogenesis   

GDF7 ENSG00000143869 GF neurogenesis   

NRG4 ENSG00000169752 GF     

PDGFA ENSG00000197461 GF     

THBS4 ENSG00000113296 GF neurogenesis   

THPO ENSG00000090534 GF     

VGF ENSG00000128564 GF     

WNT11 ENSG00000085741 GF neurogenesis   

EPHB3 ENSG00000182580 RTK neurogenesis   

FGFR2 ENSG00000066468 RTK neurogenesis   

FLT1 ENSG00000102755 RTK     

FLT4 ENSG00000037280 RTK     

KIT ENSG00000157404 RTK neurogenesis   

RET ENSG00000165731 RTK neurogenesis   

BCL11A ENSG00000119866 TF neurogenesis   

BHLHE41 ENSG00000123095 TF neurogenesis   

EMX2 ENSG00000170370 TF neurogenesis   

FOXF2 ENSG00000137273 TF     

GLI2 ENSG00000074047 TF neurogenesis   

HMX3 ENSG00000188620 TF neurogenesis   

INSM1 ENSG00000173404 TF neurogenesis   

LEF1 ENSG00000138795 TF neurogenesis   

MAF ENSG00000178573 TF     

MAFA ENSG00000182759 TF     

MAFB ENSG00000204103 TF neurogenesis   

NFATC1 ENSG00000131196 TF     

NFIA ENSG00000162599 TF     

PAX2 ENSG00000075891 TF neurogenesis   

POU4F2 ENSG00000151615 TF neurogenesis   

PRDM16 ENSG00000142611 TF neurogenesis   

PRRX2 ENSG00000167157 TF     

RORA ENSG00000069667 TF neurogenesis   

ZBTB46 ENSG00000130584 TF     

ZIC2 ENSG00000043355 TF neurogenesis   

ZIC5 ENSG00000139800 TF     

ZNF385C ENSG00000187595 TF     

ZNF467 ENSG00000181444 TF     
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Table 7-2 Putative EZH2 target genes that drive neuronal differentiation in EPZ-6438 treated 
E2 cells.  

E2 genes significantly upregulated in the presence of EPZ6438 were filtered for a decrease 
in H3K27me3 signal. From those 128 genes, transcription factors (TF) were identified from 
the TF database published by Lambert et al (2016), and growth factors (GF) and receptor 
tyrosine kinases (RTK) were annotated using GO (Toppgene). The 6 genes with the 
annotation TF or RTK are shown in this table. Roles in neurogenesis were identified from 
GO (Toppgene). Genes with an increase in H3K4me3 are noted. 

 

 

It is interesting to note that the transcription factors MAFB, PAX2, and ZNF467 

were identified as potential EZH2 target genes in both G7 and E2 cells. In order 

to examine these genes more closely, the ChIP-seq data was visualised using the 

UCSC genome browser (Figure 7-10 to 7-14).  

Figure 7-10 shows ChIP-seq data at BMP7 gene locus. BMP7 was identified as a 

EZH2 target in G7 cells but not in E2 cells. In untreated G7 cells, the H3K27me3 

track shows high enrichment of H3K27me3 at the BMP7 promoter, and the peaks 

defined by MACS2 (black bars beneath the trace) extend across most of the 

visible window. In cells treated with the EZH2 inhibitor, the maximum peak 

height is decreased, and the bars indicating MACS peaks are more fragmented. 

This decrease in H3K27me3 signal around the BMP7 TSS is expected, as this is 

how the EZH2 target genes were defined previously. An increase in H3K4me3 

signal at the BMP7 promoter in treated G7 cells can also be observed. 

Interestingly, there is no H3K27me3 signal across this region in either treated or 

untreated E2 cells, and the H3K4me3 peak is higher than in G7 cells. This 

 

Feature ID TF/GF/RTK Neurogenesis H3K4me3 

ROR2 ENSG00000169071 RTK     

MAFB ENSG00000204103 TF neurogenesis   

PAX2 ENSG00000075891 TF neurogenesis   

PITX2 ENSG00000164093 TF neurogenesis   

ZBTB16 ENSG00000109906 TF neurogenesis   

ZNF467 ENSG00000181444 TF   H3K4me3 up 
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explains why BMP7 was not identified as an EZH2 target in E2 cells, as there is no 

H3K27me3 signal to start with.   

 

Figure 7-10 ChIP-seq data at the BMP7 gene locus 

H3K27me3 and H3K4me3 ChIP-seq data for G7 and E2 cells were converted to BigWig files 
and displayed on the UCSC genome browser. MACS2 peaks are shown as black boxes 
underneath their respective BigWig track.   The BMP7 gene is shown at the top, and it is 
transcribed from right to left (indicated by arrows). Deep boxes are exons, thin horizontal 
lines are introns. 
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PAX2 was identified as an EZH2 target in both cell lines. Consistent with this, the 

genome browser view in Figure 7-11 shows extensive H3K27me3 signal in 

untreated G7 and E2 cells, with MACS2 peaks covering most of the region. The 

H3K27me3 signal is reduced following  EPZ6438 treatment, with smaller peaks 

defined by MACS2. Enrichment of H3K4me3 at the PAX2 promoter was unchanged 

in both cell lines following EZH2 inhibition.  

 

Figure 7-11 ChIP-seq data at the PAX2 gene locus 

H3K27me3 and H3K4me3 ChIP-seq data for G7 and E2 cells were converted to BigWig files 
and displayed on the UCSC genome browser. MACS2 peaks are shown as black boxes 
underneath their respective BigWig track. The PAX2 gene is shown at the top, and it is 
transcribed from left to right (indicated by arrows). Deep boxes are exons, thin horizontal 
lines are introns.  
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Both MAFB and ZNF467 showed stronger H3K27me3 signal for G7 and E2 control 

cells compared to treated cells (Figure 7-12 and Figure 7-13). H3K4me3 signal 

appeared to be relatively unchanged at both MAFB and ZNF467 transcription 

factors, even though the quantification had indicated an increase in H3K4me3 

signal at ZNF467 (Table 7-2). Figure 7-14 shows the ZNF467 locus with the    

RNA-seq data included. The increase in RNA expression in EPZ6438-treated cells 

is illustrated by the increased signal in the RNA tracks.  

 

 

Figure 7-12 ChIP-seq data at the MAFB gene locus 

ChIP-seq data of H3K27me3 and H3K4me3 for GBM  cell lines  were converted to BigWig 
files and displayed on the UCSC genome browser. Black boxes represents MACS2 peaks  
underneath their respective BigWig track.  Deep boxes are exons, thin horizontal lines are 
introns. The MAFB gene is shown at the top, and it is transcribed from right to left. 
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Figure 7-13 ChIP-seq data at the ZNF467 gene locus 

ChIP-seq data of H3K27me3 and H3K4me3 for G7 and E2  cell lines  were converted to 
BigWig files and presented on the UCSC genome browser. Deep boxes are exons, thin 
horizontal lines are introns. Black boxes represents MACS2 peaks  underneath their 
respective BigWig track.  The ZNF467 gene is shown at the top, and it is transcribed from 
right to left. 
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Figure 7-14 RNA-seq and ChIP-seq data at the ZNF467 gene locus 

RNA-seq, H3K27me3 and H3K4me3 ChIP-seq data for G7 and E2 cells were converted to 
BigWig files and displayed on the UCSC genome browser. MACS2 peaks are shown as 
black boxes underneath their respective BigWig track. The ZNF467 gene is shown  and it is 
transcribed from right to left (indicated by arrows). Deep boxes are exons, thin horizontal 
lines are introns. 

 

7.5 Discussion  

The RNA-seq analyses in previous chapters revealed numerous genes that have 

changes in expression following EZH2 inhibition. However, it is not possible to 

distinguish between genes that are direct targets of EZH2, and have thus been 

directly affected by the inhibition of EZH2 activity, and those genes that are 

secondary, or indirect targets. The aim of this chapter was to identify potential 

direct targets of EZH2 through analyses of changes in H3K27me3 across the 

genome.  

The chapter describes ChIP-seq analysis of H3K27me3 and H3K4me3 histone 

modifications in G7 and E2 cells after treatment with the EZH2 inhibitor 

EPZ6438. The epigenomic profiles in untreated cells are comparable with 

publicly available data, confirming successful chromatin immunoprecipitation. 

ChIP-seq was then integrated with RNA-seq data from chapter 4 in order to 
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identify potential EZH2 target genes. These are genes that show a decrease in 

repressive H3K27me3 and an increased in expression following EZH2 inhibition.  

In G7 cells, 278 EZH2 targets were identified and this list of genes was enriched 

in GO terms for neurogenesis and neuron development. The 128 direct targets in 

E2 cells were also enriched in GO terms for neurogenesis, organ morphogenesis 

and the response to BMP7 signalling. These results are consistent with the RNA-

seq analyses in chapters 4, 5 and 6, which showed that increased expression of 

genes related to neurogenesis and neuronal function is a common feature of 

GSCs treated with EPZ6439, UNC1999 and GSK343. The chromatin 

immunoprecipitation data extends these conclusions, and reveals that genes 

related to neurogenesis are likely to be direct targets of EZH2.  

From this data, it is hypothesise that the upregulation of small number of 

regulatory factors that control neurogenesis may be driving the changes in 

expression of large numbers of other genes involved in neuronal development or 

function. Therefore, the lists of EZH2 target genes were scanned to identify 

regulatory factors such as growth factors, tyrosine kinase receptors, and 

transcription factors. Thirty eight regulatory factors were identified from G7 

cells, and six from E2 cells. Interestingly, three regulatory factors were common 

to both G7 and E2 cells: MAFB, PAX2 and ZNF467.   

MAFB, PAX2 and ZNF467 are all transcription factors with known roles in 

regulating differentiation.  The PAX2 gene is found to be associated with 

regulation of neurogenesis in optic nerve of embryo. Overexpression of PAX2 in 

optic nerve explant promotes glial development and prevents differentiation 

(Soukkarieh et al., 2007). MAFB was found to be  important for the formation of 

hindbrain (Sturgeon et al., 2011). It also act as  a regulator of neuronal linage 

development (Yu et al., 2013) and synaptogenesis (Pai et al., 2019). ZNF467  is 

transcription factor belong to ZNF family. Zinc-finger proteins (ZNF) are involved 

in several molecular mechanisms acting as key role in differentiation of tissue 

thus play role in cellular processes. ZNF467 is known to regulate differentiation 

in adipocytes and osteoblasts (Gluscevic et al., 2020), and is expressed in brain 

cells (Panossian, Seo and Efferth, 2018), although a functional role in the brain 

has not been investigated.  
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BMP7 was also highlighted as an EZH2 target in G7 cells, but not in E2 cells. 

BMP7 is not marked with H3K27me3 in E2 cells, so its expression does not change 

following EZH2 inhibition.  BMP7 is a growth factor that is commonly expressed  

in the central nervous system. In vitro analysis showed the effect of BMP7 on 

inhibiting proliferation and inducing neuronal like characteristics thus by 

promoting differentiation in primary GBM. The same study implicated the in vivo 

role of BMP7 in decreasing tumour growth (Tate et al., 2012).  

Further work on all of these genes is necessary to investigate whether they do 

actually have roles in driving the transcriptomic response to EZH2 inhibitors, and 

how the phenotypic changes relate to the changes in gene expression.  
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Chapter 8 Conclusion 

The aim of this project is to investigate the inhibitory effect of epigenetic drugs 

on GBM cell lines grown under stem conditions, and to investigate the 

mechanism action of EZH2 inhibitors on GBM cells.  

This study focused on developing GSCs by growing cells on Matrigel in serum-free 

medium supplemented with growth factors, while bulk differentiated cells were 

maintained in standard media containing FBS. The heterogeneity of the CSCs 

population in GBM tumour cell lines was confirmed with qRT-PCR. The data 

confirmed previous studies showing the lack of a reliable single stem cell marker 

that can identify the whole CSCs population. The expression levels of stem cell 

markers in GBM cells cultured under stem cell conditions compared to serum-

containing media were evaluated. Although both cell lines showed different 

gene expression pattern, the analysis revealed that E2 cell lines exhibit more 

stem like characteristics compared to G7 cells. Genomic variant analysis of 

transcribed regions was used to identify potential GBM driver mutations, and 

revealed that both cell lines carry different pathogenic mutations in TP53, and 

the E2 line has a pathogenic mutation in EGFR. The differing responses of G7 and 

E2 cell lines throughout this project are likely to be a consequence of the 

genetic heterogeneity between the two cell lines. 

Several epigenetic drugs were tested to determine whether the two GBM cell 

lines were sensitive to them. Proliferation and survival assays using the BET 

inhibitor OTX015 showed that the drug did not have an effect on GBM cell lines, 

not did it increase the sensitivity of the cells to the chemotherapy drug TMZ. In 

contrast, the BMI1 inhibitor PTC209 inhibited GBM cell proliferation in both short 

term survival and long term colony forming assays. Furthermore, PTC209 

sensitised the cells to radiation treatment, particularly the E2 cell line. This 

data suggests that the PRC2 complex plays a role in the tumourigenesis of CSCs 

in GBM cell lines. 

Three EZH2 inhibitors were investigated, EPZ6438, UNC1999 and GSK343. All 

three drugs inhibited colony formation in both cell lines and lead to increased 

expression of senescence-associated β-galactosidase, possibly indicating therapy 

induced senescence. UNC1999 and GSK343 inhibited cell survival 
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and/proliferation in a short term assay, but there was limited induction of 

apoptosis. 

In order to investigate the mechanistic basis of the phenotypic changes that 

were observed, changes in gene expression were evaluated using RNA-seq. GO 

and GSEA analysis revealed similarities between drug treatments in G7 cells. In 

particular, all three drugs led to increased expression of genes related to 

neurogenesis. Fewer DEGs were observed in E2 cells, but an increase in 

neurogenesis-related genes was observed following GSK343 treatment of E2 

cells. The profile of H3K27me3 after treatment with EPZ6438 was assayed by 

ChIP-seq, and genes with reduced levels of H3K27me3 were cross-correlated to 

the list of upregulated genes from the RNA-seq analysis. Several direct targets of 

EZH2 were identified that could be driving the neuronal differentiation of the 

cells, including BMP7, MAFB and PAX2. Overall the data obtained above suggests 

that cells treated with EZH2 inhibitors  shows  increased expression of genes 

related to neurogenesis and neuronal function, indicating the change in cells 

from undifferentiated, stem cell state to differentiated phenotype. 

The effect of the epigenetic inhibitors on the sensitivity of the cells to the 

standard GBM therapies was also investigated. All three EZH2 inhibitors 

significantly increased the sensitivity of both cell lines to TMZ, and also 

increased the sensitivity of the E2 cell line to radiation. This sensitisation may 

be related to reduced expression of DNA repair genes when EZH2 is inhibited, 

but further research is required to investigate this further. These data indicate 

the possibility of combining epigenetic inhibitors with conventional therapies for 

treatment of GBM. In addition, the BMI1 inhibitor PTC209 could be tested in 

combination with EZH2 inhibitors  to investigate the observations by Jin et al 

(2017) that combining BMI1 and EZH2 inhibitors is a very efficient way of killing 

GBM cell (Jin et al., 2017). Finally, a key aspect of any cancer drug is its 

therapeutic index, which refers to how efficiently it targets the cancer cells 

compared to normal cells. To address this question, drug treatments should be 

performed on normal NSCs and the data compared to that from the GBM cells. 

Further experiments could be carried out to address the data reported in 

present project, such as spheroid formation assay to test whether GBM cell lines  

are able to form neurospheres in presence of these drugs (Johnson, Chen and Lo, 
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2013). To determine if G7 and E2 cell lines treated with EZH2 inhibitors have 

shifted to neuronal phenotypes, immunohistochemistry experiments could be 

performed (Pruszak et al., 2007). It is interesting that neither the RNA-seq nor 

the subsequent ChIP-seq analyses highlighted any further information about the 

apparent therapy induced senescence indicated by the β-galactosidase 

expression. It would be interesting to investigate whether the cells expressing 

SA-β galactosidase also show expression of neurogenesis-related genes – are 

these two separate phenomena or are they occurring in the same cells? 

Immunofluorescence microscopy and single cell RNA-seq could be useful to 

disentangle these events.  

ChIP-seq provides higher quality of data  compared with other ChIP methods 

(ChIP qPCR and ChiP-ChIP).It is major advantages is high specificity in detection 

of peaks and transcription factor binding sites. Although ChIP-seq offers superior 

coverage of genome wide analysis one of the disadvantages of this method that 

it can be costly. Other disadvantages is that ChIP-seq require high cell number in 

a sample and sequencing analysis depends on the quality of antibodies used in 

the experiment (Gilfillan et al., 2012).  Input and mock are two most commonly 

used control sample  in ChIP-seq. Mock control uses non specific antibody (IgG). 

Thus, pulling down targets that are not relevant which makes input  more 

reliable as control sample. Anti-H3 antibody is also used as an alternative control 

that gives enrichment at the location of Histone. That makes anti-H3 antibody 

mimics the background in relation to histone modification that is unlike input 

that skips the immunoprecipitation step (Flensburg et al., 2014). 

RNA-seq is wildly used method for identification of DEGs on samples, although 

the quality of data depends on quality of RNA sample and the depth of 

sequencing. RNA-seq analysis can provide more insight into transcription factor 

functional mechanism and their key regulatory network when combined with 

ChIP-seq analysis. However, this method has its limitation which is lacking 

specific antibodies for transcription factor.To eliminate this problem CRISPR-

Cas9 can be used to create individual maps for transcription factors prior  to 

ChIP-seq (O'Geen et al., 2015).  
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Alternative methods have been developed to overcome ChIP-seq limitations. CUT 

& Tag is one of the newest methods that is characterised by its higher resolution 

of generating signal over background by producing higher quality of data. Other 

advantages include working with low cell numbers, less sequencing  and lower 

cost (Kaya-Okur et al., 2019). Kinkley et al., suggested using  reChIP-seq and 

normR to look at the bivalency of H3K4me3 and H3K27me3 in human 

CD4+ central memory T cells (Kinkley et al., 2016) .   
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