
1 
 

 

                                            

An investigation of druggable 
prognostic markers in paediatric 

ependymoma 
 
 
 

 
 

Durgagauri H. Sabnis 
B.Pharm., MSc. Oncology 

 
 
 
 
 

Thesis submitted to the University of 
Nottingham for the degree of Doctor of 

Philosophy 
 
 
 
 

February, 2016 
 

 

 



2 
 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to all the children and their families 

whose lives have been affected by brain tumours 

  

 



3 
 

Abstract                                                    I 

Conference abstracts and publications                                   III 

Acknowledgments                                        IV 

Table of contents                                        V 

List of figures                                                            X 

List of tables                    XIV 

Abbreviations                                                                            XV 

 



I 
 

 

ABSTRACT 

Background:  Paediatric ependymomas are the second most common 

malignant brain tumours in children. Tumour recurrence, chemoresistance 

and invasion of surrounding critical structures are the hallmarks of 

ependymomas. These features are consistent with the cancer stem cell 

(CSC) hypothesis which states that tumours harbour a sub-population of 

stem-like cells which underlie therapeutic resistance. This study 

investigates the role of the radial glial stem cell marker BLBP, the multidrug 

transporter ABCB1, and the DNA repair enzyme MGMT in therapy failure in 

ependymomas with particular emphasis on the role of CSCs. 

Material and Methods:  Database analyses were performed to assess the 

expression of the aforementioned markers in patients from 3 publicly 

available gene expression datasets. Furthermore, samples from 2 

European paediatric ependymoma trial cohorts were screened for ABCB1, 

BLBP and MGMT expression by immunohistochemistry to elucidate their 

prognostic value. The expression of these markers was also determined in 

a panel of 5 ependymoma derived cell lines by QRT-PCR or western 

blotting analysis. Roles in chemoresistance (clonogenic & cytotoxicity 

assays) and tumour invasion (wound healing & 3D invasion assay) were 

then investigated. 

Results : Poor survival in the chemotherapy-led paediatric ependymoma 

CNS9204 trial was significantly associated with ABCB1 (P=0.007) and 

BLBP (P=0.03) expression whilst MGMT (P<0.001) and BLBP (P=0.002) 

expression predicted poor survival in the radiotherapy-led CNS9904 trial 

cohort. ABCB1 and BLBP expression was consistent with the CSC 

hypothesis whilst MGMT was expressed in both CSCs as well as the 

tumour bulk. Inhibition of ABCB1 and BLBP, with the phosphodiesterase-5 

inhibitor vardenafil and PPAR-
  antagonist GW9662 respectively, 

potentiated response to chemotherapy and also inhibited the ability of 

ependymoma cell lines to migrate and invade. Finally, whilst each of the 
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tested cell lines were resistant to the alkylating agent temozolomide, they 

were sensitive to the novel N3-propargyl analogue of temozolomide. 

Conclusion : ABCB1, BLBP and MGMT were not only markers of robust 

prognostic value but they also contributed functionally to the aggressive 

behaviour of ependymoma. Inhibition of ABCB1 and BLBP by vardenafil 

and GW9662 may represent effective approaches to overcome 

chemoresistance and invasion in ependymoma patients. The N3-propargyl 

analogue of temozolomide could also represent a novel treatment option for 

MGMT expressing ependymoma patients. 
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CHAPTER 1. INTRODUCTION 

1.1 Paediatric brain tumours 

Brain tumours are the most common solid neoplasms in children. 

They are almost as prevalent as acute lymphoblastic leukemia and are 

more likely to cause death (Tumours/Childhood and 

http://www.ccrg.ox.ac.uk. , Duffner, Cohen et al. 1986, Johnson, Cullen et 

al. 2014). The most common brain tumours in children are astrocytomas 

which account for 52% of patients followed by medulloblastomas and 

ependymomas which account for 21% and 9% of cases respectively 

(Baldwin and Preston-Martin 2004, Ostrom, Gittleman et al. 2014). The 

predominant risk factors for development of brain tumours are genetic 

disorders such as Li-\fraumeni syndrome, Neurofibromatosis type 2 (NF2) 

as well as environmental factors such as exposure to ionizing radiation 

(Khatua, Sadighi et al. 2012). 

The tentorium as well as the location of supratentorial and 

infratentorial regions are highlighted in Figure 1.1. Most supratentorial brain 

tumours predominate in infants and late adolescents whilst infratentorial 

sites are generally more common throughout childhood and account for 

50% cases (Pollack, Gerszten et al. 1995). The mode of presentation of 

brain tumours depends on the age of the child as well as the location of the 

tumour. Brain tumours are notorious for their protean manifestations which 

could include progressively worsening bouts of headache, nausea, and/ or 

vomiting with or without focal neurological deficits. Symptoms generally 

progress slowly with benign tumours, such as low-grade gliomas, and more 

rapidly with aggressive lesions, such as anaplastic ependymomas (Pollack 

1999). Histological grade still remains the standard method used to predict 

the biological nature of brain tumours. The World Health Organisation 

(WHO) classifies brain tumours on the basis of histological features using 

light microscopy. Grade I tumours have low proliferative potential and gross 

surgical resection is generally enough to treat these tumours. Although 

Grade II tumours have low proliferative potential, they are generally 
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contradictory studies regarding the prognostic value of the histopathological 

grading system and insufficient patient recruitment in trials to test new 

treatment options have hampered the ability to stratify patients into clinically 

relevant groups (Kilday, Rahman et al. 2009, Ellison, Kocak et al. 2011, 

Pajtler, Witt et al. 2015).  

With surgical resection being the only favourable clinicopathological 

prognostic factor and their highly chemoresistant nature, there is a paucity 

of treatment options available to ependymoma patients (Bouffet, Perilongo 

et al. 1998, Merchant, Li et al. 2009). Due to their aggressive and clinically 

unpredictable behaviour, a better understanding of the underlying tumour 

propagating molecular mechanisms in ependymoma is essential for the 

development of novel prognostic markers and targeted treatments. 

In this study, the aim was to investigate the role of cancer stem cells 

as a contributor to the cellular and phenotypic heterogeneity of 

ependymoma, in order to identify novel and translationally relevant 

druggable prognostic markers.  

1.2.1 Symptoms  

  Clinical symptoms of ependymomas are dependent on the location 

of the tumour. Involvement of the posterior fossa may give rise to visual 

disturbances, cerebellar ataxia, dizziness and paresis. Supratentorial 

tumours may be associated with seizures and focal neurological deficits. 

Spinal ependymomas present with motor and sensory disabilities (Duncan 

1995, Louis, Ohgaki et al. 2007). 

1.2.2  Diagnosis 

There is a standard protocol followed to diagnose ependymomas or 

brain tumours which in general consists of the following steps: 

1. Physical examination of  patients to assess neurological functions 

including reflexes, muscle strength, eye and mouth movement, co-

ordination and alertness (Chowdhary, Green et al. 2006). 
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There are very few studies so far reporting tumour grade as a robust 

predictor of biological behaviour of ependymoma owing to the tremendous 

variability in terms of clinical outcome both across and within pathological 

grades (Schiffer, Chio et al. 1991, Carter, Nicholson et al. 2002, Merchant, 

Zhu et al. 2002, Massimino, Gandola et al. 2004, Kilday, Rahman et al. 

2009, Ellison, Kocak et al. 2011, Wright and Gajjar 2012). Meta-analysis of 

prognostic values of various histological factors led to reclassification of 

Grade II and Grade III tumours based on parameters such as cell density, 

nodularity, mitotic activity, and angiogenesis. Unfortunately, this set of 

criteria was only significantly associated with survival exclusively in older 

children (Kilday, Rahman et al. 2009). 

There is therefore a need to develop novel prognostic markers to 

predict the biological behaviour of the tumour and to stratify paediatric 

ependymoma patients into clinically relevant groups (discussed in detail in 

section 1.2.3).  

1.2.3 Genetics, tumour heterogeneity and prognostic markers 

A lot of interest in understanding the molecular biology of 

ependymoma has burgeoned from their rather complex and heterogeneous 

clinical behaviour. 

 Before the advent of complex genomic analysis, karyotypic studies 

were employed to study the molecular biology of ependymoma. Meta-

analysis of 21 such studies by Kilday et al. showed that 89.2% of cases of 

intracranial ependymoma showed aberrant karyotypes with abnormalities in 

chromosome 22 and long arm of chromosome 1 reported in 30% and 20% 

cases respectively (Kilday, Rahman et al. 2009). However, these analyses 

also showed that there were no genomic aberrations restricted to paediatric 

ependymomas and the frequency of these abnormalities was consistent 

between adult and paediatric cases. Since paediatric ependymoma are 

distinct in terms of location from adult ependymoma; 90% paediatric 

ependymomas occur intracranially whilst the majority of ependymomas in 

adulthood are spinal in origin (Zacharoulis and Moreno 2009); higher 
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resolution analyses were essential to discover distinct anomalies in 

paediatric patients. 

Metaphase Comparative Genomic Hybridization (CGH) has been a 

common technique for the molecular analysis of ependymoma (Granzow, 

Popp et al. 2001, Carter, Nicholson et al. 2002, Dyer, Prebble et al. 2002). 

This procedure involves the simultaneous hybridization of genomic tumour 

and constitutional DNA, each labelled with different fluorescent markers, to 

normal target metaphase chromosomes. Differences in fluorescent 

intensities between the two markers along the length of each chromosome 

can subsequently help identify aberrant genomic regions.  

One such CGH study by Dyer et al. made the first attempt at using 

genomic profiling to subdivide ependymoma patients into clinically relevant 

groups (Dyer, Prebble et al. 2002). In this study, 42 primary and 11 

recurrent ependymomas were screened to classify patients into 3 

subgroups: numerical group (more than 13 chromosomal imbalances), 

structural group (0-5 complete/partial chromosomal imbalances) and 

balanced group (no chromosomal loss or gains). Patients in the numerical 

group showed a genomic profile similar to adult SP ependymomas 

consistent with a good prognosis. The structural group mainly consisted of 

recurrent tumours with an aggressive phenotype and hence, the worst 

prognosis. Gain of the long arm of chromosome 1 was seen in 26% of these 

tumours and has been reported as a common feature of paediatric 

ependymoma arising from the PF by a number of other studies (discussed 

in detail below). All of patients under 3 years of age showed a balanced 

genotype. 1q gain was reported in these patients at recurrence suggesting 

that the pathway of progression of balanced tumours may be similar to 

structural ones (Kramer, Parmiter et al. 1998, Carter, Nicholson et al. 2002).  

These results were in agreement with an array CGH study by Modena et al. 

which reported that younger patients had tumours with significantly smaller 

and more complex genomic imbalances in comparison to adult 

ependymomas (Modena, Lualdi et al. 2006).  
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Meta-analysis of 13 such CGH studies by Kilday et al. showed that 

the mean number chromosomal aberrations in children was 3.8 per tumour 

in contrast to 7.5 per tumour in adult patients (Kilday, Rahman et al. 2009). 

All these findings taken together indicated that either a small number of 

potent mutated oncogenes/ tumour suppressor genes regulating cell 

differentiation/ self-renewal or an aberrant epigenetic phenomenon affecting 

expression profiles of genes were responsible for imparting a balanced 

genomic profile associated with a very aggressive tumour phenotype in 

paediatric ependymoma. High resolution genotyping studies looking at 

single nucleotide polymorphisms or global methylation profiling were 

therefore necessary to gain a better understanding of the various factors 

underlying the pathogenesis of ependymoma in younger children.  

Gain of chromosome 1q is a common aberration in cancer (Struski, 

Doco-Fenzy et al. 2002) and has been reported to have an incidence of 

>20% in ependymomas especially those arising from the PF compartment 

(Dyer, Prebble et al. 2002). There have been a number of CGH and serial 

analysis of gene expression studies carried out to look at candidate genes 

on chromosome 1q and their prognostic role in paediatric ependymomas. 

The gain of the entire q arm has been associated with poor prognosis in 

ependymomas (Dyer, Prebble et al. 2002), with the region specific amplicon 

1q21.1 to 1q32.1 being correlated with recurrence in ependymomas 

(Mendrzyk, Korshunov et al. 2006). DUSP12 which is a candidate 

� � �� �� �� � � �� � �� �	 � 	 
 � � 
 �  � �� � �
 ��� �� 
 � � ��� ��� � � � 
� �� � �� � � ��� � �

1q23.3 (Suarez-Merino, Hubank et al. 2005, Mendrzyk, Korshunov et al. 

2006). Rand et al. validated candidates on 1q chromosome in patient 

samples using immunohistochemistry in order to identify a potential 

clinicopathological role. Members of the S100 family were differentially 

expressed in clinical relevant subgroups (S100A6 expression correlated 

with ST tumours and S100A4 in patients under 3 years of age) in 

intracranial paediatric ependymomas (Rand, Prebble et al. 2008). 

Furthermore, copy number gain of 1q25 was associated with poor survival 

in two independent intracranial paediatric ependymoma cohorts (Mendrzyk, 

Korshunov et al. 2006, Kilday, Mitra et al. 2012). Taken together, these data 
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strongly implicate gain of 1q and possible oncogenes in this region in the 

progression and pathogenesis of poor outcome in paediatric intracranial 

ependymomas. It also highlights the need to investigate and validate the 

functional role of various genes encoded on 1q in the pathogenesis of 

paediatric ependymoma in greater detail. 

In order to devise a robust and clinically relevant system of 

classifying ependymomas, several groups have recently carried out 

unbiased clustering of gene expression array data to identify subgroups. 

Johnson et al. clustered ependymomas on the basis of site-specific copy 

number alternations to define 9 subgroups (A-I; A-D mainly consisted of ST 

tumours; E, F represented SP tumours and G-I consisted of PF tumours) 

(Johnson, Wright et al. 2010). However, this classification did not provide 

any insight into the biological behaviour of the tumour. A similar approach 

was taken by Witt et al. who were, however also able to classify 

ependymomas from the posterior fossa compartment into clinically relevant, 

PFA and PFB groups. The PFA group mainly consisted of younger patients 

who had lateral tumours with a balanced genome, exhibited metastases at 

recurrence and were more likely to recur/die in comparison to the patients 

belonging to the PFB group. PFA patients were identified by the higher 

expression of NELL2 (Neural Epidermal Growth Factor Like-2) whilst PFB 

patients expressed LAMA2 (Laminin2). In parallel studies by Wani et al. and 

Hoffman et al., PF ependymomas were classified in two clinical relevant 

groups (similar to classification by Witt et al.), identified on the basis of 

expression of a 10 gene prognostic signature and immunoactive phenotype 

respectively (Wani, Armstrong et al. 2012, Hoffman, Donson et al. 2014).  

Although the aforementioned studies made a noteworthy contribution 

towards classifying ependymomas into clinically relevant groups, the utility 

of an expression array is restricted to identification of limited number of 

genes, probes for which were present on it. In contrast, as far as ST 

tumours were concerned, a more modern approach was taken by Pietsch et 

al. and Parker et al. who carried out RNA sequencing analyses to identify a 

novel fusion mRNA gene, expressed in two-thirds of ST tumours. This gene 

was a fusion between C11orf95, a gene with unknown function, and v-rel 
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avian reticuloendotheliosis viral oncogene homolog A (RELA) encoding the 

RELA p65 subunit of the central NF-� B complex in a large number of ST 

ependymomas. Since the C11orf95 � RELA fusion represented a unique 

mechanism leading to pathological activation of NF-� B signalling in ST 

ependymomas; targeting this pathway was proposed as a useful strategy 

for treatment of these neoplasms (Parker, Mohankumar et al. 2014, Pietsch, 

Wohlers et al. 2014). All these studies highlighted the need to collate and 

validate these results in a large ependymoma cohort consisting of tumours 

belonging to different locations.  

As mentioned above, since ependymomas were regarded as genomically 

bland or balanced (Parker, Mohankumar et al. 2014), various studies 

investigated the status of an epigenetic phenomenon such as promoter 

hyper-methylation of various genes to subgroup patients. A follow up study 

by Witt et al. looked at the methylation profiles of PF tumours and reported 

that PFA ependymomas exhibit a CpG island methylator phenotype (CIMP 

positive) with a lot of genes silenced by CpG methylation while low levels of 

methylation were reported in PFB (CIMP negative) ependymomas (Mack, 

Witt et al. 2014). A recent study by Pajtler et al. validated data from the 

various subgrouping studies mentioned above by carrying out DNA 

methylation profiling on a large dataset of 500 paediatric ependymoma 

patients to define 9 molecular subgroups in ependymoma (Pajtler, Witt et al. 

2015). Using unsupervised hierarchical clustering, they showed that 

tumours in each CNS compartment (SP, PF and ST) comprised 3 

subgroups (as shown in Figure 1.4). SP ependymomas were classified into 

benign subependymoma (SP-SE), myxopapillary (SP-MPE), and anaplastic 

ependymoma (SP-EPN) with neurofibromatosis type 2 gene (NF2) 

mutations or deletions. PF ependymomas were categorised into 

subependymoma (PF-SE) and previously described subtypes A and B 

(Archer and Pomeroy, 2011; Witt et al., 2011), addressed in this study as 

PF-EPN-A and PF-EPN-B. PF-EPN-A (PFA) represented the largest 

element of the ependymoma subgroups comprising nearly 50% of all cases 

with a stable genome, CIMP-positive status and a remarkably poor 

outcome. Finally, ST ependymomas were divided into benign 
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subependymoma (ST-SE) and two subgroups characterized by molecular 

fusions. The largest supratentorial subgroup, ST-EPN-RELA, was 

characterized by expression of the previously described C11orf95-RelA 

fusion transcripts while other group, ST-EPN-YAP1 (Yes-associated protein 

1) was primarily characterised by the uncharacterised YAP1-MAMLD1 

fusions. It is not clear how the YAP1- MAMLD1 fusion drives tumour growth, 

although MAMLD1 (mastermind like domain containing-1) and MAML2 

(mastermind like transcriptional coactivator 2), both members of the 

Mastermind gene family, are known co-activators of NOTCH which has 

been shown to be upregulated in ST ependymomas (Taylor, Poppleton et 

al. 2005).  

In spite of providing a robust method classification based on 

methylation profiling; only a few subgroups in this study were identified by 

markers which can be targeted therapeutically. Additionally, carrying out 

methylation array profiling as part of routine diagnostic analysis, is not only 

expensive but also labour intensive. Similar to the NPI+ (Nottingham 

Prognostic Index Plus) consisting of an array of histopathological, clinical as 

well as molecular markers used to stratify breast cancer patients (Rakha, 

Soria et al. 2014); a panel of targetable markers needs to be defined in 

ependymoma patients belonging to each of the groups which could help 

identify  and effectively treat high risk patients.  

There have been a number of studies investigating potential 

prognostic markers in intracranial ependymomas such as Nestin, a marker 

for neural stem and progenitor cells (Milde, Hielscher et al. 2012); EZH2 

(Enhancer of zeste homolog 2) (Li, Dunham et al. 2015), responsible for 

chromatin remodelling through histone methylation and Tenascin-C, 

involved in central nervous system neurogenesis (Gupta, Sharma et al. 

2014). Evi-1 was deemed to be a marker of poor prognosis in tumours 

specifically arising from the PF (Koos, Bender et al. 2011). From these 

findings, it can be inferred that there has been some progress in the 

development of prognostic factors which can help effectively stratify patients 

on the basis of clinical outcome. 
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However, there have been very few studies which have identified 

druggable prognostic markers in ependymoma. One such study 

investigated the oncogenic role of PI3-Kinase pathway in ependymoma 

pathogenesis and poor clinical outcome. Furthermore, it also demonstrated 

that targeting the PI3-Kinase pathway by small molecule inhibitors would 

represent a novel treatment option available to those patients expressing it 

(Rogers, Mayne et al. 2013). All these studies highlight the need to continue 

performing active research in order to identify novel druggable markers in 

ependymomas and furthermore to validate the expression of these markers 

in the various subgroups defined by Pajter el al.  (Pajtler, Witt et al. 2015).  

In our study, the aim was to investigate the gene expression, prognostic 

value and in vitro inhibition / circumvention of 3 prognostic makers in 

paediatric ependymoma. However, validating the expression of these 

markers in various subgroups identified by Pajtler et al. was beyond the 

scope of this project. 

1.2.4 Treatment of ependymomas 

1.2.4.1 Surgery 

Ependymoma is considered a surgical disease (Kilday, Rahman et 

al. � �� � �� � �� �	
 �� � �� ��� � �  �� � �� 	 � �� � � � �� �� � �	�  �� �� � � � ����

ependymoma consists of gross total resection (GTR) followed by focal 

irradiation and adjuvant chemotherapy (Wright and Gajjar 2012). GTR is a 

consistent favourable prognostic factor in ependymomas and is curative in 

patients with Grade I myxopapillary ependymoma as well as a subset of 

patients with ST ependymomas. However, 29% patients suffer from surgical 

complications such as mutism and pseudobulbar palsy. Furthermore, 

improving surgical outcome has been difficult in patients who have 

unresectable anaplastic ependymomas invading surrounding critical 

structures and macroscopic metastases (Wright and Gajjar 2012).  

However, in recent times novel MRI - and CT - guided stereotactic 

neurosurgical techniques as well as advances in neuroanesthesia and 

postoperative intensive care, have contributed to marked improvements in 
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surgical outcome (Chowdhary, Green et al. 2006, Kano, Yang et al. 2010, 

Wright and Gajjar 2012). 

1.2.4.2 Radiotherapy 

Adjuvant radiotherapy (RT) is administered to target residual 

microscopic disease in patients and has provided cure rates of >70% in 

patients with aggressive PF ependymomas (Merchant, Li et al. 2009). 

However, owing to the long term neurological deficits as a result of 

exposure to normal tissues, it has generally been avoided in patients under 

3 years of age (Ellison, Kocak et al. 2011, Tai, Grundy et al. 2011, Sung, 

Lim do et al. 2012).  

The standard radiation dose to treat localized ependymoma is 54 �

59.4 Gy for localised disease whilst in 5-10% patients with disseminated 

disease at diagnosis, a craniospinal irradiation (CSI) dose of 36 Gy is 

recommended (Chowdhary, Green et al. 2006, Ellison, Kocak et al. 2011). 

A number of regimens which employed a hyper-fractionated dose of 54 Gy 

to treat patients with PF tumours  have not  been shown to provide any 

survival benefit to patients over standard regimens (Massimino, Gandola et 

al. 2004, Combs, Thilmann et al. 2006). However, methods such as three 

dimensional conformal irradiation or Intensity Modulated Radiotherapy 

(IMRT) which protect critical structures from unnecessary radiation have 

been shown to improve long term survival in patients along with reduction of 

the common cognitive deficits in PF ependymomas (Wright and Gajjar 

2012).  

Proton beam therapy (PBT) as adjuvant treatment, has gained 

interest over the past few years due to its ability to limit damage to 

surrounding normal tissues and minimal exit dose (Hoffman and Yock 

2009). A number studies predicted its superior potential in treating brain 

tumours in terms of protection from radiogenic second cancers and out-of-

field adverse effects (Lee, Bilton et al. 2005, Merchant, Hua et al. 2008, 

Armoogum and Thorp 2015). A study by McDonald et al. which employed 

PBT as adjuvant treatment post GTR to treat intracranial paediatric 

ependymoma reported Progression Free Survival (PFS), and Overall 
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Survival (OS) rates of 80% and 89% respectively at a 26 month follow-up 

after  receiving treatment (MacDonald, Safai et al. 2008). Long term follow 

ups are however essential to confirm its therapeutic efficacy over other 

conventional radiotherapy employing photons or charged particles to target 

tumours. 

1.2.4.3 Chemotherapy 

   Chemotherapy has been utilised to reduced tumour burden or 

delay radiotherapy in patients; though its use has not been proven to have a 

significant association with improved outcome in patients (Bouffet and 

Foreman 1999, Chowdhary, Green et al. 2006). There are a number of 

ongoing trials in paediatric ependymoma patients trying to incorporate post-

operative multimodal chemotherapeutic regimens including drugs such as 

vincristine, carboplatin, cyclophosphamide, etoposide, and cisplatin along 

with radiation therapy in order to improve progression free survival in 

patients [Clinical trial identifier number- NCT01096368, NCT00027846 and 

NCT02265770 (www.clinicaltrials.gov , Wright and Gajjar 2012)]. None of 

these regimens have shown any co � ��� �� �� � ��� � � �� 	
 � � �� � �  

Drugs which are being investigated in this study have been 

discussed in more detail below. 

1.2.4.3.1 Etoposide 

       Etoposide is a semisynthetic derivative of podophyllotoxin which 

causes DNA double strand breaks by interaction with DNA-topoisomerase II 

which is responsible for making transient DNA double- strand breaks 

allowing the cell to manipulate the DNA topology (Hande 1998). It has been 

employed as part of adjuvant treatment regimens to treat paediatric 

ependymoma patients in a number of studies, all of which have reported the 

lack of survival benefit associated with it (Bouffet and Foreman 1999, 

Zacharoulis, Levy et al. 2007, Zacharoulis, Ashley et al. 2010).  

    Etoposide forms a ternary complex with DNA and the 

topoisomerase II enzyme which prevents re-ligation of the DNA strands. 

This lethality is further potentiated when the replication machinery or 
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helicases attempt to traverse the covalently bound topoisomerase-DNA 

complexes; thus, converting the DNA transient double-strand breaks into 

permanent double-stranded fractures which are no longer held together by 

proteinaceous bridges. These catastrophic events present at sufficient 

concentration lead to chromosomal aberrations triggering a series of 

signalling cascades which ultimately culminate in cell death by apoptosis 

(Hande 1998, Baldwin and Osheroff 2005).  

Principal mechanisms of resistance to etoposide include efflux by 

ABC transporters (including ABCB1), overproduction of the topoisomerase 

II enzyme or alteration in the etoposide binding site of the enzyme 

(Goodman, Gilman et al. 1980). Other mechanisms of resistance might 

include the lengthening of the cell cycle, since there is a high level of 

topoisomerase II enzyme required during the G2 and S Phase. 

Upregulation of the DNA repair mechanisms might also promote resistance 

to etoposide (Hande 1998, Baldwin and Osheroff 2005). 

1.2.4.3.2 Methotrexate 

Methotrexate (MTX), also known as amethopterin or � -methopterin, 

is a folate antagonist which inhibits the dihydrofolate reductase (DHFR); 

critical for the production of reduced folate factors, which are essential for 

DNA and RNA synthesis (Grosflam and Weinblatt 1991). MTX is a global 

immunosuppressive agent and is also used in the treatment of rheumatoid 

arthritis (Segal, Yaron et al. 1990) . Similar to etoposide, there are a number 

of trials employing MTX as a part of adjuvant regimens to treat 

ependymoma [Clinical trial identifier number-NCT00287924, NCT02265770, 

NCT00602667 (www.clinicaltrials.gov)]. 

There are a several mechanisms of resistance as far as MTX is 

concerned; reduced transport of MTX into the cell, efflux of the drug by drug 

exporters such as ABCB1, ABCC1 and ABCG2, overexpression of the 

DHFR gene in the cells and finally, an alteration in the MTX binding site of 

DHFR (Mikkelsen, Thorn et al. 2011). 
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1.2.4.3.3 Vincristine 

Vincristine is a chemotherapeutic drug derived from Madagascar 

periwinkle plant, Catharanthus roseus. It targets tumour cells by selectively 

binding to tubulin, to prevent its polymerisation into microtubules leading to 

cell cycle arrest during metaphase (Jordan 2002). Vincristine is very widely 

used against childhood cancer and is part of the treatment regimens for ALL 

(acute lymphoblastic leukaemia), neuroblastoma, Wilms tumour, Ewing's 

sarcoma, rhabdomyosarcoma, Hodgkin's disease, non-� �� ��� � ��

lymphoma and retinoblastoma, as well as brain tumours (Goodman, Gilman 

et al. 1980). The primary mechanism of resistance to vincristine is through 

efflux by ABCB1 (Endicott and Ling 1989). Other mechanisms include efflux 

by other drug transporters such as ABCC1 and ABCG2 as well as 	 -tubulin 

polymorphism which prevents it from binding to the drug (Goodman, Gilman 

et al. 1980). 

1.2.4.3.4 Temozolomide  

Temozolomide (TMZ) is an imidazotetrazine DNA alkylating agent 

(Newlands, Blackledge et al. 1992). It is rapidly absorbed and undergoes 

spontaneous breakdown in plasma at pH>7 to eventually form the highly 

reactive methyldiazonium cation. This methyldiazonium cation methylates 

DNA purine residues, preferentially N7-guanine (N7-MeG, 70%) (Tisdale 

1987, Denny, Wheelhouse et al. 1994) as well as N3- adenine (N3-MeA, 

9%)  and O6-guanine (O6-MeG, 6%) (Tisdale 1987). 

Brain tumours possess a more alkaline pH compared with 

surrounding healthy tissue, a situation which favours prodrug activation 

preferentially within tumour tissue (Rottenberg, Ginos et al. 1984). Thus, 

TMZ is used commonly with RT to treat brain tumours; with relatively good 

therapeutic benefit reported in GBM and recurrent medulloblastoma 

patients (O'Reilly, Newlands et al. 1993, Stupp, Mason et al. 2005, Wang, 

Hsu et al. 2009, Padovani, Andre et al. 2011, Akyüz, Demir et al. 2012, 

Aguilera, Mazewski et al. 2013). Although it has been used as a part of 

adjuvant chemotherapeutic regimens to treat ependymomas; there has 

been considerable controversy surrounding its therapeutic efficacy 
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(Chamberlain and Johnston 2009, Khoo, Kishima et al. 2013, Lombardi, 

Pambuku et al. 2013).  

O6-MeG lesions represent just 6% of TMZ-induced DNA adducts, 

however, they are highly mutagenic, carcinogenic and cytotoxic (Wedge, 

Porteous et al. 1996). These lesions are repaired by O6- methyl guanine-

DNA methyltransferase (MGMT), overexpression of which leads to 

resistance to the drug. Unrepaired O6-MeG mispairs with thymine, leading 

to activation of DNA mismatch repair (MMR) (Margison and Santibáñez �

Koref 2002). MMR exclusively recognises and removes mispaired thymine, 

only to reinsert thymine opposite unrepaired O6-MeG.  Therefore, futile 

cycles of thymine excision and reinsertion lead to persistent DNA strand 

breaks resulting in cell cycle arrest and apoptosis  (� �� ���� � 	 
 ���� 	 � � �

1998, Cejka, Stojic et al. 2003). N3-adenine (less toxic) and N7-guanine 

(highly toxic) methylation on the other hand are rapidly repaired by Base 

Excision Repair (BER) that is facilitated by poly (ADP-ribose) polymerase-

1(PARP-1) (Horton and Wilson 2007). � ���� � 	 �� �
 ��� �� ���� �
 �
 �

cytotoxicity is therefore dependent on deficient MGMT & BER mechanisms 

and proficient MMR pathway. 

Overexpression of MGMT as well as PARP-1 (involved in BER) has 

been shown to induce TMZ resistance (Zhang, Stevens et al. 2012) whilst 

dysfunctional MMR can induce mutagenicity in response to the drug (van 

Thuijl, Mazor et al. 2015). (Discussed in detail in section 1.7) It is therefore, 

essential to investigate optimal functioning of these aforementioned repair 

pathways prior to treatment, to ensure efficacious response to TMZ in 

ependymoma patients. 
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alterations could generate CSCs (Friedmann-Morvinski, Bushong et al. 

2012). 

These CSCs have been identified in tumours by means of cell 

surface markers such as CD133 (Prominin1, a transmembrane protein) or 

CD34 as well as their ability to extrude dyes such as Rhodamine123 and 

Hoechst by expression of multidrug transporters such as ABCB1 and 

ABCG2 respectively (Dean, Fojo et al. 2005, Hadnagy, Gaboury et al. 2006, 

Bleau, Hambardzumyan et al. 2009). In addition to possessing normal stem 

cell-like properties such as self-renewal and differentiation; CSCs are 

additionally characterised by traits such as quiescence, multi-potency 

(differentiation to mature cells), ability to initiate tumour growth in immune-

compromised mice and multidrug resistance (MDR-discussed in detail in 

Section 1.5)  (Reya, Morrison et al. 2001, Graham, Jørgensen et al. 2002, 

Hirschmann-Jax, Foster et al. 2004, Clevers 2011, Ramaswamy, Remke et 

al. 2013). Singh at al. isolated CD133 expressing cells from a number of 

paediatric brain tumours such as astrocytoma, medulloblastoma, and 

glioblastoma. These cells were not only capable of forming self-renewing 

neurospheres but were also capable of forming tumours in immunodeficient 

(NOD-SCID) mice (Singh, Clarke et al. 2004).  

In ependymomas, Taylor et al. showed that the gene expression 

profiles of human supratentorial and spinal ependymomas are shared by 

murine embryonic radial glia (RG) from the corresponding region in the 

CNS. RG are multi-potent stem cells capable of differentiating into 

ependymal cells, astrocytes and oligodendrocytes. Furthermore, these self-

renewing RG-like CSCs isolated from ependymomas were also capable of 

initiating ependymomas in mice which histologically resembled the original 

patient tumour from which they were derived (Taylor, Poppleton et al. 2005, 

Poppleton and Gilbertson 2007). (Discussed in detail in the section 1.6) 

Ependymomas are known to be chemoresistant (Bouffet and 

Foreman 1999, Atkinson, Shelat et al. 2011) and have a tendency to recur 

(Bouffet and Foreman 1999, Pollack 1999);  it is believed that the same 

multi-drug resistance  exhibited by CSCs in ependymomas might underlie 
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this behaviour (Discussed in Sections 1.5 and 1.6). This study aims to 

identify these CSCs in ependymoma as well as provide a clearer 

understanding of the chemoresistance mechanisms active in them. 

1.4 Multi-drug resistance in CSCs and ABCB1 

As mentioned in Section 1.4, multi-drug resistance (MDR) is a 

hallmark of CSCs. It has been widely studied in a number of cancers and 

has also been reported as a marker for poor prognosis in leukaemia, 

pancreatic cancer and brain tumours (Chou, Reyes-Mugica et al. 1995, 

Leighton Jr and Goldstein 1995, von Bossanyi, Diete et al. 1997, Jamroziak 

and Robak 2004).  

   Classical MDR is mainly mediated by 3 members of the ATP-

binding cassette (ABC) transporters super-family (consisting of 49 proteins 

in humans); ABCB1 [also known as P-glycoprotein (Pgp)], ABCC1 [also 

known as multidrug resistance-associated protein (MRP1)] and ABCG2 

[also known as breast cancer-resistance protein (BCRP) or mitoxantrone-

resistance protein (MXR)]. Efflux by these transporters prevents 

accumulation of chemotherapy in cells; leading to a sub-optimal response 

(Kroetz, Pauli-Magnus et al. 2003). ABC multi-drug transporters extrude a 

wide array of substrates or toxic substances; thus having a protective 

function in the kidneys, liver, gastrointestinal tissue, brain, testis and 

placenta (Gottesman and Ambudkar 2001, Kowalsky, Nieminen et al. 2004, 

Sazakcs, Paterson et al. 2006). 

ABCB1 actively exports structurally diverse hydrophobic compounds 

from the cell. It is a large transmembrane membrane protein of 170 kDa 

which is encoded by the MDR1 gene located on the chromosome 7q21 in 

humans (Chen, Chin et al. 1986). Intrinsically drug-resistant tumours such 

as colon, kidney, liver and pancreatic cancer have shown elevated MDR1 

mRNA levels while some others including acute lymphocytic leukaemia, 

breast cancer, neuroblastoma, pheochromocytoma, and poorly 

differentiated lymphoma showed an increased level of MDR1 mRNA at 

relapse after chemotherapy (Goldstein, Galski et al. 1989). The consistent 

association of MDR1 expression with several intrinsically resistant cancers 
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(cyclosporin) (Pan, Dutt et al. 1994, Wu, Benet et al. 1995). Cancer cells 

expressing ABCB1 are resistant to a broad spectrum of anti-tumour drugs 

including anthracyclines (e.g. DOX), vinca alkaloids (e.g. vincristine), 

podophyllotoxins (e.g. etoposide) and taxanes (e.g. taxol), as a result of 

reduced intracellular drug concentrations which decreases the cytotoxicity 

induced by them. 

ABCB1 expression has been correlated with MDR and hence, poor 

outcome in brain tumours including glioma (von Bossanyi, Diete et al. 1997) 

and medulloblastoma (Chou, Reyes-Mugica et al. 1995, Othman, Kimishi et 

al. 2014). Tumours are frequently heterogeneous with respect to ABCB1 

expression and those cells with higher levels of ABCB1 are proposed to 

have a selective advantage during the progression of the disease (Krishna 

and Mayer 2000). Chemoresistance and heterogeneous clinical behaviour 

has been widely reported in ependymoma (Bouffet, Perilongo et al. 1998, 

Atkinson, Shelat et al. 2011). In this thesis, it is hypothesised that high 

ABCB1 expressing chemoresistant cells representing a subset of the 

tumour may confer a survival advantage over other tumour cells.   

ABCB1 inhibition has been proposed to have a favourable effect on 

cancer treatment due to numerous benefits associated with it. ABCB1 

inhibition could not only increase the efficacy of cytotoxic drugs but also 

reduce the dose related side effects associated with them (Filipski, Berland 

et al. 2014, Othman, Kimishi et al. 2014). Since ABCB1 is expressed in the 

blood brain barrier (BBB), its inhibition could also increase the delivery of 

the drug to the tumour site (Black, Yin et al. 2008). Inhibition of ABCB1 was 

shown to increase cytotoxicity of chemotherapeutic drugs in endothelial 

cells that overexpressed it, thus enhancing the therapeutic effect of the 

drugs (Mouthon, Fouchet et al. 2006). Finally, some reports also 

demonstrate inhibition of ABCB1 might increase apoptosis in cancer cells 

expressing ABCB1 in a manner not related to the drug efflux (Johnstone, 

Ruefli et al. 2000, Ruth and Roninson 2000, Tainton, Smyth et al. 2004).  

Due to the abundant aforementioned advantages; several  

compounds belonging to a variety of chemical and pharmacological classes 
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have been studied and shown to inhibit the drug efflux by ABCB1, thereby, 

reversing cellular resistance to chemotherapy (Ford and Hait 1993, Wang, 

Monagle et al. 2004, Sazakcs, Paterson et al. 2006). So far 3 generations of 

ABCB1 transporter inhibitors have been widely studied.  

First generation inhibitors consisted of drugs belonging to various 

pharmacological classes such as calcium channel blockers (verapamil, 

nifedipine, diltiazem), camodulin inhibitors (chlorpromazine, 

prochlorperzine), anti-malarials (quinine, quinidine) and 

immunosuppressants (cyclosporine A) (Krishna and Mayer 2000).  These 

were however non-specific and also inhibited ABCG2 in addition to ABCB1 

(Takara, Matsubara et al. 2012). Despite promising results in in vitro and in 

vivo experiments (Krishna and Mayer 2000); they  failed to impart clinical 

benefit due to unacceptable side effects (Ozols, Cunnion et al. 1987, 

Daenen, van der Holt et al. 2004). 

Most of the second generation inhibitors were analogues of the first 

generation such as dexverapamil (R-enantiomer of verapamil), emopamil, 

and valspodar (PSC-833, non-immunosuppressive analogue of CyA). 

Though very effective at lower concentrations compared to their analogues 

(Boesch, Muller et al. 1991, Alaoui-Jamali, Schecter et al. 1993, Krishna, 

De Jong et al. 1997), their therapeutic benefit was limited because of 

pharmacokinetic interactions (Goldman 2003, Kolitz, George et al. 2004).  

The third generation ABCB1 inhibitors include laniquidar (R101933), 

zosuquidar (LY335979), elacridar (GF-120918) and tariquidar (XR9576). 

These modulators were developed using structure � activity relationships and 

combinatorial chemistry approaches targeted against specific MDR 

mechanisms (Dantzig, Shepard et al. 1996, Peck, Hewett et al. 2001, Guns, 

Denyssevych et al. 2002). Tariquidar is currently in clinical trials to treat 

solid tumours (including brain tumours) in children.  There are however still 

toxicity issues associated with this generation (clinical trials identification 

number-NCT00020514, www.clinicaltrials.gov,). 

In recent years, there has been a lot of interest in repurposing off-

patent drugs to treat cancer. These drugs are normally used to treat several 
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other conditions such as diabetes or acne and clinicians already possess 

knowledge of their pharmacokinetic and toxicity profiles.  

Phosphodiesterase type 5 (PDE5) inhibitors have so far been widely used 

in the treatment of male erectile dysfunction (Boddi, Castellini et al. 2015). 

They inhibit cGMP hydrolysis by PDE5, increasing the intracellular levels of 

cGMP; triggering smooth muscle relaxation (Bischoff 2004). In a study by 

Ding et al. an ABCB1 over-expressing parental epidermoid carcinoma cell 

line; concomitant treatment with paclitaxel and PDE5 inhibitors vardenafil or 

sildenafil, potentiated the response to the chemotherapeutic drug. Notably, 

vardenafil was more effective and ABCB1 specific than sildenafil which also 

inhibited ABCG2 (Ding, Tiwari et al. 2011, Shi, Tiwari et al. 2011). In a 

recent study, vardenafil was shown to not only increase the BBB 

permeability but also enhance adriamycin and herceptin induced 

cytotoxicity in rodents bearing primary brain tumours (Black, Yin et al. 2008) 

and metastatic breast / lung cancers (Hu, Ljubimova et al. 2010) 

respectively. Vardenafil is routinely used to treat pulmonary hypertension in 

children (Jing, Yu et al. 2011) and is well tolerated, making it a good 

candidate for being repurposed to treat paediatric patients with brain 

tumours. 

Drugs such as methotrexate, etoposide and vincristine which are 

routinely part of chemotherapeutic regimens to treat ependymoma are 

ABCB1 substrates. It is therefore fair to assume the possibility of ABCB1 

playing a crucial role in MDR in ependymoma. In this study, the potential 

prognostic value of ABCB1 as well as its functional role in chemoresistance 

exhibited by ependymoma was investigated. Furthermore, in vitro analyses 

were carried out to establish the therapeutic efficacy of clinically relevant 

Vardenafil in ependymoma treatment. 

1.5 Radial glial cells and BLBP 

Taylor et al. showed that ependymomas tend to recapitulate the 

developmental signatures of anatomically restricted progenitor cells. 

Several members of Eph-EPHRIN and Notch signalling pathway involved in 

maintaining the stem cell population in the subventricular zone (SVZ) 

(Conover and Allen 2002)  were expressed in ST ependymomas whilst SP 



27 
 

ependymomas expressed various members of the Homeobox (HOX) family 

involved in the antero-posterior development of the spinal cord (Dasen, Liu 

et al. 2003). This indicated that ependymomas either maintained or 

recapitulated anatomically restricted progenitor cells which normally 

expressed these developmentally relevant genes. Furthermore, they also 

showed distinct similarities between the expression profiles of RG from the 

developing mouse and ependymomas arising from the corresponding 

region in the human CNS; suggesting that transformed RG could be the 

stem cells of origin in ependymoma (Taylor, Poppleton et al. 2005). 

Neuroepithelial cells are the earliest progenitors in the CNS and are 

the immediate precursors of RG. They express CD133, Nestin and the 

radial glial marker RC2. RG on the other hand express all the 

aforementioned proteins in addition to GLAST (Glutamate transporter)-an 

astroglial marker and BLBP (Brain Lipid Binding Protein) (Fishell and 

Kriegstein 2003, Gotz and Huttner 2005). When stem cell enriched 

neurospheres were isolated from ependymoma by Johnson et al. at a 

frequency of 0.34 to 0.74% per tumour sample; they also had 

CD133+/Nestin+/ RC2+/BLBP+ immunophenotype. In addition, they were 

capable of establishing orthotopic brain tumours in mice with expression 

profiles similar to the parent tumours (Johnson, Wright et al. 2010). Similar 

to CSCs described in section 1.4, these ependymoma derived transformed 

RG expressed surface markers such as CD133, formed self-renewing 

neurospheres and finally recapitulated orthotopic tumours in mice. These 

properties strongly indicated that RG were the CSCs in ependymoma. 

Similar to normal stem cells described in section 1.4, RG undergo 

asymmetric division (depicted in Figure 1.8) to form a daughter stem cell 

and a differentiated cell. Dysregulation of this process through loss of 

adherin junctions which affect cell polarity, anomalous expression of Emx2 

(Homeobox protein Emx2) or PAX6 (Paired box protein PAX6) which 

control asymmetric division of RG or aberrant signalling pathways such as 

Notch signalling in ST ependymomas culminate in tumorigenic 

transformation (Poppleton and Gilbertson 2007). 
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balance. Docosahexaenoic (DHA), oleic, linoleic, and elaidic acid are its 

primary binding substrates (De Rosa, Pellegatta et al. 2012, Phuchareon, 

Overdevest et al. 2014).  

Several studies have investigated the prognostic value of BLBP in 

cancer. BLBP expression has been associated with poor prognosis in renal 

cancer (Tolle, Krause et al. 2011), adenoid cystic carcinoma of the salivary 

glands (Phuchareon, Overdevest et al. 2014) and aggressive triple-negative 

breast cancer (Tang, Umemura et al. 2010). Furthermore, nuclear 

translocation of BLBP has been associated with epidermal growth factor 

receptor activation (Feng, Hatten et al. 1994) and glioblastomas which co-

expressed BLBP and EGFR were shown to have a poor prognosis (Liang, 

Bollen et al. 2006). Taken together, these studies point out the strong 

prognostic potential of BLBP in stratifying cancer patients. Combined with 

evidence of it being marker of transformed RG, it is hypothesised in this 

study that BLBP could be useful tool in identifying high risk ependymoma 

patients. 

BLBP expression has been shown to promote invasion and migration 

in glioma derived cell lines (De Rosa, Pellegatta et al. 2012) whilst its 

knockdown decreased proliferation and migration in renal carcinoma as well 

as melanoma cell lines (Slipicevic, Jørgensen et al. 2008, Tolle, Suhail et al. 

2011). Goto et al. also reported that the BLBP antigen was detected in 56% 

of melanoma patients and could be a potential target for immunotherapy in 

this tumour type (Goto, Matsuzaki et al. 2006). All these studies highlight 

the possible functional role of BLBP in cancer maintenance and spread; but 

the exact mechanism by which it may be doing so still needs more 

research. 

There is growing support for a global alteration in the metabolome of 

cancer cells that provides a growth and survival advantage that may be 

specific to various stages of tumour progression (Yoshida 2015). Cancer 

cells depend on energy inefficient mechanisms such as glycolysis in 

normoxic conditions (Warburg effect) instead of oxidative phosphorylation 

employed by normal cells to produce ATP (Manzi, Costantini et al. 2015). In 
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addition to formation of lactate, a proportion of pyruvate (produced as a 

result of glycolysis) also gets converted to fatty acids (FAs) via de novo 

synthesis employing enzymes such as fatty acid synthase and acetyl-coA 

carboxylase. These FAs are then used to produce energy via � -oxidation or 

production of phospholipids which are essential components of biological 

membranes (Wu, Daniels et al. 2014). Since BLBP chaperones these FAs 

intracellularly, it is plausible to believe that BLBP expression could give 

cancer cells a survival advantage and help them to thrive in the altered 

microenvironment. Lipids are the major components constituting up to 50% 

of the neural membrane in the brain. BLBP partners such as DHA 

(docosahexanoic acid), EPA (ecosapaentanoic acid), and AA (arachidonic 

� ��� � � ���� � 	 
 � � � � �
 	�� � �� �� �� � �� �� �� � 	  and are essential for 

membrane organisation, permeability, elasticity as well as formation of 

docosanoids and eicosanoids (Tapiero, Ba et al. 2002, Stillwell and Wassall 

2003). They are taken up from the plasma by passive diffusion or via fatty 

acid translocases (CD36) and are intracellularly shuttled by BLBP (Chen, 

Green et al. 2008). These FAs shuttled by BLBP have also been proposed 

to be essential in modulating activity of PPAR transcription factors as 

depicted in Figure 1.9 (Mita, Beaulieu et al. 2010). PPARs are members of 

the nuclear receptor superfamily of transcription factors, known for their 

critical role in the development of different diseases, including obesity, 

cardiovascular disease, type-2 diabetes and cancer (Berger and Moller 

2002). De Rosa et al. reported that the BLBP promoter had a PPRE 

(Peroxisome Proliferator Response Element); which indicated that in 

addition to other genes, PPARs (especially � � �� �  subtypes) so transcribed 

BLBP. This finding was further supported by the observation that treatment 

of glioma cell lines by PPAR antagonists diminished expression of BLBP 

(De Rosa, Pellegatta et al. 2012). The nature of the FA translocated by 

BLBP has been shown to differentially modulate the gene expression by 

PPARs. Whilst the � -3 FA DHA was shown to mitigate proliferation in 

gliomas and medulloblastomas by inhibition of genes such as p53, NF-� B 

and PI3-Kinase (Wang, Bhat et al. 2011); � -6 FA AA was reported to 

promote cell migration in gliomas (Martin, Robbins et al. 1996). The genes 

inhibited/ activated by nuclear translocation of AA have not yet been 
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cells a metabolic survival advantage, but also promote 

migration/proliferation by modulation of transcription by PPARs. Therefore 

this study tests the hypothesis that BLBP expression and function could be 

important in ependymomas. 

1.6 DNA damage, repair and MGMT 

Human cells are exposed to mutagens on a regular basis; this 

exposure results in damage to DNA in the form of mutations. There are 

various intracellular repair mechanisms which are activated in response to 

DNA damage; these include recognition and signalling to denote the 

presence of damage, removal of damage, and subsequently, DNA repair. If 

the cell accumulates these mutations and loses the ability to repair them, 

then a series of signal transduction pathways are activated which either 

culminates into cellular apoptosis or unregulated cell growth. The latter 

causes malignant transformation. Therefore, the proper functioning of DNA 

repair mechanisms is essential for maintaining the integrity of the genome 

and for the normal functioning of an organism.  

There are seven major DNA repair pathways: direct DNA repair, 

base excision repair (BER), nucleotide excision repair (NER), mismatch 

repair (MMR), homologous recombination (HR), non-homologous end 

joining (NHEJ) and trans-lesion synthesis (TLS) (Kuhn and Von Wartbung 

1967, Radice, Bunn Jr et al. 1979, Kennedy and D'Andrea 2006). In 

general, BER, NER and MMR pathways are all involved in the repair of 

single DNA strand damage whilst the HR and NHEJ pathways repair DNA 

double strand breaks and crosslinks. 

Alkylating agents such as temozolomide (TMZ) and lomustrine 

(BCNU)/ carmustine (CCNU) produce several adducts with DNA. As 

mentioned in section 1.2.4.3.4, the highly toxic O6-MeG lesions caused by 

TMZ are repaired directly by MGMT (Wedge, Porteous et al. 1996) while 

N7-MeG and N3-MeA are removed via the BER pathway (Dantzer, 

Schreiber et al. 1999). 
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MGMT is of particular interest in cancer research because it has a 

role in the prevention, pathogenesis as well as treatment resistance 

witnessed in cancer.  

MGMT serves as a DNA repair mechanism in normal tissues, 

protecting the genome from mutagenic lesions. O6-MeG is a tumorigenic 

lesion and MGMT is crucial in defending against neoplastic transformation. 

This has been confirmed in several in vivo experiments in animal models 

(Zagon and McLaughlin 1981, Jun, Ro et al. 1986, Nakatsuru, Matsukuma 

et al. 1993, Becker, Gregel et al. 2003). Therefore, individuals with no or 

low MGMT expression in brain tissue might be susceptible to brain tumour 

development (Silber, Blank et al. 1996). It has therefore been proposed that 

this protective property of MGMT can be harnessed through gene therapy 

to protect normal tissues from the toxic effects of chemotherapy (Gerson 

2004). 

MGMT expression in several cancers has been associated with poor 

response to alkylating agents and thus, dismal prognosis (Jiang, Dong et al. 

2014, Ogura, Tsukamoto et al. 2015, Walter, van Brakel et al. 2015). MGMT 

has therefore emerged as a target for inhibition to potentiate the anticancer 

efficacy of alkylating agents. O6-benzyl guanine (O6-BG) and O6-(4-

bromothenyl) guanine (lomeguatrib) are pseudosubstrates of MGMT which 

irreversibly inactivate MGMT by transferring the benzyl moiety or 

bromothenyl group to the active cysteine pocket respectively (Dolan, 

Moschel et al. 1990). Pre-clinical studies with these agents have shown a 

lot of promise due to their ability to potentiate response to chemotherapy 

(Wedge and Newlands 1996, Middleton, Kelly et al. 2000, Barvaux, Lorigan 

et al. 2004, Clemons, Kelly et al. 2005). O6-BG is currently employed in 

several clinical trials; however, due to its  non-specific effect on normal 

tissues, a high level of chemotherapy induced haematological toxicity has 

been reported (Friedman, Pluda et al. 2000, Quinn, Pluda et al. 2002, Khan, 

Ranson et al. 2008, Tawbi, Villaruz et al. 2011). Therefore, there is a need 

to develop novel drug delivery methods which could enhance the specificity 

and tumour toxicity of these compounds. An alternative approach was 

recently proposed by Zhang et al., who demonstrated that some of the new 
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imidazotetrazine TMZ analogues could create toxic alkylated DNA lesions 

which cannot be recognised and repaired by MGMT. However, many of 

these analogues were prone to rapid activation following oral administration 

in nude mice; resulting in a sub-optimal tumour response (Zhang, Stevens 

et al. 2012). Therefore, similar to the aforementioned MGMT inhibitors, 

there is a need to develop novel delivery methods to improve the plasma 

stability and tumour toxicity induced by these agents.   

MGMT has also been shown to be downregulated in many cancers, 

providing further insight into its role in malignant transformation and in 

intrinsic drug sensitivity of cancers. Loss of chromosome 10 (MGMT gene 

location) was found in 60% �  85% of glioma cases (Rolhion, Penault� Llorca 

et al. 1999) and MGMT promoter methylation was witnessed in 45% - 70% 

of high grade gliomas (Blanc, Wager et al. 2004, Stupp, Hegi et al. 2006). 

Hence, both are proposed to be common mechanisms of MGMT loss. 

Clinical evidence suggests that patients with MGMT promoter methylation 

respond better to alkylating agents such as carmustine or TMZ in 

combination with radiotherapy (Hegi, Diserens et al. 2005, Hegi, Liu et al. 

2008). Thus, MGMT promoter methylation has been deemed as a marker of 

favourable outcome in patients treated with alkylating agents. 

TMZ has been employed as a part of adjuvant regimen post-surgery 

as well as salvage therapy in ependymoma patients who fail respond to 

surgery and radiotherapy (Lombardi, Pambuku et al. 2013, Komori, 

Yanagisawa et al. 2016). However, similar to other chemotherapeutic drugs, 

there is a paucity of studies reporting any survival benefit from it 

(Chamberlain and Johnston 2009, Khoo, Kishima et al. 2013, Lombardi, 

Pambuku et al. 2013). Overexpression of MGMT in a small patient cohort of 

anaplastic recurrent ependymomas using immunohistochemistry reported 

by Buccoliero et al. could be an indication of its potential role in their 

chemo-resistant nature (Hegi, Diserens et al. 2005, Buccoliero, Castiglione 

et al. 2008). In ependymomas, there have been a few studies which have 

reported lack of MGMT promoter methylation (Michalowski, de Fraipont et 

al. 2006, Buccoliero, Castiglione et al. 2008); this is consistent with 

ependymoma patients showing poor response to TMZ. In contrast, a study 
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by Koos et al. reported that a subset of patients did in fact show low levels 

promoter methylation; with a negative trend in methylation status with an 

increase in grade. This result once again reiterated that MGMT expression 

might underlie the high level of chemoresistance in ependymomas (Koos, 

Peetz-Dienhart et al. 2010).  

In conclusion, this study investigates the gene expression and 

promoter methylation of MGMT in large ependymoma patient cohorts and 

also elucidates the prognostic value of MGMT protein expression in 

stratifying ependymoma patients. Furthermore, it also examines the 

therapeutic efficacy of circumventing MGMT via a novel imidazotetrazine 

analogue of TMZ in in vitro models of ependymoma. 
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1.7 Aims and hypothesis 

This study hypothesises that CSCs could be responsible for the 

chemoresistant and invasive behaviour of ependymomas. CSCs function 

through acquisition and accumulation of several resistance mechanisms 

which confer them with a survival advantage to thrive in the tumour 

microenvironment. This study investigates the expression and functional 

roles of multi-drug transporter ABCB1, radial glial stem cell marker BLBP 

and DNA repair enzyme, MGMT in poor prognosis of ependymoma with 

particular emphasis on the role of CSCs. 

This thesis has the following aims: 

�  To investigate if the expression of ABCB1, BLBP and MGMT 

correlates with poor prognosis in 2 European paediatric ependymoma 

trial cohorts. 

�  To investigate if ABCB1 inhibition by PDE5 inhibitor vardenafil can 

overcome chemoresistance and invasion in in vitro models of 

ependymoma.  

�  To investigate if the BLBP partner DHA and BLBP inhibition by PPAR 

antagonists can help overcome chemoresistance and invasion in in 

vitro models of ependymoma. 

�  To assess the efficacy of the N3-propargyl analogue of TMZ in 

inducing toxicity in ependymomas, by circumventing MGMT induced 

resistance.  
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Public gene expression data analysis 

Publicly available gene expression datasets accessible on the r2: 

Genomics Analysis and Visualisation Platform (http://r2.amc.nl) were 

downloaded and analysed in IBM SPSS Version 22. Four ependymoma 

datasets were used to carry out analyses: the Gilbertson dataset [Affymetrix 

U133 Plusv2 microarray, n=83, (Johnson, Wright et al. 2010)]; the Witt 

dataset [Heidelberg - Agilent two colour 4x44K Microarray, n=75, (Witt, 

Mack et al. 2011)]; the Mack dataset [Toronto - Affymetrix Exon 1.0ST 

Array, n=102, (Witt, Mack et al. 2011)] and Hoffman dataset (Affymetrix HG-

U133 Plus 2 GeneChip microarray, n=14, (Hoffman, Donson et al. 2014)]. 

Whilst the Witt and the Mack datasets were published as part of the same 

study; they represent 2 independent cohorts of ependymoma patients from 

hospitals in Heidelberg and Toronto respectively. 

2.2 Paediatric ependymoma trial cohorts 

The tissue microarrays screened in this study comprised samples 

from two different paediatric intracranial ependymoma clinical trial cohorts 

where patients had received no previous neoadjuvant therapy (Table 2.1). 

The first UK CCLG 1992 04 (CNS9204) trial cohort consisted of patients 

aged less than 3 years at diagnosis who were treated with adjuvant 

chemotherapy (vincristine, carboplatin, methotrexate, cyclophosphamide, 

and cisplatin �  4 courses, 14 day intervals) following maximal resection. 

Radiotherapy was only given to these patients if progressive disease 

(relapse) was identified by neuro-imaging. Of the 89 patients included in this 

study 60 samples were available for tissue microarray analysis. The second 

cohort was from the SIOP Ependymoma I clinical trial (CNS9904) and 

consisted of patients aged over 3 and less than 21 years at diagnosis. 

Treatment for these patients involved either complete resection, followed by 

radiotherapy within 4 weeks or incomplete resection followed by further 

surgery then radiotherapy or radiotherapy combined with chemotherapy 

(vincristine, etoposide and cyclophosphamide). Of the 89 patients included  
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Variable  
CNS9204 

(n=60) 

CNS9904 

(n=47) 

 

P value 

Gender 
Male 39 (65%) 20 (42.5%) 

0.03 
Female 21 (35%) 27 (57.5%) 

Resection Status 
Complete 28 (46.67%) 23 (48.93%) 

0.84 
Incomplete 32 (53.33%) 24 (51.07%) 

Grade 
WHO primary tumour Grade II 33 (55%) 28 (59.57%) 

0.69 
WHO primary tumour Grade III 27 (45%) 19 (40.43%) 

Tumour Location 
Posterior fossa (PF) 53 (88.33%) 28 (59.57%) 

0.001 
Supratentorial (ST) 7 (11.67%) 19 (40.43%) 

Age 
< 3 years 59 (98.33%) 2 (4.26%) 

<0.001 
> 3 years 1 (1.67%) 45 (95.74%) 

Status 
Dead 29 (48.33%) 19 (40.42%) 

0.31 
Alive 31 (51.67%) 28 (59.57%) 

Event occurred 

 (relapse/death) 

Event 40 (66.67%) 26 (55.31%) 
0.31 

No event 20 (33.99%) 21 (44.69%) 

Table 2.1  Clinicopathological characteristics of paediatric ependymoma patient samples from each of the two E uropean trial 
cohorts, UKCCLG 1992 04 (CNS9204) and SIOP Ependymoma I (CNS9904).  
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in this study, 47 samples were available for tissue microarray analysis. The 

only significant differences between the trial cohorts, apart from age and 

axiomatic treatment, were tumour location (p=0.001) with the majority being 

infratentorial in the younger CNS9204 trial cohort, and sex (p=0.031) where 

there were almost double the incidence of males in the CNS9204 samples. 

Triplicate cores of 5 µm diameter were embedded in a tissue microarray 

paraffin block for each sample after review by a neuropathologist (Prof. Jim 

Lowe). 

2.2.1 Statistical analysis 

Univariate and multivariate survival analyses to assess the feasibility of the 

prognostic markers assessed in this study were performed using IBM SPSS 

Version 22. 

2.3 Cell culture and cell based assays 

2.3.1 Origin of cell lines and cell culture 

Five paediatric ependymoma derived cell lines were used in this 

study. The clinicopathological details of the patients from whom these cell 

lines were derived are provided in Table 2.2.  

Table 2.2 Clinicopathological details of paediatric ependymoma cell l ines. 

Cell line  
Patient 

details  
Diagnosis and WHO Grade  

BXD-1425EPN (Baylor -

Xenograft Derived) (Yu et 

al, 2010) 

9 year old 

male 

Recurrent anaplastic Ependymoma 

 (Grade III) 

EPN1 (Hussein et al, 

2011) 

22 year old 

male 
Recurrent Ependymoma (Grade II) 

EPN7 (Unpublished) 
3.6 months 

old female 
Anaplastic Ependymoma (Grade III) 

EPN7R (Unpublished) 
1.8 years old 

female 
Recurrent Ependymoma (Grade II) 

DKFZ-EP1 (Till et al, 

2009) 

18 year old 

female 

Primary anaplastic Ependymoma 

(Grade III) 
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2.3.4 Snap freezing of cell pellets 

After harvesting cells as described in section 2.3.2, cell suspensions 

were centrifuged at 200 g for 5 minutes. The supernatant was discarded 

and the pellet was washed with 1 ml of phosphate buffered saline (PBS). 

The cell suspension was then transferred to a 1.5 ml eppendorf tube and 

centrifuged again at 200 g for 5 minutes. After discarding the supernatant, 

the eppendorf was dropped into a dewar flask containing liquid nitrogen (-

210 °C). Pellets were stored at - 80 °C for fu ture analysis. 

2.3.5 Preparation of cell line stocks 

Cells were harvested as described in section 2.3.3. They were then 

transferred to a 50 ml falcon tube and were centrifuged at 250 g for 5 

minutes. The supernatant was then discarded and the cells were re-

suspended in FBS containing 10 % DMSO (dimethyl sulfoxide, Sigma) at a 

concentration of 1x106 cells/ml.  1 ml of suspension was aliquoted into 

cryovials and placed at -� � �� � � � freezing container (Nalgene). Twenty 

four hours later, cells were transferred to liquid nitrogen for long term 

storage. 

2.3.6 Neurosphere culture 

Cells cultured as monolayers were harvested as described in section 

2.3.3. The supernatant was discarded and the cell pellets were re-

suspended in stem cell media [Serum free high glucose DMEM ( 4.5 g/l 

glucose, GIBCO), with addition of 2% B27 supplement (GIBCO), 33% 

�
�

� 	
 � -12 solution (GIBCO), 5 ng/ml heparin (Sigma), and 1% 

streptomycin/penicillin (Sigma)] supplemented with 20 ng/mL basic-

fibroblast growth factor (bFGF; GIBCO) and 20 ng/mL of epidermal growth 

factor (EGF; GIBCO). To generate secondary neurospheres, primary 

neurospheres were dissociated into single cells by incubating them in 

accutase (Sigma) for 5 minute

� � � �� , followed by mechanical 

dispersion. These single cells were then divided into 2 flasks with freshly 

prepared stem cell media. 
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2.4 Viability assays 

2.4.1 Clonogenic assay 

The clonogenic assay is based on the ability of a single cell to form a 

colony and helps assess the response to treatments such as chemotherapy 

and radiotherapy in a sub-population of cells (Franken, Rodermond et al. 

2006). In this study, it was used to evaluate the cytotoxic response in the 

CSC component of the BXD-1425EPN cell line to various drugs. The DKFZ-

EP1 and EPN1 cell lines did not form colonies; so the cytotoxic response 

was measured by the MTT viability assay described in section 2.4.2 

2.4.1.1 Cell plating 

Harvested BXD-1425EPN cells were passed through a 40 µm cell 

strainer (Falcon) to obtain a single cell suspension. 500 cells/ 3 ml media 

were plated into each well of a 6-well plate and incubated for 4 hours in a 

standard humidified 5% CO2-� �� �� �� � �� � � �� 	 
 �� � �� �  � � � � ��� ��� �� �� �� �

well. Since the principle of the experiment is based on the ability of a single 

cell to form a colony, treatments were begun before the cells divided. 

2.4.1.2 Drug treatment 

To establish dose-response curves for the chemotherapeutic drugs, 

cells were treated with etoposide (Sigma), vincristine (Sigma), 

temozolomide (TMZ, Sigma), N3-propargyl analogue of TMZ (Propargyl, 

Pharminox), methotrexate (25 mg/ml, GeneraMedix) and DHA (Cayman 

Chemical Company) at concentrations shown in Table 2.3. Duplicate plates 

were set up for each concentration.  To assess the potentiation of response 

to etoposide, vincristine and methotrexate; experiments were also set up in 

combination with the ABCB1 inhibitors, v
�� �

�
�

�
�

���


�� � � ��� �
�

��
�

��

v
��� �� �

 
� 

��
�

 


� !� ���� "
�� �� � �

#
� ��

�
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Chemical Company) and PPAR-(  
��� �

�
�� �

$
�

� )* +, ,� � !- � �� �
�

��
�

).  

Additional wells of cells were treated with only the drug vehicle to ensure 

lack of vehicle inflicted toxicity.  The maximum amount of drug vehicle 

(DMSO) was maintained at a concentration < 0.01% v/v to prevent toxicity.  
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Table 2.3 Drug concentrations employed in the clonogenic assay to treat the 
BXD-1425EPN cell line 

Cell line Drug 
Drug concentrations 

� ���  

BXD-1425EPN 

Methotrexate 0.005,0.01,0.02, 0.025,0.03 

Etoposide 1,5, 10, 15,20 

 

Vincristine 

 

0.005,0.01,0.02, 0.025,0.03 

TMZ 50,100, 200,300,400 

N3-propargyl analogue of 

TMZ 

 

5,10,20,25,30 

 

DHA 5,10,20,25,30 

 

2.4.1.3 Fixation and staining of colonies 

Wells were microscopically assessed on a daily basis to assess the 

number of cells in a colony. When the number of control cells colonies 

reached 50 or more (approximately equivalent to 6 doublings), the medium 

was aspirated and colonies were fixed with 4% paraformaldehyde (PFA) for 

20 minutes. 0.1% crystal violet was used to stain colonies for 5 minutes.  

Three 5 minutes PBS washes were carried out to wash out excess PFA and 

crystal violet. Stained colonies were counted and the average of duplicate 

wells over 3 experiments was analysed to produce dose-response curves. 

2.4.1.4 IC50 estimation and analysis. 

GraphPad Prism Version 6.0 was used to plot percentage of 

clonogenic survival against drug concentrations to establish dose-response 

curves. IC50 (half maximal inhibitory concentration of drug) values were 

� ��� �	 �� 
 � �� ��� �� �� ��� �� � �� �	 �	 �� � ��� � ��	 � �� 
 ��� 
� � �� � t-test was 

used to establish any significant differences between IC50 values for drugs 
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alone or in combination with ABCB1 inhibitors, DHA GW9662 and PPAR-
  

antagonist. 

2.4.2 MTT assay 

A metabolic assay was used to determine cytotoxic effect of drugs in 

the tumour bulk population, by employing the MTT Cell Proliferation kit 

(Roche). This assay is based on the principle of conversion of yellow 

tetrazolium MTT salt [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide)] to purple formazan crystals by metabolically active cells. 

2.4.2.1 Plating cells 

Cells were harvested as described in section 2.3.3 and counted 

using a haemocytometer. The number of cells plated per well for each cell 

line (BXD-1425EPN - 5000/well, DKFZ-EP1 - 6000/well and EPN1 - 

6000/well) was established following preliminary growth curve experiments 

to ensure that cells were in an exponential growth phase during the assay. 

100 � � �� �� e suspension of dislodged cells in medium was pipetted into 

each well of a 96 well plate. The cells were allowed to attach overnight 

before commencing drug treatments.  

2.4.2.2 Drug treatment 

Cells were treated in triplicate wells at concentration ranges for each 

drug as described in Table 2.4.  Experiments for etoposide, methotrexate 

and vincristine were also set up in combination with v� �� 	 � � �
�

� �
�

���

v� �
�

�
�

�
�

�
�


�

�
�

���
� ��

��
�

�� and PPAR- �  antagonist �� ���
� 

�� �
��

in order to assess if there was a potentiation of response. The assay was 

carried out for a period of 5 days except in the case of TMZ which was 

carried out for 7-8 days, since activation of the mismatch repair pathway 

(MMR) is essential for it to induce cytotoxicity. (Discussed in detail, Chapter 

1, section1,2.4.3.4) 
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Table 2.4 Drug concentrations employed in the MTT assay 

 

2.4.2.3 Detection 

10 �� �� � ��� � �� 	 
� � � � � �� 	 �� �� 
�� � � � � �� �� � �	 �� � 	 �� ��

for 4 hours, to allow the formation of purple formazan crystals. 100 µl of 

solubilisation reagent was then added to each well to dissolve the crystals 

whilst cells were incubated overnight at 37 °C to allow this to occur. The 

absorbance was read after 24 hours at a wavelength of 560 nm; with a 

reference wavelength of 650 nm using the FLUOstar plate reader (BMG 

labtech instruments) and the raw data from was downloaded from the 

Omega software (BMG labtech instruments). 

2.4.2.4 IC50 estimation and analysis. 

GraphPad Prism Version 6.0 was used to plot percentage cell 

survival against drug concentrations to plot dose-response curves. IC50 

values were estimated from these curves. The parametric unpaired 

Cell lines  BXD-1425EPN DKFZ-EP1 EPN1 

Drug 

concentrations 

� �� �  

Methotrexa

-te 

0.005, 

0.01,0.02,0.025, 

0.03 

1,2,5,10,12,15, 

17,20 
N/A 

Etoposide 10,20,50,70,100 
10,20,50,70, 

100 
N/A 

Vincristine 
0.005,0.01,0.02, 

0.025,0.03 
0.5,1,2,2.5,3 N/A 

TMZ 

100,150,200, 

250,300,350, 

400,500 

100,150,200, 

250,300,350, 

400,500 

100,150,200, 

50,300,350, 

400,500 

N3-

propargyl 

analogue 

50, 100, 

120,150, 200, 

250 

50,100, 

120,150, 200, 

250 

50,100,120, 

150, 200, 

250 

DHA 5,10,20,25,30 5,10,20,25,30 
5,10,20,25, 

30 
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stu� �� � �� t-test was used to establish any significant differences between 

IC50 values for drugs alone or in-combination with ABCB1 inhibitors, DHA 

and PPAR-
  antagonist GW9662. 

2.4.3 Neurosphere alamar blue assay 

In order to assess the effect of the BLBP inhibiting PPAR antagonists 

on ependymoma stem cells derived from the DKFZ-EP1 cell line, a 

neurosphere alamar blue assay was performed. 

2.4.3.1 Plating cells and treatment 

Neurospheres were dissociated into single cells as described in 

section 2.3.6. 5000 cells were then plated in each well of an ultra-low 

attachment (ULA) 96-well round bottom plate (Corning) in stem cell medium 

enriched with growth factors. The cells were then centrifuged at 100 g for 5 

minutes and returned in to a standard incubator at 37 ºC and 5% CO2. Once 

the spheroids had formed on day 3, they were treated with PPAR 

� � �� �� � 	 ��� �� �� � � �� ���� � ������ � � � �� � � � � �� ��  !� �� � "� #� � �� �

obtained every 24 hours for 3 days to assess change in neurosphere 

diameter. 

2.4.3.2  Detection  

The viability was measured by using Alamar Blue® (Life 

Technologies).  The Alamar Blue reagent was diluted in tumour media, at 

1:10 dilution, and 100 µl was added to each well. The cells were incubated 

� � �
$ %& '

� # � � ! 	 �
(

��� �
)

� ��
* +

� � � � ��
'* (

� #� � �� � �� "� � ! � � �
(

#�� � � � ��

FLUOstar pl� �� #�� � � # ,- ��
*

� . �� �� 	 � ��#
(

!� � �� / � � 0 ex=560nm, 1 em=5nm, 

and 0 cutoff=570nm. 

2.4.3.3 Analysis 

The percentage cell survivial was assessed for each treatment using 

GraphPad Prism Version 6.0 to produce a bar chart. 
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2.5 Wound healing assay 

To investigate the effect of ABCB1 and BLBP inhibition on the 

migratory nature of ependymoma cells, an in vitro wound healing assay was 

performed (Liang, Park et al. 2007).This assay is based on making a 

scratch (wound) on confluent cells in a 48-well plate (Corning) and then 

measuring the ability of cells to migrate to close the wound. Photos were 

taken at fixed time intervals at 3 points, to track the migration until the 

wound had completely closed.  

BXD-1425EPN and DKFZ-EP1 monolayers were harvested as 

described in section 2.3.2 and then seeded into a 48-well plate at a plating 

density of 30,000 and 40,000 cells per well respectively in 500 �� �� � � � ���

tumour medium (15% FBS in 1g/L low glucose DMEM). The plate was then 

incubated overnight to allow cell attachment in a standard incubator at 37 

ºC and 5% CO2. Once the cells had attached and reached 100% 

confluency, a scratch was made in each well using a yellow P200 tip 

followed by 3 washes with � 	 	 �� HBSS to ensure that the dislodged cells 

did not r

�� � �

�� 
�	 	 ��

��
�

�� ��
�

�

�

�
�

�
� � �

� 

� ���



� �

� 

�

�� �

� �

  Cells 

were treated either with vehicle (DMSO), ABCB1 inhibitors [ �� � ��	 ���
�

�

��
�

� �
�

	 ���
] or PPAR antagonists [FH535, GW0660, GSK9662 

��
�

� ��

each] or DHA �� 	 ���


�
�� 


�
�

��



� � �
�

�



� � �



��
�

� �  the cells, the plate was 

placed back into the incubator. In order to accurately identify the effect of 

ABCB1 and BLBP inhibition on cell migration, at least 3 independent 

experiments were performed each with internal triplicates. 

Pictures were taken using a Cannon DS126431 camera every 4 

hours for BXD-1425EPN or 8 for the DKFZ-EP1 cell line for over a 24 and 

48 hour period which were their respective doubling times. This was done to 

ensure that the wound closure occurred as a result of migration and not 

proliferation. The ImageJ program was used for quantifying the cell 

migration response by measuring the approximate wound width at 3 

random points for each image in order to determine the relative wound 

closure. It is designated to be zero at time zero and 100% when the wound 

had completely closed as a result of cell migration. 
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The data was exported into Microsoft Excel to calculate the 

percentage wound closure and GraphPad Prism Version 6.0 was used to 

plot the calculated percentage wound closure against time for various 

treatments. These response curves were then used to determine the T1/2 

(time required for 50% increase in wound closure). The parametric unpaired 

�� � � �� � �� t-test was used to establish any significant differences in the T1/2 

values between treated and untreated (vehicle treated) conditions. 

2.6 Invasion assay 

In order to measure the effect of ABCB1 and BLBP inhibition on the 

invasive nature of ependymoma cell lines; a 3D spheroid invasion assay 

was performed. The assay was based on the ability of the cells to digest 

and invade through the basement membrane mimicking CultrexTM 

basement membrane extract (BME-Trevigen) over a period of time. BME is 

a soluble form of basement membrane purified from Engelbreth-Holm-

Swarm (EHS) tumour which gels at 37°C when reconstituted in RPMI 

medium. Its major components include laminin, entactin, collagen-IV and 

heparin sulfate proteoglycan. 

BXD-1425EPN cells were sub-cultured as in section 2.3.2 and 5,000 

cells were plated in a 96-well ultra-low attachment (ULA) 96-well round 

bottom plates (Corning) in 100 µl tumour media. The plate was placed in a 

standard incubator at 37 ºC and 5% CO2 for 3 days. On day 3, the cells 

were centrifuged at 100 g for 5 minutes in order for cells to come together to 

form spheroids by day 4.  

The BME was diluted to 6 mg/ml (working stock) with cold TGA 

medium (1 % L-glutamine in phenol red-free RPMI-1640) and stored on ice. 

On day 4, the tumour medium was replaced with 2 mg/ml BME TGA 

medium (Sigma). This procedure was carried on a plate warmer heated to 

37 oC to facilitate BME polymerisation. Plates were transferred into a 5% 

CO2 incubator (37 oC) for approximately 1 hour before adding 50 µl of 

tumour medium overlay containing  �� � 	 
�� ������ ��� �� � ���� ��� � �� �

���� 
��

�� � � M) and PPAR antagonists [FH535, GW0660, GSK9662 at 
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Protein Based assays  

2.7 Immunohistochemistry (IHC) 

IHC refers to a method used to identify discrete tissue components 

by the interaction of target antigens with specific antibodies tagged with a 

visible label.  

In this project, IHC was used to detect protein expression of ABCB1, 

BLBP and MGMT on control tissues initially to optimise each experiment 

and then on Tissue Micro-Arrays (TMAs) built from the two European 

paediatric ependymoma trial cohorts (CCLG 1992 04 / CNS9204 and SIOP 

Ependymoma I / CNS9904 - described in section 2.2). 5 µm thickness 

sections from paraffin embedded blocks of tissue or TMA were cut using a 

microtome and collected onto 3-aminopropyltriethixysilane (APES) coated 

slides. The sections were then de-paraffinised and rehydrated by immersion 

in decreasing concentrations of organic solvents (xylene, 100% ethanol and 

95% ethanol) and then running tap water respectively. Details of various 

antigen retrieval techniques carried out for the different antibodies studied 

are provided in Table 2.5. To prevent non-specific background signal, slides 

were blocked with peroxidase blocking solution (Dako). The sections were 

then incubated with primary antibody (dilution and incubation time shown in 

Table 2.5) in a humidified chamber and for 1 hour with the horse radish 

peroxidase (HRP) tagged secondary antibody provided in the Dako kit. 

Slides were washed with PBS (phosphate buffered saline) in between 

steps, to get rid of excess antibody/ blocking solutions. The Dako Chemate 

Envision Antigen Detection kit (Dako, UK) was used to detect the attached 

primary antibody. Detection was carried out using 3,3'-diaminobenzidine 

(DAB) �� ��� ���� � � � 	
 �� � 
� � 
 ��  ����� 
� � � � � �� �  � �� �� � �� ���

instructions (Dako).  

Sections were counter-stained with haematoxylin and then treated 

with lithium carbonate until the nuclei turned blue. After a wash with water, 

sections were dehydrated with increasing concentrations of organic 

solvents (95% ethanol and 100% ethanol and xylene) before mounting with 

a coverslip using DPX (Distrene, Plasticiser, Xylene-Sigma).  
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Table 2.5 List of antibodies used for IHC 

 

Primary  

antibody 
Supplier Species Dilution 

Antigen 

retrieval 

Incubation 

conditions 

Staining 

 patterns 

Positive 

 control 

ABCB1 

(C219) 
Calbiochem Mouse 1:40 

Pressure 

cooker 
Overnight at 4°C Membranous Liver 

BLBP 

(ABN14) 
Millipore Rabbit 1:500 Seamer 

Room 

temperature, 1 

hour 

Nuclear and 

cytoplasmic 

Foetal 

brain 

MGMT 

(MAB16200) 
Millipore Mouse 1:50 Steamer Overnight at 4°C Nuclear Tonsils 
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Images were obtained at a 40x magnification using the Olympus DP-

25 light microscope and processed using the CellB version 2.5 Olympus 

Imaging Software. 

2.8 Western blotting 

Western blotting is a semi-quantitative method used to identify a 

specific amino acid sequence in proteins. It was used to detect MGMT, 

MLH1 and MSH6 protein expression in the cell lines. The house keeping 

protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to 

check for equal loading of samples.  

2.8.1 Protein lysate preparation 

Protein lysates were prepared by incubating the cell pellets in 50-100 

� � �� ���� � � � �� 	 
 ��  	� � �� � � � � 	 	�� �� � � �  the size of the cell pellet. This 

was followed by incubation for 20 minutes on ice before being centrifuged 

for 30 minutes at 12,500 g at 4 °C. The supernatant (protein lysate) was 

then transferred to a fresh eppendorf tube and stored at -80°C fo r future 

analysis. 

2.8.2 Protein quantification and sample preparation 

A Bradford assay was used to determine the concentration of protein 

in the lysate sample by comparison to known concentrations of BSA (bovine 

serum albumin) determined using a spectrophotometer. BSA standards 

were prepared by adding 1, 5, 10, 15, 20, 30, 40 
� � ��

a 1 
� �

��
�

��
� �

�
�

��

to a 96 well plate and making each well up to 200 
� �

�
�

�� 25 % v/v solution 

of the protein assay dye reagent (Coomassie Brilliant Blue G-250-Bio-Rad) 

in distilled water. A blank well, containing 200 
� � ��

��
	 � �	 
	

�
�	�

� ��
�

used to correct the readings to any background signal. 2-5 
� � � � 	

� ��
���

� �
	

sample was added to separate wells and made up to 200 
� �

�
�

��
� �	

� �
�

� �

the standards and the samples were prepared in triplicates. The 

absorbance of the standards and samples was read using a FLUOstar plate 

reader (BMG labtech instruments) at a wavelength of 595nm and data was 

processed using the Omega software. The standard curve for increasing 

concentrations of BSA was plotted to obtain a linear equation in Microsoft 
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Excel. This equation (y = mx + c; m = slope, c = 0 since the line passed 

through the origin) was used to deduce the concentration of various lysates. 

 The required volumes of lysates were put into fresh eppendorf tubes 

with 20 � �� ��� � �� 	
�� � � ��  �� �� � � ��� � -mercaptoethanol. These were 

then heated at 95 °C for 5 minutes in order to break the tertiary and 

secondary structures of the protein and to ensure the uniform spread of 

negative charge across the linearised protein surface. 

2.8.3 Gel electrophoresis 

Gel electrophoresis was performed to separate the negatively 

charged proteins on the basis of size. The Mini-Protein III system (Bio-Rad) 

was used to prepare and run a SDS-PAGE gel. The gel cassette was 

prepared according to the manufacturer�
�  instruction. After cleaning all 

glass plates with trigene, water and ethanol, short glass plates and larger 

1.5 mm spacer plates were put into the glass plate casting frame which was 

clamped into the casting stand. Distilled water was added between the 

glass plates for 5-10 minutes to ensure lack of leakage.  

4 ml of 10-15 % (depending on protein size) of lower gel (resolving 

gel) was prepared (Appendix A2) and immediately poured between the two 

glass plates to 2 cm below the top of the small glass plate. The gel was 

covered with a layer of 70 % ethanol to exclude any air and to ensure the 

gel surface was levelled and was then allowed to set for 1 hour.  2.5 ml of 

the upper gel (stacking gel) was prepared (Appendix A2) and added on top 

of the polymerised lower gel after absorbing the ethanol using a Whatmann 

filter paper.  A 15 lane 1.5 mm comb (BioRad) was gently inserted into the 

stacking gel to create sample wells, and the gel was left to polymerise for 

30 minutes. Once polymerised the wells were washed with electrode buffer 

(Appendix A1) using a syringe. The samples were loaded into the wells 

alongside 7.5 � � �� � ��
 � � �
 � � � � ��� � ��� �� � �  ! "� �� �
  � � � #�  V in a 

gel tank (BioRad) containing the electrode buffer for about 2 hours until the 

bromophenol blue dye had just run off the end. 
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Table 2.6 List of antibodies used in Western blotting 

 

  

Primary  

antib ody  
Supplier   Species 

Protein size 

(KDa) 
Dilution 

Incubation 

conditions 

MLH1 
BD Transduction 

Laboratories 
Mouse 86 1:1000 Overnight at 4°C 

MSH6 
BD Transduction 

Laboratories 
Mouse 160 1:2000 Overnight at 4°C 

MGMT Millipore Mouse 19 1:50 Overnight at 4°C 

GAPDH Ambion Mouse 36 1:1000 
Room temperature, 1 

hour 
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2.8.4 Transfer of proteins onto a membrane 

 A piece of Amersham Hybond P membrane (GE Healthcare) was 

cut which was the same size as the gel and was activated with methanol for 

10 seconds followed by washes with water for 5 minutes, before placing in 

transfer buffer (Appendix 1) for 10 minutes. The upper gel was discarded 

and the lower gel was carefully detached from the glass plates and placed 

onto the membrane. Two pieces of filter paper and sponges were placed 

underneath and on top of the gel-membrane assembly. It was ensured that 

there were not any bubbles between the membrane and the gel as this 

would hinder the protein transfer. The whole assembly was placed into a 

blotting cassette, and then into a transfer tank (BioRad) filled with chilled 

transfer buffer  and was run either overnight at 58 mA or for 2 hours at 200 

mA at 10 °C. 

2.8.5 Antibody treatment: 

Following transfer the membrane was carefully removed from the 

cassette assembly and placed in 5% blocking solution [5% w/v Marvel milk 

powder in TBS-T (Appendix A1)] for an hour to block any non-specific 

antigens. After 2 X 5 minutes rinses with TBS-T, the membrane was probed 

with the primary antibody (details of incubation times are shown in Table 

2.6) with gentle shaking on a rocker. This step was followed by 3 X 5 

minutes washes with TBS-T to get rid of excess antibody and incubation for 

an hour in the appropriate HRP-conjugated secondary antibody (Cell 

Signalling), diluted 1 in 2000 in TBS-T. The excess secondary antibody was 

washed away with 3 X 5 minutes washes of TBS-T and 1 X 5 minutes wash 

of TBS (Appendix A1).  

2.8.6 Enhanced chemiluminescence (ECL) detection: 

The membrane was then placed on a piece of saran wrap and not 

allowed to dry out at any point. Equal volumes of luminol and enhancer 

solution (ECL kit, GE Healthcare) were mixed and immediately poured over 

the membrane and then left at room temperature for 5 minutes. The excess 

solution was dabbed off the membrane which was then wrapped in the 

saran wrap and placed into an x-ray cassette. In the dark room, a piece of 
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photographic film (Kodak bio-max) was laid over the membrane for varying 

exposure times depending on the intensity of the chemiluminiscent signal. 

The film was developed using the Ilford PQ developing solution (0.01 %v/v). 

The size markers were labelled on the film so as to confirm the detection of 

the correct protein and the membrane was saved in TBS-T at 10 °C for 

further use. 

Gene based assays 

2.9 RNA extraction 

RNA extraction from cell pellets was performed using a mirVana kit 

��� � � �� �� 	
 � � � ��� �� � � � � ��� � �� �� ��� ��� ��� �� � ��� � ��� � � �� � �� �� � �

were stored previously at -80 � � �� �� � �� � � � � �� � � �� � � � ��� � � � � ��� � � ��� � �

and were vortexed so as to obtain a uniform homogenate. The miRNA 

Homogenate Additive was added to the cell lysates and this was then 

incubated on ice for 10 minutes.  A 1:1 volume of acid: phenol chloroform 

was added to cell lysates, (this step was performed in the fume hood). After 

vortexing for 30-60 seconds, samples were centrifuged at 9400 g for 5 

minutes to separate the solution into 3 phases; clear upper aqueous phase 

containing RNA, the middle protein phase and the lower phenol chloroform 

phase. The upper aqueous phase containing the RNA was collected into a 

fresh eppendorf tube without disrupting the middle or lower phases.  This 

aqueous phase was topped up with 1.25 times its volume with 100 % 

ethanol in order to precipitate the RNA out of the solution. This solution was 

then passed through the column filter provided in the kit and centrifuged at 

9400 g for 15 seconds. The eluate was discarded whilst the column which 

now had trapped the RNA was given several washes with 700 µl of miRNA 

Wash Solution 1 and 500 µl of Wash Solution 2/3 respectively. 100 µl of 

pre-
� � ��� � �

 
�

�
��

RNase free water was then added to the column, 

centrifuged and the eluate containing the RNA was stored at -!



�
� � � �� �

further use.  
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2.9.1 DNase treatment 

In order to reduce genomic DNA contamination, the RNA samples 

were treated with the DNAse enzyme. 2.4 µl RQ1 DNase (Promega), 2.8 ��

RQ1 DNase buffer (Promega) and 2.8 
�� �� � � � 2O (diethlypyrocarbonate 

water) were added to 20 �� �� 	
� ���  � � �� � �� �� � � ed and incubated at 37 

�� � � � �� � ��  � � � � � �� � 
 � � � � � � �� !� � � � � � �� � � � �� � � � � " � � � �� # $ �%

&� �� 	'( �� � � ��� � � �� )* �� � � #� + � � � �� �  "� � ��� � � ,- �� �� r 10 minutes. 

The concentration and purity of RNA was determined using a NanoDrop 

2000 spectrophotometer (Thermo Scientific). 

 

2.10 cDNA synthesis 

 1 µg RNA was transferred into two PCR tubes, one labelled cDNA and one 

labelled nRT (no reverse transcriptase). All the contents added to both 

tubes in the first step of cDNA synthesis are mentioned in Table 2.7. The 

tubes were briefly vortexed, centrifuged and incubated at 65 °C for 5 

minutes and on ice for 1 minute. 1 ��
� �

(  M DTT (dithiothreitol, Invitrogen) 

and 4 
�� - �

.


��
��

�
��

�
�

/ // "
 ��

�
� )

/
� ��� ��

#�
� +

!�
�

� � � � � �
� �

�
� � �

"�
�

�
(

 
��

Superscript III (reverse transcriptase) (Invitrogen) was added to the cDNA 

tube and 1 
��

� � � � � � 2O was added to the nRT tube. All tubes were heated 

to 25 °C for 5 minutes, then 42 °C for 45 minutes and finally  70 °C for 15 

Reagents 01 234 5 6778 7 9 :;<  Company 

Random Primers  

 
1 Invitrogen 

Oligo dT (5 µM) 

 
               1 Eurofins, UK 

dNTPs (5 mM) 

 
1 Bioline 

RNA Equivalent to 1µg  

   

dH2O  14  

Table 2.7 Reagents used in the first step of cDNA synthesis  
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minutes in a thermocycler (Techne). The cDNA was then stored at -20 ºC 

until further analyses were carried out. 

 

Polymerase Chain Reaction (PCR) 

PCR is a method for amplifying a single or a few copies of DNA by 

synthesising a complementary strand to the provided template by 

employing the Taq DNA polymerase enzyme. The PCR process consists of 

35-40 repetitions of cycles consisting of three main steps:  

�  The denaturation step involves heating up the samples to 95 °C t o 

denature the double stranded DNA template into single strands.  

�  The annealing step is characterised by a reduction in temperature to 

58-60 °C to allow the forward and reverse primers to attach to the 

DNA template.  

�  Finally during the elongation step, the Taq DNA polymerase 

synthesises the complementary DNA strand at 72 °C, thus doubling 

the amount of DNA each time this procedure is completed.   
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Table 2.8 List of primers used in RT-PCR and QRT- PCR 

           Gene 

  
Primers 
 

Product size 
(bp) 

Annealing 
temperature 

(°C) 
Efficiency % R2 Slope 

ABCB1 

 
Forward Primer 

� � � �  � ��  
Reverse Primer 

� � � �  � ��  
 

CCCATCATTGCAATAGCAGG 
 
GTTCAAACTTCTGCTCCTGA 

~150 60      91.6 0.97 3.54 

BLBP 

 
Forward Primer 

� � � �
 

� ��
 

Reverse Primer 
� � � �

 
� ��

 

GTTGTTAGCCTGGATGGAGAC  
 
CATAGTGGCGAACAGCAAC 

~150          58       99.4 0.71 3.337 

    C11orf95-RelA 

 
Forward Primer 

� � � �
 

� ��
 

Reverse Primer 
� � � �

 
� ��

 
 

CCTGCACCTGGACGACAT   
 
GCTGCTCAATGATCTCCACA 

150-200 60         -      -       - 

� -actin 

Forward Primer 
� � � �  � ��  

Reverse Primer 
� � � �  � ��  

 

TCTACAATGAGCTGCGTGTG 
 
ATCTCCTTCTGCATCCTGTC 

600 60         -      -        - 

GAPDH 

 
Forward Primer 

� � � �
 

� ��
 

Reverse Primer 
� � � �

 
� ��

 

ATGTTCGTCATGGGTGTGAA 
 
GTCTTCTGGGTGGCAGTGAT 

~200 58-60         96 0.95 3.41 
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2.11 Reverse transcriptase-polymerase chain reaction (RT-PCR)  

 Standard RT-PCR was performed on cDNA prepared from all cell 

lines (as previously described in section 2.10) in order to investigate � -actin 

sequence (primer designed using the primer design tool 

(http://www.ensembl.org/index.html) and test for C11orf95-RELA fusion 

gene expression [Primers designed by Parker et al. (Parker, Mohankumar 

et al. 2014)]. To each tube 19 µl of master-mix was added (as described in 

Table 2.9).  1 µl of cDNA/nRT for each sample was added to individual 

tubes.   

Table 2.9 RT-PCR master-mix recipe 

 

The samples were run along with nRT (No Reverse Transcriptase 

control) to detect any genomic DNA contamination. A negative control 

containing depc water replacing cDNA (NTC- No Template Control) was 

used in each experiment to identify any contamination of PCR reagents. 

The RT-PCR reaction consisted of 40 cycles of 95 °C for 30 seconds 

(denaturation step), followed by 60 °C for 1 minute (annealing step) an d 

finally then 72 °C for 1 minute (elongation) .  

A gradient PCR reaction was performed on all newly designed 

primers to identify the optimal annealing temperature where a single bright 

band was produced when run on a 2% agarose gel by application of an 

Reagents �� � ��� � ��	� 
 � �  Company 

BioMix Red 

 
10 Bioline,UK 

Forward primer 

 
� �� ��  Eurofins,UK 

Reverse Primer 

 
� �� ��  Eurofins, UK 

Depc water 

 
5  

Total 19  
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electric current as will be described in section 2.11.1. Sequences and 

annealing temperatures of all primers used in this project are summarised in 

Table 2.8. 

2.11.1 PCR product analysis by agarose gel electrophores is 

This method separates negatively charged DNA molecules loaded 

on a 2 % agarose gel on the basis of their molecular weight by application 

of electric current. The amplified cDNA is then visualised under UV light 

using ethidium bromide that intercalates with double stranded DNA 

molecules. The size of the DNA molecule can be determined by comparing 

it to the DNA ladder run on the gel concomitantly. 

4 µl of PCR product was mixed with 1 µl of loading dye (Biolabs) and 

loaded on a 2 % (w/v) agarose (Roche) gel containing 0.5 % (v/v) ethidium 

bromide (ThermoFisher Scientific). A 100 bp DNA ladder was used as the 

marker (Biolabs). The agarose gel was placed in a tank containing 1x TAE 

buffer (Tris-acetate-EDTA) and run at 150 V for 30-40 minutes.   DNA 

bands were visualised and photographed using a GENEFLASH UV light 

machine (Syngene bio imaging). 

The product obtained for the � -actin as well as the fusion gene PCR 

was sent for Sanger sequencing along with 3 µl of primer at the DNA 

sequencing lab at the University of Nottingham. The multi-alignment 

website (http://multalin.toulouse.inra.fr/multalin/cgi-bin/multalin.pl) was used 

to compare the gene cDNA sequence from each of the cell lines with 

human, mouse, and rat consensus sequences in the case of � -actin or with 

C11orf95 and RELA gene sequences to determine the fusion gene break 

point. 

2.12 Quantitative reverse transcriptase-PCR (QRT-PCR) 

This is based on the principle of a standard RT-PCR but also 

involves simultaneously quantifying the amplification of the target DNA by 

using non-specific double stranded DNA- binding fluorescent dyes such as 

SYBR green (used in this project) or specific DNA probes for the gene of 

interest attached to a fluorescent reporter. 
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2.12.1 Primer efficiency estimation 

The efficiency of the primers used in this method is determined by 

the amount of product that is made following a given number of cycles and 

the rate at which the PCR reaction occurs. An efficiency of 100 % indicates 

that the target has doubled with each PCR cycle. Primer efficiencies 

between 90 and 110 % were considered satisfactory.  

� �� ��� � �� �� 	
 � �
  �� � �� 	� 	 � �� 	 
� �
 � ��	 �� � � � � ���  � ��	 
 � 
� �� �

gene of interest with the internal control (GAPDH) used in this study. Unlike 

the Pfaffl equation which incorporates individual calculated primer 

��� 	 �	 � ��	 ��� � � � ��� ��� ��	 
 � � ����� � �� � � � 	 � � �� �	 �	 � � ��� � 
�� �� �

in order to provide a more robust quantitative analysis, the primer efficiency 

was calculated to ensure it was between 90 and 110%. 

To identify primer efficiency, serial dilution stocks of control cDNA 

(ratios 1: 0.5 : 0.25 : 0.125 : 0.625) were prepared for use. For each primer 

efficiency assessment, a PCR master-mix was prepared as described in 

Table 2.10.  

Table 2.10 QRT PCR master-mix 

  

        Reagents �� �  ! " #$$ %$ & ' ()  Company 

 

SYBR Green Supermix 

 

12.5 Bio Rad, UK 

Forward primer 

 

* +, -. / 0 +1 -23  Eurofins, UK 

Reverse Primer 

 

* +, -. / 0 +1 -23  Eurofins, UK 

Depc water 

 

6.5  

Total 24  
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24 µl of master-mix was aliquoted into wells of a 96-well PCR plate 

(Bio Rad). For each cDNA concentration, PCR reactions were performed in 

triplicate in order to minimise pipetting error. 1 µl cDNA was placed into 

three separate wells on the plate, with 1 µl of no reverse transcriptase 

(NRT) being added to another three wells as a control. In addition, 1 µl of 

double distilled water was added to another three wells as a no template 

control (NTC). The selected PCR program described in Table 2.11 

incorporates � � �� � ���� ��	 
 � �� mal annealing temperature (Table 2.8) and a 

final melting curve reaction (Figure 2.3) for confirmation of product 

specificity. Each PCR reaction generated a Ct value which represents the 

number of cycles at which reaction fluorescence exceeds the background 

fluorescence threshold (Figure 2.2). 

The efficiency of each primer set used in QRT-PCR was identified as 

shown in Table 2.8. As previously described, a primer was considered 

optimised if its efficiency was between 90%-110% and R2 was greater than 

0.95. Figures 2.3 and 2.4 represent an example of an melting curve and 

scatter plot of ABCB1 efficiency PCR. 

 

Table 2.11 QRT- PCR program  

  

No. of cycles Duration Temperature (°C) 

1 5 min 95 

 30 sec 95 

40 1 min Annealing temp 60 

 45 sec 72 

Melt Curve Increments of 0.5 
o
C 

every 5 seconds 

65 to 95 
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CHAPTER 3. CHARACTERISATION OF 

EPENDYMOMA CELL LINES 

3.1 Introduction 

Ependymomas are the 2nd most common malignant brain tumours in 

children and account for 9-12% cases (Ostrom, Gittleman et al. 2014). 90% 

of paediatric ependymomas occur intracranially with two-thirds arising from 

the PF and remaining one-third originating in the ST compartment (Kilday, 

Rahman et al. 2009). As mentioned in Chapter 1, chemoresistance 

(Atkinson, Shelat et al. 2011), invasion of critical structures (Godfraind, 

Kaczmarska et al. 2012, Phi, Wang et al. 2012) and tumour recurrence 

(Messahel, Ashley et al. 2009); are grave hurdles faced by clinicians in 

ependymoma treatment. It is hypothesised in this thesis that a sub-

population of therapy resistant CSCs may contribute to this well-known 

aggressive behaviour of ependymoma. In order to understand the functional 

role played by these CSCs in ependymoma pathogenesis and progression 

in vitro models of the tumour, 5 ependymoma cells lines were employed in 

this study. 

This chapter provides information regarding the doubling times, 

human origin, histological characteristics of the original patient tumours and 

expression of the aforementioned C11orf95-RELA fusion gene in all the 

ependymoma derived cell lines used in this study. 

3.2 Results 

3.2.1 Doubling times of all cell lines 

To determine the growth of ependymoma cell lines when cultured as 

monolayers, the doubling time was determined. The average doubling times 

for cells cultured as monolayers for BXD-1425EPN, DKFZ-EP1, EPN1, 

EPN7 and EPN7R were 23 hours ± 1.23, 116.3 hours ± 9.83, 203.3 hours ± 

3.33 and 205 hours ± 5 hours respectively.  

The doubling time of DKFZ-EP1 cell line was found to be extremely 

variable in culture; therefore, all experiments on the cell line were preformed 
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3.2.3 Protein expression of ABCB1, BLBP and MGMT in the original 

patient tumours and the orthotopic tumour from which the EPN1 

cell line w as derived. 

There have been several studies reporting the change in the 

expression profiles of cells maintained in culture over a period of time 

(Laurent, Ulitsky et al. 2011, Domcke, Sinha et al. 2013). Since the EPN1 

cell line was established in-house; the protein expression of ABCB1, BLBP 

and MGMT was assessed in the original patient and orthotopic tumours 

(established from the second recurrence) from which the cell line was 

derived.  

As depicted in Figure 3.3, ABCB1 was not expressed in the primary 

tumour, first and second recurrences as well the orthotopic tumour 

indicating the ABCB1 did not underlie chemoresistance in these tumours. 

However, the third recurrence expressed ABCB1 in a sub-population of 

cells, indicating that the powerful selection imposed by potent anti-cancer 

drugs resulted in overgrowth of drug-resistant clones. 

In agreement with the CSC hypothesis, BLBP was expressed in a 

sub-population of cells in all the patient tumours as well as the orthotopic 

ependymoma sample. This was in support of the hypothesis that BLBP was 

a CSC marker in ependymomas.  

Finally, due to high level of core loss, MGMT expression was only 

examined in the secondary patient tumour and orthotopic tumour. As 

depicted in Figure 3.3c, MGMT was not expressed in either section; 

indicating that it did not underlie chemoresistance in the EPN1 patient. 

In following chapters, expression of the aforementioned markers will 

be assessed in the EPN1 cell line to establish its genotypic/ proteomic 

proximity to the patient samples from which it was derived. 
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3.2.4 C11orf95-RELA gene fusion was expressed in 3 out of 5 ST 

ependymoma derived cell lines. 

After carrying out a RNA exome sequencing study, Parker et al. 

reported that as a result of chromothripsis involving chromosome 11q13.1, 

two-thirds of ST ependymomas expressed the C11orf95 � RELA fusion. This 

gene was a fusion between C11orf95, a gene with unknown function, and v-

rel avian reticuloendotheliosis viral oncogene homolog A (RELA), encoding 

the RELA p65 subunit of the central NF-� B complex. They also 

demonstrated that the fusion protein spontaneously translocated to the 

nucleus and was responsible for activating the NF-� B pathway in the neural 

stem cells; thus, transforming them and inducing tumorigenesis in mice 

(Parker, Mohankumar et al. 2014, Pietsch, Wohlers et al. 2014). Since all 

cell lines employed in this study were derived from ST ependymomas, 

expression of the aforementioned fusion gene was assessed.  

As depicted in Figure 3.4, whilst BXD-1425EPN, DKFZ-EP1 and 

EPN1 expressed the fusion gene, EPN7 and EPN7R did not. Figure 3.5 

depicts the sequence of the break point of the C11orf95 and RELA fusion 

product in the 3 aforementioned cell lines expressing the gene produced by 

Sanger sequencing. In spite of repeating the experiment several times, a 

clear sequence depicting the breakpoint for the fusion product in the EPN1 

cell line was not obtained. However, since the cell line expressed the fusion 

protein (Appendix A4- western blot performed by Mr.Jasper Estranero); this 

indicated that the fusion gene was potentially retained in a sub-population of 

cells. This finding was consistent with the heterogeneous behaviour of 

EPN1 in culture. 

These results indicated that owing to the expression of the fusion 

gene; 3/5 cell lines in this study harboured an active and oncogenic NF- � B 

pathway. As part of this thesis, an attempt has been made to indirectly 

target this pathway, in order to overcome chemoresistance and invasion in 

in vitro models of ependymoma. 
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3.3 Summary 

�  Paediatric ependymoma cell lines used in this study were of human 

origin 

�  BLBP was expressed in the original patient and orthotopic tumours from 

which the EPN1 cell line was derived. In contrast, ABCB1 was only 

expressed at the 3rd recurrence whilst MGMT was not expressed in 

either the second recurrence or the orthotopic tumour. 

�
 3/5 of the ST ependymoma derived cell lines used in this study 

expressed the C11orf95-RELA fusion gene. 
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CHAPTER 4. MULTIDRUG TRANSPORTER ABCB1: 

ITS ROLE IN PROGNOSIS, DRUG-RESISTANCE 

AND METASTASIS OF EPENDYMOMA 

4.1 Introduction 

In spite of recent advances in multimodality treatments available to 

ependymoma patients; 10-year survival still stands at a disappointing 64%. 

Conventional treatment available to patients includes gross total resection 

(GTR) followed by adjuvant focal radiotherapy (Merchant, Li et al. 2009). 

Chemotherapy is employed in a number of trial protocols as adjuvant 

treatment to avoid or delay radiotherapy in the case of patients less than 3 

years of age. However, there is very little evidence regarding the survival 

benefit of chemotherapy to patients and as a result ependymomas are 

regarded as chemoresistant tumours (Bouffet, Perilongo et al. 1998, Geyer, 

Sposto et al. 2005, Merchant and Fouladi 2005, Atkinson, Shelat et al. 

2011). 

There is increasing evidence that a sub-population of therapy 

resistant cancer stem cells (CSCs) underlies the recurrent and drug-

resistant nature of tumours. Brain tumour CSCs have been shown to exhibit 

chemoresistance (Hussein, Punjaruk et al. 2011, Milde, Kleber et al. 2011) 

and radioresistance (Singh, Clarke et al. 2003, Bao, Wu et al. 2006) in 

several studies. Previous lab data showed that when 34 patient samples 

from the chemotherapy led CCLG 1992 94 (CNS9204) trial (consisting of 

ependymoma patients less than 3 years of age) were screened for the stem 

cell marker CD133, 96 % tumours were found to stain positive with median 

percentage of positive cells per sample at 1.67 %; (range 0.33-14.67%) 

(Coyle, Kessler et al. 2015). Tumours which were positive for multi-drug 

transporter ABCB1 (0.28 % cells) frequently co-expressed CD133 (0.21 % 

cells); suggesting that these drug resistant cells are a subset of CSC 

population in ependymoma. Since four of the drugs currently used as a part 

of ependymoma adjuvant chemotherapeutic regimens are ABCB1 

substrates (etoposide, vincristine, methotrexate and irinotecan) (Szakacs, 
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In this chapter, the expression as well as the prognostic role of 

ABCB1 in paediatric ependymoma patients is investigated. Furthermore, 

ABCB1 gene expression and its potential role in drug-resistance, migration 

and invasion in ependymoma derived cell lines is also examined. 

4.2 Results 

4.2.1 Higher ABCB1 gene expression was observed in paediatric in 

comparison to adult ependymomas. 

Paediatric ependymomas are known to be inherently chemoresistant 

tumours with a paucity in the number of studies conveying the survival 

benefit to patients from adjuvant chemotherapy (Bouffet and Foreman 

1999). It is hypothesised in this study that a sub-population of ABCB1 

expressing CSCs may underlie this behaviour. 

In order to assess if ABCB1 was expressed in paediatric 

ependymoma patients, retrospective analyses of gene expression data from 

3 publicly available paediatric ependymoma datasets were performed. 

These were the Gilbertson dataset [Affymetrix U133 Plusv2 microarray, 

n=83, (Johnson, Wright et al. 2010)], the Witt dataset [Agilent two colour 

4x44K Microarray, n=75, (Witt, Mack et al. 2011)] and the Mack dataset 

[Affymetrix Exon 1.0ST Array, n=102, (Witt, Mack et al. 2011)]. Whilst the 

Witt and the Mack datasets were published as part of the same study; they 

represent 2 independent cohorts of ependymoma patients from hospitals in 

Heidelberg and Toronto respectively. All this data were downloaded from 

the r2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) and 

analysed using IBM, SPSS Version 2.  

In the Gilbertson (Figure 4.2 a) and Witt (Figure 4.2 b) datasets, 

ABCB1 expression was significantly higher in paediatric patients in 

comparison to adults (Spearman correlation co-efficient= -0.238, P=0.03 

and Spearman correlation co-efficient=-0.236, P=0.045 respectively); whilst 

in the Mack dataset (Figure 4.2 c), no significant association with age was 

recorded (Spearman correlation co-efficient=-0.139, P=0.164). Therefore, 
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4.2.2 ABCB1 gene expression was the high est  in ST ependymoma. 

Several studies have demonstrated that ependymomas recapitulate 

location specific expression profiles (Johnson, Wright et al. 2010, Pajtler, 

Witt et al. 2015). It was therefore assessed in this study if ABCB1 was 

differentially expressed across the 3 ependymoma locations [Posterior 

Fossa (PF), Spinal (SP) and Supratentorial (ST)] in the aforementioned 

gene expression datasets.  

As depicted in the box-plots in Figure 4.3, ABCB1 expression was 

significantly higher in ST tumours in comparison to PF and SP tumours in 

the Gilbertson dataset [a, ST vs. PF, Mean difference (MD) in the ABCB1 

expression= 0.57 (95% Confidence Interval (95%CI) = 0.02 to 1.13) and ST 

vs. SP, MD = 1.27 (95% CI = 0.62 to 1.92)], the Witt dataset [b, ST vs. PF, 

MD = 0.63 (95%CI =- 0.33 to 0.93) and ST vs. SP, MD = 0.74 (95% CI = 

0.28 to 1.19)] as well as the Mack dataset [c, ST vs. PF, MD = 0.55 (95%CI 

= 0.09 to 1.01) and ST vs. SP, MD = 0.71 (95% CI = 0.08 to 1.34)]. 

These results indicated that ABCB1 may represent a resistance 

mechanism mainly viable in ependymomas originating in the ST 

compartment which account for one-third of intracranial ependymomas in 

children and are correlated with a poor prognosis in a subset of patients 

(Kilday, Rahman et al. 2009, Parker, Mohankumar et al. 2014, Pajtler, Witt 

et al. 2015). Further in vitro as well as in vivo analyses are necessary to 

support this finding.  
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4.2.3 ABCB1 protein expression was independently associated with 

reduced survival in the chemotherapy � led CNS9204 trial. 

A number of studies so far have subdivided ependymoma on the 

basis of their gene expression and methylation profiles into clinically 

relevant groups (Witt, Mack et al. 2011, Wani, Armstrong et al. 2012, 

Pajtler, Witt et al. 2015). Since gene expression does not necessarily mean 

function, and histological techniques provide a better resolution in terms of 

tumour heterogeneity. Therefore, there needs to be a combination of 

molecular techniques along with conventional histological techniques to 

form a robust system of clinically stratifying ependymoma.  

In this part of the study, the prognostic value of ABCB1 in the CCLG 

1992 04 (CNS9204) trial cohort was investigated. This cohort consisted of 

paediatric ependymoma patients who received adjuvant chemotherapy 

following surgery in an attempt to delay/ avoid radiotherapy. 

When these samples were stained for ABCB1 expression using 

immunohistochemistry (IHC), 28.3% (15/53) patients were found to be 

ABCB1 positive. Only a sub-population of cells per positive sample [always 

in less than 3% of cells (median 0.33%)] showed membranous ABCB1 

staining (Figure 4.4 a); which is why samples were scored as a binary 

variable (positive or negative). This pattern of expression was consistent 

with the CSC hypothesis. Samples which showed only vascular ABCB1 

staining were scored as negative.  

When the expression was analysed in IBM SPSS, Version 21 for co-

relation with survival, ABCB1 positive patients had a significantly lower 

event free survival (5-year EFS: 13% versus 50%, P=0.007) and overall 

survival (5-year OS: 33% versus 74%, p<0.009). 

Since the majority of patients in this trial were diagnosed with 

ependymomas originating in the PF compartment, an association between 

ABCB1 expression and ST tumours could not be established. Patients with 

SP ependymomas were not a part of this study. There was no significant 
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After being corrected for the aforementioned confounding factors in 

the Cox-multivariate hazards ratio model, ABCB1 positive patients were 

almost 2.7 times more susceptible to having an event (relapse or death) 

(P=0.008) and 2.6 times more likely to die (P=0.021) in comparison to those 

who were ABCB1 negative (Table 4.1). This data implied that ABCB1 was 

indeed an independent histological marker of poor prognosis in the 

chemotherapy-led CNS9204 trial cohort.  

Table 4.1 Multivariate analysis of ABCB1 expression in the chemotherapy-led 
CNS9204 tri al 

Survival Factor Hazard Ratio (95% 
CI) P value 

 
Event-Free 

 
Survival 

 
(EFS) 

 

ABCB1 
expression 
(Positive vs. 

Negative) 

2.70 (1.29-5.66) 0.008 

 
Location (PF 

vs. ST) 
 

3.37 (0.80-14.16) 0.09 

Resection 
(Incomplete vs. 

Complete) 
 

1.32 (0.66-2.66) 0.42 

WHO Grade 
(Grade III Vs. 

Grade II) 

1.23 (0.54-2.8) 
               0.06 

 
Overall 

 
Survival 

 
(OS) 

ABCB1 
expression 
(Positive vs. 

Negative) 

2.57 (1.15-5.74) 0.02 

 
Location (PF 

vs. ST) 
 

5.85 (0.00-1.75E28) 0.96 

Resection 
(Incomplete vs. 

Complete) 

1.11 (0.50-2.43) 0.79 

 
WHO Grade 
(Grade III vs. 

Grade II) 

1.18 (0.58-2.44)             0.63 

* 95% CI- 95% Confidence Interval 
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4.2.8  ABCB1 inhibition potentiated response to chemotherapy in the 

ABCB1 lo BXD-1425EPN cell line by the MTT assay. 

So far it was demonstrated in this study that ABCB1 may be one of 

the mechanisms underlying chemoresistance in the CSC sub-population of 

the BXD-1425EPN cell line. In order to assess the potentiation of response 

to chemotherapy in the entire cell population, an MTT viability assay was 

carried out. Similar to the clonogenic assay, the BXD-1425EPN cell line 

responded to vincristine and methotrexate in a nano-molar range, whilst the 

IC50 to etoposide was recorded at a concentration 30 times above the peak 

plasma levels achieved in patients (IC50~60 µM-depicted in Figure 4.10 a). 

It was proposed that this behaviour may due to more than one resistance 

mechanisms to etoposide activated in these heterogeneous ependymoma 

cells (Discussed in detail in Chapter 1, Section 1.3.4.3.1). 

Similar to the results achieved in the clonognenic assay (Section 

4.2.7), there was a significant potentiation in response to all 3 drugs 

recorded once they were combined with both ABCB1 inhibitors depicted in 

Figure 4.10 b, c and d. These results further confirmed the hypothesis that 

ABCB1 may be one of the prime mechanisms contributing to 

chemoresistance in ABCB1lo BXD-1425EPN cell line. 
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4.2.10 ABCB1 inhibition reduced migration in the ependymoma cell 

lines. 

Extra-neural metastases are rare in ependymomas accounting for 

only 5-10% cases; although there are several reports of these tumours 

spreading to the lung, liver mediastinum and muscle at recurrence 

z(Alzahrani, Alassiri et al. 2014, Pachella, Kamiya-Matsuoka et al. 2015, 

Severino, Consales et al. 2015).  Ependymomas, however, tend to migrate 

and invade surrounding critical structures such as the brain stem, making 

the acquisition of complete surgical resection difficult. Ependymoma 

invasion has therefore been regarded as a clinical marker of poor prognosis 

by several studies, especially in ST ependymomas with sub-total resection 

(Akay, Izci et al. 2004, Godfraind, Kaczmarska et al. 2012, Phi, Wang et al. 

2012). In parallel to this, several studies have also reported a possible role 

of ABCB1 in tumour migration and invasion in numerous cancers (Miletti-

Gonzalez, Chen et al. 2005, Colone, Calcabrini et al. 2008). It was therefore 

assessed, if ABCB1 contributed to the invasive and migratory behaviour of 

ependymoma.  

Both the ABCB1lo BXD-1425EPN and the ABCB1hi DKFZ-EP1 cell 

lines were established from aggressive WHO Grade III anaplastic 

ependymomas (Clinicopathological details, Chapter 2; Section 2.2). 

Furthermore, the DKFZ-EP1 cell line was derived from malignant ascites in 

the peritoneal cavity which is an indication of the ability of the cells to invade 

and metastasise (Milde, Kleber et al. 2011).  When a 2D wound healing 

assay was carried out, both verapamil and vardenafil significantly reduced 

the rate of migration in either ABCB1lo BXD-1425EPN and the ABCB1hi 

DKFZ-EP1 cell lines depicted by the rightward shift in the response curves 

[Figure 4.12 a (ii) and b (ii) respectively] as well as reduction in the relative 

T1/2s (time required for the wound closure to increase by 50 %) [Figure 

4.12 a (iii) and b (iii) respectively]. The assay was carried out for 24 hours 

and 48 hours for the BXD-1425EPN cell line (Doubling time=~24 hours) and 

DKFZ-EP1 cell line (Doubling time=~48 hours) respectively, to ensure that 

wound closed as a result of cell migration and not proliferation. It is 
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essential to highlight that in the ABCB1hi DKFZ-EP1 cell line, the T1/2 for 

wound closure by vardenafil was derived from substantial extrapolation of 

the response curves [Figure 4.12 b (ii)]. However, to maintain consistency in 

the methodology used to analyse all scratch assays in this thesis; a different 

� � �� � � �� � �	 
� �� �� �� �� � � � � � 
� � �
�� � 
 � � ��� 	� �� �� 	� � �� �� �� � �

� ��

contributed to the migratory nature of ependymomas; and both verapamil as 

well as vardenafil could target this behaviour at non-toxic concentrations. 

 

4.2.11 ABCB1 inhibition reduced invasion in the ABCB1 lo BXD-

1425EPN cell line. 

As mentioned before, brain stem invasion has been regarded as a 

marker of poor survival in paediatric ependymoma since it prevents 

achieving total resection which is currently the primary treatment for 

ependymoma (Akay, Izci et al. 2004, Godfraind, Kaczmarska et al. 2012, 

Phi, Wang et al. 2012). In order to assess the role of ABCB1 in this invasive 

ependymoma behaviour; a 3D invasion assay was performed in which 

spheroids from the ABCB1lo BXD-1425EPN cell line were grown in the 

CultrexTM Basement Membrane Extract (BME) which mimics the 3D tumour  

microenvironment, thus promoting cell invasion.  

The spheroids displayed a distinct individual patterns of invasion, 

represented by single cell budding through formation of invadopodia and 

multicellular streaming, when introduced in the BME (Figure 4.13 a, vehicle 

treated condition). When this experiment was carried out in presence of 

ABCB1 inhibitors, verapamil and vardenafil (at non-toxic concentrations), 

there was a significant reduction in invasion (depicted in Figure 4.13 a), 

represented by a substantial reduction in the relative spheroid outgrowth (R 

= area of invasive edge / area of spheroid, Figure 4.13 b) at each of the 4 

time points over 96 hours. 
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4.3 Summary 

�  High ABCB1 expression in paediatric ependymoma patients 

supports that hypothesis that drug efflux may be one of the 

drug resistance mechanisms. 

�
 ABCB1 gene expression was higher in supratentorial tumours 

in comparison to other locations.  

�  In the chemotherapy-led CNS9204 trial, ABCB1 expression 

was independently associated with significantly lower OS and 

EFS. 

�
 ABCB1 expression did not correlate with reduced survival in 

the radiotherapy-led CNS9904 trial. 

�
 ABCB1 was expressed in 4 out 5 paediatric supratentorial 

ependymoma derived cell lines by QRT-PCR analysis. 

�
 ABCB1 expression showed a ~3 fold elevation when the 

ABCB1hi DKFZ-EP1 cell line was grown as neurospheres 

(DKFZ-EP1NS). 

�  ABCB1 inhibition with non-specific ABC transporter inhibitor 

verapamil and specific inhibitor, vardenafil potentiated 

response to chemotherapy in both, the stem cell relevant 

clonogenic assay and the MTT viability assay in the ABCB1lo 

BXD-1425EPN cell line. 

�  The ABCB1hi DKFZ-EP1 cell line was resistant to each of the 

3 chemotherapeutic drugs used in this study over a wide 

concentration range and ABCB1 inhibition could not overcome 

this resistance. 

�  ABCB1 inhibition decreased the migratory nature of both 

ABCB1lo BXD-1425EPN and ABCB1hi DKFZ-EP1 cell line. 

�  ABCB1 inhibition reduced invasion in the BXD-1425EPN cell 

in a 3D invasion assay. 
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CHAPTER 5. FUNCTIONAL ANALYSIS OF RADIAL 

GLIAL STEM CELL MARKER BLBP, WHICH 

CORRELATES WITH POOR PROGNOSIS IN 

EPENDYMOMA 

5.1 Introduction 

Paediatric ependymomas are aggressive and clinically 

heterogeneous tumours which are known to be chemoresistant (Bouffet and 

Foreman 1999, Kilday, Rahman et al. 2009, Atkinson, Shelat et al. 2011). 

50% of patients tend to relapse and these recurrent tumours are associated 

with dismal prognosis (Chiu, Woo et al. 1992, Messahel, Ashley et al. 

2009). This study tests the hypothesis that CSCs underlie this treatment-

refractory behaviour and the tendency to recur in ependymomas. A cross-

species genomics study by Taylor et al. identified transformed radial glia 

(RG) as the stem cells of origin in ependymoma (Taylor, Poppleton et al. 

2005). Since BLBP was a member of the panel of markers employed to 

identify these RG, it could be regarded as a CSC marker in ependymoma. 

Notably, the BLBP promoter was also used to establish a mouse model of 

ependymoma (Johnson, Wright et al. 2010). In this study the potential 

functional role of BLBP in the treatment refractory and invasive behaviour of 

ependymoma is investigated.  

BLBP expression has been correlated with poor survival in a number 

of aggressive cancers such as glioblastoma multiforme (GBM) (Kaloshi, 

Mokhtari et al. 2007), and triple negative breast cancers (Tang, Umemura et 

al. 2010). Since it was a marker used to identify CSCs in ependymomas 

(Taylor, Poppleton et al. 2005, Poppleton and Gilbertson 2007); it was 

proposed in this study that BLBP expression could help identify high risk 

ependymoma patients  

Although several knockdown studies so far have reported the 

potential functional role of BLBP in the proliferation and invasive behaviour 

of cancer (Kaloshi, Mokhtari et al. 2007, Slipicevic, Jørgensen et al. 2008, 

Tolle, Krause et al. 2011), the underlying mechanism of its action remains 
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unclear. Since BLBP is a chaperone for fatty acids (FA) (Manzi, Costantini 

et al. 2015), an essential source of energy for cancer cells in the altered 

tumour microenvironment; its expression may potentially be essential for 

their survival. Additionally, the FA chaperoned by BLBP has also shown to 

modulate gene expression by PPAR nuclear transcription factors (Mita, 

Beaulieu et al. 2010); which have also been reported to transcribe BLBP 

itself (De Rosa, Pellegatta et al. 2012). The nature of this FA (� -3 or � -6) 

has been shown to have a distinct effect on gene expression by the PPARs 

in gliomas (Mita, Beaulieu et al. 2010). Martin et al. also reported that � -3 

FA partners of BLBP such as DHA (docosahexanoic acid) modulated the 

transcriptional activity of PPARs to inhibit migration and proliferation in 

gliomas, whilst � -6 FA arachidonic acid (AA) promoted these cancerous 

mechanisms (Martin, Robbins et al. 1996). In other words, the equilibrium 

between � -3 and � -6 FAs was crucial in glioma pathogenesis and 

progression. With reports of reduced DHA levels and unchanged AA levels 

in gliomas (Martin, Robbins et al. 1996); this equilibrium was likely to be 

disturbed, leading to transcription of pro-oncogenic genes by PPARs. Since 

both gliomas and ependymomas have been proposed to originate from 

transformed RG (Taylor, Poppleton et al. 2005, Mita, Coles et al. 2007), it is 

plausible that BLBP may also play similar role in ependymomas.  

This chapter assesses prognostic value of BLBP in stratifying 

paediatric ependymoma patients into clinically relevant groups. 

Furthermore, it also investigates the putative functional role of BLBP in in 

vitro models of ependymoma by employing two strategies: firstly, by using a 

BLBP ligand, DHA which has been shown to inhibit proliferation and 

invasion in gliomas / medulloblastomas and secondly, PPAR antagonists, 

demonstrated to inhibit BLBP expression in gliomas.  
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5.2 Results 

5.2.1 BLBP gene expression did not correlate with age in 

ependymomas. 

BLBP is one of the markers for RG and its expression has been 

shown to be essential for RG maintenance in the rat CNS (Koirala and 

Corfas 2010). Since transformed RG have been proposed to be CSCs in 

ependymomas; it was hypothesised that the BLBP expression was 

maintained in all patients.  

In order to assess distribution of BLBP expression across age groups 

of ependymoma patients, its gene expression was assessed across 3 

aforementioned publicly available paediatric ependymoma datasets.  

 As depicted in Figure 5.1, BLBP expression positively correlated 

with age in the Mack dataset (Spearman correlation co-efficient=0.43, 

P<0.001) whilst there was no significant correlation between BLBP 

expression and age in both, the Gilbertson and Witt datasets.  

These results confirmed that BLBP expression was maintained in 

patients; it did not significantly correlate with patient age 
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5.2, in the Gilbertson dataset, SP tumours expressed higher BLBP gene 

expression levels in comparison to PF tumours [a; SP vs. PF, MD (Mean 

difference)= -1.2 (95%CI (confidence interval)= -1.93 to -0.46)]. However, 

there was no significant difference in BLBP expression in between ST and 

PF tumours in this dataset. In contrast, BLBP expression was significantly 

higher in SP and ST ependymomas in comparison to PF ependymomas in 

the Witt [b; SP vs. PF, MD= -1.14 (95%CI= -1.54 to -0.73) and ST vs. PF, 

MD= -0.35 (95%CI= -0.71 to 0.01)] and Mack datasets [c; SP vs. PF, MD= -

2.35 (95%CI= -3.18 to �  1.52) and ST vs. PF, MD= -0.70 (95%CI= -1.14 to 

0.07)]. 

From these results, it could be inferred that although BLBP 

expression was maintained across all sites, its significantly higher 

expression in ST and SP ependymomas might indicate a possible greater 

role in the pathogenesis and maintenance of ependymomas arising from 

these specific locations. Further in vivo analyses looking at the role of BLBP 

in recapitulating and maintaining ependymomas originating from the ST as 

well as SP compartments may be necessary to confirm these results. 
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5.2.3 BLBP expression correlated with expression of other brain 

tumour relevant CSC markers; CD133 and SOX2. 

CSCs in brain tumours have been identified by neural stem cell 

markers such as CD133, SOX2 and Nestin (Singh, Clarke et al. 2003, 

Taylor, Poppleton et al. 2005). Since BLBP is a marker of CSCs (RG) in 

ependymoma (Taylor, Poppleton et al. 2005); it was hypothesised that its 

gene expression would strongly correlate with expression of other brain 

tumour relevant CSC markers. To test this hypothesis, the correlation 

between BLBP expression and CD133, SOX2 and Nestin in the 

aforementioned 3 publicly available datasets was assessed.  

The surface marker prominin-1 or CD133 has been utilised to 

characterise brain tumour CSCs (Singh, Clarke et al. 2003) and it was also 

one of the markers used to identify the transformed RG in ependymomas 

(Taylor, Poppleton et al. 2005). In the Gilbertson as well as the Mack 

datasets, BLBP expression strongly correlated with CD133 expression as 

depicted in Figure 5.3 a (i) (Spearman correlation co-efficient- 0.29, P=0.01) 

and c (i) (Spearman correlation co-efficient- 0.301 , P=0.002) respectively. 

However, there was no significant correlation between CD133 and BLBP 

expression in the Witt dataset (Figure 5.3 b (i) Spearman correlation co-

efficient- -0.005, P=0.97).  

SOX2 is a developmental pluripotency related transcription factor, 

routinely used to identify CSCs (Weina and Utikal 2014). It has been 

recently shown to induce invasion and self-renewal in glioma stem cells 

(Mao, Gujar et al. 2015). SOX2 expression strongly correlated with BLBP 

expression in all three datasets. [Gilbertson dataset (aii), Spearman 

correlation co-efficient-0.44, P<0.01; Witt dataset (bii), Spearman 

correlation co-efficient- 0.42, P<0.001 and Mack dataset (cii), Spearman 

correlation co-efficient- 0.23, P=0.02] 

Nestin is an intermediate filament protein expressed in neural and 

other stem cells (Lendahl, Zimmerman et al. 1990, Milde, Hielscher et al. 

2012). Similar to CD133, it was one of the markers used to identify the 
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transformed RG (Taylor, Poppleton et al. 2005) and its nuclear expression 

has also been shown to correlate with poor outcome in ependymoma by 

Milde et al. (Milde, Hielscher et al. 2012). There was no correlation between 

Nestin and BLBP expression in the Gilbertson [Gilbertson dataset (aiii), 

Spearman correlation co-efficient-0.007, P=0.95] and Witt datasets [(biii), 

Spearman correlation co-efficient-0.01, P=0.929]. In the Mack dataset 

however, there was heterogeneity in terms of the correlation of Nestin with 

BLBP. Although, there was a significant correlation of BLBP with Nestin 

expression for one of the probes (Spearman correlation co-efficient- 0.21, 

P=0.03), there was no correlation with a separate Nestin probe (Spearman 

correlation co-efficient- -0.23, P=0.82). There is evidence that in addition to 

encoding the neural stem cell marker Nestin, the Nestin gene (Nes) also 

encodes for the RC2 antigen which is another radial glial marker (Park, 

Xiang et al. 2009). Notably, RC2 was also one of the markers used to 

identify transformed RG in ependymomas (Taylor, Poppleton et al. 2005). 

Taken together, these findings indicate that the Nestin probe showing 

statistically significant positive correlation with BLBP might instead be the 

encoding RC2 antigen. Further analyses are however essential to confirm 

this speculation. 

In addition to the ability to form self-renewing neurospheres and 

recapitulating orthotopic tumours in mice; expression of stem cell markers 

such as CD133, SOX2 and Nestin is an important characteristic of CSCs. 

Significant correlation between BLBP and the aforementioned 2 out of 3 

CSC markers supports the proposal that BLBP is a CSC marker in 

ependymoma. 
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5.2.4 BLBP protein expression correlated with prognosis in the 

chemotherapy-led CNS9204 trial. 

BLBP expression has been correlated with reduced prognosis in a 

number of aggressive cancers including triple negative breast cancer (Tang, 

Umemura et al. 2010) and glioblastoma (Kaloshi, Mokhtari et al. 2007). 

Since our data so far support the conjecture that BLBP is a marker for the 

CSCs in ependymoma (originally made by Taylor et al.), it was 

hypothesised that BLBP expression could serve as a useful tool in 

identifying high risk ependymoma patients.  

To explore this hypothesis, the prognostic value of BLBP was 

assessed in the CCLG 1992 04 (CNS9204) trial cohort consisting of 

paediatric ependymoma patients less than 3 years of age. These patients 

received adjuvant chemotherapy following surgery in an attempt to delay / 

avoid radiotherapy (Grundy, Wilne et al. 2007, Ellison, Kocak et al. 2011). 

When these samples were stained for BLBP expression using 

immunohistochemistry (IHC), 49% (25/53) of patients were found to be 

BLBP positive. Only a sub-population of cells per positive sample showed 

cytoplasmic and nuclear BLBP staining (Figure 5.4 b); hence, samples were 

scored as a binary variable (positive or negative). This pattern of expression 

was therefore, consistent with the CSC hypothesis.  

When the expression was analysed in IBM SPSS Version 21 for 

correlation with survival, BLBP positive patients had a significantly lower 

event free survival (5-year EFS: 25% versus 56%, P=0.028) and overall 

survival (5-year OS: 41.6% versus 76%, p=0.01) as depicted in Kaplan-

Meier curves in Figure 5.4 c and d respectively. 

Since the majority of patients in this trial were diagnosed with 

ependymomas originating in the PF compartment, an association between 

BLBP and ST tumours could not be established. Patients with SP 

ependymomas were not a part of this study.  There was no significant 
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Table 5.1 Multivariate survival analyses of BLBP expression in the 
chemotherapy-led CNS9204 trial 

Survival Factor 
Hazard Ratio (95% 

CI) 
P value 

 

Event-free 

 

Survival 

 

(EFS) 

 

BLBP 

expression 

(Positive vs. 

Negative) 

2.08 (1.01-4.26) 0.04 

Location (PF vs. 

ST) 

 

7.09 (0.94-53.32) 

 

0.06 

Resection 

(Incomplete vs. 

Complete) 

 

1.03 (0.51-2.07) 

 

 

0.94 

WHO Grade 

(Grade III vs. 

Grade II) 

0.81 (0.39-1.66) 0.55 

 

Overall 

 

Survival 

 

(OS) 

BLBP 

expression 

(Positive vs. 

Negative) 

2.81 (1.2-6.87) 0.01 

 

Location (PF vs. 

ST) 

 

0.00 (0.00-

4.24E+295) 
0.97 

Resection 

(Incomplete vs. 

Complete) 

1.05 (0.47-2.34) 0.91 

WHO Grade 

(Grade III vs. 

Grade II) 

1.35 (0.58-3.13) 0.97 
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comparison to those who were BLBP negative. 

From these results, it could be inferred that BLBP was a robust 

marker of reduced OS in the CNS9904 trial consisting of older patients who 

received adjuvant radiotherapy. However, due to limited sample size, these 

results need to be reconfirmed in an independent trial. 

Table 5.2 Multivariate analysis of BLBP expression in the radiotherapy-led 
CNS9904 trial 

 

5.2.6 BLBP was expressed in all paediatric ependymoma cell lines.  

In order to elucidate the functional role of BLBP in ependymomas, its 

mRNA expression in 5 paediatric ependymoma derived cell lines; BXD-

1425EPN, DKFZ-EP1, EPN1, EPN7 and EPNR was assessed. As 

mentioned in Chapter 4, all the aforementioned cell lines were derived from 

ST ependymomas. 

When evaluated by QRT-PCR analysis, BLBP was expressed at 

varying levels in all 5 cell lines. The DKFZ-EP1 cell line expressed highest 

level of BLBP whilst EPN1 and BXD-1425EPN expressed low levels (as 

Survival Factor 
Hazard Ratio  

(95% CI) 
P value 

 

 

 

Overall  

 

Survival 

 

(OS) 

BLBP  expression 

(Positive Vs. 

Negative) 

5.37 (1.70-16.94) 0.004 

 

Location (PF Vs ST) 

 

1.84 (0.52-6.47) 0.34 

Resection 

(Incomplete Vs. 

Complete) 

1.08 (0.35� 3.31) 0.88 

WHO Grade (Grade 

III Vs. Grade II) 
2.32 (0.51-3.55) 0.14 
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5.2.11 DHA inhibited the migratory capacity of ependymoma cells. 

DHA has been reported to inhibit the migratory capacity of gliomas, 

breast and endometrial cancers (Mita, Beaulieu et al. 2010, Rahman, 

Veigas et al. 2013, Zheng, Tang et al. 2014). Furthermore, Wang et al. 

demonstrated that treatment of medulloblastoma cell lines with DHA, led to 

downregulation of genes such as MCAM/VCAM and CD44 (Wang, Bhat et 

al. 2011), all of which have been implicated in invasion and migration of 

cancer (Lei, Guan et al. 2015, Sacks and Barbolina 2015). In parallel, since 

local invasion following sub-total resection is a marker of poor prognosis in 

ST ependymomas (Godfraind, Kaczmarska et al. 2012), the anti-migratory 

capacity of DHA (20 µM) on ependymoma was assessed by implementing a 

2D wound healing assay. 

DHA (20 µM) significantly reduced the migratory capacity of both, the 

BLBPlo BXD-1425EPN and the BLBPhi DKFZ-EP1 cell lines. As depicted in 

section 5.2.8, DHA at the concentration of 20 µM had an insignificant effect 

on proliferation of the BLBPlo BXD-1425EPN cell lines; in contrast, at the 

same concentration, it enhanced proliferation by approximately 20% in the 

BLBPhi DKFZ-EP1 cell line. Therefore, since the experiment was carried out 

under the doubling time for each cell line, the effect of DHA in this 

experiment was anti-migratory, rather than anti-proliferative. This anti-

migratory effect was represented by a significant rightward shift in the 

migratory response curves [Figure 5.13 a (ii) and b(ii)] and an increase in 

the T1/12 for wound closure [time required for 50% increase in wound 

closure - depicted in Figure 5.13a (iii) and b (iii)] in both cell lines. These 

T1/2 values for both cell lines were derived from substantial extrapolation of 

the response curves. However, to maintain consistency in the methodology 

used to analyse all scratch assays in this thesis; a different techniquewas 

not employed. These results indicated that BLBP ligand DHA was certainly 

useful in inhibiting the migratory capacity of ependymoma cells in a 2D 

scratch assay. 





123 
 

5.2.12 DHA inhibited invasion in BLBP lo BXD-1425EPN cell line. 

In order to assess the ability of DHA to inhibit invasion in 

ependymoma cell lines, a 3D invasion assay on the BLBPlo BXD-1425EPN 

cell line was performed. As mentioned in Chapter 4, Section 4.2.12, since 

the BLBPhi DKFZ-EP1 cell line could not invade in the BME; this experiment 

was not attempted on it. 

The BLBPlo BXD-1425EPN cell line spheroids were grown in 

CultrexTM Basement Membrane Extract (BME), which mimics the 3D tumour 

micro-environment promoting cell invasion. The spheroids displayed a 

distinct individual pattern of invasion by undergoing single cell budding and 

multicellular streaming, when introduced in the BME (boxed and magnified 

in Figure 5.14 a, vehicle treated condition). Due to inter-batch variability, the 

cells invaded at a slower pace in this experiment; therefore instead of 

carrying out the assay over a period of 4 days (as was done in Chapter 4, 

Section 4.2.11), pictures were obtained every 48 hours over 8 days (192 

hours). 

When this experiment was carried out in the presence of DHA (20 

µM), a gradual reduction in the ability of cells to invade was recorded 

(depicted in Figure 5.14a). This effect was quantified by substantial 

reduction in the relative spheroid outgrowth (R = area of invasive edge / 

area of spheroid) at 144 and 192 hours. This data indicated that DHA not 

only reduced the migratory capacity of ependymoma cells; it also 

attenuated their ability to secrete proteolytic enzymes and invade.  
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5.2.13 PPAR- �  � � � � � �� � ��� �	 �	 �� 
� ��� � � � � �� � � �		 ��� ��

ependymoma cell lines. 

In order to elucidate the functional role of BLBP in ependymomas, its 

expression in in vitro models of the tumour was inhibited by employing 

PPAR antagonists. De Rosa et al. showed that the BLBP promoter region 

had a PPRE (peroxisome proliferator response element). In other words, 

PPARs transcribed the BLBP gene (De Rosa, Pellegatta et al. 2012). 

Furthermore, as mentioned in Section 5.1, the nature of FAs (� -3 or � -6) 

shuttled by BLBP modulate genes expression of PPAR transcription factors 

(Mita, Beaulieu et al. 2010). Due to the reported disturbed equilibrium in 

between � -3 and � -6 FAs in brain tumours such as gliomas because of 

reduced DHA ( � -3 FA) levels, the genes transcribed by PPARs are more 

likely to be pro-proliferative and pro-migratory (Martin, Robbins et al. 1996, 

Kokoglu, Tuter et al. 1998). Therefore, the inhibition of these PPAR 

transcription factors would not only inhibit the transcription of BLBP but also 

block expression of other oncogenic genes. De Rosa et al. also 

demonstrated that treatment of glioma cell lines with three PPAR 

antagonists; the dual PPAR-(� /� ) antagonist FH535, the PPAR-�  antagonist 

GSK0660 and the PPAR-
�
 antagonist GW9662 resulted in a subsequent 

decrease in BLBP expression (De Rosa, Pellegatta et al. 2012).  

Both BLBPhi DKFZ-EP1 and BLBPlo BXD-1425EPN cell lines were 

treated with the 3 PPAR antagonists (15 µM) [originally demonstrated by 

(De Rosa, Pellegatta et al. 2012)]; BLBP expression was assessed in each 

of them by QRT-PCR analysis at 1-3 doublings time points for each cell 

line. Extensive optimisation was carried out and found that the effect of 

PPARs on BLBP expression was most profound at each doubling. (In the 

case of the DKFZ-EP1 cell line, BLBP expression was measured at 48, 96 

and 144 hours respectively, whilst in the BXD-1425EPN cell line, it was 

measured at 24,48 and 72 hours respectively). 

As depicted in Figure 5.15, each of the 3 PPAR antagonists 

completely inhibited BLBP expression in the BLBPlo BXD-1425EPN cell line,  
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at the 24 and 48 hour time points respectively. Due to a high level of 

variability, this effect did not quite reach significance at 72 hours. In the 

case of the BLBPhi DKFZ-EP1 cell line, the PPAR- 
  antagonist GW9662 

inhibited BLBP expression at all 3 time points. The PPAR-� �� �� ��� � ��

GSK0660 inhibited BLBP expression at 48 and 96 hours. The effect of the 

dual PPAR antagonist FH535 on BLBP expression was found to be variable 

and therefore, statistically insignificant. This BLBP inhibitory effect of PPAR 

antagonists was comparable to the effect produced by sh / siRNA methods 

employed by several studies (Slipicevic, Jorgensen et al. 2008, Tolle, Suhail 

et al. 2011, De Rosa, Pellegatta et al. 2012).  

These results indicated that each of the PPAR antagonists could 

indeed inhibit BLBP expression to some extent in both ependymoma cell 

lines. The effect of the PPAR- �  antagonist GW9662 was however, found to 

be the most consistent and statistically significant. 

 

5.2.14 The PPAR-	  antagonist GW9662 had a weak but statistically 

significant anti-proliferative effect on ependymoma cell lines. 

There have been contradictory reports regarding the effect of BLBP 

inhibition on proliferation in in vitro models of cancer (Slipicevic, Jorgensen 

et al. 2008, Tolle, Suhail et al. 2011, De Rosa, Pellegatta et al. 2012). It was 

therefore elucidated in this study if BLBP played a functional role in 

ependymoma proliferation. 

As shown in Section 5.2.9, each of the 3 PPAR antagonists (15 µM) 

inhibited BLBP gene expression to some extent in both BLBPhi DKFZ-EP1 

and BLBPlo BXD-1425EPN cell lines.  Similar to the previous section, the 

anti-proliferative effect of the PPAR antagonists was measured at 1-3 

doublings time points for each cell line (BXD-1425EPN cell line- 24, 48 & 72 

hours and DKFZ-EP1 cell line- 48, 96 & 144 hours) and was quantified by 

performing the MTT proliferation assay (Roche). As depicted in Figure 5.16, 

the PPAR- �
 antagonist GW9662 exclusively had a weak but statistically 

significant anti-proliferative effect on both cell lines, at each of the 3 time 
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points. The dual PPAR-(� /� ) antagonist, FH535 and the PPAR-�  antagonist, 

GSK0660 did not have a significant effect on proliferation. 

5.2.15 The dual PPAR-( ��� � � � �� 	 
�� � �  �� � � �� � � ��� -�  antagonist 

GW9662 inhibited viability of ependymoma stem cells. 

As reported by Taylor et al. and supported by the findings of this 

study so far, BLBP is a marker for CSCs in ependymomas. Since its 

expression was elevated in the stem cell enriched DKFZ-EP1NS 

neurospheres (section 5.2.8), this was an indication that BLBP expression 

was may be essential for their survival. Since the BLBPlo BXD-1425EPN 

cell line did not form neurospheres, the cytotoxic response was measured 

response in CSCs by carrying out a stem cell relevant clonogenic assay.   

As depicted in Figure 5.17a, treatment of the BXD-1425EPN cell line 

with dual PPAR-(�� � � � � � ��� � �� �  !" #" � �$ %% &' -�  antagonist GW9662 

significantly reduced colony survival by 42.5% (SEM± 0.88%, P<0.001) and 

18 % (SEM±3.4%, P=0.006) respectively. A similar effect was seen in the 

case of the DKFZ-EP1NS neurospheres. When treated with dual PPAR 

antagonist FH535, there was a halo of dead cells formed around the 

neurosphere with a resultant reduction in sphere diameter. In contrast, 

treatment with PPAR-�  antagonist GW9662 only reduced the neurosphere 

diameter. Both these effects are depicted in Figure 5.17 b(ii) and were 

quantified by carrying out an alamar blue metabolic assay to produce the 

graph depicted in Figure 5.17 b(i). The dual PPAR-(�� �� �� �� �� � �� �  ! " # "

and PPAR-�  antagonist, GW9662 significantly reduced percentage cell 

survival by 37.11% (SEM±3.36 %, P=0.005) and 18 % (SEM±2.9 %, 

P=0.01) respectively. The PPAR-
�
 antagonist GSK0660 had no effect on 

viability in both these stem cell relevant assays on either cell lines. 

Therefore, these results indicate that BLBP inhibition, by either the dual 

PPAR-(�  � �� �� ���� � �� �  ! " # " � (  the PPAR-�  antagonist GW9662 was 

useful in inducing toxicity in ependymoma CSCs.  
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5.2.16 Effect of BLBP inhibition on response to chemotherapy 

5.2.16.1 The PPAR- �  antagonist GW9662 could not potentiate 

response to chemotherapy in a MTT viability assay. 

As stated several times before, chemotherapy is a primary modality 

employed as adjuvant treatment of paediatric ependymoma patients less 

than 3 years of age (Grundy, Wilne et al. 2007, Ellison, Kocak et al. 2011). 

However, there is a paucity of studies conveying any survival benefit from it 

(Bouffet, Perilongo et al. 1998, Geyer, Sposto et al. 2005, Merchant and 

Fouladi 2005, Atkinson, Shelat et al. 2011). So far BLBP has been shown to 

play a role in migration, proliferation and invasion in several cancers 

(Slipicevic, Jorgensen et al. 2008, Tolle, Suhail et al. 2011, De Rosa, 

Pellegatta et al. 2012). Since it a marker for the transformed RG, it was 

investigated if it also played a role in chemoresistance in paediatric 

ependymomas. The PPAR-�  antagonist GW9662 was found to be most 

effective in inhibiting BLBP, reducing proliferation in monolayers and 

viability in stem cells derived from both cell lines; therefore its ability to 

overcome drug resistance in ependymomas was assessed. 

The BLBPlo BXD-1425EPN and BLBPhi DKFZ-EP1 cell lines were 

pre-treated with PPAR-
�
 antagonist GW9662 for 48 hours (a significant 

reduction in BLBP gene expression was previously observed in both cell 

lines at 48 hours, as described in section 5.2.13) before treatment with 

conventional chemotherapy (etoposide/ vincristine). The cytotoxic effect in 

the tumour bulk was measured by performing an MTT metabolic assay. As 

depicted in Figure 5.18, there was no potentiation of response to 

chemotherapy recorded in either cell lines.  

These results indicated that BLBP inhibition by PPAR-
�
 antagonist, 

GW9662 could not potentiate response to chemotherapy in the 

heterogeneous bulk tumour population of ependymomas.  
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5.2.17 PPAR antagonists reduced the migratory capacity of 

ependymoma cells. 

As described in Chapter 4, although extra-neural metastases only 

occur in 9-10% ependymoma patients (Alzahrani, Alassiri et al. 2014, 

Pachella, Kamiya-Matsuoka et al. 2015, Severino, Consales et al. 2015), 

local invasion of the tumour has been commonly reported and is also 

regarded as a marker of poor prognosis in ependymomas originating from 

the ST compartment (Akay, Izci et al. 2004, Godfraind, Kaczmarska et al. 

2012, Phi, Wang et al. 2012). Notably, several studies also report the role of 

BLBP in invasion / metastasis in gliomas, melanoma and renal cancers 

(Slipicevic, Jørgensen et al. 2008, Mita, Beaulieu et al. 2010, Tolle, Suhail 

et al. 2011, De Rosa, Pellegatta et al. 2012). It was therefore assessed, if 

BLBP also contributed to the invasive and migratory behaviour of 

ependymoma. As mentioned in Chapter 4, both the BLBPlo BXD-1425EPN 

and the BLBPhi DKFZ-EP1 cell lines were established from aggressive 

WHO Grade III anaplastic ependymomas (Clinicopathological details, 

Chapter 2; Section 2.2). Furthermore, the DKFZ-EP1 cell line was derived 

from malignant ascites in the peritoneal cavity which is an indication of the 

ability of the cells to invade and metastasise (Milde, Kleber et al. 2011).  

When a 2D scratch assay was carried out in the presence of PPAR 

antagonists, each of the 3 PPAR antagonists significantly reduced migration 

in both ependymoma cell lines as depicted in figure 5.20. However, the 

effect of PPAR-
  antagonist GW9662 was found to be the most profound, 

represented by a significant rightward shift in the migratory response curves 

[Figure 5.20 a (ii) and b(ii)] and increase in the T1/12 for wound closure 

[time required for 50% increase in wound closure - depicted in Figure 5.20 a 

(iii) and b (iii)] in both cell lines. It is essential to highlight that the assay was 

carried out up to 24 hours and 48 hours for the BXD-1425EPN cell line 

(Doubling time=~24 hours) and DKFZ-EP1 cell line (Doubling time=~48 

hours) respectively to ensure that wound closed as a result of cell migration 

and not proliferation. These T1/2 values for treated conditions in both cell 

lines were derived from substantial extrapolation of the response curves.  
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However, to maintain consistency in the methodology used to 

analyse all scratch assays in this thesis; a different techniques was not 

employed. These results indicated that PPAR antagonists, especially 

PPAR-�  antagonist GW9662, as a result of BLBP inhibition, significantly 

attenuated the migratory capacity of ependymoma cells. 

5.2.18 PPAR antagonists attenuated invasion in BLBP lo BXD-1425EPN 

cell line. 

As mentioned before, brainstem invasion has been regarded as a 

marker of poor prognosis in ependymomas (Akay, Izci et al. 2004, 

Godfraind, Kaczmarska et al. 2012, Phi, Wang et al. 2012). Inhibition of 

BLBP has been shown to reduce tumour invasion in vitro in several cancers 

(Slipicevic, Jørgensen et al. 2008, Tolle, Suhail et al. 2011, De Rosa, 

Pellegatta et al. 2012). As shown in section 5.2.12, BLBP expression was 

lost in the BLBPlo BXD-1425EPN cell line after treatment with PPAR 

antagonists; it was assessed if this reduction would affect the ability of cells 

to invade in a 3D-invasion assay.  

In this assay, BLBPlo BXD-1425EPN spheroids, grown in the 

CultrexTM Basement Membrane Extract (BME) were treated with the 

aforementioned PPAR antagonists. The spheroids displayed a distinct 

amoeboid pattern of invasion by undergoing single cell budding when 

introduced in the BME (boxed and magnified in Figure 5.21 a, untreated 

condition). When this experiment was carried out in the presence of PPAR 

antagonists, a reduction in the ability of cells to invade was recorded 

(depicted in Figure 5.21 a). This effect was quantified by a substantial 

reduction in the relative spheroid outgrowth (R = area of invasive edge / 

area of spheroid) at all 4 time points over 96 hours. The dual PPAR-(� / � ) 

antagonist FH535 had the greatest effect, followed by the PPAR-�  

antagonist, GW9662. The PPAR-�  antagonist GSK9660 significantly 

inhibited invasion exclusively at 72 hours. These results could not be 

recapitulated on the BLBPhi DKFZ-EP1 cell line, since the spheroids did not 
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invade in the BME (as depicted in Chapter 4, Section 4.2.13). These 

results indicated that the dual PPAR-(� �� � � �� ��� �	 
 � ��  �  � �� �� � R-

�  antagonist GW9662 significantly decreased invasion in the BLBPlo 

BXD-1425EPN cell line. 

5.3 Summary 

�  BLBP was expressed in paediatric ependymoma patients. This 

expression was significantly higher in tumours originating from 

the ST and SP compartment in comparison to PF 

ependymomas. 

�  BLBP expression showed a strong correlation with expression of 

other brain tumour relevant CSC markers; CD133 and SOX2.  

�  BLBP was an independent marker of reduced OS and EFS in the 

chemotherapy-led CNS9204 trial. 

�  BLBP was an independent marker of reduced OS in the 

radiotherapy-led CNS9904 trial. 

�  BLBP was expressed at variable levels in all paediatric 

ependymoma derived cell lines. There was a 5-fold elevation in 

BLBP expression in the stem cell enriched neurospheres derived 

from the DKFZ-EP1 cell line. 

�  The BLBP partner, DHA did not inhibit proliferation in BLBPlo 

BXD-1425EPN cell line. In contrast, after inducing a steady 

increase in proliferation at lower concentrations up to 60 µM, a 

rapid drop in the proliferation was recorded up to a concentration 

of 120 µM. The IC50 was established at 103.4 µM in the BLBPhi 

DKFZ-EP1 cell line. 

�  Similar to behaviour of the BLBPhi DKFZ-EP1 cell in an MTT 

assay, DHA induced an apparent increase in viability at a lower 

concentration of 5 µM, followed by completely inhibiting viability 

at 50 µM, in the BLBPlo BXD-1425EPN cell line in a stem cell 
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relevant clonogenic assay. The IC50 for DHA was established at 

25.07 µM (SEM±1.83 µM). 

�  DHA did not potentiate response to chemotherapy in the tumour 

bulk of either cell lines; but, significantly enhanced cytotoxicity 

due to etoposide treatment in the BLBPlo BXD-1425EPN stem 

cells. 

�  DHA inhibited migration in both ependymoma derived cell lines 

used in this study. 

�  DHA inhibited invasion in the BLBPlo BXD-1425EPN cell line in a 

3D invasion assay. 

�  In the BLBPlo BXD-1425EPN cell line, each of the 3 PPAR 

antagonists inhibited BLBP expression whilst in the BLBPhi 

DKFZ-EP1 cell line, the PPAR-�  antagonist GW9662 was found 

to be the most potent BLBP inhibitor. 

�  The PPAR-�  antagonist, GW9662 marginally, but significantly 

inhibited proliferation in both BLBPhi DKFZ-EP1 and BLBPlo BXD-

1425EPN cell lines. 

�  The dual PPAR-(
 /� ) antagonist FH535 and PPAR-
  antagonist 

GW9662 were the most effective in inhibiting viability in 

ependymoma stem cells in both cell lines used in this study. 

�  The PPAR-�  antagonist, GW9662 enhanced the cytotoxic effect 

of vincristine and etoposide in the BLBPlo BXD-1425EPN stem 

cells but not in tumour bulk. It had no effect on response to 

chemotherapy in the BLBPhi DKFZ-EP1 cell line. 

�  The PPAR-�  antagonist, GW9662 was the most effective in 

attenuating migratory nature of both ependymoma derived cell 

lines. 
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�  The dual PPAR-(� /� ) antagonist, FH535 completely inhibited 

whilst PPAR-
�

antagonist GW9662 had an intermediate inhibitory 

effect on invasion in the BLBPlo BXD-1425EPN cell line in a 3D 

invasion assay. 

. 
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CHAPTER 6. EXPRESSION, PROMOTER 

METHYLATION AND CIRCUMVENTION OF 

MGMT IN EPENDYMOMA 

6.1 Introduction 

As highlighted in earlier chapters, paediatric ependymomas are 

regarded as chemoresistant (Grill, Pascal et al. 2003, Atkinson, Shelat 

et al. 2011). Despite several trials employing alkylating agents such as 

temozolomide (TMZ), procarbazine, decarbazine, nitrosorureas 

(lomustine / carmustine) and cyclophosphamide in ependymoma 

treatment (clinicaltrials.gov- NCT00826241, NCT00004028, 

NCT00005796); there is a paucity of studies confirming their therapeutic 

efficacy (Bouffet and Foreman 1999, Atkinson, Shelat et al. 2011). 

MGMT, also called O6-alkylguanine DNA alkyltransferase (AGT), 

repairs alkylated bases such as O6-alkylguanine induced by all the 

aforementioned drugs, by transferring the alkyl group from the alkylated 

base to its cysteine side chain within the catalytic pocket (as shown in 

Chapter 1, Figure 1.8). This restores the DNA structure and as a result 

inactivates MGMT (Pegg, Dolan et al. 1995, Xu-Welliver and Pegg 

2002).  

MGMT expression in several cancers has been associated with 

poor response to alkylating agents such as TMZ and thus, dismal 

prognosis (Jiang, Dong et al. 2014, Ogura, Tsukamoto et al. 2015, 

Walter, van Brakel et al. 2015). In ependymomas, one study on 17 

patient samples reported that high MGMT protein expression correlated 

with an anaplastic phenotype (Buccoliero, Castiglione et al. 2008). This 

finding gave an indication that MGMT could be a possible contributing 

factor to chemoresistance exhibited by paediatric ependymomas. 

However, the prognostic value of MGMT expression in identifying high 

risk ependymoma patients still remains unelucidated. 
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MGMT promoter methylation has been found in 45% - 70% of 

high grade gliomas (Blanc, Wager et al. 2004, Stupp, Hegi et al. 2006) 

and has been proposed to be a common mechanism of MGMT loss. 

Clinical evidence suggests that patients with MGMT promoter 

methylation respond better to alkylating agents such as carmustine or 

TMZ in combination with radiotherapy (Hegi, Diserens et al. 2005, Hegi, 

Liu et al. 2008). So far, there have been few studies investigating 

MGMT promoter methylation levels in ependymomas.  Studies by 

Buccoliero et al. and Koos et al. have reported an absence and low 

levels of MGMT promoter methylation in paediatric ependymomas 

respectively (Buccoliero, Castiglione et al. 2008, Koos, Peetz-Dienhart 

et al. 2010). However, the association between low MGMT promoter 

methylation and poor prognosis in ependymomas needs to be 

established. 

Although MGMT has been proposed to be involved in resistance 

to several drugs, this chapter mainly focuses on its role in TMZ 

resistance. TMZ is an orally bioavailable alkylating agent employed to 

treat recurrent paediatric ependymoma as part of adjuvant treatment 

following surgery (Nicholson, Kretschmar et al. 2007, Lombardi, 

Pambuku et al. 2013) or salvage therapy after failure of surgery and 

radiotherapy (Komori, Yanagisawa et al. 2015). There is however, a 

lack of studies reporting any survival benefit from TMZ treatment 

(Chamberlain and Johnston 2009, Khoo, Kishima et al. 2013, Lombardi, 

Pambuku et al. 2013). Several MGMT inhibitors such as lomeguatrib 

(Ugur, Taspinar et al. 2014), disulfiram [clinicaltrials.gov: 

NCT01907165, (Paranjpe, Zhang et al. 2014)] and O6-Benzyl Guanine 

(06-BG) [clinicaltrials.gov: NCT00052780, (Konduri, Ticku et al. 2009)] 

have been employed in preclinical and clinical studies to improve 

response to TMZ. Preclinical studies on  murine paediatric brain 

tumours (low grade gliomas, medulloblastomas and ependymomas) 

showed that 06-BG could potentiate response to TMZ and lomustine 

(Bobola, Silber et al. 2005). However, results from a phase-II clinical 
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trial employing 06-BG to treat TMZ-resistant GBM showed lack of 

tumour regression as well as high incidence of haematological side-

effects (Quinn, Pluda et al. 2002, Quinn, Jiang et al. 2009).  Several 

novel TMZ analogues designed to circumvent MGMT induced 

resistance have shown promise as alternative single agents to treat 

glioblastoma and medulloblastoma cell lines (Zhang, Stevens et al. 

2010, Othman, Kimishi et al. 2014). However, their efficacy in 

ependymoma treatment needs to be determined.  

This chapter assesses the expression pattern of MGMT in 

publicly available ependymoma datasets and its prognostic value in 

stratifying ependymoma patients into clinically relevant groups. 

Furthermore, retrospective analyses to assess MGMT promoter hyper-

methylation status are performed and the prognostic value of this status 

in stratifying ependymoma patients is also determined. Finally, the 

efficacy of a MGMT circumventing new N3-propargyl analogue of TMZ 

in inducing cytotoxicity in in vitro models of ependymoma is assessed in 

this study. 
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6.2 Results 

6.2.1 MGMT expression was higher in paediatric ependymom a 

patients in comparison to adults. 

MGMT expression has been correlated with poor response to 

chemotherapy and hence, poor prognosis in several cancers (Jiang, 

Dong et al. 2014, Ogura, Tsukamoto et al. 2015, Walter, van Brakel et 

al. 2015). Its involvement in resistance to several DNA alkylating drugs 

employed in ependymoma adjuvant treatment (Bouffet and Foreman 

1999, Wright and Gajjar 2012) indicates that MGMT expression might 

be one of the factors underlying its chemoresistant behaviour. 

In order to assess MGMT gene expression in ependymoma 

patients, analysis of 3 aforementioned publicly available paediatric 

ependymoma datasets was performed.  

As depicted in Figure 6.1, MGMT expression was significantly 

higher in paediatric patients in comparison to adults in the Gilbertson (a, 

Spearman correlation co-efficient=-0.36, P=0.001) and the Mack 

datasets (c, Spearman correlation co-efficient=-0.25, P=0.01) whilst in 

the Witt dataset, no significant association with age was recorded (b, 

Spearman correlation co-efficient=-0.14, P=0.23). These results 

therefore, suggested that MGMT expression was higher in paediatric 

ependymoma patients than adults and may therefore represent one of 

the mechanisms contributing to chemoresistance in them. 
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6.2.3 Paediatric ependymomas had low levels of MGMT promoter 

methylation. 

DNA methylation refers to the covalent addition of a methyl 

��� � � � � � � � � 	 -carbon of cytosine in a CpG dinucleotide; methylation of 

CpG islands in the promoter region of genes leads to suppression of 

transcription and subsequently gene expression. Aberrant methylation 

has been implicated in diseases such as cancer, multiple sclerosis, 

diabetes, and schizophrenia (Plass 2002, Poetsch and Plass 2011).  

Promoter hyper-methylation is regarded as a common 

mechanism of MGMT loss in gliomas accounting for 45% - 70% cases 

(Blanc, Wager et al. 2004, Stupp, Hegi et al. 2006) and has been 

correlated with improved survival due to the resultant enhanced 

response to alkylating agents (Hegi, Diserens et al. 2005, Hegi, Liu et 

al. 2008). As mentioned in section 6.1, there have been very few 

studies which have assessed MGMT methylation levels in 

ependymoma. So far, most studies have either reported low or 

completely absent MGMT promoter methylation in ependymoma 

patients (Michalowski, de Fraipont et al. 2006, Buccoliero, Castiglione 

et al. 2008, Koos, Peetz-Dienhart et al. 2010). The findings of these 

studies are consistent with the results displayed in section 6.2.1 which 

suggest that the MGMT gene was expressed in paediatric 

ependymoma patients. 

In order to validate the findings, retrospective analysis of global 

methylation data of 103 paediatric ependymoma patient samples 

produced by Rogers et al. using the GoldenGate Cancer Panel I assay 

(Illumina) was performed (Rogers, Kilday et al. 2012). This study 

assessed the methylation profiles of 73 primary and 25 recurrent 

tumours, out of which 53% were PF, 23% were ST and 15% were SP 

ependymomas. This cancer panel employed in this study assesses 

methylation status of 1,505 CpG loci of 807 genes implicated in cancer. 

Relative ratios of probe signals of tumour samples to normal controls 



148 
 
 

are expressed as �  �� � �� �� �	 
� � � � 	� � �� �� � �� �� � �� 
� �  �� � �� � � � ��

were considered hypo-methylate � � � -�� � �� � � � � � �� �� � �	 �� � � �� �

hyper-methylated (Rogers, Kilday et al. 2012).  

For the two MGMT methylation probes MGMT_P272R & 

���� �  � � !� " � #� � 	 �  values across the patient dataset were 0.04 

(SEM±0.001) and 0.008 (SEM±0.001) respectively (depicted in Figure 

6.3). In other words, the MGMT gene was hypo-methylated in this 

paediatric ependymoma dataset. The association between low / absent 

promoter methylation and MGMT gene/protein expressed has not been 

assessed so far.  Due to the lack of corresponding MGMT gene 

expression data for the Rogers dataset, a correlation between MGMT 

methylation and gene expression results could not be made in this 

study. However, a few paraffin embedded ependymoma samples from 

8 patients belonging to the Rogers dataset were available, allowing IHC 

analysis to be carried out.  6/8 available patients from this dataset 

exhibited nuclear expression of the MGMT protein (as depicted in 

Figure 6.5a). This result was consistent with the low levels of MGMT 

promoter methylation. Factors such as loss of chromosome 10 or post-

translational modification may underlie the MGMT negative status of the 

2/8 ependymoma patients.  

Validation of these results, as well as correlation with MGMT 

gene/protein expression in a discrete methylation dataset is essential to 

further validate the assumption that MGMT promoter methylation is a 

common mechanism of MGMT loss in ependymoma. 
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recorded in the Rogers dataset (depicted in section 6.2.3). Moreover, 

these methylation levels were significantly lower in children in 

comparison to adult PF ependymomas. [MD=0.69 (95% CI=0.03-0.1), 

P=0.005]. This finding was consistent with the results displayed in 

section 6.2.1 which show that paediatric ependymomas had a 

significantly higher MGMT expression in comparison to adults; 

indicating that MGMT could be a resistance mechanism mainly viable in 

paediatric patients.  

Furthermore, when correlated with survival, low MGMT promoter 

methylation was significantly associated with reduced EFS (5-year EFS: 

43.5% vs. 100%, P=0.01) and OS (5-year OS: 60% vs. 100%, P=0.02) 

in children as depicted in Figure 6.4, b and c respectively. These results 

indicated that MGMT promoter methylation was of definite prognostic 

value in PF ependymomas. It is however, essential to highlight that out 

of the 48 patients with PF ependymomas in this study; the survival 

information was available only for 25 patients. Therefore, these findings 

need to be validated on a larger ependymoma methylation dataset, also 

consisting of tumours originating from SP and ST locations. 
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6.2.5 MGMT expression predicted poor prognosis in the 

chemotherapy-led CNS9204 trial by univariate analysis. 

There have been several studies providing conflicting results 

regarding the prognostic value of MGMT protein expression in cancer 

(Chang, Hsu et al. 2013, Oliver, Ortiz et al. 2014, Schmitt, Pavel et al. 

2014, Yang, Wang et al. 2014, Asiaf, Ahmad et al. 2015). So far it has 

been demonstrated in this study that MGMT could be one of the factors 

underlying chemoresistance in paediatric ependymomas owing to lack 

(section 6.2.3) / low levels (section 6.2.4) of promoter methylation and 

as a result, maintained MGMT gene (section 6.2.1) / protein (section 

6.2.3) expression. Since the MGMT protein expression has been 

reported in anaplastic ependymomas (Buccoliero, Castiglione et al. 

2008), its prognostic value in identifying high-risk paediatric 

ependymoma patients was elucidated in this study. 

In order to investigate the prognostic value of MGMT protein 

expression in patients less than 3 years of age, TMAs from the 

aforementioned chemotherapy-led CCLG 1992 04 (CNS9204) trial 

cohort were screened. 

When the patient samples were stained for MGMT expression 

using immunohistochemistry (IHC), 48.8% (21/43) patients were found 

to be MGMT positive and samples were scored as a binary variable 

(positive or negative). Unlike ABCB1 and BLBP wherein 53 samples 

were assessed; owing to core loss, only 43 samples could be analysed 

for MGMT protein expression in this cohort. When nuclear MGMT 

expression (as depicted in Figure 6.5 b) was analysed for correlation 

with clinical outcome, MGMT positive patients had a significantly lower 

overall survival (5-year OS: 45% vs. 76%, P=0.01) whilst there was no 

significant correlation with event-free survival (5-year EFS: 25% vs. 

38%, P=0.23) in this trial cohort. 
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factors such as complete surgical resection, tumour location and WHO 

grade. As displayed in Table 6.1, after being corrected for the 

aforementioned confounding factors, MGMT protein expression could 

not independently predict OS in infants with ependymoma in the 

CNS9204 cohort. 

Table 6.1 Multivariate analysis of MGMT expression in the CNS9204 trial 

 

From these results, it was deduced that MGMT was not an 

independent marker of reduced OS in the CNS9204 trial. Since it was 

possible to assess only 43 patients in this study owing to TMA core 

loss; these results need to be validated in other such chemotherapy-led 

infant ependymoma trial cohorts.  

Survival 
Factor 

Hazard Ratio 

(95% CI) 
P value 

 

 

 

Overall  

 

Survival 

 

(OS) 

MGMT 

expression 

(Positive vs. 

Negative) 

2.35 (0.87-6.37) 0.09 

 

Location (PF vs 

ST) 

 

1657310.538  

(0.00- ) 
0.98 

Resection 

(Incomplete vs. 

Complete) 

 

1.74 (0.68 �  4.45) 0.25 

WHO Grade 

(Grade III vs. 

Grade II) 

2.32 (0.51-3.55) 0.53 
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Table 6.2 Multivariate analysis of MGMT expression in the CNS9904 trial 

Survival Factor 
Hazard Ratio 

(95% CI) 
P value 

 

Event-free 

 

Survival 

 

(EFS) 

 

MGMT 

expression 

(Positive vs. 

Negative) 

2.513 (0.97-6.48) 0.05 

 

Location (PF vs. 

ST) 

 

 

1.41 (0.57-3.48) 

 

 

0.45 

Resection 

(Incomplete vs. 

Complete) 

2.69 (1.03-6.98) 

 

 

0.04 

WHO Grade 

(Grade III vs. 

Grade II) 

2.71 (0.95-7.72) 

 
0.06 

 

Overall 

 

Survival 

 

(OS) 

MGMT 

expression 

(Positive Vs. 

Negative) 

4.43 (1.19-16.4) 0.02 

 

Location (PF vs. 

ST) 

 

1.43 (0.50-4.04) 0.49 

Resection 

(Incomplete vs. 

Complete) 

2.02 (0.68-6.05) 0.20 

WHO Grade 

(Grade III vs. 

Grade II) 

3.81 (1.16-12.44) 0.02 
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In this trial cohort, MGMT expression did not significantly 

correlate with tumour grade, resection status, location or gender of 

patients. In order to assess the potential of MGMT as an independent 

prognostic marker, it was introduced in the Cox-regression multivariate 

hazards-ratio model. As displayed in Table 6.2, after being corrected for 

the same confounding factors as mentioned in section 6.2.5, MGMT 

positive patients were almost 2.5 times more susceptible to having an 

event (relapse or death) (P=0.05) and 4.43 times more likely to die 

(P=0.02) in comparison to those who were MGMT negative.  

These results indicated that MGMT was an independent marker 

of reduced survival in older paediatric patients in the radiotherapy-led 

CNS9904 cohort, further supporting the putative role of MGMT in 

radioresistance 

 

6.2.7 MGMT, MLH1 and MSH6 expression across ependymoma 

derived cell lines and stem cell enriched neurospheres. 

So far it was demonstrated in this study that MGMT was 

expressed in paediatric ependymoma patients and that its expression 

was indeed associated with reduced patient survival times. In order to 

investigate its potential role in chemoresistance in in vitro models of 

ependymoma; western blotting analysis was performed to assess 

MGMT protein expression in 3 ependymoma derived cell lines (BXD-

1425EPN, EPN1 and DKFZ-EP1). 

As depicted in Figure 6.7, only the EPN1 cell line did not express 

MGMT. This was consistent with the finding of Chapter 3, section 3.2.3, 

which showed that MGMT was neither expressed in the original patient 

tumour nor in the orthotopic mouse ependymoma from which the EPN1 

cell line was derived.  
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The role of CSCs in chemoresistance in ependymoma was 

investigated in this study; the expression of each of the three 

aforementioned proteins in the stem cell enriched neurospheres (DKFZ-

EP1NS) derived from the DKFZ-EP1 cell line was also evaluated. The 

MGMT and MMR pathway expression profile of DKFZ-EP1NS 

neurospheres was identical to the parent cell line (DKFZ-EP1) as 

depicted in Figure 6.7. This was consistent with MGMT staining in 70-

80% of the tumour cells in a patient sample stained by IHC (Figure 

6.5b), in contrast to a sub-population of cells which was witnessed in 

the case of BLBP and ABCB1. In other words, the MGMT resistance 

mechanism was maintained in both CSCs as well as differentiated 

tumour cells making them both TMZ refractory. Since, it was not 

possible to easily maintain EPN7 and EPN7R in culture, these analyses 

could not be performed on them. In the subsequent sections, the 

predictions made above regarding the response to TMZ by carrying out 

cytotoxicity assays on all 3 cell lines and ependymoma stem cells are 

validated. 

6.2.8 All ependymoma derived cell lines exhibited resistance to 

TMZ. 

In order to validate the role of MGMT and MMR pathway in 

response to TMZ; MTT cytotoxicity assays were carried out on BXD-

1425EPN, DKFZ-EP1 and the EPN1 cell lines. As depicted in Figure 

6.8, all 3 cell lines used in this study were TMZ resistant since they 

showed little cytotoxic response up to 500 µM of the drug. In the case of 

the DKFZ-EP1 cell line, the IC50 was established at 469 µM 

(SEM±20.29 µM) which is comparable to what is achieved in gliomas, 

known to be TMZ resistant (Zhang, Wang et al. 2015). This 

concentration is also 10 times the peak plasma concentration (ppc) 

achieved in patients (~52 µM) (Milde, Kleber et al. 2011).  

As shown in section 6.2.7, BXD-1425EPN and DKFZ-EP1 cell 

lines both expressed MGMT protein, which was consistent with their 
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TMZ refractory behaviour. EPN1 on the other hand, not only lacked 

MGMT expression but failed to have a proficient MMR pathway which 

could underlie the resistance to TMZ. It is however, also essential to 

highlight that due to lack of a MMR proficiency, a TMZ induced toxic 

O6-MG lesion would induce mutagenicity and lead to acquisition of a 

hypermutator phenotype in the EPN1 cell line as described by Thuijl et 

al. in low-grade gliomas (van Thuijl, Mazor et al. 2015). Further 

experiments involving mass spectrometry would be necessary to 

confirm this proposed retention of the O6- MG lesion in the EPN1 cell 

line as a result of exposure to TMZ.    

 

 

 

 

 

 

 

These results indicated that all ependymoma cell lines employed 

in this study were TMZ resistant. Furthermore, it also highlighted the 

need to assess the MGMT as well as MMR status of a patient prior to 

TMZ treatment to predict response and to prevent TMZ-induced 

mutagenicity in ependymoma.  

  

Figure 6.8 Ependymoma cell lines were TMZ resistant Cytotoxic effect of 
TMZ was measured by the MTT metabolic assay to produce the dose response 
curves displayed above. IC50 (concentration to kill 50% cells) was not achieved 
in the BXD-1425EPN and EPN1 cells over quite a wide concentration range 
(100-500 µM) of TMZ. In the DKFZ-EP1 cell line, a mean IC50 of 469 µM 
(SEM±20.29 µM) was recorded which was approximately 10 times above the 
ppc achieved in patients. (n=3) 
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6.2.9 Ependymoma cell lines were sensitive to the MGMT 

circumventing N3-propargyl analogue of TMZ. 

All 3 cell lines used in this study were TMZ resistant (section 

6.2.8). Additionally, TMZ would also be expected to induce a mutagenic 

effect on the EPN1 cell line, due to MMR deficiency.  Zhang et al. and 

Othman et al. demonstrated that novel analogues of TMZ could 

circumvent MGMT induced resistance and induce toxicity in 

glioblastoma and medulloblastoma cell lines respectively (Zhang, 

Stevens et al. 2010, Othman, Kimishi et al. 2014).  

 

 

 

 

 

We therefore sought to investigate if the novel N3-propargyl 

analogue of TMZ was able to toxicity in ependymoma cell lines by 

carrying out the MTT assay, to produce the dose response curves 

depicted in Figure 6.9. The IC50s established for BXD-1425EPN, DKFZ-

EP1 and EPN1 cell lines were 133 µM (SEM±6.021 µM), 185 µM 

(SEM±25.88 µM) and 223 (SEM±12.81 µM) respectively.  

Figure 6.9 MGMT circumventing N3-propargyl analogue of TMZ induced 
cytotoxicity in ependymoma cell lines Cytotoxic effect of N3-propargyl 
analogue of TMZ was measured by the MTT metabolic assay to produce the 
dose response curves displayed above. IC50 values for BXD1425EPN, DKFZ-
EP1 and EPN1 cell lines were established at 133 µM (S.E-6.021 µM), 185 µM 
(SEM±25.88 µM) and 223 µM (SEM±12.81 µM) respectively. (n=3) 
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From these results it was inferred that the N3-propargyl analogue 

was effective at inducing toxicity in ependymoma cell lines by 

circumventing MGMT repair. Furthermore, since it also induced toxicity 

in the EPN1 cell line which was MMR deficient, it could also be 

concluded that the cytotoxic effect of N3-propargyl was also 

independent of proficient MMR repair. These findings highlighted the 

potential of the N3-propargyl analogue as an effective option for 

treatment of paediatric ependymoma patients.  

6.2.10 Resistance to TMZ and sensitivity to the N3-propargyl 

analogue was maintained in ependymoma stem cells. 

In contrast to the study by Meco et al., which demonstrated that 

there was a downregulation in MGMT expression in ependymoma 

derived neurospheres (NS), it was shown in this study that the DKFZ-

EP1NS neurospheres maintained the MGMT and MMR expression 

profiles of the DKFZ-EP1 cell line from which they were derived, as 

discussed in section 6.2.7. Furthermore, Meco et al. also reported an 

improved sensitivity to TMZ in neurospheres due to downregulation in 

MGMT expression (Meco, Servidei et al. 2014).  

In order to assess the response to TMZ as well as its N3-

propargyl analogue in stem cells, a stem cell relevant clonogenic assay 

on the BXD-1425EPN cell line and a spheroid assay in the DKFZ-

EP1NS neurospheres were performed. As depicted in Figure 6.10, the 

BXD-1425EPN cell line was resistant to TMZ whilst the IC50 in response 

to the N3-propargyl analogue was established at 26.83 µM (SEM±0.75 

µM). In other words, the CSCs retained their response profile to TMZ 

and indeed, there was 4-fold increase in sensitivity to the N3-propargyl 

analogue in comparison to the tumour bulk (IC50-133 µM established in 

an MTT assay) as discussed in sections 6.2.8 and 6.2.9 respectively. 

Since we could not establish neurospheres from this cell line, the 

MGMT and MMR enzymes expression status of the CSC component 

could not be determined. 
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As depicted in Figure 6.11, DKFZ-EP1NS neurospheres were 

treated with IC50 concentrations for TMZ and N3-propargyl analogue 

established in the DKFZ-EP1 cell line as described in sections 6.2.8 

and 6.2.9 respectively. The stem cell enriched spheroids exhibited very 

little difference in phenotype after treatment with TMZ whilst the 

spheroid was completely destroyed after propargyl treatment. Since it 

was difficult to re-establish neurospheres at this point in this study, 

these results could not be repeated. But, this experiment provided us 

with an indication of the nature of response to TMZ and the N3-

propargyl analogue in the DKFZ-EP1NS neurospheres. 

These results indicated that, in contrast to results by Meco et al., 

ependymoma stem cells in this study maintained MGMT expression. As 

a result, they were TMZ resistant. However, sensitivity to MGMT 

circumventing N3-propargyl analogue was enhanced. 

 

6.3 Summary 

�  Paediatric ependymoma patients expressed higher levels of 

MGMT in comparison to adults. 

�  MGMT expression was highest in posterior fossa ependymomas 

in the Gilbertson and Mack datasets. 

�
 The MGMT gene promoter was hypo-methylated in paediatric 

ependymoma patients in the Rogers dataset. 

�
 In PF ependymomas, MGMT promoter methylation was 

significantly lower in paediatric patients in comparison to adults. 

This low level of MGMT promoter methylation in paediatric 

patients was significantly associated with poor prognosis. 
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�   In the chemotherapy-led CNS9204 trial, MGMT protein 

expression was significantly associated with reduced overall 

survival by univariate analysis. 

�
 In the radiotherapy-led CNS9904 trial, MGMT protein expression 

was an independent marker of reduced survival. 

�
 By western blotting analysis, paediatric ependymoma derived 

BXD-1425EPN and DKFZ-EP1 cell lines expressed MGMT and 

MMR enzymes, MLH1 and MSH6.  The stem cell enriched 

DKFZ-EP1NS neurospheres, maintained the MGMT and MMR 

expression profiles of the DKFZ-EP1 cell line from which they 

were derived. The EPN1 cell line did not express MGMT and 

MLH1; therefore was both MGMT and MMR pathway deficient. 

�  Ependymoma derived cell lines were resistant to TMZ but 

exhibited sensitivity to the novel MGMT circumventing N3-

propargyl analogue of TMZ in an MTT assay. 

�  Ependymoma stem cells remained resistant to TMZ; whilst they 

exhibited an elevated sensitivity to the N3-propargyl analogue in 

comparison to monolayers.  
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CHAPTER 7. DISCUSSION AND FUTURE WORK 

7.1 Introduction 

Ependymomas are the second most common malignant brain 

tumours in children (Ostrom, Gittleman et al. 2014). They are notorious 

for occurring throughout the neuro-axis; although 90% of cases in 

children occur intracranially. Two-thirds of these intracranial 

ependymomas occur infratentorially (in the PF) whilst the remaining 

one-third originate from the ST compartment (Louis, Ohgaki et al. 

2007). Chemoresistance and invasion of surrounding critical structures 

are hallmarks of ependymomas which contribute to tumour recurrence 

in 50% patients (Chiu, Woo et al. 1992, Messahel, Ashley et al. 2009). 

This tendency to relapse is consistent with ependymomas harbouring a 

sub-population of therapy resistant CSCs. In spite of recent advances in 

paediatric neuro-oncology, current 5-year survival in infant patients 

stands at a disappointing 40-52% (Gajjar, Pfister et al. 2014, Gatta, 

Botta et al. 2014). There is therefore, a definite need to identify novel 

targetable prognostic markers in ependymomas which could not only 

facilitate early diagnosis, but also help treat and control the disease 

better 

In this thesis, 3 novel targetable prognostic markers in 

ependymoma; the multi-drug transporter ABCB1, the radial glial stem 

cell marker BLBP and the DNA repair enzyme MGMT, have been 

identified. In addition, in vitro analyses to elucidate their possible role in 

chemoresistance and local invasion in paediatric ependymomas have 

also been performed. 

7.2 ABCB1; drug efflux and much more �  Chapter 4 

Similar to other forms of brain tumour, conventional treatment of 

ependymoma consists of surgery followed by adjuvant radiotherapy/ 

chemotherapy (Wright and Gajjar 2012, Northcott, Pfister et al. 2015). 

Radiotherapy is generally avoided in children less than 3 years of age 
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due to long term neurological deficits associated with it (Ellison, Kocak 

et al. 2011, Tai, Grundy et al. 2011, Sung, Lim do et al. 2012). In spite 

of chemotherapy being widely employed as part of adjuvant treatment 

protocols to treat ependymomas; there is a paucity of studies reporting 

any survival benefit from it (Bouffet, Perilongo et al. 1998, Geyer, 

Sposto et al. 2005, Merchant and Fouladi 2005, Atkinson, Shelat et al. 

2011). This has led to the assumption that ependymomas are inherently 

chemoresistant. It is proposed in this study that a sub-population of 

therapy resistant CSCs underlie this chemoresistance in 

ependymomas. This conjecture is supported by studies by Hussein et 

al. and Milde et al. which reported resistance to several 

chemotherapeutic drugs in CSC enriched neurospheres derived from 

ependymomas (Hussein, Punjaruk et al. 2011, Milde, Kleber et al. 

2011).  

Multi-drug resistance (MDR) has been regarded as a hallmark of 

CSCs which gives them a survival advantage over the rest of the 

tumour bulk (Reya, Morrison et al. 2001, Graham, Jørgensen et al. 

2002, Hirschmann-Jax, Foster et al. 2004, Clevers 2011, Ramaswamy, 

Remke et al. 2013). Classical MDR is mainly mediated by 3 members of 

the ATP-binding cassette (ABC) drug transporters super-family; 

ABCB1, ABCC1 and ABCG2. Efflux by these transporters prevents 

accumulation of chemotherapy in cells; leading to a sub-optimal 

response (Kroetz, Pauli-Magnus et al. 2003). Previous lab data showed 

that ABCB1 exclusively, was of prognostic significance in a subset of 

ependymoma patients from the chemotherapy-led CNS9204 trial; whilst 

ABCG2 and ABCC1 showed no correlation with patient survival 

(Personal communication with Dr. Beth Coyle). Furthermore, 

ependymomas which were positive for multi-drug transporter ABCB1 

(0.28% cells), frequently co-expressed surface  marker CD133 (0.21% 

cells); suggesting that these drug resistant cells were a subset of CSC 

population in ependymoma (Coyle, Kessler et al. 2015). This finding 

was consistent with the fact that a sub-population of ependymoma cells 
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stained positive for ABCB1 expression in patient samples by IHC 

analysis (Figure 4.4 a) and a 3 fold elevation of ABCB1 expression 

(P=0.014) in the stem cell enriched neurospheres (Section 4.2.6) 

derived from the DKFZ-EP1 cell line was observed. 

Since 4 of the drugs currently used as part of ependymoma 

adjuvant chemotherapeutic regimens are ABCB1 substrates (etoposide, 

vincristine, methotrexate and irinotecan) (Szakacs, Paterson et al. 

2006, Wright and Gajjar 2012); it is believed that ABCB1 may play a 

key role in the chemoresistant nature of ependymoma. This was 

supported by the analysis of 3 publicly available ependymoma gene 

expression datasets which showed that ABCB1 was expressed in 

ependymoma patients (Section 4.2.1) and this expression was 

significantly higher in ST tumours (Section 4.2.2). ST tumours account 

for one-third of intracranial tumours in children and a subset of them is 

associated with poor prognosis. Therefore, overcoming ABCB1 induced 

resistance in these patients could help improve the response to 

chemotherapy and hence, patient outcome. 

Several groups have carried out gene expression studies as well 

as global methylation profiling to classify ependymomas into clinically 

relevant groups (Witt, Mack et al. 2011, Wani, Armstrong et al. 2012, 

Mack, Witt et al. 2014, Pajtler, Witt et al. 2015). However, gene 

expression does not give an indication of function and histological 

techniques provide a better resolution in terms of tumour heterogeneity. 

Therefore, it is essential to develop a panel of targetable molecular as 

well as histological markers to define a robust system of ependymoma 

classification.  In this study, it was demonstrated that in the 

chemotherapy-led CNS9204 trial, ABCB1 expression in a sub-

population of cells was an independent marker of reduced OS survival 

(5-year OS-33% vs. 74%, P=0.009) as well as EFS (5-year EFS-13% 

vs. 50%, P=0.007). In contrast, ABCB1 expression could not predict 

survival in the radiotherapy-led CNS9904 trial in older patients, 
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highlighting the role of ABCB1 in chemoresistance and hence, reduced 

prognosis in younger patients. However, it is essential to mention that 

due to a high level of core loss in the tissue microarrays from the 

CNS9904 cohort, we could screen only 32 samples in this study. 

Therefore, it would be important to validate these results in an 

independent cohort consisting of older paediatric ependymoma 

patients.  

In order to elucidate the role of ABCB1 in chemoresistance in 

ependymomas, 5 ependymoma derived cell lines were screened for 

ABCB1 gene expression. Four out the five of these cell lines expressed 

ABCB1 (section 4.2.5). The EPN1 cell line was the only one which 

tested negative for ABCB1 expression. This was consistent with the 

lack of ABCB1 protein expression in the original patient tumours as well 

as the murine orthotopic tumour from which the EPN1 cell line was 

derived (Chapter 3, section 3.2.3). These results were in contrast to the 

study by Hussein et al. demonstrated that the EPN1 cell line expressed 

ABCB1 and could also be cultured as neurospheres (Hussein, Punjaruk 

et al. 2011); which could not achieve as part of this study. Similarly, 

studies by Yu et al. and Milde et al. reported the ability of the BXD-

1425EPN and DKFZ-EP1 cell lines to form neurospheres respectively 

(Yu, Baxter et al. 2010, Milde, Kleber et al. 2011). As part of this study, 

neurospheres from the BXD-1425EPN cell line could not be derived at 

all, whilst the ability of the DKFZ-EP1 cell line to form neurospheres 

was variable and confined to a few early passages. These results 

therefore indicated that tumours underwent a genotypic shift as a result 

of culture conditions and this might lead to the loss of the sub-

population of cells. Studies by Laurent et al. and Domcke et al. reported 

similar changes in the genomic profiles of human epithelial stem cells 

and several immortalised cell lines respectively, maintained in culture 

over a period of time and suggested thorough evaluation of cell lines by 

methods such as STR (short tandem repeat) profiling which is used to 

compare DNA microsatellite sequences between samples, to confirm 
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genomic proximity to parent tumour (Laurent, Ulitsky et al. 2011, 

Domcke, Sinha et al. 2013). Yu et al. suggested that the serial 

transplantation of tumours in mice was an effective method of 

maintaining the sub-population of cells (Yu, Baxter et al. 2010). This 

method however, would not only be expensive but also labour-

intensive. Development of brain tumour relevant 3D in vitro systems 

which could recapitulate the tumour microenvironment and therefore, 

allow cells to maintain their genomic profiles and a sub-population of 

CSCs could also represent a possible cheaper solution to this issue. 

As mentioned before, it is hypothesised that a sub-population of 

ABCB1 expressing CSCs may underlie tumour recurrence in 

ependymomas; thus resulting in the chemoresistant and aggressive 

nature of recurrent tumours. The finding that ABCB1 was maintained in 

the recurrent EPN7R cell line of the EPN7 patient was in support of this 

conjecture (section 4.2.5). Moreover, public data analysis of the 

Hoffman study which compared transcriptomic changes in between 16 

primary-recurrent tumour pairs, showed that ABCB1 was maintained in 

recurrent ependymomas (section 4.2.5), further strengthening our 

hypothesis.  

In order to investigate the role of ABCB1 in chemoresistance in 

in vitro models of paediatric ependymoma; a non-specific ABC 

transporter inhibitor, verapamil and a PDE5 inhibitor vardenafil which 

has been shown to specifically inhibit ABCB1 were employed. 

Verapamil is a first generation ABC transporter inhibitor. Despite 

promising results in in vitro and in vivo experiments; unacceptable side 

effects in patients (Ozols, Cunnion et al. 1987, Daenen, van der Holt et 

al. 2004), have prevented clinicians from pursuing verapamil further in 

cancer treatment. However, owing to its tremendous effectiveness in 

vitro, it was employed as a control drug to compare efficacy of 

vardenafil to potentiate response to chemotherapy. Ding et al. 

demonstrated that unlike its congener sildenafil which inhibits ABCB1 
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as well as ABCG2 (Shi, Tiwari et al. 2011); vardenafil could specifically 

inhibit ABCB1 (Ding, Tiwari et al. 2011). Several studies since, have 

demonstrated its efficacy in potentiating response to chemotherapy in in 

vitro (Othman, Kimishi et al. 2014) as well as in vivo models (Zhu and 

Strada 2007, Hu, Ljubimova et al. 2010) of medulloblastomas and 

metastatic brain tumours. Since, it is routinely used to treat pulmonary 

hypertension in paediatric subjects (Jing, Yu et al. 2011), vardenafil 

shows good promise in being repurposed to overcome ABCB1 induced 

chemoresistance in paediatric ependymomas. In this study, both 

verapamil as well as vardenafil significantly potentiated response to 

chemotherapy (vincristine, etoposide and methotrexate) in the tumour 

bulk (section 4.2.8) as well as in CSCs (section 4.2.7) in the ABCB1lo 

BXD-1425EPN cell line.  

As mentioned above, chemoresistance is a common problem in 

paediatric ependymomas. This was consistent with the in vitro 

behaviour of the ependymoma derived cell lines in this study. The 

ABCB1lo BXD-1425EPN cell line was etoposide-resistant (sections 

4.2.7 and 4.2.8) whilst the DKFZ-EP1 cell line exhibited resistance to all 

3 chemotherapeutic drugs (etoposide, methotrexate and vincristine) 

used in the study (section 4.2.9). In the case of the BXD-1425EPN cell 

line, the IC50 (60 µM - tumour bulk and 20 µM - ependymoma stem 

cells) to etoposide was significantly higher than the clinically relevant 

peak plasma concentration (~2 µM); but, this was decreased when 

etoposide was combined with both verapamil (~2 fold -tumour bulk and 

~2 fold - ependymoma stem cells) as well as vardenafil (~4 fold - 

tumour bulk and ~2 fold - ependymoma stem cells). This 2-4 fold 

reduction in IC50 values was not achieved in the DKFZ-EP1 cell line. 

These results indicated that although ABCB1 did contribute to 

chemoresistance in ependymomas; there are several resistance 

mechanisms to each respective drug which could be 

upregulated/dysregulated in each line (Discussed in Chapter 1, section 

1.3.4.3). Notably, there have been reports of overexpression of TOPO-
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IIA (resistance mechanism to etoposide) as well DHFR (dihydrofolate 

reductase- resistance mechanism to methotrexate) in ependymomas 

(Mousseau, Chauvin et al. 1993, Wani, Armstrong et al. 2012). These 

findings therefore indicate that chemoresistance in ependymomas is a 

multi-factorial process and that resistance due to ABCB1 may represent 

a facet of this phenomenon in the therapy resistant CSCs.  

Ependymomas tend to migrate and invade surrounding critical 

structures such as the brain stem; making the acquisition of complete 

surgical resection difficult. Invasion, especially in ST ependymomas 

with sub-total resection has therefore been regarded as a clinical 

marker of poor prognosis in several studies (Akay, Izci et al. 2004, 

Godfraind, Kaczmarska et al. 2012, Phi, Wang et al. 2012). Previous 

lab data in medulloblastomas, demonstrated that ABCB1 inhibition 

through treatment with verapamil as well as vardenafil attenuated the 

migratory capacity of cells in an in vitro 2D wound healing assay 

(Personal communication - Dr. Beth Coyle). Notably, there are several 

studies proposing a role for ABCB1 in tumour migration and invasion 

(Miletti-Gonzalez, Chen et al. 2005, Colone, Calcabrini et al. 2008). 

With tumour invasion of surrounding structures being a major hurdle in 

achieving complete resection in ependymomas, a 2D scratch assay 

was performed to investigate if ABCB1 contributed to the motility of 

ependymoma cells. As demonstrated in section 4.2.10, verapamil and 

vardenafil at non-toxic concentrations and in the absence of 

chemotherapy, inhibited migration in both ABCB1lo and ABCB1hi 

ependymoma cell lines. This indicated that ABCB1 did indeed 

contribute to the migratory nature of ependymomas. Since tumour 

invasion is common in ependymomas across all age groups; ABCB1 

expressing cells may also contribute towards the aggressive phenotype 

of ependymomas in older radiotherapy treated patients. This finding 

further highlights the need to confirm its prognostic value in an 

independent paediatric ependymoma cohort consisting of older patients 

(3-21 years) who received adjuvant radiotherapy following surgery. 
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Migration refers to the movement of cells within a tissue without 

causing specific damage to the host tissue and is therefore considered 

as one facet of the invasion process. Invasion on the other hand, refers 

to the ability of cells to secrete proteolytic enzymes which digest the 

normal cellular elements or cause cellular remodelling as the tumour 

cells attack the adjacent normal tissue (Bolteus, Berens et al. 2001). 

This behaviour is commonly witnessed in ependymomas which tend to 

invade critical structures such as the brain stem. Since parallel research 

in the laboratory was being performed in medulloblastomas to 

investigate an EMT-like (epithelial to mesenchymal transition) process 

by employing the Basement Membrane Extract (BME- a soluble form of 

basement membrane purified from Engelbreth-Holm-Swarm (EHS) 

mouse sarcoma - enriched with laminin, collagen IV, entactin, and 

heparan sulphate proteoglycan), it was also employed to carry out a 3D 

spheroid invasion assay (section 4.2.11 and 4.2.12) in both cell lines. 

The ABCB1lo BXD-1425EPN cell line exhibited an individual cell 

invasion pattern; through the BME model represented by both, single 

cell amoeboid budding as well as multicellular streaming by formation of 

invasive processes or invadopodia (Figure 7.1, c and d respectively) 

(Friedl, Locker et al. 2012). This invasive phenotype was quite similar to 

that observed in the in vivo model of the original tumour from which the 

cell line was derived (Yu, Baxter et al. 2010). 

As depicted in Figure 7.1, there were distinct similarities in the 

invasion patterns of the orthotopic tumour and the BXD-1425EPN 

spheroid invasion phenotype in the BME. This behaviour was 

significantly reduced after treatment with both ABCB1 inhibitors 

represented by the significant reduction in the relative spheroid 

outgrowth. This behaviour could be explained by several studies, 

conveying a correlation between ABCB1 and cell-surface glycoprotein 

CD44 expression, involved in cell adhesion and migration. ABCB1 

inhibition has been reported to inhibit expression of CD44 in in vitro 

models of breast and ovarian cancers (Miletti-Gonzalez, Chen et al. 
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The ABCB1hi DKFZ-EP1 cell line did not invade in the BME. This 

behaviour might be because BME did not represent a tumour micro-

environment conducive for its invasion. This cell line was established 

from metastatic ascites of ependymoma (Milde, Kleber et al. 2011), 

however, when these cells were transplanted into mice, the tumours 

remained circumscribed and did not invade. Additionally, it was reported 

that the cells changed their phenotype when grown in matrigel, forming 

large circular cells.  A ventriculoperitoneal shunt is employed to drain 

excess CSF (cerebrospinal fluid) in to the peritoneal cavity post-surgery 

in certain patients (Wright and Gajjar 2012). Although there is no 

mention of the same for the DKFZ-EP1 patient; it is possible that it 

could be one of the reasons for development of ascites in the DKFZ-

EP1 patient and their non-invasive behaviour in BME. 

In summation, these results indicated that ABCB1 was certainly 

a robust druggable prognostic marker in ependymoma. Additionally, the 

PDE-5 inhibitor vardenafil, at non-toxic concentrations was useful in 

overcoming chemoresistance as well as targeting invasion and 

migration in in vitro models of ependymoma. 

7.3 BLBP; not just a stem cell marker �  Chapter 5 

BLBP (brain lipid binding protein) is a fatty acid chaperone 

involved in regulating intracellular transport and metabolism of fatty 

acids (Anthony, Mason et al. 2005). It is a developmental marker and 

has been demonstrated to be a marker for radial glia (RG) which have 

been shown to give rise to ependymal cells, oligodendrocytes and 

astrocytes during neurogenesis. Similar to CSCs described in Chapter 

1, Section 1.4; Taylor et al. demonstrated that ependymoma derived 

transformed RG expressed cell surface markers such as CD133, 

formed self-renewing neurospheres and recapitulated orthotopic 

tumours in mice. Since BLBP was one of the markers used to 

characterise these RG (Taylor, Poppleton et al. 2005); it was indicative 

of BLBP being a CSC marker in ependymomas. The results of this 
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study were in support of this conjecture, since BLBP was expressed in 

a sub-population of cells in ependymoma patient samples as depicted 

in Figure 5.4b and its expression was significantly elevated (5 fold, 

P<0.001) in neurospheres derived from the DKFZ-EP1 cell line (section 

5.2.7). Furthermore, BLBP gene expression was maintained in patients 

across all age groups in the 3 publicly available ependymoma datasets 

(section 5.2.1) and in all cell lines used in this study (Section 5.2.6); 

indicating that similar to the patients, all cells lines in this study 

maintained a sub-population of BLBP expressing RG. Finally, BLBP 

gene expression also significantly correlated with expression of other 

brain tumour relevant CSC markers such as CD133 and SOX2 in 3 

publicly available ependymoma datasets (section 5.2.4). However, its 

expression only correlated with one of the probes for Nestin, exclusively 

in the Mack dataset, which we believe codes for RC2 (also coded by 

the Nes gene) which is another radial glial marker (Park, Xiang et al. 

2009). All these results supported the assumption that BLBP was a 

CSC marker in ependymomas. 

Additionally, Taylor et al. demonstrated that transformed RG with 

site specific mutations, recapitulated ependymomas originating from 

those locations (Taylor, Poppleton et al. 2005). In support of this finding, 

it was found that the BLBP gene was expressed in ependymomas 

originating from different locations. Furthermore, there was a 

significantly higher expression of BLBP recorded in ST and SP tumours 

in comparison to PF tumours (section 5.2.2). This highlighted the 

possibility that BLBP played a greater role in their pathogenesis and 

progression. Further experiments need to be undertaken to confirm this 

assumption.  

BLBP expression has been correlated with reduced survival in 

renal cancer (Tolle, Krause et al. 2011), adenoid cystic carcinoma of 

the salivary glands (Phuchareon, Overdevest et al. 2014) and 

aggressive triple-negative breast cancer (Tang, Umemura et al. 2010). 
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Since the findings of this study so far supported the hypothesis that 

BLBP was a CSC marker in ependymomas, it was proposed that BLBP 

expression could be of robust prognostic value in ependymoma. This 

assumption was supported by results which showed that BLBP protein 

expression was an independent prognostic marker in the 

chemotherapy-led CNS9204 trial (section 5.2.4). However, it was a 

marker of solely reduced OS (5-year OS- 27.27% versus 72%, 

P=0.002) in the radiotherapy-led CNS9904 trial consisting of older 

paediatric ependymoma patients (section 5.2.5). As mentioned before, 

since it was possible to only assess 32 patient samples for BLBP 

protein expression in this trial; the prognostic value of BLBP needs to 

be validated in independent paediatric ependymoma trials consisting of 

patients between 3-21 years of age. 

To investigate whether BLBP played a functional role in 

ependymoma pathogenesis and progression, 5 ependymoma derived 

cell lines were analysed by QRT-PCR analysis. As mentioned before, 

all of the cell lines expressed BLBP at varying levels (section 5.2.6). 

Therefore, a BLBP expressing sub-population of cells from the patient 

tumour was maintained in culture and the orthotopic tumour from which 

the EPN1 cell line was derived (Chapter 3, Section 3.2.3). However, 

since neurospheres could not be derived from the EPN1 cell line, a 

concomitant increase in BLBP expression could not be confirmed. In 

further support of the speculation that transformed RG contributed to 

tumour recurrence in ependymomas, BLBP expression was maintained 

in the EPN7R cell line which was derived from the recurrent tumour of 

the EPN7 patient (section 5.2.6). This finding was consistent with the 

analysis of the Hoffman study (Hoffman, Donson et al. 2014) which 

showed that BLBP gene expression was maintained at relapse in 

ependymoma patients (section 5.2.6).  
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To elucidate the functional role of BLBP in ependymoma 

pathogenesis, further analyses were carried out on the BLBPhi, DKFZ-

EP1 cell line and the BLBPlo BXD-1425EPN cell lines.  

Firstly, a BLBP ligand, DHA, was employed, to overcome 

chemoresistance and invasion in ependymomas. DHA is an � -3 fatty 

acid and has been shown to bind BLBP with the highest affinity (Xu, 

Sanchez et al. 1996). It is a popular dietary supplement with several 

health benefits, including maintenance of normal brain function (Lukiw 

and Bazan 2008). There have been several studies which highlight the 

efficacy of DHA in overcoming chemoresistance (Wang, Bhat et al. 

2011, Li, Qin et al. 2014, Harvey, Xu et al. 2015) and targeting 

proliferation as well as invasion in in vitro and in vivo models of several 

cancers (Rahman, Veigas et al. 2013, Li, Hou et al. 2014, Zheng, Tang 

et al. 2014, Blanckaert, Kerviel et al. 2015). Since BLBP is essential for 

the intracellular transport of DHA in order for it to induce an anti-

neoplastic effect and therefore it was proposed that DHA administration 

would be a useful method of targeting BLBP expressing RG. As 

mentioned in Chapter 5, Section 5.1; the fatty acid (FA) shuttled by 

BLBP is essential for the PPAR transcription factors to transcribe a 

number of genes including BLBP itself. Furthermore, the nature of the 

FA shuttled by BLBP modulates the expression of genes by PPAR 

transcription factors (Martin, Robbins et al. 1996).  This finding was 

consistent with the studies which demonstrated that DHA (� -3 FA)  

treatment led to the reduction in survival and proliferation by inhibiting 

genes such as p53, NF-
�
B and members of PI3K pathway in 

medulloblastomas (Wang, Bhat et al. 2011). In contrast, arachidonic 

acid (AA, � -6 FA) promoted cancer cell proliferation, survival and 

inflammation; although genes expressed/inhibited by PPARs as a result 

of AA binding have not been yet discovered (Martin, Robbins et al. 

1996, Bell, Ponthan et al. 2013).  Another study by Deckelbaum et al. 

showed that DHA inhibited proliferation in monkey kidney cell lines by 

inhibition of NF-
�
B expression in a PPAR-�  dependent manner 
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(Deckelbaum, Worgall et al. 2006). As shown in Chapter 3, section 

3.2.4, both the cell lines used in this Chapter expressed the C11orf95-

RELA fusion gene,and consequently harboured an active and 

oncogenic NF-� B pathway. It was therefore, proposed that DHA by 

means of inhibition of NF-� B expression in the ependymoma cell lines, 

could subsequently inhibit proliferation. However, the effect of DHA on 

proliferation in ependymoma cell lines was found to be atypical. As 

discussed in section 5.2.8, in an MTT assay to assess response in the 

tumour bulk, DHA had no effect on proliferation of the BLBPlo BXD-

1425EPN cell line whereas, in the case of the BLBPhi DKFZ-EP1 cell 

line, a steady increase in proliferation was recorded up to a 

concentration of 60 µM. This was followed by a steep drop in 

proliferation to 20% viability at 120 µM. This differential behaviour of 

DHA was also reported by Wang et al. in glioma and medulloblastoma 

cell lines (Wang, Bhat et al. 2011). Similarly, in a stem cell relevant 

clonogenic assay on the BLBPlo BXD-1425EPN cell line, which selected 

for BLBP expressing ependymoma CSCs, DHA seemed to induce 

colony formation at a lower concentration of 5 µM, followed by 

completely inhibiting viability at 50 µM. Although DHA has been the only 

agent so far useful in inhibiting proliferation in the BLBPhi DKFZ-EP1 

cell line (although at high concentrations), its pro-proliferative effect at 

lower concentrations, questions its potential to be employed as 

monotherapy in ependymoma treatment. However, titration of the 

optimal anti-proliferative dose of DHA in various representative in vitro 

models of ependymoma and further validation in in vivo models may 

help address this issue. 

There have been several reports of DHA potentiating response 

to chemotherapeutic drugs such etoposide, vincristine, doxorubicin and 

fludaribine in in vitro models of several cancers (Wang, Bhat et al. 2011, 

Fahrmann and Hardman 2013). This effect has been reported to be due 

to synergy between DNA damage caused by free radicals produced as 

a result of DHA peroxidation and toxic chemotherapeutics; as well as a 
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result of inhibition of genes such as p53, NF-� B and PI3-Kinase 

pathway (Wang, Bhat et al. 2011). As depicted in section 5.2.10.1, in 

order to assess the ability of DHA to overcome chemoresistance in the 

tumour bulk, we carried out an MTT viability assay. DHA could not 

potentiate response to chemotherapy (etoposide and vincristine) in the 

chemoresistant BLBPhi DKFZ-EP1 cell line. In the BLBPlo BXD-

1425EPN cell line, the enhanced cytotoxic effect as a result of DHA co-

treatment appeared to be synergistic in the case of etoposide 

(P<0.001). In contrast to this effect on vincristine seemed additive 

(P<0.001). In a stem cell relevant clonogenic assay (section 5.2.10.2), 

as a result of DHA co-treatment, the apparent increase in the cytotoxic 

effect of etoposide (P<0.001) and vincristine (P=0.007), seemed 

synergistic and additive respectively. These results therefore indicated 

that DHA co-treatment had differential effects on response to 

chemotherapy in ependymomas. 

DHA has been reported to control infiltration in BLBP expressing 

malignant glioma cells in vitro, through manipulation of the lipid 

environment in a PPAR-�  dependent manner (Mita, Beaulieu et al. 

2010). Furthermore, DHA has been shown to inhibit pro-migratory 

genes such as COX-2, CD44 and adhesion molecules ICAM/VCAM in 

medulloblastomas (Wang, Bhat et al. 2011). In addition, as mentioned 

before, DHA is an essential component of biological membranes made 

up of phospholipids. Since it is highly prone to peroxidation; 

incorporation of this highly reactive peroxidised FA in the cell 

membrane affects its integrity, a key requirement for tumour cells to 

undergo EMT in order to invade or migrate (Elsherbiny, Emara et al. 

2013). Notably, since tumour invasion is evidently a common issue in 

ependymomas and is a marker of poor prognosis, especially in tumours 

originating from the ST compartment (Akay, Izci et al. 2004, Godfraind, 

Kaczmarska et al. 2012); the ability of DHA to target this invasive 

behaviour of ependymomas was assessed. In agreement with several 

previous studies, DHA reduced the migratory capacity of cells in both 
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the BLBPlo BXD-1425EPN (P<0.001) and BLBPhi DKFZ-EP1 (P<0.001) 

cell lines in a 2D scratch assay (section 5.2.11). Furthermore, DHA also 

reduced the ability of the BLBPlo BXD-1425EPN cells (P<0.05) to 

invade through BME in a 3D invasion assay (section 5.2.12). These 

results indicated that BLBP ligand DHA was useful in inhibiting the 

migratory as well as invasive behaviour of ependymomas. 

In contrast to several other studies which employed shRNA or 

siRNA technology to inhibit BLBP in order to elucidate its function in 

tumour cell lines (Slipicevic, Jørgensen et al. 2008, Tolle, Suhail et al. 

2011), a more translationally relevant approach to inhibit BLBP in 

ependymomas was adopted in this study. PPARs are transcription 

factors that require the FA chaperoned by BLBP to exert gene 

expression. As mentioned before, the nature of the FA shuttled by 

BLBP modulates this gene expression thereafter. � -3 FAs such as DHA 

and � -6 FA such as AA have been reported to inhibit and promote 

migration in glioma cell lines respectively (Martin, Robbins et al. 1996). 

With reports of reduced levels of DHA in glioma, the resultant genes 

transcribed by PPARs in these tumours are most like to be pro-

oncogenic due to translocation of the abundant AA. Furthermore, 

evidence of a PPRE element in the promoter region of BLBP provided 

by De Rosa et al. indicated that in addition to expressing several pro-

migratory and pro-proliferative genes, PPARs also transcribed BLBP.  

Therefore, three PPAR antagonists; the dual PPAR-(� /� ) antagonist 

FH535, the PPAR-
�
 antagonist GSK0660 and the PPAR-�  antagonist 

GW9662 were employed in this study in the hope of not only achieving 

BLBP inhibition; but also attenuating expression of other pro-oncogenic 

genes. This approach was previously employed by De Rosa et al. who 

demonstrated that treatment of glioma cell lines with the 

aforementioned PPAR antagonists, inhibited BLBP expression (De 

Rosa, Pellegatta et al. 2012). Consistent with the findings of the 

aforementioned study, it was found that each of the 3 PPAR 

antagonists completely inhibited BLBP expression in the BLBPlo BXD-
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1425EPN cell line, at the 24 and 48 hour time points respectively. In the 

case of the BLBPhi DKFZ-EP1 cell line, however, the effect of the 

PPAR-
  antagonist GW9662 was found to be most profound. Although 

the PPAR-� � � �� ��� ��� �	 ��  � � �� the dual PPAR-(� � � � �� �� ��� ���

FH535 inhibited BLBP expression; their effects on the DKFZ-EP1 cell 

line were found to be variable and statistically insignificant respectively 

(section 5.2.13).  

Reports regarding the effect of BLBP inhibition on proliferation of 

in vitro models of cancer have been controversial (Slipicevic, Jorgensen 

et al. 2008, Tolle, Suhail et al. 2011, De Rosa, Pellegatta et al. 2012). In 

this study, GW9662 had a marginal but statistically significant effect on 

proliferation of both BLBPlo BXD-1425EPN and BLBPhi DKFZ-EP1 cell 

lines (section 5.2.14). These results indicated that BLBP may not play a 

functional role in proliferation in ependymomas.  In contrast, when 

ependymoma CSCs were treated with the PPAR antagonists, both the 

dual PPAR-(� � � � � � �� ��� ���
� �� � �

� � � the PPAR-�  antagonist GW9662 

inhibited viability (section 5.2.15). The effect of FH535 was found to be 

more potent. FH535 has been shown to be a Wnt signalling inhibitor in 

addition to being a dual PPAR-(� /�� � � �� �� � ��� � � �� � ��� � lling is a 

proliferative pathway which has been shown to be active and enriched 

in CSCs (Hong, Jang et al. 2015). There have been reports of Wnt 

expression in ependymomas (Suarez-Merino, Hubank et al. 2005, 

Palm, Figarella-Branger et al. 2009) and that it is also required for 

maintenance of normal RG (Chen, Li et al. 2014). Assuming, that 

ependymoma propagating transformed RG maintained this Wnt 

expression; would potentially indicate that the potent effect of FH535 on 

ependymoma stem cell viability might have been due to synergy 

between the Wnt pathway and BLBP inhibition. Further experiments 

investigating the expression of Wnt in transformed RG and the effect of 

FH535 on this expression would be necessary to confirm this 

assumption.  
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It was hypothesised in this study that the transformed RG were 

responsible for the chemoresistant behaviour of ependymomas. 

Therefore, it was assessed whether the RG marker BLBP played a 

functional role in this treatment refractory behaviour (section 5.2.16). In 

the tumour bulk, BLBP inhibition by the PPAR-�  antagonist GW9662 

could not potentiate response to etoposide or vincristine in either cell 

line. In contrast, in a stem cell relevant clonogenic assay, GW9662 

significantly potentiated response to both drugs in the BLBPlo BXD-

1425EPN cell line, indicating that BLBP played a functional role in 

chemoresistance in ependymoma stem cells. Since the BLBPhi DKFZ-

EP1 cell line was resistant to all drugs employed in this study, it was not 

possible to support these findings in it. The BXD-1425EPN data 

however suggest that treatment of ependymomas with the PPAR-�  

antagonist, GW9662, would be a useful strategy in targeting a sub-

population of treatment refractory transformed RG. 

Several studies so far have demonstrated that inhibition of BLBP, 

achieved by siRNA or shRNA technology, led to a decrease in the 

migratory and invasive behaviour of tumours (Slipicevic, Jørgensen et 

al. 2008, Mita, Beaulieu et al. 2010, Tolle, Suhail et al. 2011, De Rosa, 

Pellegatta et al. 2012). As depicted in section 5.2.17, each of the 3 

PPAR antagonists inhibited migration in both the BLBPhi DKFZ-EP1 and 

BLBPlo BXD-1425EPN cell lines. However, the effect of the PPAR-�  

antagonist GW9662 was found to be most profound. In other words, 

BLBP controlled migration in ependymoma cell lines mainly in a PPAR- 

�  dependent manner. In the 3D invasion assay, however, the effect of 

the dual PPAR-( 
�
/� ) antagonist FH535 on migration was found to be 

most profound, since it completely stopped the cells from invading 

through the BME (section 5.2.18). The PPAR-�  antagonist GSK0660 

had a very mild effect whilst the PPAR-
�

antagonist GW9662 had an 

intermediate effect on cell invasion. Currently, there are no clinical trials 

employing PPAR antagonists to treat cancer. However, several studies 
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have reported the efficacy of FH535 and GW9662 in controlling 

proliferation as well as migration in in vitro models of several forms of 

cancer (Kim, Choi et al. 2007, Lin, Hsu et al. 2014, Wu, Liang et al. 

2015, Tomizawa, Shinozaki et al. 2016). There is however a need to 

validate the efficacy of these agents in in vivo models of ependymoma 

prior to their employment in clinical trials. 

In conclusion, BLBP is certainly more than just a stem cell 

marker since its protein expression was of prognostic value in 

ependymoma patients. Furthermore, treatment of ependymoma cells 

with the PPAR-�  antagonist, GW9662, potentiated response to 

chemotherapy in a sub-population of cells. Finally, treatment with DHA 

and each of the 3 PPAR antagonists also reduced invasion and 

migration in in vitro models of ependymoma.  

7.4 MGMT; an unexplored avenue in ependymoma treatment-

Chapter 6 

 MGMT is a DNA alkyl transferase which is essential for repairing 

toxic O6- ethyl, chloroethyl, hydroxyethyl, n-propyl, n-butyl, and more 

bulky cyclic guanine lesions [Reviewed in (Bradshaw 2013)]. Several 

studies have reported a potential role of MGMT in repairing lesions 

induced by chemotherapeutic drugs such as temozolomide, lomustine, 

carmustine, decarbazine, procarbazine, cyclophosphamide and 

fotemustine (Lage, Christmann et al. 1999, Christmann, Pick et al. 

2001, Gerson 2004, Hansen, Ludeman et al. 2007, He, Shan et al. 

2011). This highlights the need to study MGMT in chemoresistant 

ependymomas (Bouffet and Foreman 1999, Atkinson, Shelat et al. 

2011). The assessment of MGMT gene expression across 3 publicly 

available ependymoma datasets showed that  MGMT was expressed in 

ependymoma patients (section 6.2.1) with higher expression recorded 

in aggressive PF tumours in the Gilbertson and Mack datasets (section 

6.2.2). This indicated that MGMT expression could certainly be one of 

the factors contributing to the chemoresistant behaviour of 
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ependymomas. However, the weak association between MGMT 

expression and PF tumours needs to validated in other independent 

ependymoma datasets. 

Promoter hyper-methylation is a common mechanism of MGMT 

loss recorded in 45-70% of gliomas (Blanc, Wager et al. 2004, Stupp, 

Hegi et al. 2006) and has been regarded as a marker of favourable 

prognosis in this tumour type (Hegi, Diserens et al. 2005, Hegi, Liu et al. 

2008). In spite of TMZ, along with other alkylating agents, being 

routinely utilised to treat primary as well as recurrent ependymomas 

(Nicholson, Kretschmar et al. 2007, Lombardi, Pambuku et al. 2013, 

Komori, Yanagisawa et al. 2015, Ruda, Bosa et al. 2015), there have 

been very few studies investigating MGMT promoter methylation in 

ependymomas. So far studies have either reported low levels (Koos, 

Peetz-Dienhart et al. 2010) or absolute absence of MGMT promoter 

methylation (Buccoliero, Castiglione et al. 2008) in ependymomas. In 

agreement with these studies, retrospective analysis of the methylation 

array data produced in a study by Rogers et al. (section 6.2.3) showed 

very low/ almost absent MGMT promoter methylation in paediatric 

ependymomas (Rogers, Kilday et al. 2012). Furthermore, analysis of 

the publicly available CIMP study (Mack, Witt et al. 2014) dataset by 

Mack et al. showed that although some MGMT promoter methylation 

was present in paediatric ependymomas samples, these levels were 

significantly lower in comparison to adult ependymomas (P<0.001). 

Additionally, this low level of MGMT promoter methylation was also 

associated with dismal prognosis in paediatric subjects (section 6.2.4). 

These results indicated that not only was MGMT un-methylated or 

showed low levels of methylation in paediatric ependymomas; lack of its 

promoter methylation was also of poor prognostic value in them. 

Buccoliero et al. reported that MGMT protein expression was 

associated with aggressive anaplastic ependymomas (Buccoliero, 

Castiglione et al. 2008); suggesting its possible role in an aggressive 
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phenotype and the associated poor outcome. In the chemotherapy-led 

CNS9204 trial cohort, MGMT protein expression predicted reduced OS 

(5-year OS 45% vs. 76%, P=0.01) exclusively in univariate analysis 

(Section 6.2.6). In contrast, in the radiotherapy-led CNS9904 trial 

cohort, MGMT expression was an independent marker of reduced OS 

(5-year OS-36.4% vs. 82.3%, P<0.001) as well as EFS (5-year EFS-

12% vs. 47%, P=0.007). Recent studies have reported that loss of 

MGMT expression potentiated response  to radiation in glioma (He, 

Shan et al. 2011) and breast cancer cell lines (Chen, Zhang et al. 

2015), highlighting a potential role for MGMT in radioresistance. 

Additionally, MGMT has also been thought to play a role in 

cyclophosphamide resistance (Hansen, Ludeman et al. 2007) which 

was one of the agents employed as adjuvant treatment along with 

radiotherapy. Since, these analyses were performed on a relatively 

small sample-size (CNS2904-43 patients and CNS9904-41 patients) as 

a result of TMA core loss, it is crucial to validate the prognostic value of 

MGMT in independent paediatric ependymoma datasets 

It is essential to highlight here that, unlike ABCB1 and BLBP; 

MGMT was not expressed exclusively in a sub-population of cells as 

depicted in Figure 6.5 a. This result was consistent with the western 

blotting analysis (section 6.2.7) which showed that there was no change 

in the MGMT protein expression of the DKFZ-EP1 cell line when it was 

grown as neurospheres (DKFZ-EP1NS). In other words, MGMT 

resistance was active in both, the tumour bulk as well as the CSCs in 

ependymomas. Additionally, when other ependymoma cell lines were 

analysed for MGMT expression; BXD-1425EPN expressed MGMT 

whilst EPN1 did not. Since this chapter mainly focused on response to 

TMZ, which depends on the lack of MGMT expression and a proficient 

MMR pathway; expression of MMR enzymes, MLH1 and MSH6 in the 

aforementioned cell lines was also analysed. Although all cell lines 

expressed MSH6 enzyme; MLH1 was not expressed in MGMT negative 

EPN1 cell line. Similar to MGMT, the expression profile of the MMR 
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enzymes in the DKFZ-EP1 cell line was maintained in the stem cell 

enriched DKFZ-EP1NS neurospheres. Since, it was not possible to 

easily maintain the growth of the EPN7 and EPN7R cell lines in culture, 

these analyses could not be carried out on them. 

After carrying out viability analyses to measure the response to 

TMZ (section 6.2.8), it was seen that all cell lines used in this study 

exhibited resistance. Notably, in spite of being MGMT negative; due to 

lack of MMR proficiency, EPN1 was found to be the most TMZ 

resistant. This result indicated that, due to lack of a proficient MMR 

pathway, the unrepaired methyl lesion in the EPN1 cell line was 

retained without triggering apoptosis. This meant that TMZ potentially 

induced a mutation in the EPN1 cell line; preservation of which would 

lead to the acquisition of the hypermutator phenotype as demonstrated 

by Thuiji et al. in gliomas (van Thuijl, Mazor et al. 2015). It is also 

essential mention that the EPN1 patient received TMZ at third 

recurrence, which proved ineffective (Personal communication - Dr. 

Lisa Storer). This finding therefore, highlights the need to assess both 

MGMT as well as MMR status of the patient prior to TMZ 

administration. Finally, resistance to TMZ was maintained in the 

ependymoma CSCs (in both BXD-1425EPN and DKFZ-EP1 cell lines- 

section 6.2.10) which was in contrast to the findings by Meco et al., who 

reported elevated sensitivity to TMZ in ependymoma stem cells (Meco, 

Servidei et al. 2014). 

There have been several strategies used to overcome MGMT 

resistance. Currently, O6-Benzyl Guanine, an MGMT inhibitor, is in 

clinical trials to improve the response to TMZ (NCT00275002, 

NCT00004072 and NCT00052780 �  obtained from clinicaltrials.org).  

However, there have been reports of adverse haematological side 

effects induced by it (Konduri, Ticku et al. 2009). Zhang et al. and 

Othman et al. reported the efficacious effect of MGMT circumventing 

novel N3-propargyl analogue of TMZ in the treatment of in vitro models 
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of glioma (Zhang, Stevens et al. 2010) and medulloblastoma (Othman, 

Kimishi et al. 2014) respectively. All 3 ependymoma cell lines used in 

this study were N3-propargyl analogue sensitive (section 6.2.9); this 

response was independent of their MGMT as well as MMR status. 

Furthermore, there was an increased sensitivity to N3-propargyl 

recorded in ependymoma stem cells (Section 6.2.10). Further analyses 

investigating underlying factors which led to this elevated sensitivity, 

should be carried out. These results indicated that the N3-propargyl 

analogue of TMZ not only acted in a MGMT and MMR independent 

manner, but it was also effective in targeting the sub-population of 

CSCs. There have been reports following oral administration; N3-

propargyl analogue was not as effective as TMZ in reducing brain 

tumour bulk in nude mice. This was however, proposed to be a 

consequence of rapid activation in the plasma and reduced delivery to 

brain tumour site (personal communication Dr. Beth Coyle). Therefore, 

development of drug delivery methods employing liposomes, 

nanoparticles or local delivery using biodegradable polymers need to 

developed to improve the stability of the drug.  

In conclusion, MGMT is a viable resistance mechanism in 

paediatric ependymoma patients. MGMT hypo-methylation and MGMT 

protein expression were robust markers of poor prognosis. Finally, 

MGMT circumventing N3-propargyl analogue of TMZ functions has 

definite potential to be employed in treatment regimens for paediatric 

ependymoma patients. 

7.5 Conclusion 

In conclusion, ependymomas are extremely aggressive 

chemoresistant tumours which tend to recur. As a part of our study, the 

potential role of CSCs in imparting this vitriolic behaviour was 

investigated and as a result, novel and translationally relevant 

druggable prognostic markers in paediatric ependymoma were also 

identified.  
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7.6 Future work 

7.6.1 General  

In this thesis, the gene expression of all the markers in this study 

in 3 publicly available datasets was assessed. It was seen that ABCB1 

was mainly expressed in ST tumours (Chapter 4, section 4.2.2), BLBP 

in SP as well as ST (Chapter 5, section 5.2.2), and finally, MGMT in PF 

ependymomas (Chapter 6, section 6.2.2). Analysis of similar gene 

expression datasets and in vitro / in vivo validation of these results 

would be essential to confirm results. 

 Furthermore, feasibility of the aforementioned proteins as 

independent prognostic markers in chemotherapy-led CNS9204 trial 

and radiotherapy-led CNS9904 trial was investigated. Therefore, it 

would be essential to validate their prognostic value in other 

independent paediatric ependymoma cohorts such as the DKFZ 

ependymoma cohort [(n = 379), (Milde, Hielscher et al. 2012)]. This was 

requested in September 2014, but so far has not been forthcoming 

(Personal communication-Beth Coyle).  

As mentioned before, all the cell lines used in this study were 

derived from ST ependymomas. Since PF ependymomas account for 

the majority of paediatric ependymoma patients, it would be essential to 

also investigate the efficacy of the PPAR antagonists, DHA and the N3-

propargyl analogue of temozolomide, in treating in vitro models of PF 

ependymomas.  

Finally, the basement membrane extract derived from a murine 

sarcoma, used as the 3D invasion system was found to be prone to 

tremendous inter-experimental variability. Figure 7.2 displays the 

heterogeneous behaviour of the BXD-1425EPN in BME in different 

experiments. Novel humanised 3D systems tailored to mimic the brain 

tumour microenvironment employing hydrogels or alginate-chitosan 
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Furthermore, in addition to TMZ, MGMT also repairs O6-guanine 

chloro-alkyl lesions induced by nitrosoureas such as lomustine and 

carmustine. All these agents are also commonly used as part of 

ependymoma adjuvant treatment protocols. Therefore, it would be 

useful to confirm the role of MGMT in resistance to these agents in in 

vitro models of ependymoma. 

Finally, the N3-propargyl analogue is prone to rapid activation 

following oral administration in nude mice; resulting in a sub-optimal 

tumour response. Therefore, developing novel drug delivery methods 

employing nano-particles, liposomes as well as local delivery using bio-

degradable polymers for sustained release of drug need to be tested, 

as they would not only increase drug stability but also mitigate non-

specific side effects associated with it. 
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APPENDICES 

APPENDIX A1 � ��� ���� �� 	 �

 �� � 
 ��  ����� � 	�� ���� � �� �� � �� �  

Lysis buffer for protein 
extraction  

150 mM of NaCl + 0.1% SDS+ 50 mM of Tris  + 
protease inhibitor cocktail  + 1% Triton X-100 in 500 ml 

of  dH2O 

Protease cocktail inhibitor  
1 tablet of complete mini protease inhibitor 

(~Roche) dissolved in 200 � l of dH2O 

Lower gel buffer  1.5 M of Tris + 0.4 % SDS (pH 8.8) 

Upper gel buffer  0.5 M of Tris + 0.4 % of SDS solution (pH 6.7) 

Electrode buffer  25mM of Tris + 193 mM of Glycine + 1% of SDS 

Transfer buffer  
25mM of Tris + 193 mM of Glycine + 25 % of 

methanol 

10X Tris buffer saline 
(TBS) 

20 mM of Tris +135 mM of NaCl (pH 7.6) 

TBS-T 1 X TBS + 0.1 % tween (MERCK) 

Sample buffer  
0.76 % Tris + + 0.05% of bromophenol blue 6.8+ 

2 % SDS + 2 � � � � -mercaptoethanol+ 15 % glycerol  

 

APPENDIX A2 � ��� �� ���� � �
 �� �� ����� �� � � ���  

 12% gel 15% gel 

Lower gel buffer  1 ml 1 ml 

Acrylamide  0.93 ml 1.6 ml 

dH
2
O 2.07 ml 0.8 ml 

10% APS 25 µl 25 � l 

Temed 3.3 µl 3.3 � l 
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