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ABSTRACT 

Introduction: Ependymoma is the second most common malignancy of the central 

nervous system in paediatric cohorts, accounting for 6-12% of all cases of childhood brain 

tumours. Its clinical management remains a challenge at present, generally manifesting 

poor patient prognoses with a paucity of effective treatments. It was previously found that 

the PI3K signalling pathway, a cell survival cascade implicated in many cancers, was 

activated in 72% of primary ependymomas which suggests a significant role in disease 

pathogenesis. The PI3K pathway regulates a range of cellular processes that support 

tumourigenesis and its targeting has yielded therapeutic benefits in many malignancies. 

This study investigated the impact of signalling through the PI3K pathway in ependymoma 

survival and its prospect as an alternative target to treat these tumours.  

 

Methods: The pan-PI3K inhibitor BKM120 was used to treat a panel of patient-derived 

ependymoma cell lines. Functional assays determined whether inhibition of the PI3K 

pathway conferred a cytostatic or cytotoxic response in ependymoma. Whole 

transcriptome analysis was used to elucidate the downstream effects of suppressing PI3K 

signalling on gene expression profiles. Based on this work, a proposed molecular 

mechanism for the instigation of the anti-tumourigenic effects of BKM120 treatment in 

ependymoma was functionally validated. Chemotherapeutic drugs which were predicted 

to work synergistically with PI3K pathway inhibition were subsequently investigated to 

evaluate their prospect as a treatment approach in ependymoma. 

 

Results: Monotherapeutic treatment of ependymoma cells with BKM120 resulted in a 

significant decrease in cell viability at concentrations that have been shown to be 

achieved clinically. However, BKM120 treatment only resulted in a G1/S phase cell cycle 

arrest, highlighting the induction of a cytostatic rather than a cytotoxic response. Gene 

expression analysis of BKM120-treated ependymoma cells identified a transcriptional 

profile consistent with a cell cycle arrest as well as a reduction in cellular responses that 

contribute towards tumourigenesis including regulation of DNA repair systems. A 

mechanism of G1/S arrest induced FOXO1 control of Rb/E2F1 was proposed. Inhibition 

of the PI3K pathway resulted in a loss of FOXO1 and Rb phosphorylation. However, in 

experiments so far, no decrease in E2F-mediated luciferase reporter activity was found. 

Combining PI3K inhibition with gemcitabine, but not paclitaxel or cisplatin, resulted in a 

synergistic effect in ependymoma. Indications of potential resistance to BKM120-

mediated PI3K inhibition in ependymoma have also been identified from the gene 

expression data through the positive regulation of the MAPK signalling pathway and 

reactivation of the PI3K pathway. 
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Conclusion: BKM120-mediated inhibition of the PI3K pathway in ependymoma impedes 

survival and viability, making it an attractive chemotherapeutic target to treat these 

tumours. However, it was only found to induce a cytostatic response as a single therapy 

thus highlighting its suitability for disease stabilisation instead of being used as a first-line 

of treatment. Clinical efficiency of PI3K pathway inhibitors in ependymoma might be more 

appreciated when administered as part of a combination treatment.  
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CHAPTER 1.  INTRODUCTION 

1.1 Paediatric brain tumours 

 Brain tumours are the most common paediatric solid tumours, which account for 

20% of all childhood malignancies (Parkin, Pisani et al. 1999). Brain tumours have a 

higher mortality rate than any other paediatric cancers, representing at least a third of all 

childhood cancer-related deaths (Children with Cancer UK, 2018). There are various 

types of Central Nervous System (CNS) tumours with distinct morphological, biological 

and clinical features. Their classification is usually determined by their cell of origin, the 

CNS region from which they develop and the histological grade. Tumours are 

subsequently categorised into further subgroups based on their established molecular 

signatures, also taking into consideration the revised World Health Organization (WHO) 

classification system. These include, for instance, the WNT- and SHH- subgroups in 

medulloblastoma, IDH-related status in glioblastoma multiforme (GBM) and the 

C11orf195/RELA fusion gene in ependymomas (Louis, Perry et al. 2016). An overview of 

the various CNS tumours that arise in paediatric cohorts is shown in Figure 1-1.   

 

 Currently, no common aetiology has been identified for the development of 

childhood brain tumours due to its multifactorial nature. Evidence of genetic 

predispositions has been highlighted in a few familial syndromes particularly, 

Neurofibromatosis types I (NFI) and II (NFII) (Guillamo, Creange et al. 2003, Johansson, 

Andersson et al. 2016), which have been associated with the onset of astrocytomas, 

ependymomas and even meningiomas despite its prevalence in adults. 

Figure 1-1 Various CNS tumours that arise in children, their sub-classifications and their cell of origin. Image 

derived from Hutter, Bolin et al. (2017). 



2 

1.1.1 Classification 

Most paediatric CNS tumours are of intracranial origin, which could be divided 

into the supratentorial and posterior fossa regions. These regions are delineated by the 

tentorium cerebelli, an extension of the dura mater which is one of the layers that make 

up the meninges. The supratentorial region relates to the cranial structures above the 

tentorium cerebelli which mainly constitute the cerebrum. The posterior fossa region lies 

below the tentorium cerebelli which encompasses the cerebellum and brainstem (Figure 

1-2). Like many paediatric malignancies, development of childhood brain tumours is not 

necessarily restricted to a particular region of the CNS. These tumours usually develop 

from precursor cells that give rise to the different CNS structures, hence defining these 

neoplastic growths by morphology rather than location (Birch, Marsden 1987). In children, 

low-grade astrocytomas, medulloblastomas and ependymomas are the three most 

common brain tumours (Nejat, El Khashab et al. 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tumour grades are determined to discern the degree of malignancy according to 

the World Health Organisation criteria (Louis, Perry et al. 2016). Yet, anticipating disease 

outcomes based on histopathological factors remain ambiguous. Tumours are graded 

between I and IV. Grades I and II tumours generally have a low proliferative index with a 

high feasibility of achieving gross tumoural resection. Grades III and IV tumours consist 

of poorly differentiated cells with a high proliferative profile and are usually characterised 

with a necrotic core. Patients with high-grade tumours also tend to perform worse despite 

undergoing aggressive treatment regimes (Louis, Perry et al. 2016).  

Figure 1-2 The supratentorial and posterior fossa regions of the brain are delineated by the tentorium 

cerebelli, which is indicated by the dashed red line on the schematic. Image was taken from Smart 

Servier Medical Art and modified using Microsoft PowerPoint. 
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1.2 Paediatric ependymomas  

 Ependymomas are the second most common malignancy of the CNS in paediatric 

cohorts, accounting for 6-12% of cases and 2% of all childhood malignancies (Ostrom, 

Gittleman et al. 2015). Morphologically, they resemble the ependymal lining of the brainôs 

ventricular system and central canal of the spinal cord, which secrete the cerebrospinal 

fluid (CSF) (Lehman 2008). Ependymomas can occur anywhere along the neurospinal 

axis but intracranial neoplasms are more common in children with 70% of tumours 

occurring in the posterior fossa and 30% in the supratentorial region (Kilday, Rahman et 

al. 2009). Patients diagnosed with ependymoma show a relatively poor prognosis with a 

5-year survival rate of 39 ï 64% and a 5-year progression free survival (PFS) rate of 23 

ï 45% (Shim, Kim et al. 2009). The intrinsic resistance to therapy, coupled with local 

tumour recurrence following surgical excision in about 50% of cases (Haresh, Gandhi et 

al. 2017) partly contributes to the high mortality rates manifested by the disease. Due to 

its unpredictable clinical behavior, current research into ependymal tumours has adopted 

a more molecular rather than a clinicopathological and histological approach to improve 

understanding of its pathogenesis, leading to identification of disease biomarkers and 

putative therapeutic targets.  

 

1.2.1 Tumour classification 

 The World Health Organisation (WHO) has classified ependymal tumours into 

three grades: myxopapillary ependymoma and subependymoma (Grade I), classic 

ependymoma (Grade II) and anaplastic ependymoma (Grade III) (Louis, Perry et al. 

2016), as described in Table 1-1. The grading system was updated following the 

discovery of the C11orf95/RELA fusion gene (Parker, Mohankumar et al. 2014). It is 

currently an accepted molecular signature by WHO, which defines a subgroup of Grade 

II and III supratentorial tumours. 

 

Historically, histopathological factors have been central towards determining 

disease outcomes in brain tumours including ependymoma, yet its validity as a prognostic 

marker has remained controversial due to confounding factors (Armstrong, T. S., Vera-

Bolanos et al. 2011, Mack, Witt et al. 2014, Wu, J., Armstrong et al. 2016). The 

histopathological variability of ependymal tumours also adds complexity to its reliability 

as a prognostic marker, particularly with regards to the issue of reproducibility among 

histopathologists. For instance, there is difficulty in differentiating grade II and III tumours 

as classic (grade II) ependymomas can sometimes contain pockets of anaplastic regions 

that are characteristic in aggressive grade III tumours (Bouffet, Perilongo et al. 1998). In 

a study by Ellison, Kocak et al. (2011), little consensus was achieved between 
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pathologists who independently graded tumours from three trial cohorts (SFOP, 

CNS9204, CNS9904). It was only after an agreement on a new WHO-derived 

classification system did they achieve an increase in grading concordance with the re-

evaluation of the CNS9904 cohort and a separate trial (AIEOP). Despite the increase in 

grading consensus amongst pathologists, prognostic significance was only observed in 

the AIEOP trial but not in the others, suggesting that histopathological markers on its own 

are insufficient to predict patient outcome.  

 

Table 1-1 Histological grading of ependymoma tumours according to the WHO classification system. 

Grade Subtype Description 

I Myxopapillary 

ependymoma 

These are more prevalent in adults where they 

predominantly occur along the spinal cord, 

particularly towards the caudal region. The cells 

appear to be cuboidal or elongated with a papillary-

like arrangement around the vasculature and the 

stroma.  

Subependymoma They are particularly associated with the brainôs 

ventricular system. These tumours present with a 

dense fibrillary matrix of glial cell aggregates 

containing small uniform nuclei, often accompanied 

by cysts. Pleiomorphic nuclei are more common in 

multicystic tumours. 

II 

(Classic) 

¶ Cellular 

¶ Papillary 

¶ Clear cell 

¶ Tanycytic 

Their monomorphic nuclei are usually round to oval 

shaped. Tumours display perivascular 

pseudorosettes which are radial arrangements of 

ependymal cells projecting towards the blood 

vessels. Rare ependymal rosettes can also be 

observed where the cells are arranged in a way that 

mimics normal ependymal cavity.  

III 

(Anaplastic) 

 They have a relatively high mitotic index leading to 

increased cellularity within the tissue. Microvascular 

proliferation, relating to multi-layered vasculature 

consisting of large activated endothelial cells, is also 

observed alongside palisading necrosis.  
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1.2.2 Treatment and management 

1.2.2.1 Surgery 

 Ependymomas are considered a surgical disease due to their tendency to remain 

local to the site of origin with minimal invasion of adjacent structures or metastasis through 

leptomeningeal dissemination (Yuh, Barkovich et al. 2009). However, even after complete 

surgical resection, adjuvant therapy is necessary; even then recurrence is observed in 

50% of cases. Extent of resection remains the most consistent prognostic factor for 

paediatric ependymomas (Cage, Clark et al. 2013, Marinoff, Ma et al. 2017). Gross 

tumoural resection (GTR) precedes focal irradiation and adjuvant chemotherapy as part 

of a standard treatment regime for ependymoma. It has also been reported that treatment 

of intracranial ependymomas can be performed through surgery alone without further 

therapeutic interventions (Chamberlain 2003), as demonstrated in supratentorial tumours 

(Robertson, Zeltzer et al. 1998, Bouffet, Perilongo et al. 1998). In a separate cohort of 

patients with supratentorial ependymomas, long-term disease-free outcomes were 

observed with only one recurrence after 10 years (Palma, Celli et al. 2000). However, 

achieving GTR is a challenging task due to concerns of disease sequela arising from 

aggressive surgical procedures (Wu, J., Armstrong et al. 2016). This is particularly valid 

in highly invasive anaplastic tumours as well as those occurring in inaccessible brain 

regions with which cases of mutism and pseudobulbar palsy have been documented 

(Pollack, Polinko et al. 1995, Gadgil, Hansen et al. 2016). This has warranted the need 

for second-look surgeries should incomplete resection was only achieved in the first 

attempt rather than performing a ñone-offò resection as demonstrated by the success rates 

in one prospective trial (Godfraind, Kaczmarska et al. 2012).  

 

1.2.2.2 Radiotherapy 

 Irradiation of the tumour bed serves as a preventative measure as it aims to 

eradicate residual disease post-maximal tumour resection. At present, no trials have been 

conducted to determine whether radiotherapy following surgery is superior over surgery 

alone as a treatment approach for paediatric ependymoma. Therapeutic interventions 

usually involve irradiation of locally affected areas with 54 ï 59.4 Gy in which recipients 

have generally shown better disease outcomes (Merchant, Li et al. 2009, Swanson, 

Amdur et al. 2011). In about 30% of ependymoma cases, tumour metastasis takes place 

through leptomeningeal dissemination, prompting the administration of radiotherapy 

along the cerebrospinal axis (Pollack, Gerszten et al. 1995). The notion of re-irradiation 

is also strongly being considered in current disease management due to its prospective 

survival benefits in patients especially those who undergo relapse. However, concerns 

regarding radiotherapy-induced neurocognitive adverse effects have resulted in many 

institutions refraining from irradiating young patients aged <3 years (Mulhern, Hancock et 
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al. 1992, Grill, Renaux et al. 1999). Modifications in radiotherapeutic regimes have been 

introduced to minimise adverse effects in recipients such as 3D Conformal Radiotherapy 

(3D CRT) and Intensity-Modulated Radiotherapy (IMRT) (Merchant, Mulhern et al. 2004, 

Schroeder, Chintagumpala et al. 2008). On the other hand, the superiority of Proton Beam 

Radiotherapy (PBRT) in treating paediatric ependymomas has been highlighted due to 

little damage induced in neighbouring tissues by decreasing entrance dose and 

subsequently minimising exit dose (Kirsch, Tarbell 2004). Several studies have reported 

that PBRT recipients displayed an overall favourable outcome with reduced disease 

sequelae and no evident impact on cognitive faculties (Macdonald, S. M., Sethi et al. 

2013, Greenberger, Pulsifer et al. 2014, Eaton, Yock 2014). Nevertheless, opting in 

radiotherapy as a post-operative measure to effectively ensure local control and reduce 

recurrence rates remains controversial. Several clinical trials have already started to 

investigate the therapeutic value of post-operative radiotherapy in ependymoma patients 

especially that conducted by the Childrenôs Oncology Group (COG) (NCT01096368). In 

this study, radiotherapeutic outcomes were analysed in all patients who underwent GTR 

except those with non-anaplastic supratentorial tumours. Delivery of same total radiation 

doses in shorter time intervals (hyperfractionated radiotherapy) has also been put forward 

but any conclusive survival advantages are yet to be reported (Conter, Carrie et al., 2009).  

 

1.2.2.3 Chemotherapy 

 Chemotherapy is used as a substitute for delaying post-operative radiotherapy in 

young patients and infants as an adjuvant therapeutic approach. It is also administered 

to patients with residual disease, aiming to either gain a chemotherapeutic response or 

to facilitate second look surgery. However, its advantage over radiotherapy is ambiguous 

as indicated by several contradicting study findings. A follow up on recipients of 

chemotherapy only indicated a 3-year overall survival (OS) rate of 79.3% with no 

metastasis followed by 63.4% at 5 years (Grundy, Wilne et al. 2007), validating post-

operative chemotherapy as a viable treatment approach. These results were refuted by 

an earlier study in which less than 50% of participants manifested significant responses 

to chemotherapy (Grill, Le Deley et al. 2001). They found that only 40% of patients in this 

series survived during a two-year follow up after starting chemotherapy, which further 

declined to 23%, two years later. Increasing dosage also conferred no significant 

improvements in outcome (2 year OS= 54%), and was associated with more incidences 

of toxicity-related mortalities. The Head Start III clinical trial concluded that adjuvant 

chemotherapy was consistently effective against supratentorial tumours while posterior 

fossa tumours would benefit more from irradiation (Venkatramani, Ji et al. 2013).  
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 The paucity of effective ependymoma targets prompted research to explore any 

underlying biological mechanisms that are deemed pathologically vital. Some of these 

have already been investigated in clinical studies including the upregulated ERBB2 

receptor in which lapatinib-mediated inhibition was well tolerated by patients yet yielding 

modest therapeutic outcomes when administered as a monotherapy (Fouladi, Stewart et 

al. 2013). Unfortunately, the general progress of patient-based studies based on 

molecular targets is lagging due to the need for extensive pre-clinical evaluation. In 

particular, Atkinson, Shelat et al. (2011) identified several biological processes in their 

high-throughput drug screen that showed therapeutic potential in ependymoma when 

targeted pharmacologically. These include inhibiting the insulin signalling pathway and 

centrosome cycle as well as the anti-metabolite 5-fluorouracil (5-FU), which was well 

tolerated by patients and showed promising efficacies in a Phase I trial (Wright, Daryani 

et al. 2015). The search for other therapeutic targets is in progress with the integration of 

genomic, epigenetic and molecular data clarifying the heterogeneous nature of these 

enigmatic tumours (Pajtler, Witt et al. 2015, Mack, Pajtler et al. 2018).  

 

1.2.2.4 Administration of both chemotherapy and radiation  

 For many brain malignancies, the extent of the infiltration into surrounding brain 

parenchyma that is usually evaluated following surgery could influence subsequent 

treatment modalities. With neither an apparent existing effective chemotherapy against 

ependymal tumours nor an absolute clinical advantage with radiotherapy, it is thought that 

concurrent or sequential receipt of chemotherapy and radiation (chemoradiotherapy) 

would encourage better patient outcomes. The presumed synergy for their co-treatment 

is on the basis that residual tumour cells that were not successfully eradicated by 

radiotherapy at the surgical margin could be targeted through pharmaceutical agents. 

Efficacies of chemoradiation in CNS tumours have not been consistent, with results 

yielding from poor outcomes in gliomas (Stupp, Hegi et al., 2009,  Lai, Tran et al., 2011) 

to increased disease-free survival rates in medulloblastoma (Packer, Sutton et al., 1994, 

Packer, Goldwein et al., 1999). Patient outcomes following chemoradiation have also 

been investigated in ependymoma. In an early study by Timmermann, Kortmann et al. 

(2000), participants were administered chemotherapy with a subset having received prior 

radiotherapy. Nevertheless, chemotherapy showed no significant prognostic impact. The 

COG ACNS0121 trial also investigated the use of chemotherapy prior to radiotherapy 

especially in patients with suboptimal tumour debulking. 5 year-event free survival rates 

for this patient series was found to be less than those with GTR followed by irradiation. 

This study may have highlighted that radiotherapy may not be as detrimental as originally 

presumed in young patients yet despite the therapeutic prospect of combining 

chemotherapy and radiation, its clinical benefit remains speculative in ependymoma. 
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Complete tumour resection is still put forward as an essential factor for predicting 

favourable prognoses.   

 

1.2.3 Cell of origin 

In an in vivo study by Taylor, Poppleton et al. (2005), it was found that radial glial 

cells (RGCs) are the cells of origin of ependymomas. They showed that the tumours 

derived from the different CNS regions displayed unique gene expression patterns that 

resemble those of the progenitor cells that give rise to the structures of their respective 

compartments. For instance, supratentorial tumours were enriched for components that 

drive Ephrin and Notch signalling which is essential for neural stem cell maintenance in 

the cerebral subventricular zone (Conover, Doetsch et al. 2000). On the other hand, spinal 

tumours displayed an upregulation of HOX gene family members which control anterior-

posterior body planning during embryogenesis (Dasen, Liu et al. 2003). Expression of 

these genes was positively detected in situ in the corresponding CNS compartment. 

Incidentally, the spatiotemporal expression of these signature genes coincided with the 

time when RGCs differentiate into ependymal cells.  

 

Johnson, R. A., Wright et al. (2010) has substantiated the finding that 

ependymomas in different CNS regions develop from distinct populations of progenitor 

cells in the corresponding region. In their study, they demonstrated that challenging 

cerebral neural stem cells (NSCs) isolated from Ink4a-/Arf- transgenic mice with Ephb2 

developed into tumours that recapitulated the histology of human cerebral ependymomas. 

This was not observed when the same test was performed using hindbrain-derived NSCs. 

Comprehensive analysis of transcriptomic profiles also showed indistinguishable 

expression signatures between Ephb2-driven Ink4a-/Arf- cerebral mouse tumours and its 

human cerebral counterpart. Enrichment of these NSCs for stem cell characteristics 

resulted in tumour spheres with surface expression of CD133, Nestin, RC2, BLBP (brain 

lipid binding protein) and GLAST (astrocyte-specific glutamate transporter), which 

positively identifies RGCs as the cell of origin of ependymomas. These studies highlighted 

that ependymal tumours of comparable histology develop from anatomically distinct 

subsets of susceptible RGCs, which obtained mutational combinations that consequently 

define the various tumour subgroups.  

 

1.2.4 Genetics and molecular background  

1.2.4.1 Genomic alterations in ependymoma 

Early studies into investigating the genomic changes in ependymoma involved 

approaches such as karyotypic analysis and Comparative Genome Hybridisation (CGH). 
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These identified cytogenetic anomalies that are characteristic in paediatric and adult 

cohorts, suggesting that these tumours are biologically distinct (Kilday, Rahman et al. 

2009) (Table 1-2). One common alteration in ependymal tumours is the gain in 

chromosome 1q which was observed in 50% of paediatric cases but only apparent in 8% 

of its adult counterparts. Gain of 1q has also been found to correlate with an aggressive 

tumour phenotype and poor survival outcome especially for tumours of the posterior fossa 

(Carter, Nicholson et al. 2002, Kilday, Rahman et al. 2009). Fine-mapping of these 

genomic alterations has established several candidate oncogenes and tumour 

suppressor genes (TSGs) including EGFR, TWIST1 and HDAC9 (chromosome 7), 

CDKN2A (chromosome 9p) as well as NF2 (chromosome 22) (Yao, Y., Mack et al. 2011), 

which is associated with a genetic predisposition to various CNS tumours (Ahronowitz, 

Xin et al. 2007). Details of other fine-mapped candidate genes are shown on Table 1-3. 

 

Table 1-2. CGH studies on ependymomas identified common chromosomal aberrations in paediatric 

and adult ependymomas. 

Paediatric Loss 1p, 3, 6, 6q, 9p, 13q, 17, 22 

Gain 1q, 7 and 9 

Adult Loss 6, 10, 13q, 14q, 22, 22q 

Gain 2, 5, 7, 9, 12, 18, X 

 

Table 1-3. aCGH studies enabled fine mapping of common gains and losses in epedymoma tumours 

according to CNS compartment and the genes associated with these genetic abnormalities. 

Loss or 

Gain 

Chromosomal 

region 

Tumour Location Genes Associated 

Gain 1q23 Intracranial DUSP12, HSPA6 

Gain 1q31-32 Intracranial LAMININ, PRELP, GAC1, 

CHI3L1 

Gain 5p Intracranial hTERT 

Loss 6q21-25 Posterior fossa AMD1, CDK11, SASH1, 

TCP1 

Gain 7 Spinal EGFR, TWIST1, HDAC9 

Loss 9p Supratentorial CDKN2A, FREM1, C9orf24, 

KIAA116 

Gain 9q34 Supratentorial NOTCH1 

Loss 10q23 Spinal GRID1, MINPP1, TACC2, 

TUBGCP2 

Loss 17 Posterior fossa PRKCA 
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Loss 22q11-13 Intracranial hSNF5/INI1, SULT4A, 

C22orf2, CBX7, RAC2, 

G22P1, MCM5 

 

 Meta-analysis of the CGH data also found a higher prevalence of genomic 

alterations in adult ependymomas relative to their paediatric counterparts so that the 

average genomic inconsistency per tumour was 7.5 and 3.8, respectively (Kilday, 

Rahman et al. 2009). Additional tumour subtyping based on the number and diversity of 

observed chromosomal changes formed three separate subgroups: structural (little or 

partial genomic imbalances), numerical (13 or more whole chromosomal losses and 

gains, usually characteristic of adult ependymomas) and balanced (no chromosomal 

losses or gains, common in childhood ependymomas) (Dyer, Prebble et al. 2002). Out of 

the three subtypes, ñstructuralò tumours showed the worst prognosis, which interestingly 

was the same profile generally adopted by recurring tumours. It is not fully understood 

why tumours with minimal genomic alterations have a predilection to induce unfavourable 

patient outcomes relative to those harbouring gross modifications. One theory suggests 

that since cancers partly mimic the behavior of undifferentiated healthy tissues, 

deregulation in cellular processes including diversification and self-renewal needs not to 

be drastic (Scotting, Walker et al. 2005). Therefore, any copy number alterations or 

mutations that subsequently afflict cells must have affected core oncogenes or tumour-

suppressor genes that drive tumourigenesis solely in a spatio-temporal manner. Indeed, 

the shift to array CGH (aCGH) was an advantage due to its high-throughput and 

enhanced resolution for mapping small yet more complex alterations that are intrinsic to 

paediatric tumours  (Modena, Lualdi et al. 2006). 

 

1.2.4.2 Copy number-related gene deregulations in ependymoma 

From a cohort of 204 tumour samples, Johnson, R. A., Wright et al. (2010) 

described 9 separate CNS region-specific subgroups based on their mRNA and miRNA 

expression profiles: supratentorial (A ï D), spinal (E ï F) and posterior fossa (G ï I). 

Cataloguing the various copy number alterations (CNAs) in these tumours has elucidated 

gene expression signatures that were distinct to each CNS compartment such as spinal 

upregulation of chrosomosome 7, 9 and 12-related loci, downregulation in chrosomome 

3, 9 and 22q for subgroup C and loss of 6q expression due to deletion in subgroup H. A 

number of these copy number-associated genes have been established as key 

ependymoma drivers that regulate processes involving proliferation (EPHB2) (Kayser, 

Nolt et al. 2008) and neural differentiation (NOTCH1) (Noisa, Lund et al. 2014) as well as 

the TSGs PTEN and INK4A/ARF.  
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 A recent study performed extensive analysis of the CNAs that traverse the 

ependymoma landscape to elucidate putative genetic drivers of tumour development 

(Mohankumar, Currle et al. 2015). This study has identified 84 and 39 candidate 

oncogenes and TSGs respectively, which were more likely to be amplified (3.1x) and 

deleted (3.7x) across various malignancies according to the Cancer Genome Atlas 

(TCGA). In vivo work narrowed down the candidate oncogenes to 8 following DNA 

quantification from tumours that developed from oncogene transduction of NSCs (Table 

1-4). Similarly, shRNA transduction of NSCs using a >4-fold increase threshold in shRNA 

sequences in at least two tumours identified 10 TSGs whose knockdown stimulated 

ependymoma development (Table 1-5).  

 

Table 1-4. Novel ependymoma oncogenes identified in an in vivo screen (Mohankumar, Currle et al. 

2015). Key: ** oncogenes discovered in supratentorial tumours where the C11orf95-RELA fusion 

gene is absent. 

Oncogene Location Role Reference 

ZNF668** Cerebrum 

Involved in chromatin relaxation 

during DNA repair in response 

to damage 

(Hu, R., Wang et 

al. 2013) 

BCL7C** Cerebrum 

Forms complexes with SWI/SNF 

for chromatin modifications 

(Kadoch, 

Hargreaves et al. 

2013) 

RAB3A** Cerebrum 

Vesicular trafficking leading to 

cellular secretion 

(Leenders, Lopes 

da Silva et al. 

2001) 

PRDX2 Cerebrum 
Prevents apoptosis induced by 

oxidative stress 

(Lu, Fu et al. 

2014) 

RTBDN 
Cerebrum/ 

Spinal 

Unknown 
 

AKT2 
Cerebrum/ 

Hindbrain 

Known effector of the PI3K 

signalling pathway 
 

TMEM129 Spinal Unknown  

MRPS17 Hindbrain 

 

Encodes for mitochondrial 

ribosomal protein 

(Cavdar Koc, 

Burkhart et al. 

2001) 
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1.2.5 Ependymoma tumour subgrouping 

The enigmatic nature of ependymomas has been highlighted by factors including 

prognostic variability, inconsistent therapeutic outcomes and heterogeneous tumour 

behaviour despite manifesting histological similarities. Comprehensive surveying of the 

genomic landscape of ependymomas has elucidated tumour subgroups arising from the 

different CNS compartments (Pajtler, Witt et al. 2015) as summarised on Table 1-6.  

 

1.2.5.1 C11orf95/RELA fusion gene 

Parker, Mohankumar et al. (2014) employed whole genome sequencing (WGS) 

and RNA-Seq which identified a genomic anomaly mapping to chromosome 11q12.1-

13.3. The random chromosomal rearrangements on this locus led to the fusion of the 

canonical NF-əB signalling effector, RELA gene to the functionally unknown C11orf95 

gene. This fusion gene was exclusive to supratentorial ependymomas, accounting for two 

thirds of tumours arising in this compartment. In their subsequent functional work, they 

found a preferential translocation of the fusion protein in the nucleus relative to wild-type 

RELA followed by an increase in NF-əB signalling and its downstream targets. Mice 

implanted with NSCs transduced with RELAFUS1-RFP potently formed ependymal tumours 

enriched for NF-əB target genes. Moreover, C11orf95-RELA negative tumours also 

contained C11orf95-related ócodingô fusion transcripts especially the YAP1 and MAML2 

transcriptional regulators, suggesting that C11orf95 could modulate the cellular dynamics 

of the associated transcription factors. YAP1 (YES-associated protein 1) is a target of the 

Hippo signalling pathway that control tissue growth and organ size (Zhao, B., Wei et al. 

2007) whereas MAML2 (Mastermind Like Transcriptional Coactivator 2) is a positive 

regulator of the Notch signalling pathway (Kitagawa 2016), whose activation has already 

been implicated in supratentorial tumours. However, their oncogenic impact relative to 

the RELA fusion is yet to be determined especially due to their infrequent appearance in 

supatentorial tumours. 

 

1.2.5.2 Posterior fossa ependymomas 

 Studies have alluded to the intratumoural heterogeneity in posterior fossa (PF) 

tumours where two classifications have been described: Group A (PFA, common in 

infants and younger children that confers poor patient prognosis) and Group B (PFB, more 

Table 1-5. Novel ependymoma TSGs identified in an in vivo screen (Mohankumar, Currle et al. 2015). 

Novel ependymoma TSGs Established/putative TSGs 

ALD3HA1, ACTR1A, SNX6, ULK2, 

PCMT1 

DNA2, SUFU, STAG1, TET1, ST13 



13 

associated with older cohorts) (Witt, Mack et al. 2011, Mack, Witt et al. 2014, Hoffman, 

Donson et al. 2014, Wani, Armstrong et al. 2012). Analysis of gene expression profiles 

using grade II and III ependymomas from two separate cohorts (Toronto and Heidelberg) 

led to clustering of tumours into Group A (posterior fossa) and Group B (mixed posterior 

fossa and spinal) in which Group A manifested a significantly poorer prognosis compared 

to Group B (PFS = 24% vs 92%; OS= 48% vs 98%) (Witt, Mack et al. 2011). Group A 

also had an overrepresentation for more oncogenic processes including angiogenesis, 

MAPK signalling and EGFR signalling while Group B predominantly enriched for 

ciliogenesis. Molecular delineations between the two tumour groups were successively 

provided in two other studies using immunophenotyping (Hoffman, Donson et al. 2014) 

and expression level of 10 genes associated with survival (Wani, Armstrong et al. 2012) 

as parameters.  

 

 An extensive scrutiny of the genomic profiles of PFA tumours showed a more 

balanced genome relative to PFB tumours as characterised by a decreased rate in both 

Single Nucleotide Variations (SNVs) and recurrent mutations (Mack, Witt et al. 2014). 

These findings also reflected those genomes of other paediatric CNS tumours including 

medulloblastoma and neuroblastoma (Robinson, Parker et al. 2012, Pugh, Morozova et 

al. 2013), implicating the role of epigenetic mechanisms during tumourigenesis. Indeed, 

PFA tumours manifested a more CpG island methylator phenotype (CIMP) in contrast to 

the methylome of PFB tumours. CpG island methylations were particularly concentrated 

on genes that were silenced in a similar manner by the Polycomb repressive complex 2 

(PRC2) in embryonic stem cells (ESCs), as indicated by the presence of H3K27me3 

signatures on these genes. Therefore, epigenetic mechanisms through DNA methylation-

mediated gene silencing presumably of TSGs and genes that regulate cell differentiation, 

are crucial towards disease pathology in PFA groups.  

 

 Recently, PFA tumours have shown further molecular heterogeneity when nine 

minor subtypes were identified within the two major tumour subgroups: PFA-1 and PFA-

2 (Pajtler, Wen et al. 2018). Despite their histological similarities, PFA-1 and PFA-2 

tumours along with their subtypes presented with unique molecular and clinical features 

which highlight individual disease entities (Table 1-7). PFA tumours were also shown to 

harbour missense mutations in the uncharacterized CXorf67 gene. CXorf67ôs binding 

partners were found to be those that constitute the PRC2 complex, leading to a decrease 

in H3K27me3 levels which is typical of PFA ependymal tumours (Bayliss, Mukherjee et 

al. 2016). 
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 The introduction of a detailed PF tumour subgrouping system enabled a better 

stratification of patients, which denotes a better indicator of prognosis and considers more 

suitable treatment approaches. For a tumour subgroup that historically conferred dismal 

patient outcomes, it is therefore imperative to extend its investigation in generating a 

representative model to validate these proposed causal molecular mechanisms. 
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Table 1-6. Summary of molecular and clinical details of the various compartment-specific ependymoma subgroups (Pajtler, Witt et al. 2015). 

Compartment Subgroup Genetics Patient Survival Other details 

Supratentorial ST-EPN-RELA Chromothripsis on chromosome 11 leading 

to the formation of the C11orf95-RELA 

fusion gene 

Poor OS Genes involved in cell cycle and 

migration, upregulation of NFəB and 

MAPK pathways 

ST-EPN-YAP1 Chromothripsis on chromosome 11 leading 

to the formation of the C11orf95-YAP1 

fusion gene 

Better patient survival Increased cAMP/carbohydrate 

metabolism, dopamine signalling 

genes 

ST-SE Balanced Better patient survival  

Posterior fossa PF-EPN-A Balanced Poor OS Genes involved in cell cycle and 

migration, MAPK upregulation 

PF-EPN-B Chromosome instability Reduced OS relative to 

PF-SE 

Genes involved in ciliogenesis 

PF-SE Balanced Better patient survival High KIT expression, fatty acid 

metabolism 

Spinal SP-MPE Chromosome instability Better patient survival  

SP-EPN Chromosome instability and loss of 22q Loss of NF2 activity 

SP-SE Loss of 6q  
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Table 1-7 Clinical and molecular characteristics of the recently established PFA ependymoma subgroups and subtypes. (Pajtler, Wen et al. 2018) 

PFA subgroup PFA subgroup characteristics PFA subtypes PFA subtype-specific characteristics 

PFA-1 - enriched for immune/inflammatory, 

angiogenesis and CNS patterning 

- local relapse 

- more associated with 1q gain, 10q loss, 22q 

loss 

- H3K27M mutations 

PFA-1a - H3F3A:p.K27M mutations 

- median age at diagnosis <2 years 

PFA-1b  

PFA-1c - poor PFS and OS 

- highest gain of 1q frequency (73.3%) 

- high frequency of 6q (23.3%) and 10q (27.9%) loss 

- median age at diagnosis >5 years 

PFA-1d - poor PFS and OS 

PFA-1e - poor PFS and OS 

- median age at diagnosis <2 years 

PFA-1f - highest H3K27M mutation frequency (69%) 

- no CXorf67 expression 

- median age at diagnosis >5 years 

PFA-2 - enriched for cilia functioning 

- distant relapse 

- whole chromosome gains (chr. 2, 8, 9, 11 and 

19) 

PFA-2a - median age at diagnosis <2 years 

PFA-2b  

PFA-2c - better PFS and OS 

- lowest gain of 1q frequency (0%) 

- high expression of the OTX2 transcription factor 



17 

1.2.6 Ependymoma prognostic markers 

Apart from defining the underlying molecular mechanism that drive 

tumourigenesis, clinical care could also benefit from defining an array of biomarkers that 

would confer prognostic significance. Retrospective studies have already determined a 

few markers, some of which are outlined in Table 1-8, including the well-characterised 1q 

gain which was associated with poor prognosis (Kilday, Rahman et al. 2009). 

Nevertheless, there is still a need to validate the prognostic relevance of some of these 

markers in a separate and larger patient cohort.  

 

Table 1-8. Retrospectively identified prognostic markers in paediatric ependymoma. 

Biomarker Prognostic feature Outcome Reference 

p53 
Immunohistochemical 

positivity 

Reduced PFS 

(p< 0.001) and OS 

(p= 0.0015) 

(Zamecnik, 

Snuderl et al. 

2003) 
Bcl-2 

Immunohistochemical 

positivity 

Reduced PFS and OS 

(p< 0.001) 

p14ARF Labelling index <10% 

Reduced PFS (p< 

0.001) and increased 

tumour recurrence (p= 

0.0003) 

(Korshunov, 

Golanov et al. 

2002) 

Tenascin 
Immunohistochemical 

positivity 

Reduced PFS 

(p= 0.0004) 
(Korshunov, 

Golanov et al. 

2000) 

p27/Kip1 Labelling index <20% 
Reduced PFS 

(p= 0.01) 

EGFR 
Immunohistochemical 

positivity 

Reduced PFS 

(p= 0.009) 

Survivin High expression levels 
Poor patient outcome 

(p= 0.003) 

(Preusser, 

Wolfsberger et 

al. 2005) 

Chromosome 

1q 
Gain Poor patient outcome 

(Kilday, 

Rahman et al. 

2009) 

 

Promising results have also been provided using Ki-67 proliferation indices whose 

increase was associated with poor patient outcome (Figarella-Branger, Civatte et al. 

2000). The NSC marker Nestin and EVI1 transcription factor have also been presented 

as prognostic markers mainly for intracranial ependymomas (Milde, Kleber et al. 2011, 
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Koos, Bender et al. 2011). A separate study has proposed that hypoxic factors would also 

offer objective markers of disease outcome (McLendon, Lipp et al. 2015). Indicators of 

hypoxia would thereby support the use of histological grading to determine patient survival 

as hypoxia is typical of high grade tumours; a feat that was rejected initially due to 

subjectivity concerns and confounding variables. An independent study has also put 

forward the prognostic value of the PI3K signalling pathway in ependymoma (Rogers, 

Mayne et al. 2013). This survival cascade was shown to be activated in 72% of primary 

ependymomas which conferred a poorer progression free survival (PFS).  

 

1.3 The PI3K pathway  

 The phosphatidylinositol (PtdIns) family of lipids is a minor component of 

eukaryotic cell membranes that are often subject to phosphorylations. Addition of 

phosphate groups to these membrane-bound lipids forms phosphoinositide species, 

which participate in cell signalling, lipid signalling and vesicular trafficking (Minogue, 

Waugh et al. 2006, Clayton, Minogue et al. 2013). Many malignant transformations are 

usually characterised with a series of signalling transductions often stimulated by the 

presence of phosphoinositides. The phosphoinositide 3-kinase (PI3K) pathway, in 

particular, presents a classic example of phosphoinositide-induced signalling cascade 

whose effects are contributory to the many hallmarks of cancer known today (Fresno 

Vara, Casado et al. 2004, Fruman, Chiu et al. 2017).  

 

 The PI3K pathway is a key survival signalling response that is frequently activated 

in many cancers including breast (Miller, Rexer et al. 2011), colorectal (Danielsen, Eide 

et al. 2015) and gliomas (Holand, Salm et al. 2011). Activation of the PI3K pathway 

regulates an array of biological processes such as cell metabolism, proliferation and 

motility (Cantley 2002) (Figure 1-3). Canonical PI3K signalling is typically initiated upon 

the binding of signalling molecules including growth factors and cytokines to receptor 

tyrosine kinases (RTKs), inducing its dimerisation and autophosphorylation of the 

intracellular domains (Engelman, Luo et al. 2006). This usually prompts the recruitment 

of Class I PI3K enzymes onto the plasma membrane where it catalyses the 

phosphorylation of Phosphotidylinositol (4,5)-bisphosphate (PIP2) to Phosphotidylinositol 

(3,4,5)-trisphosphate (PIP3); a process that is negatively regulated by the PTEN 

phosphatase. PIP3 acts as a docking site for the Ser/Thr protein kinase AKT, whose 

activation by PDK1 and PDK2 (mTORC2) leads to the transduction of signal to 

downstream effectors (Sarbassov, Guertin et al. 2005, Manning, Toker 2017). As a major 

survival cellular pathway, much of research has focused on deciphering its biological 

influence towards tumourigenesis and its promise as a chemotherapeutic target to treat 

a broad spectrum of malignancies (Fruman, Chiu et al. 2017).  
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Figure 1-3 Activation of the PI3K enzyme leads to the phosphorylation of PIP2 to PIP3, which leads to 

recruitment of AKT to the plasma membrane. AKT activation following phosphorylation by PDK1 and 

mTORC2 enables transduction of signal to downstream targets to promote cellular processes including 

cell proliferation, survival and metabolism. 

 

1.3.1 PI3K enzyme isoforms  

 PI3Ks are a family of lipid kinases, whose multifunctional roles have been 

observed in different eukaryotes (Vanhaesebroeck, Leevers et al. 1997). These enzymes 

are heterodimers consisting of a catalytic subunit and regulatory subunit that use PtdIns 

as substrates. The PI3K enzymes are divided into three classes based on their structure 

and substrate specificity. Class I PI3Ks are the most commonly studied and known 

activators of the canonical PI3K signalling pathway. This class is further subdivided into 

two subclasses: Class IA and IB. Class IA PI3Ks are characterised by a p110 catalytic 

subunit and a p85 regulatory subunit. There are three catalytic isoforms belonging to this 

subclass: p110Ŭ (PIK3CA), p110ɓ (PIK3CB) and p110ŭ (PIK3CD), which interact with 

several p85 isoforms encoded by PIK3R1 (p85Ŭ alongside its known splice variants, p55Ŭ 

and p50Ŭ), PIK3R2 (p85ɓ) and PIK3R3 (p55ɔ) (Engelman, Luo et al. 2006). Class IB 

PI3Ks consist of a p110ɔ (PIK3CG) catalytic subunit, which forms complexes with either 

p101 (PIK3R5) or p87 (PIK3R6) regulatory subunits. For these Class I enzymes, 
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interaction of the regulatory subunit induces an inhibitory effect on the catalytic activity 

which is relieved upon the activation of cell surface receptors. Class I PI3Ks display some 

tissue-specific expression patterns so that the p110Ŭ and p110ɓ isoforms are ubiquitously 

expressed in normal tissues whereas p110ŭ and p110ɔ are mainly localised in leukocytes 

(Okkenhaug, Vanhaesebroeck 2003). Evidence from mouse models showed loss of 

p110Ŭ or p110ɓ resulted in early embryonic mortality (Bi, Okabe et al. 1999, Bi, Okabe et 

al. 2002) whereas p110ŭ- or p110ɔ-deficient mice had immune deficits (Sasaki, Irie-

Sasaki et al. 2000, Okkenhaug, Bilancio et al. 2002).  

 

 Class II PI3Ks are monomeric kinases that exist in 3 isoforms: PI3K-C2Ŭ, PI3K-

C2ɓ and PI3K-C2ɔ. Their biological role remains elusive but they are known to 

preferentially phosphorylate PtdIns and PtdIns(4)P (phosphatidylinositol 4-

monophosphate) (Arcaro, Zvelebil et al. 2000). Whether the phosphorylation of these lipid 

molecules has tumourigenic significance is yet to be elucidated but studies have shown 

an involvement in several cancer-related functions including angiogenesis (Yoshioka, 

Yoshida et al. 2012) as well as cell growth and survival (Elis, Triantafellow et al. 2008).  

 

 Class III PI3Ks are the least understood in this family of lipid kinases with one 

known isoform, VPS34. It facilitates the phosphorylation of PtdIns to PtdIns(3)P 

(Phosphotidylinositol 3-phosphate) and usually dimerises with another cell membrane 

component called VPS15 (PIK3R4) (Araki, Ku et al. 2013). This dimer forms the core of 

Complexes I and II which are implicated in the regulation of autophagy and vacuolar 

protein sorting pathways, respectively, as demonstrated in yeast-based studies (Volinia, 

Dhand et al. 1995, Kihara, Noda et al. 2001). More recent findings have highlighted the 

presence of analogous functions in higher organisms (Jaber, Zong 2013) where in 

addition, Class III PI3Ks have also been involved in the activation of the mTOR signalling 

pathway following changes in nutrient availability (Backer 2008).  

 

1.3.2 AKT isoforms 

 AKT, also known as Protein Kinase B (PKB), is a Ser/Thr protein kinase which 

acts as the primary effector of the canonical PI3K signalling pathway. There are three 

known mammalian isoforms of AKT namely AKT1, AKT2 and AKT3, which share a high 

degree of homology (~80%) (Vanhaesebroeck, Alessi 2000).  Despite their structural 

similarities, studies have characterised AKT isoform-specific physiological roles as well 

as differential expression patterns. AKT1 and AKT2 are globally expressed while AKT3 is 

mainly expressed in brain, cardiac and kidney tissues (Koseoglu, Lu et al. 2007). In vivo 

studies demonstrated embryonic lethality in AKT1/AKT2 KO mice (Peng, Xu et al. 2003), 
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while AKT3 KO led to issues in brain development (Tschopp, Yang et al. 2005). AKT2 

also presented a role in regulation of insulin signalling and development of diabetes (Cho, 

Mu et al. 2001). Non-overlapping functions between AKT isoforms were also validated in 

cancer studies such as AKT2ôs involvement in migration which is negatively regulated by 

AKT1 (Irie, Pearline et al. 2005). This was substantiated in a separate study where AKT2 

is more likely to be recruited to the membrane in regions where focal adhesions are 

formed than AKT1 (Arboleda, Lyons et al. 2003). Despite their intrinsic differences, all 

isoforms are equally activated by canonical PI3K signalling and have implied oncogenic 

roles in a context-dependent manner.  

 

1.3.3 Downstream targets and PI3K signalling crosstalk 

 The PI3K signalling pathway has a wide range of downstream targets that are 

regulated to support normal and healthy cell functioning. Characterisation of its complex 

network has elucidated multiple mechanisms that account for the diverse cellular 

behaviours, many of which have been deregulated in human diseases such as cancer. 

This section briefly outlines a subset of these PI3K/AKT pathway targets and their 

molecular impact during tumourigenesis. 

 

1.3.3.1 The mTOR signalling pathway  

 The mTOR signalling pathway is a common direct target of AKT following 

activation of the PI3K pathway. mTOR (mammalian target of rapamycin) is a protein 

kinase that preferentially phosphorylates its substrates on serine or threonine residues. 

Following activation of canonical PI3K signalling, AKT negatively regulates a 

heterodimeric GTPase-activating protein (GAP) called TSC (tuberous sclerosis) 1/2 

complex. This prevents the hydrolysis of GTP that is bound to the Rheb protein thus 

maintaining its active GTP-bound state (Inoki, Li et al. 2003). Rheb-GTP then interacts 

with mTOR to activate it, prompting multiple proteins to assemble with mTOR to form 

either the mTORC1 or mTORC2 complex (Figure 1-4).  

 

The mTORC1 complex is composed of four proteins, alongside mTOR, which 

include Raptor, mLST8, PRAS40 and DEPTOR (Peterson, Laplante et al. 2009). 

mTORC1-mediated signalling is associated with anabolic processes, particularly 

lipogenesis through regulation of the sterol regulatory element binding protein 1 

(SREBP1) (Porstmann, Santos et al. 2008) and protein synthesis. Formation of the 

protein synthetic machinery involves mTORC1 targeting of the p70S6 kinase which 

phosphorylates the S6 ribosomal protein to commence protein translation. mTORC1 also 

phosphorylates the eIF4E (eukaryotic translation initiation factor 4E) whose role is to 
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trigger the formation of translation pre-initiation complexes on the newly transcribed 

mRNA prior to protein synthesis (McKendrick, Morley et al. 2001). It further 

phosphorylates eIF4EBP1 (eukaryotic translation initiation factor 4E-binding protein 1) to 

prevent its sequestering effect on the eIF4E proteins thus ensuring that translation takes 

place  (Jiang, Coleman et al. 2003). 

 

mTORC1 also serves as a sensor for changes in nutritional availability (Howell, 

Manning 2011) in a mechanism that is yet to be understood. In the event of ATP or nutrient 

depletion, an increase in intracellular AMP activates the AMP-dependent protein kinase 

(AMPK) (Hardie 2007) which phosphorylates the TSC1/2 complex. This stimulates its 

GTPase activity leading to the formation of the inactive Rheb-GDP form and consequent 

loss of mTOR signalling. One effect of mTOR signalling inhibition is an upregulation in 

autophagic responses. The absence of the mTORC1 complex relieves the inhibitory effect 

on the ULK1/Atg13/FIP2000 kinase complex (Alers, Loffler et al. 2012) which is necessary 

for the maturation of autophagolysosomes that mediate the degradation of intracellular 

components. This establishes a recycling mechanism where components could then be 

reused for further cellular purposes. Other functions associated with mTORC1 signalling 

involve mitochondrial metabolism (Cunningham, Rodgers et al. 2007) and peroxisome 

proliferator-activated receptor-ɔ (PPARɔ) (Kim, J. E., Chen 2004) transcription factors.  

 

In contrast, the mTORC2 is a complex of six proteins: three of which are also 

mTORC1-associated proteins (mTOR, DEPTOR, mLST8) with the rest being mTORC2 

specific (Rictor, mSIN1, Protor-1). Unlike the well-characterised role of mTORC1 

signalling, mTORC2-mediated processes are less understood. In a study by Sarbassov, 

Guertin et al. (2005), mTORC2 was necessary for the full activation of the PI3K/AKT 

signalling axis. It phosphorylates AKT on Ser473, which alongside Ser308 

phosphorylation by phosphoinositide-dependent kinase 1 (PDK1) enables signal 

transduction to downstream effectors that mediate cell survival and proliferation. This was 

supported by another study where incomplete activation of AKT due to loss of mTORC2 

activity enhanced the activity of the forkhead box O-subfamily (FOXO) transcription 

factors (Calnan, Brunet 2008), particularly FOXO1 and FOXO3, by maintaining its 

dephosphorylated form. The serine-threonine protein kinase SGK1 was also found to be 

a downstream target of the mTORC2 complex (Yan, Mieulet et al. 2008). Activation of 

SGK1, which shares sequence homology with AKT, was shown to promote survival 

responses in cells (Mikosz, Brickley et al. 2001) and withdrawal of mTORC2 signalling 

induces a fall in SGK1 basal activity. Other studies have also suggested the implication 

of mTORC2 in cytoskeletal structuring, particularly through the activation of PKC and 
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consequently its associated targets (Jacinto, Loewith et al. 2004, Angliker, Ruegg 2013, 

Sen, Xie et al. 2014).  

 

Figure 1-4 AKT activates the mTOR signalling pathway through the negative regulation of the TSC1/2 

complex. Proteins assemble with mTOR to form either the mTORC1 or mTORC2 complex. mTORC1 is 

known to regulate processes such as protein synthesis and autophagy. mTORC2ôs function is less 

understood but is implicated in the full activation of AKT and cytoskeletal structuring. 

 

1.3.3.2 The Wnt pathway 

 The highly conserved Wnt signalling pathway regulates a number of embryogenic 

processes such as determination of cell fate, proliferation and migration (Garcin, Habib 

2017). Deregulated Wnt signalling has also been reported in cancer development, 

highlighting its clinical importance as a pharmaceutical target (Tai, Wells et al. 2015). The 

PI3K/AKT pathway could activate the Wnt signalling pathway by phosphorylating 

Glycogen Synthase Kinase 3ɓ (GSK3ɓ) to inhibit it (Figure 1-5). This negatively regulates 

the activity of the Destruction complex consisting of GSK3ɓ, Axin and Adenomatous 

polyposis coli (APC), causing ɓ-catenin to accumulate and induce transcription of target 

genes (e.g. MYC and Cyclin-D1, CCND1) following nuclear translocation (Cross, Alessi 

et al. 1995). GSK3ɓ is also inhibited by the p70S6 kinase as a result of signalling through 

the mTOR pathway (Zhang, H. H., Lipovsky et al. 2006). Interestingly, the loss of GSK3ɓ 

preserves mTOR signalling since it works in conjunction with AMP Kinase (AMPK) to 

activate the TSC1/2 complex which causes formation of the inactive Rheb-GDP and 

prevents activation of mTOR prior to the formation of mTORC complexes (Kwiatkowski, 

Manning 2005). Moreover, the inhibitory effect of the mTOR pathway on autophagic 
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responses prevents the degradation of Dsh (Gao, Cao et al. 2010), thus stimulating ɓ-

catenin transcription of genes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-5 AKT negatively regulates GSK3ɓ which is a component of the Destruction complex in the 

Wnt signalling pathway. The downregulation in its function leads to the stabilisation of ɓ-catenin and 

increase in expression of target genes. Activation of the mTOR pathway through the p70S6 kinase 

negatively regulates GSK3ɓ as well as the inhibition of autophagy-mediated degradation of the Dsh 

protein. 

 

1.3.3.3 The NF-əB pathway 

Gene expression of the NF-əB family of transcription factors is vital for mediating 

stress-related responses as well as regulating autoimmune functions following bacterial 

or viral antigen presentation (Wullaert, Bonnet et al. 2011). The most ubiquitously 

expressed form of NF-əB in many cells is the p65-RELA/p50 heterodimer (Oeckinghaus, 

Ghosh 2009). NF-əB is normally sequestrated in the cytoplasm by IəB proteins. IKKŬ has 

been shown to be a downstream target of AKT (Bai, Ueno et al. 2009). AKT activates 

IKKŬ by phosphorylating Thr-23, causing it to target IəB towards proteolytic degradation 

and consequently releasing NF-əB from physical sequestration. This increases the 

expression of NF-əB target genes that are usually involved in cell growth and proliferation 

(Guttridge, Albanese et al. 1999, Piva, Belardo et al. 2006) (Figure 1-6). Activation of the 

NF-əB pathway in cancers could therefore be considered as a protective mechanism 

particularly when exposed to the physiological stressors such as those from an 

inflammatory response.  
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Figure 1-6 AKT regulates IKKŬ proteins, which in turn phosphorylate IəB. When phosphorylated, IəB is 

targeted towards proteolytic degradation thus relieving its sequestering effect on NF-əB and allowing its 

translocation into the nucleus to initiate gene expression. 

 

1.3.3.4 The MAPK/ERK pathway 

 The Mitogen Activated Protein Kinase (MAPK) pathway is a protein kinase 

signalling cascade that regulates biological processes associated with growth, 

proliferation and cell survival (Mebratu, Tesfaigzi 2009). The overlapping functions 

between the MAPK/ERK and PI3K/AKT pathways have alluded to the possible modes of 

inter-pathway crosstalks that would consequently contribute towards tumourigenesis. 

Following activation of RTKs, docking proteins such as GRB2 would bind to 

phosphotyrosines in the intracellular domain of RTKs through their SH2 domain, which in 

turn would recruit a guanine nucleotide exchange factor (GEF) called mSOS through its 

SH3 domains. The resulting GRB2/mSOS complex stimulates GDP to dissociate from 

Ras to allow GTP binding to activate it. Ras-GTP binds and activates the Raf kinase, 

initiating the phosphorylation cascade from MEK to MAPK to its downstream targets 

(Figure 1-7). The PI3K pathway can influence MAPK signalling in various ways. One study 

showed that AKT-facilitated phosphorylation of Raf inactivates it, causing a reduction in 

MAPK signalling output (Zimmermann, Moelling 1999). Several studies have elucidated 

the significance of this crosstalk on cell differentiation (Reusch, Zimmermann et al. 2001) 

and chemotherapeutic outcome (Lee et al., 2008). Interestingly, it has been  

demonstrated that inhibition of Raf by PI3K/AKT was also necessary for cellular 

transformation (Cheung, M., Sharma et al. 2008). Another crosstalk highlighted in a 

different study showed that Rheb-GTP, which activates the mTOR pathway, could also 

interact with Raf to regulate its activity (Yee, Worley 1997).  
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Figure 1-7 The MAPK pathway is another survival signalling pathway that is commonly activated 

alongside the PI3K pathway. The PI3K pathway can also regulate MAPK signalling through the 

regulation of Ras-GTP by PI3K as well as the inhibition of Raf by both AKT and Rheb-GTP. 

 

1.3.3.5 Forkhead box proteins (FOXO) 

Signalling through the PI3K pathway negatively regulates the activity of the FOXO 

family of transcription factors. Phosphorylation of FOXOs by AKT triggers their 

sequestration from the nucleus by binding to 14-3-3 proteins (Van Der Heide, Hoekman 

et al. 2004). This also targets FOXOs towards degradation by the Ubitquitin Proteosome 

Pathway (UPP) (Matsuzaki, Daitoku et al. 2003). FOXO activity is also regulated by other 

kinases including CDK2 and IKK (Huang, Regan et al. 2006, Huang, Tindall 2011). 

Increased FOXO activity exerts its tumour suppressive effects through promotion of cell 

cycle arrest and apoptosis (Greer, Brunet 2005). Indeed, the role of FOXO as a negative 

regulator of tumourigenesis has been demonstrated in many solid and haematological 

malignancies (Modur, Nagarajan et al. 2002, Seoane, Le et al. 2004, Kikuchi, Nagai et al. 

2007).  

 

1.3.3.6 Regulators of cell cycle  

 The PI3K pathway imposes a stringent control over cell cycle progression by 

regulating factors that facilitate transition between cell cycle phases. For instance, 

activation of the PI3K pathway inhibits the activity of several members of the Cip/Kip 

family such as p27kip1 (Sekimoto, Fukumoto et al. 2004) and p21cip1 (Heron-Milhavet, 

Franckhauser et al. 2006). Cip/Kip proteins induce cell cycle arrest by suppressing the 
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functioning of cyclin dependent kinase (CDK)/cyclin complexes in contrast to the Ink4a 

family of proteins which competitively bind to CDK4 and CDK6 (Sherr, Roberts 1999) with 

cyclin D. It is also interesting that the expression of these cyclin dependent kinase 

inhibitors (CDKi) could be facilitated by FOXO. In one study, loss of FOXO activity 

resulted in a downregulation of p27 expression (Medema, Kops et al. 2000) whereas 

p15Ink4b- and p19Ink4d-associated cell cycle arrest was mediated by FOXO (Katayama, 

Nakamura et al. 2008). FOXO could also promote cell cycle arrest by expressing 

members of the Retinoblastoma (Rb) family of proteins (Kops, Medema et al. 2002) and 

Bcl-6 which acts as a transcriptional repressor of the cyclin D2 (CCND2) gene (Fernandez 

de Mattos, Essafi et al. 2004). Since most of these impede CDK4/6-cyclin D activity, an 

arrest at the G1/S phase of the cell cycle is observed. This usually involves the 

hypophosphorylation of the Rb protein which consequently sequesters members of the 

E2F family of transcription factors (e.g. E2F1) that are responsible for the expression of 

genes required to progress through the cell cycle (Martelli, Livingston 1999) (Figure 1-8).  

 

Figure 1-8 Activation of the PI3K pathway negatively regulates the cell cycle, partly through the 

inactivation of FOXO proteins. FOXO is usually associated with increased expression of intracellular cell 

cycle inhibitors such as the Cip/Kip (CDK/cyclin inhibitors) and Ink4 (CDK4/6-specific inhibitors) proteins 

whose functions ultimately induce cell cycle arrest. One of the affected proteins following loss of CDK4/6-

cyclin D activity is Rb. In its hypophosphorylated state, Rb binds to E2F transcription factors to prevent 

their translocation into the nucleus where they initiate expression of genes necessary to proceed through 

the cell cycle. The cells become arrested at G1/S as a result. 
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1.3.3.7 Regulators of cell survival 

The PI3K pathway often inhibits cell death programs, particularly apoptosis, by 

negatively regulating their respective molecular drivers. Among the downstream 

substrates of AKT are pro-apoptotic proteins such as the Bcl-2 BH3-only protein BAD 

whose phosphorylation on Ser136 signals for 14-3-3-mediated sequestration from the 

mitochondria where it would normally be localised (Zha, Harada et al. 1996, Datta, Dudek 

et al. 1997). AKT also activates the E3 ubiquitin ligase, MDM2 whose role is to 

polyubiquitinate p53 to target it towards proteasomal degradation (Mayo, Donner 2001). 

As a result, expression of p53 targets including other pro-apoptotic members of the Bcl-2 

gene family (e.g. Bax and PUMA) is suppressed (Yu, Z., Wang et al. 2009). Further 

survival influences of the PI3K pathway include downregulation of FOXO-targets 

including FasL and BCL2L11 (Bim) (Huang, Tindall 2007), which are known mediators of 

apoptosis. An increase in pro-apoptotic proteins leads to binding to anti-apoptotic proteins 

that are located on the outer membrane of the mitochondria. This changes the 

permeability of mitochondrial membrane, releasing apoptotic factors including 

Smac/Diablo and Cytochrome c to initiate the sequential activation of the caspase-family 

of proteases, which facilitate intracellular degradation (Adrain, Creagh et al. 2001) (Figure 

1-9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-9 PI3K signalling negatively regulates activation of apoptosis. Inhibition of pro-apoptotic 

proteins, through AKT phosphorylation, prevents formation of channels with anti-apoptotic proteins 

localised in the mitochondrial outer membrane. In effect, Smac/Diablo and Cytochrome c are not 

released. Smac/Diablo inhibits the X-linked inhibitor of apoptosis protein (XIAP) which blocks the activity 

of caspases. Cytochrome c forms complexes with the oligomerised Apaf-1 proteins to form the 

apoptosome which instigates the cleavage of caspases that mediate intracellular degradation. 
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1.3.4 Aberrant activation of the PI3K pathway in cancers 

Genomic studies have identified that genes encoding for various components of 

the PI3K signalling pathway are often mutated somatically or in the germ line resulting in 

its constitutive activation and subsequent development of malignancies (Vahidnezhad, 

Youssefian et al. 2016). Such mutations, which will be highlighted in this section, have 

been characterised in a broad spectrum of cancers including breast, leukaemias and 

gliomas (Millis, Ikeda et al. 2016).  

 

1.3.4.1 Alterations in Class I catalytic subunits 

Increased Class I PI3K enzymatic activity, leading to increased signalling output 

has been implicated in tumourigenesis (Thorpe, Yuzugullu et al. 2015). Enhanced PI3K 

activity has been shown to arise from genetic mutations in all structural domains of the 

enzyme. In the PIK3CA (p110Ŭ) gene, there are mutational hotspots identified in several 

cancers which usually result in an increased catalytic activity of the enzyme. These 

notable activating mutations include E542K and E545K located in the helical domain while 

H1047R is mapped onto the kinase domain, all of which have been confirmed to possess 

transforming capabilities (Isakoff, Engelman et al. 2005, Kang, Bader et al. 2005). In one 

systematic review (Karakas, Bachman et al. 2006), cancers such as breast and liver were 

found to have a high mutation frequency implicating the presence of additional PIK3CA 

mutations that affect other structural domains of the enzyme. It is further highlighted that 

such mutations would alter the enzymeôs overall structure to recapitulate that of an active 

conformation (Burke et al., 2012). Unlike p110Ŭ, mutations in other Class I PI3K enzymes 

in cancer are not as common albeit they have copy number gains which typically lead to 

their upregulation (Thorpe et al. 2015). In vitro evidence has demonstrated these 

isoformsô oncogenic properties when overexpressed in cells with each having distinct 

modes of upstream activation and regulation of downstream processes (Kang, Denley et 

al. 2006).  

 

Indeed, copy-number related upregulation of Class I PI3K has been identified in 

a proportion of solid tumours. These include p110ŭ in gliomas (Luk, Piekorz et al. 2012), 

p110ɔ in medulloblastoma (Guerreiro, Fattet et al. 2011) and p110Ŭ in lung and ovarian 

cancers (Okudela, Suzuki et al. 2007, Kolasa, Rembiszewska et al. 2009). 

Immunohistochemical data in one study showed a significant correlation between copy 

number gain and increased expression profile of Class I enzymes (Cui, Cai et al. 2014), 

which was also found to be related with poor prognosis.  
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1.3.4.2 Alterations in Class I PI3K regulatory subunits 

 The p85 regulatory subunit and its related isoforms are essential in negatively 

regulating the kinase activity of Class I PI3K enzymes, thus implicating a potential source 

of aberrant PI3K functioning and subsequent development of cancers. PIK3R1 (p85Ŭ) 

mutations, for instance, have been discovered in several malignancies including 

endometrial cancer (Cheung, L. W., Hennessy et al. 2011) and glioma (Brennan, Verhaak 

et al. 2013). Mutational hotspots have been specifically mapped to the iSH2 (inter-Src 

homology 2) domain of the subunit (Jaiswal, Janakiraman et al. 2009) which directly binds 

to p110. Downregulation of PIK3R1 as a result of a missense mutation was also reported 

in colorectal cancer (Cheung, L. W., Mills 2016) while this presented as a significant 

prognostic factor in breast cancer (Cizkova, Vacher et al. 2013). The result from these 

p85Ŭ mutants is often an increased PI3K activity despite still being able to form a stable 

heterodimer with p110. One study  further demonstrated a more pronounced cancer 

phenotype in renal cell carcinoma following reduced PIK3R1 expression, suggesting a 

possible link to tumour grade and progression (Lin, Y., Yang et al. 2015). Mutations in the 

PIK3R2 gene, encoding for the p85ɓ regulatory subunit, have also been determined 

although at a less frequent rate.  Unlike p85Ŭ, p85ɓ increases PI3K enzyme activity as 

validated by work on mouse models (Gonzalez-Garcia, Carrera 2012). Further 

enhancement of PI3K functioning from basal rate was observed as a result of some of 

these PIK3R2 mutations, which consequently favour tumourigenesis (Cheung, L. W., 

Hennessy et al. 2011). 

 

1.3.4.3 Alterations in Class II and III PI3K enzymes 

 As discussed in section 1.3.1, there has been little work into exploring the 

oncogenic role of Class II PI3K enzymes. In one study on GBM, PIK3C2B was amplified 

in a subset of tumours which was linked to an increase in PIK3C2B mRNA levels (Knobbe, 

Reifenberger 2003). Genomic surveillance also revealed other somatic mutations on 

PIK3C2B yet their biological effects remain undetermined (Kind, Klukowska-Rotzler et al. 

2017). The oncogenic relevance of Class II PI3Ks was further supported in another in vivo 

study, in which reduction of Pik3c2a (PI3K-C2Ŭ) activity suppressed tumour growth as an 

effect of compromised blood vessel formation (Yoshioka, Yoshida et al. 2012).  

 

 Similar to Class II PI3Ks, there is scarcity in research regarding the contribution 

of Class III PI3K enzymes towards tumour development. Recent evidence showed that 

VPS34 can activate mTOR signalling through downregulation of TSC2 whose induction 

of the inactive Rheb-GDP form consequently prevents the formation of mTORC 

complexes (Mohan, Shen et al. 2016). In the same study, the authors demonstrated that 

inhibition of the mTOR pathway reverses the VPS34ôs transforming effects in vitro. 
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However, VPS34-mediated activation of the mTOR pathway is of a non-canonical manner 

and understanding its own unique signalling network would therefore help determine how 

this could be further exploited from therapeutic point of view.  

 

1.3.4.4 Loss of PTEN  

 The lipid phosphatase activity of PTEN is an essential negative regulator of PI3K 

signalling activation as it catalyses the dephosphorylation of PIP3 to PIP2. Loss of PTEN 

activity is commonly found in many cancers as a mechanism for the deregulation of PI3K 

signalling. The PTEN locus, chromosome 10q23, is often subject to inactivating mutations 

and epigenetic silencing that leads to its downregulation during tumourigenesis (Song, 

Salmena et al. 2012). Carriers of PTEN mutations usually develop a condition called 

PTEN Hamartoma Tumour Syndrome (PHTS) which is subdivided into four disorders: 

Cowden syndrome, Bannayan-Riley-Ruvalcaba syndrome, PTEN-related Proteus 

syndrome and Proteus-like syndrome (Mester, Eng 2012). This autosomal dominant 

condition confers a predisposition to developing benign and malignant tumours, 

particularly breast, thyroid and endometrium (Tan, M. H., Mester et al. 2011). Somatic 

mutations have been identified across the gene sequence with some concentrating on a 

few mutational hotpots particularly those affecting Arg130, Arg173 and Arg233 (Song et 

al. 2012). Knockout of PTEN in mice recapitulates clinical characteristics of patients with 

PHTS (Stambolic, Tsao et al. 2000). Interestingly, evidence suggests that tumourigenesis 

following loss of PTEN is associated with the activity of p110ɓ PI3K isoform instead of 

p110Ŭ (Jia, Liu et al. 2008, Ni, Liu et al. 2012), thus warranting the use of p110ɓ-isoform 

specific inhibitors in this pathological context. On the other hand, reliance of PTEN loss 

on specific PI3K isoforms may actually be dependent on which isoform is predominantly 

expressed in tissue compartments. For instance, T-cell acute lymphoblastic leukaemia 

originates from p110ŭ and p110ɔ activity in thymocytes that lack PTEN activity 

(Subramaniam, Whye et al. 2012) while p110Ŭ is necessary for suprabasal cell viability 

of the epidermis in mouse models of PHTS (Wang, Q., Von et al. 2013).  

 

1.3.4.5 Alternative activation of the PI3K pathway during cancer development 

 Maintenance of PI3K signalling in cancer also comes from external signalling cues 

that directly regulate various components of the PI3K pathway. For instance, small 

GTPases can directly activate Class I PI3K enzymes. Ras mutations are potent oncogenic 

drivers found in about 25% of human malignancies (Hobbs, Der et al. 2016). Such 

mutations confer a defect in GTP hydrolysis thus maintaining its active GTP-bound state. 

In cancers driven by mutant Ras, its physical binding with Class I PI3K enzymes was 

observed through the Ras binding domain (RBD) in a manner similar to wildtype Ras. In 

vivo models of lung cancer and leukaemia have demonstrated the importance of this 
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interaction in sustaining tumourigenic responses (Castellano, Sheridan et al. 2013, 

Gritsman, Yuzugullu et al. 2014) (Castellano et al., 2013; Gritsman et al., 2014). 

Moreover, it was also found that activating KRAS mutations were linked with increased 

AKT functioning in Wilms tumours (Polosukhina, Love et al. 2017) as reflected by earlier 

studies on other cancers. Furthermore, in vitro evidence highlighted the unique properties 

of p110ɓ during cellular transformation where its activation required binding to other small 

GTPase proteins such as RAC1 and CDC42  (Fritsch, R., de Krijger et al. 2013). In one 

study, RAC1 and CDC42 expression was shown to stimulate angiogenesis and advanced 

TNM (tumour, lymph node and metastasis) staging in breast cancer (Ma, J., Xue et al. 

2013).  

 

  PI3K signalling can also be stimulated through the action of G-Protein Coupled 

Receptors (GPCRs) (Figure 1-10) (Murga, Laguinge et al. 1998). Interestingly, GPCRs 

could use Rho GTPases to activate p110ɓ PI3K signalling (Fritsch et al. 2013). 

Conversely, it has been shown that the interaction of the G-proteinôs Gɓɔ subunits with the 

PI3Kôs regulatory subunit consequently stimulates AKT-mediated regulation of 

downstream processes including cell cycle and apoptosis (Murga, Laguinge et al. 1998, 

Schwindinger, Robishaw 2001, Goel, Phillips-Mason et al. 2002). One study has alluded 

to the putative oncogenic role of GPCRs where these were identified to be upregulated 

in various cancers through gene expression analysis (Li, S., Huang et al. 2005). However, 

it is also put forward that activation of PI3K signalling is dependent upon the cell type, 

environmental cues as well as the GPCR involved. Coupling of GPCR activation with 

PI3K signalling may not necessarily stimulate tumourigenicity suggesting that this 

interaction is modulated on a context-dependent basis (Bar-Shavit, Maoz et al. 2016).  

 

Figure 1-10 GPCRs are a 7-transmembrane receptor which are associated with a heterotrimeric G-

protein. Usually upon its activation, the Ŭ-subunit dissociates from the ɓ/ɔ subunits where it activates 

several targets including the PI3K enzyme. Studies have also shown that the ɓ/ɔ subunits can also 

interact with the PI3K enzyme to activate the PI3K/AKT signalling node.  
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1.4 Activation of PI3K signalling in paediatric brain tumours 

Studies have suggested the PI3K pathway as a potential prognostic marker and 

therapeutic target in several paediatric brain tumours (Faury, Nantel et al. 2007, Pollack, 

Hamilton et al. 2010, Rodriguez, Scheithauer et al. 2011, Rogers, Mayne et al. 2013). 

Activation of PI3K signalling in these tumours has been associated with mutations and 

alterations in several components of the pathway. The commonly mutated PIK3CA gene 

has been identified in several cases of paediatric high grade glioma (pHGG) (Gallia, Rand 

et al. 2006) and diffuse intrinsic pontine glioma (DIPG) (Grill, Puget et al. 2012, Wu, G., 

Diaz et al. 2014). PIK3CA mutations were also found in medulloblastomas (Robinson, 

Parker et al. 2012)but these tumours usually harbour amplification in genes encoding for 

Class I PI3K enzymes which often lead to their overexpression (Guerreiro, Fattet et al. 

2011, Northcott, Shih et al. 2012, Shymanets, Prajwal et al. 2013). Decrease in PTEN 

activity was identified in medulloblastoma as a result of inactivating mutations, copy 

number loss and epigenetic silencing (Hartmann, Digon-Sontgerath et al. 2006, Parsons, 

Li et al. 2011). Aberrations in pHGG on the 10q locus, encompassing PTEN, have also 

been reported (Diaz, Baker 2014). Another study has described genetic alterations in 

genes encoding Class II PI3K enzymes (PIK3C2B and PIK3C2G) in pHGG but at low 

frequencies (Paugh, Qu et al. 2010). Moreover, it is postulated that PI3K pathway 

activation is a consequence of increased RTK activity in several paediatric brain tumours. 

In a few cases of pHGG, the adult-specific EGFRvIII mutation has been shown alongside 

copy number-associated EGFR upregulation (Pollack, Hamilton et al. 2006, Wu, G., Diaz 

et al. 2014).  Interestingly, DIPG has a predilection for PDGFRŬ upregulation whose 

involvement has been evident during glioma formation in in vivo studies (Jackson, Garcia-

Verdugo et al. 2006, Calzolari, Malatesta 2010). A subset of DIPG also contains activating 

point mutations in the PDGFRA gene but it is predominantly found in non-brainstem 

pHGG (Paugh, Qu et al. 2010). Other alterations in RTKs which are of clinical interest 

include the FGFR family in paediatric low grade glioma (pLGG) (Zhang, J., Wu et al. 

2013), insulin- and insulin-like growth factor receptors in atypical teratoid/rhabdoid 

tumours (ATRT) (Arcaro, Doepfner et al. 2007) and neurotrophin receptor lesions in 

pHGG (Wu, G., Diaz et al. 2014).  

 

 Pharmacological inhibition of the PI3K/AKT/mTOR pathway has shown anti-

tumourigenic effects against many paediatric brain tumours, suggesting biological 

dependence on its mitogenic effects. However, targeting the pathway is proved more 

useful as part of a combination strategy due to its cytostatic effects as indicated in several 

pre-clinical studies (Segerstrom, Baryawno et al. 2011, Cage, Chanthery et al. 2015, 

Agliano, Balarajah et al. 2017). Indeed, a few clinical trials have already assessed the 

efficacy of co-treatments involving PI3K pathway inhibitors to treat CNS tumours 
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(Speranza, Nowicki et al. 2016, Zhao, H. F., Wang et al. 2017). There are still clinical 

challenges that impede the therapeutic success of these inhibitors including drug delivery 

across the blood-brain barrier (Groothuis 2000, Wen, Lee et al. 2012, Heffron, Ndubaku 

et al. 2016), elucidation of compensatory signalling mechanisms (Mantamadiotis 2017) 

as well as the prospective long term cognitive effects in these young patients  (Moore 

2014).  

 

1.4.1 PI3K signalling in paediatric ependymoma 

 Comprehensive molecular and cellular profiling of ependymomas has 

documented low frequency genetic alterations that would activate the PI3K pathway. 

These include loss of PTEN copy number as well as the amplification of AKT2 (Johnson, 

R. A., Wright et al. 2010, Mohankumar, Currle et al. 2015). CNS compartment-specific 

gene expression profiles also alluded to other possible means of inducing signalling in 

ependymoma such as the upregulation of members of the EphB-Ephrin and Notch 

signalling pathways in supratentorial tumours (Taylor, Poppleton et al. 2005). Eph-

mediated signalling is considered the largest signal transducer amongst RTK families 

(Lisabeth, Falivelli et al. 2013) whose activation involves cell-cell interaction resulting in a 

bidirectional signalling effect between cells. Ephrins could potentially mediate activation 

of the PI3K pathway in ependymoma as observed during endothelial cell proliferation and 

migration  (Wiedemann, Jellinghaus et al. 2017). It is also possible for cross talks to occur 

between the Notch and PI3K pathways for instance through Notch-mediated PTEN 

suppression (Kim, S. J., Lee et al. 2016) as well as the dependence of Notch on PI3K 

signalling in evading apoptosis (Shepherd, Banerjee et al. 2013). Analysis of single 

nucleotide polymorphism (SNP) array data revealed rare copy-number gains in genes 

encoding for all three AKT isoforms and the AKT-activating enzyme PDPK1 but this did 

not increase the expression of the genes implicated (Johnson, R. A., Wright et al. 2010).  

 

 Rogers, Mayne et al. (2013) provided further evidence regarding PI3K pathway 

activation in paediatric ependymoma. Analysis of publicly available gene expression 

datasets has identified CNS compartment-specific transcriptional profiles, which were 

significantly enriched for the PI3K pathway. The genes that represented this enrichment 

involved those that participate in the PI3K/AKT signalling cascade as well as known 

downstream target genes. They found that the PI3K pathway was activated in a higher 

percentage of supratentorial tumours, relative to those arising from the posterior fossa 

and spinal regions as demonstrated by a higher expression profile of PI3K pathway-

related genes and immunohistochemical data. Activation of the PI3K pathway also 

conferred prognostic significance, as it was associated with poor PFS. Treatment of 
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ependymoma cell lines with LY294002 and BKM120 showed a dose-dependent decrease 

in pAKT protein levels as well as a decrease in cell viability, suggesting that PI3K 

signalling regulates cell proliferation in ependymoma.  

 

1.5 The PI3K/AKT/mTOR pathway as a therapeutic target 

The PI3K pathway is central towards cell survival and proliferation. Its frequent 

activation in many cancers makes it a prime chemotherapeutic target. Successful efforts 

have been shown into developing inhibitors that target multiple nodes of the 

PI3K/AKT/mTOR signalling axis with many of these undergoing clinical trials.  

 

1.5.1 Inhibiting the PI3K enzyme 

 Two of the known first generation PI3K enzyme inhibitors are Wortmannin and 

LY294002, which have also shown specificity for other PI3K-related kinases. However, 

evaluation of drug potencies identified wortmannin as being more superior over 

LY294002 despite having a shorter half-life (Marone, Cmiljanovic et al. 2008). Clinical 

progression of these drugs was limited by toxicity and solubility issues which prompted 

the necessity to improve their pharmacological performance. This led to the introduction 

of second generation of PI3K enzyme inhibitors. For instance, PX-866 and PWT-458 are 

wortmannin derivatives that can inhibit all PI3K isoforms and have demonstrated anti-

tumourigenic effects in various mouse cancer models (Yu, K., Lucas et al. 2005, Koul, 

Shen et al. 2010) yet only PX-866 has been tested in clinical trials where recipients 

displayed stable disease with gastrointestinal-related adverse effects (Hong, Bowles et 

al. 2012). Conjugation of the RGD targeting peptide onto LY294002 produced the 

hydrophilic SF1126 inhibitor which enables binding to integrins found in many tumour 

cells. This preferentially results in the accumulation of the drug in tumours (Cleary, 

Shapiro 2010) where it can target Class I PI3K enzymes. The drug has shown anti-

tumourigenic and anti-angiogenic effects in preclinical studies of glioma and prostate 

cancer (Garlich, De et al. 2008). SF1126 has entered Phase I of clinical trials in which 

patients with advanced solid tumours and B-cell malignancies also showed stable disease 

with various gastrointestinal issues (Mahadevan, Chiorean et al. 2012).   

 

 For many pharmaceutical companies, the aim is also to restrict drug effects only 

towards PI3K activity functioning which some of the earlier inhibitors such as wortmannin 

and LY294002 have failed to achieve. The Novartis compound BKM120 (Buparlisib) is a 

pan-class I PI3K inhibitor with reduced affinity for other members of the PI3K-related 

kinase (PIKK) family (Massacesi, Di Tomaso et al. 2016). Its anti-tumourigenic effects 

have been tested in various malignancies including breast cancer (Hu, Y., Guo et al. 
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2015), colorectal cancer (Yang, S., Li et al. 2017) and lymphoma (Civallero, Cosenza et 

al. 2015), in which activated PI3K pathway was generally identified as a factor towards 

chemoresistance. BKM120 has also been tested pre-clinically against CNS tumours for 

which drug delivery would not be problematic due to its ability to cross the blood-brain 

barrier (BBB) (Wen, Lee et al. 2012). In vitro studies using GBM cell lines showed a 

reduction in cellular growth independent of their PTEN or EGFR status (Koul, Fu et al. 

2012). Orthotopic mouse models also manifested a decrease in tumour vascularisation 

and migration following treatment with BKM120 (Speranza, Nowicki et al. 2016) as well 

as synergistic effects when combined with temozolomide (TMZ) (Maira, Pecchi et al. 

2012). BKM120 is currently undergoing clinical testing in various solid tumours with stable 

disease observed as the best response (Wu, Y. L., Zhang et al. 2016). To date, there 

have been clinical studies which assessed the efficacy of BKM120 in GBM as a single 

therapy (NCT01339052) or in combination with other drugs such as carboplatin and 

lomustine (NCT01934361).  

 

 PI3K and mTOR share a high degree of sequence homology, which enabled the 

development of PI3K/mTOR dual inhibitors. These agents present an advantage of 

circumventing the negative feedback that takes place along the PI3K/AKT/mTOR 

signalling axis following inhibition of the pathway (see section 1.5.4.1) thus enabling a 

more efficient suppression of the pathway. BEZ235 (Dactolisib) is an orally active 

PI3K/mTOR dual inhibitor which displayed anti-proliferative properties against pre-clinical 

cancer models including breast and colorectal (Serra, Markman et al. 2008a, Roper, 

Richardson et al. 2011).  The drug entered clinical trials in 2006 to investigate its efficacy 

against advanced solid tumours (NCT00620594). Clinical trial recipients diagnosed with 

advanced solid tumours showed good tolerance to BEZ235 with stable disease 

manifestations (Peyton, Ahnert et al. 2011). Several studies have been undertaken to 

determine the drugôs utility as a monotherapy or part of a combination in malignancies 

such as metastatic breast cancer, (NCT01495247), leukaemias (NCT01756118) and 

prostate (NCT01634061). GDC-0980 (Apitolisib) is another PI3K/mTOR dual inhibitor 

which potently induced cytotoxicity in vitro in breast, prostate and lung cancers at a 

nanomolar range (Wallin, Edgar et al. 2011). Participants diagnosed with advanced solid 

tumours in a Phase I study displayed anti-tumourigenic effects albeit only modest (Dolly, 

Wagner et al. 2016). Its excellent pharmacokinetic and pharmacodynamic properties 

have prompted further evaluation of its clinical utility when combined with other drugs 

including trastuzumab and paclitaxel (Wen, Lee et al. 2012).  

 

 Although they have shown to delay disease progression in a clinical setting, multi-

isoform PI3K enzyme inhibitors still have sub-optimal efficacies with a relatively increased 
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rate of adverse effects (Bendell, Rodon et al. 2012a, Sarker, Ang et al. 2015). In order to 

address such issues, isoform specific targeting was introduced as a strategy since it is 

becoming more evident that several tumours have a proclivity for certain isoform activity. 

This is particularly valid in tumours that harbor PIK3CA mutations, leading to a 

constitutively active p110Ŭ. BYL719 (Alpelisib) is a p110Ŭ inhibitor that was produced 

from its parent compound, A66 which in turn was derived from the pan-PI3K inhibitor PIK-

93 (Wang, X., Ding et al. 2015). In vitro studies on neuroendocrine tumours demonstrated 

that BYL719 inhibited cell viability following G1/S arrest, as displayed by the drugôs 

predecessors (Nolting, Rentsch et al. 2017). Single treatment of nasopharyngeal 

carcinoma cells with BYL719 also resulted in cell cycle arrest as well as apoptosis; such 

effects were enhanced when combined with MAPK pathway inhibitors and cisplatin, 

highlighting a potential therapeutic strategy (Wong, Ma et al. 2015). A recent Phase I 

study demonstrated BYL719 potency against wild-type and mutant PIK3CA breast 

cancers (Mayer, Abramson et al. 2017)with Phase II and III studies underway which see 

BYL719 as part of a combination treatment. Indeed, preclinical studies showed that 

mutations and amplifications in PIK3CA are indicators for drug sensitivity whereas loss of 

PTEN confers resistance (Fritsch, C., Huang et al. 2014). There are also prospects of 

specifically targeting the p110Ŭ isoform to impede angiogenesis as its activation mediates 

VEGF signalling which ultimately leads to endothelial cell migration (Graupera, 

Guillermet-Guibert et al. 2008). Preferential targeting of the p110ŭ isoform was deemed 

ideal for treating many autoimmune diseases and haematological malignancies as its 

signalling is vital towards immune-related cells including T-cells, B-cells and neutrophils 

(Patton, Garden et al. 2006). CAL101, a potent p110ŭ inhibitor, is an approved treatment 

by the United States Food and Drug Administration (FDA) for B-cell malignancies, as 

shown by the favourable patient outcomes in Phase I and II trials (Wang, X., Ding et al. 

2015). It has also shown clinical value in patients with chronic lymphocytic leukaemia 

(CLL) when combined with rituximab compared to a placebo treatment (Fruman, Rommel 

2014).  Studies have indicated the role of CAL101 in reducing circulating chemokines that 

trigger CLL chemotaxis, migration to the lymphatics and subsequent disease progression 

(Hoellenriegel, Meadows et al. 2011). Akin to other reported isoform-specific inhibitors, 

inhibition of p110ŭ mainly produces cytostatic responses yet it is postulated that their 

mechanism of action involves attenuation of external survival signalling through reduced 

chemokine expression whilst abrogating subsequent survival responses. 
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1.5.2 Inhibiting AKT 

 As the primary effector of the canonical PI3K pathway, inhibiting AKT remains an 

attractive approach in suppressing PI3K signalling in cancers. Allosteric inhibitors are a 

class of AKT-directed agents that induce their effects by binding to a non-catalytic site on 

the enzyme. For instance, many of these inhibitors interact with the pleckstrin homology 

(PH) domain of AKT, which usually prevents its localisation to the cell membrane (Meuillet 

2011). The allosteric AKT inhibitor perifosine is currently in Phase I/II of clinical trials to 

evaluate its therapeutic potential against a number of malignancies. The drug has already 

shown efficiency as a single treatment in Waldenströmôs macroglobulinemia (Ghobrial, 

Roccaro et al. 2010) and sarcomas (Gills, Dennis 2009). Other clinical tests have reported 

that perifosine was well tolerated by patients with both solid and haematological 

malignancies but dose-limiting toxicities ranging from nausea and diarrhoea to 

neutropenia and anaemia were still evident (Van Ummersen, Binger et al. 2004, Bendell, 

Nemunaitis et al. 2011). To augment its chemotherapeutic potential, recent preclinical 

studies are investigating perifosine as part of a combination treatment which would also 

circumvent feedback loops within the PI3K/AKT/mTOR signalling axis. For instance, 

combining perifosine with the mTOR inhibitor rapamycin increased apoptotic and 

autophagic responses in multiple myeloma in vitro as well as prolonged the survival of in 

vivo mouse models (Cirstea, Hideshima et al. 2010). The same treatment regime yielded 

similar results in in vitro and in vivo studies for GBM (Pitter, Galban et al. 2011) and non-

small cell lung cancer (Ma, Z., Zhu et al. 2012). Various structural modifications in 

emerging allosteric AKT inhibitors led to the development of alkylphospholipids, 

sulfonamides and purine-based agents that equally target the enzymeôs PH domain 

(Nitulescu, Margina et al. 2016); many of which have potently exhibited dose-dependent 

anti-proliferative effects both in vitro and in vivo. 

 

 ATP-competitive inhibitors, unlike their allosteric counterparts, directly bind to the 

enzymeôs AKT catalytic site to inactivate it. The pyrrolopyrimidine AKT inhibitor AZD5363 

has shown a good pharmacological profile which reduced tumour growth in a breast 

cancer xenograft model (Addie, Ballard et al. 2013) and manifested similar responses in 

multiple solid tumours including gynaecological, colorectal and lung (Hyman, Smyth et al. 

2017). Phase I and II trials have already taken place to investigate its clinical utility in 

cancer patients (Crabb, Birtle et al. 2017, Banerji, Dean et al. 2018). GDC-0068 

(Ipatasertib) is another ATP-competitive AKT inhibitor whose potency has been 

demonstrated in all three isoforms and a low binding affinity for other related kinases 

including PKA (Blake, Xu et al. 2012). In another study, GDC-0068 prevented 

downstream AKT signalling in several tested cancer cell lines which ultimately produced 

a cytotoxic effect (Lin, J., Sampath et al. 2013). They further demonstrated GDC-0068 
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sensitivity in cancer xenograft models and to some extent, independent of their mutation 

status which included PTEN loss and PIK3CA alterations. Patients with solid tumours in 

a recent clinical study showed stable disease and incomplete response as the best 

outcome following treatment with GDC-0068 (Saura, Roda et al. 2017). Further active 

trials are ongoing to assess GDC-0068 as part of a combination therapy for breast cancer 

(NCT02301988) and prostate cancer (NCT03072238). Pan-AKT inhibition offers the 

prospect of eliminating compensatory AKT signalling from other isoforms should one 

isoform just be targeted thus ensuring a complete inhibition of downstream PI3K 

signalling. However, these inhibitors also increase the risk of off-target effects especially 

against kinases belonging to the same family as AKT which would give rise to potential 

clinical adverse effects; an aspect that is arguably not as severe with the employment of 

AKT allosteric inhibitors (Yun 2010).  

 

1.5.3 Targeting mTOR 

 Rapamycin was the earliest agent discovered to inhibit mTOR which was initially 

employed as an anti-fungal and immunosuppressive agent but was later found to have 

tumour suppressive properties (Sehgal 2003). Interestingly, its mechanism of action only 

targets the mTORC1 complex due to its binding to the FK506-binding protein-12 (FKB12) 

which is exclusive to mTORC1 activity. Rapamycin has since become a structural 

template for the development of analogues which are equally efficacious yet having far 

more superior pharmacological profiles.  

 

Everolimus and temsirolimus are two known rapalogues that have shown potent 

anti-neoplastic effects and favourable outcomes in several clinical studies including 

pancreatic (Yao, J. C., Shah et al. 2011) and metastatic breast cancer (Royce, Osman 

2015). One notable cancer that these rapalogues are used as part of the treatment regime 

is renal cell carcinoma (RCC). As demonstrated by the favourable tolerance in patients in 

clinical trials, everolimus and temsirolimus have since been employed as a first-line 

treatment for RCC (Hudes, Berkenblit et al. 2009, Motzer, Escudier et al. 2010). Other 

studies have also suggested the combination of these rapalogues with RTK inhibitors in 

treating these tumours, having shown an overrepresentation for mTOR and VEGF 

signalling processes during disease pathogenesis (Rini, Atkins 2009). Rapalogues have 

also been evaluated in several clinical trials as a treatment option for CNS tumours 

including paediatric recurrent/non-recurrent progressive low grade glioma 

(NCT01734512), DIPG (NCT03355794) and recurrent/progressive ependymoma 

(NCT02155920). Currently, everolimus is a clinically recognized treatment for 

subependymal giant cell astrocytoma (SEGA) (Franz, Belousova et al. 2014), which is 
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the main cause of mortality in children with Tuberous sclerosis complex (TSC) (Roth, 

Roach et al. 2013). Indeed, rapalogues confer therapeutic benefits particularly against 

many CNS tumours which were characterised with PI3K/AKT pathway mutations that 

would hyperactivate downstream targets including mTOR signalling (see section 1.4)  

 

 However, rapalogues only prevent the mTORC1 cascade and not mTORC2 which 

is an issue due to the negative feedback that leads to the reactivation of AKT signalling 

upstream. Dual mTORC1/2 inhibitors are drawing interest as a therapeutic strategy to 

address this issue as well as exploit mTORôs primary role in cell growth and metabolism. 

PP242 (Torkinib) is an ATP-competitive mTOR kinase inhibitor that potently activates 

autophagic responses following suppression of mTORC1/2 complexes (Feldman, Apsel 

et al. 2009, Zhou, J., Tan et al. 2013). PP242 has previously shown to suppress induction 

of several hallmarks of cancer such as proliferation and metastasis in pre-clinical studies 

including gastric cancer (Xing, Zhang et al. 2014), bladder cancer (Zhang, Z., Zhang et 

al. 2016) and GBM (Neil, Shannon et al. 2016). The orally bioavailable OSI027 

mTORC1/2 dual inhibitor has also shown potent cytotoxic effects in a panel of tested 

cancer cell lines characterised with an activated PI3K/AKT signalling pathway (Bhagwat, 

Gokhale et al. 2011). The same study also reported a more efficient reduction in tumour 

growth in xenograft models of cancer following monotherapeutic administration of 

OSI027, relative to rapamycin. Phase I trials have just been finished in patients with 

advanced solid tumours or lymphoma (NCT00698243), but findings are yet to be 

disclosed. Most mTORC1/2 inhibitors are still in pre-clinical testing and have yet to be 

assessed in patient trials. While they have shown some therapeutic promise using in vitro 

and in vivo models, factors such as drug tolerance and dose-limiting toxicities remain 

uncertain.  

 

1.5.4 Resistance mechanisms to PI3K pathway inhibitors 

 Despite presenting as an attractive target for cancer treatment, clinical responses 

to inhibition of the PI3K pathway have been disappointing. The intricacy behind PI3K 

signalling is inundated with various feedback loops and inter-pathway cross talks which 

give rise to emerging resistance mechanisms, thus accounting for the sub-optimal patient 

outcomes observed in many of these studies. 

 

1.5.4.1 Reactivation of the PI3K pathway 

  One major caveat of upstream inhibition of the PI3K pathway is the upregulation 

of RTK expression as mediated paradoxically by activation of FOXO transcription (Figure 

1-11), having previously discussed their role as tumour suppressors. This was 
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demonstrated in several malignancies including breast (Serra, Markman et al. 2008b) and 

prostate (Carver, Chapinski et al. 2011) cancer. It was further showed that the increase 

in RTK activity is also caused by the loss of mTORC1-mediated negative regulation 

following subsequent suppression of mTOR signaling (Chandarlapaty, Sawai et al. 2011). 

This mechanism is highlighted especially in the activation of insulin and insulin-like growth 

factor receptors (IGFR). PI3K inhibition consequently reduces mTORC1 signalling 

following loss of mTOR activity, resulting in a downregulation of p70S6 kinase activity 

which eliminates the inhibitory effect on the IRS (insulin receptor substrate). As a result, 

the IRS can interact with the PI3K enzyme which stimulates the reactivation of 

downstream signalling. It is also highlighted that this in turn would augment mTOR 

signalling, which involves the formation of mTORC2 complexes. mTORC2 is recruited to 

the membrane and is crucial for the complete activation of AKT. Therefore, the increase 

in RTK activity leads to an overall saturation of downstream signalling cascades including 

the PI3K pathway.  

 

 

 

Figure 1-11 Inhibition of the PI3K pathway leads to the activation of FOXO proteins. FOXOs have been 

shown to upregulate the expression of RTKs which leads to the reactivation and potential saturation of 

cell signalling pathways including the PI3K cascade. The consequential loss of mTOR signalling 

following PI3K pathway inhibition also alleviates the inhibitory effect of p70S6 kinase on IRS proteins 

which then stimulates the activation of the PI3K enzyme.  

 

 Biphasic inhibition of the PI3K signalling pathway through the use of PI3K/mTOR 

dual inhibitors is a strategy that would minimise the formation of feedback loops that may 

underlie resistance towards PI3K pathway agents. Incidentally, one study has described 

a less explored mechanism that undermines the effects of PI3K/mTOR dual inhibition 

which involved the JAK/STAT signalling pathway (Britschgi, Andraos et al. 2012). They 
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found an increase in expression of interleukin-8 (IL-8) in metastatic breast cancer cells 

following treatment with BEZ235. IL-8 activated the chemokine (CXC motif) receptor 1 

(CXCR1) which consequently stimulated signalling through the JAK2/STAT5 pathway. 

JAK2 can associate with PI3K through its SH2 domain which stimulates its activity thus 

reactivating the PI3K/AKT pathway (Figure 1-12). However, the prospect of this as a 

general resistance mechanism towards PI3K/mTOR inhibitors in cancers is yet to be 

elucidated. Nevertheless, studies have shown that JAK2/STAT5 signalling can reactivate 

the PI3K cascade through methods such as interaction with the Epidermal growth factor 

receptor (EGFR) (Yamauchi et al., 1997) and IRS proteins (Gual, Baron et al. 1998), 

which are both positively regulated in response to the suppression of the PI3K pathway. 

Therefore, such findings support cancer treatments that include both JAK2 and PI3K 

inhibitors (Bartalucci, Tozzi et al. 2013, Fiskus, Verstovsek et al. 2013). 

 

 

Figure 1-12 Britschgi, Andraos et al. (2012) showed that the CXCR1 receptor activates the JAK2/STAT5 

signalling pathway following an upregulation of IL-8, as a result of treatment with BEZ235. JAK2 binds 

to the SH2 domain of the PI3K enzyme, leading to its activation. JAK2 could also reactivate the PI3K 

pathway through its association with EGFR or IRS proteins. 

 

1.5.4.2 Activated parallel signalling pathways 

 The capability of the PI3K signalling cascade to facilitate resistance mechanisms 

also originates from the various cross talks it has with several other survival pathways. 

Interaction between the PI3K and MAPK pathways is one of the commonly reported cross 

talks in cancer which regulate downstream substrates (e.g. GSK3ɓ, c-Myc and BAD) to 

promote cell survival, growth and viability (Mendoza, Er et al. 2011). One study showed 

that the activation of the MAPK pathway, which in turn can also reactivate the PI3K 

pathway through Ras (Castellano, Downward 2011), was observed in response to 

treatments with rapalogues (Carracedo, Ma et al. 2008). Loss of mTOR signalling 
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downregulates p70S6 kinase activity thus relieving the inhibitory effect on IRS scaffold 

proteins. While this could reactivate the PI3K pathway as mentioned in the last section, 

IRS could also serve as a docking site for the GRB2/mSOS complex (Buday, Egan et al. 

1994) which in turn triggers the MAPK cascade (see section 1.3.3.4). Moreover, elevated 

surface expression of RTKs due to PI3K inhibition also enhances output from the MAPK 

signalling pathway.  

 

 Activation of the Wnt signalling pathway has also been associated with resistance 

to PI3K pathway inhibition. This is particularly highlighted in cancers driven by Wnt 

signalling where there is an increase in ɓ-catenin expression of target genes (Pai, 

Carneiro et al. 2017). In fact, high ɓ-catenin could synergise with active FOXO3a as a 

result of PI3K/AKT suppression to promote tumour progression. Despite the latterôs well-

documented role as a tumour suppressor, the combined effects of ɓ-catenin and FOXO3a 

resulted in a shift in transcriptional program that favours invasion and metastasis 

(Tenbaum, Ordonez-Moran et al. 2012). Another study also demonstrated upregulation 

of Wnt signalling following inhibition of the PI3K pathway in breast cancer (Tzeng et al., 

2015). Treatment of cells with the pan-PI3K inhibitor GDC-0941 resulted in the 

phosphorylation of the LRP co-receptor, preceded by the induction of various Wnt ligand 

expressions. Indeed, there have been treatments involving combinations of PI3K and Wnt 

pathway inhibition emerging which could potentially produce therapeutic prospects in 

many cancers (Arques et al., 2016; Solzak et al., 2017).  

 

1.5.4.3 Incomplete inhibition of the PI3K pathway 

 The tumour suppressive properties of PI3K pathway inhibitors have been evident 

in several pre-clinical models of cancers but the overall therapeutic responses to these 

agents have been modest. It was suggested that incomplete inhibition of the PI3K 

pathway could be attributed to these findings. For instance, treatment of PIK3CA-mutant 

breast cancer cells with the p110Ŭ-inhibitor BYL719 resulted in a decrease in AKT 

phosphorylation but mTORC1 signalling was still observed. Sensitivity to BYL719 was 

only restored when co-treated with the rapalogue everolimus (Elkabets, Vora et al. 2013). 

A similar study showed that despite the reduction in phospho-AKT levels in response to 

PI3K inhibition, no cell cycle arrest was observed in certain PIK3CA-mutant breast cancer 

cell lines (Vora, Juric et al. 2014). Combining PI3K suppression with inhibitors of AKT, 

mTOR or cell cycle effectively overcame the resistance leading to a reduction in cell 

viability. It is therefore suggested that in human trials, PI3K pathway inhibitors are 

administered at doses which would minimise patient adverse effects. However, these 

doses may restrict the drugôs capability to adequately suppress PI3K signalling thus 

decreasing the efficiency of PI3K pathway inhibitors in these studies.  
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1.6 Rationale, aims and hypothesis 

Understanding the molecular basis of ependymomas is crucial to identify 

prognostic markers, prospective therapeutic targets and molecular drivers that contribute 

towards tumourigenesis. This project focused on investigating the biological significance 

of the PI3K pathway towards disease pathogenesis, having identified its activation in a 

high percentage of primary ependymomas (Rogers, Mayne et al. 2013). Since paediatric 

ependymomas also manifest a relatively poor prognosis with few effective adjuvant 

therapies, a need for alternative treatment strategies has been emphasised. Therefore, 

this project also evaluated the prospect of targeting the PI3K pathway as a therapeutic 

approach to treat ependymomas.  

 

 Signalling through the PI3K pathway is essential towards cell survival and viability. 

Its involvement in progression of many cancers has been reported, making it a 

prospective target for treating such malignancies. The activation of the PI3K signalling in 

ependymoma implicates its pathological significance towards tumour biology. It is 

therefore hypothesised that the PI3K pathway regulates cellular processes that favour 

ependymoma tumourigenesis. Its inhibition would then be detrimental towards tumour 

survival thus highlighting a prospective treatment strategy that could be considered as 

being clinically beneficial. There were three distinct aims to support the rationale that was 

outlined for this study. These included:  

 

1.) Investigation of the PI3K pathway as a regulator of survival in ependymoma  

¶ Observed whether inhibition of PI3K signalling could reduce cell viability of 

other established ependymoma cell lines  

¶ Determined if cell viability reduction is due to cytotoxic or cytostatic responses 

to PI3K inhibition 

¶ Determined whether the inhibition of canonical PI3K/AKT signalling cascade 

facilitated the biological processes observed in ependymoma  

 

2.) Identification of downstream targets of the PI3K pathway 

¶ Employed microarray technology to differentiate gene expression profiles of 

ependymoma cells before and after PI3K pathway inhibition 

¶ Identified biological functions that were enriched in the genes that were 

differentially expressed following PI3K pathway inhibition 

¶ Suggested a potential molecular mechanism that lead to the regulation of the 

identified biological functions 
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¶ Pinpointed processes that could be targeted pharmacologically in 

combination with PI3K pathway inhibition 

 

3.) Experimental validation of the cellular processes presented in the gene 

expression data and identifying its relevance from a clinical perspective 

¶ Functionally verified the proposed molecular mechanism that would regulate 

the significantly enriched biological functions identified in ependymoma post-

PI3K pathway inhibition 

¶ Evaluated whether targeting the PI3K pathway can enhance the effects of 

conventional chemotherapies in ependymoma as predicted by the gene 

expression data 
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CHAPTER 2.  MATERIALS AND METHODS 

2.1 Cell culture and cell based assays 

2.1.1 Origin of cell lines and cell culture 

The cell lines used in this project were derived from patientsô tumour samples 

whose clinical details are outlined below in Table 2-1. Establishment of the BXD1425-

EPN cell line involved injection of primary tumour cells in immune deficient mice, which 

were subtransplanted prior to mechanical dissociation. DKFZ-EP1 cells form as a 

monolayer but were originally derived from neurospheres following enrichment for 

stemness of isolated patient samples. EPN1, EPN8 and EPN12A cells, on the other hand, 

were established at the Childrenôs Brain Tumour Research Centre (CBTRC) from fresh 

tumours from pathology or surgery which were subsequently dissociated using an 

enzyme cocktail. Growth was closely monitored until passage 5 before banking. Currently, 

collaborations between leading European scientists which subsequently make up 

BIOMECA (Biological Markers for Ependymomas in Children and Adolescents) are 

investigating an array of biomarkers that can potentially be used for disease stratification 

as well as support diagnostic and prognostic purposes in ependymoma patients. Some 

of these biomarkers have previously been implicated with ependymoma pathogenesis or 

cancer development in general including 1q gain, Tenascin-C, C11orf95-RELA and -

YAP1 fusion genes, ABCB1, BLBP ERCC5, hTERT mRNA, EZH2 and CDNK2.   

 

All cell lines were cultured as a monolayer and were incubated in a standard 

humidified 5% CO2-air incubator at 37oC. Dulbeccoôs Modified Eagle Medium (DMEM, 

Thermofisher Scientific) supplemented with 10% foetal bovine serum (FBS) (GE 

Healthcare) was used to culture BXD-1425EPN and DKFZ-EP1 cell lines and 15% FBS 

in DMEM for EPN1, EPN8 and EPN12A cell lines. Maintenance of cell lines also included 

frequent mycoplasma testing using MycoAlertTM detection kit (Lonza). Other cell lines 

used in this project were UW228-3 (non-ependymoma cell line) cultured in Dulbeccoôs 

Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Thermofisher Scientific) 

supplemented with 10% FBS and 1% L-glutamine (Sigma-Aldrich) and MCF7 (human 

breast adenocarcinoma cell line) (Soule, Vazguez et al. 1973) cultured in RPMI-1640 

Medium (Sigma-Aldrich) supplemented with 10% FBS. 
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Table 2-1. Clinical and in vitro characteristics of the different ependymoma cell lines used in this project. 

Cell line 
Patient 

details 

Tumour 

characteristics 

Doubling 

time 

(hours) 

Cellular appearance Other details 

BXD-1425EPN 

(Yu, L., Baxter 

et al. 2010) 

9 year old, 

male 

Supratentorial, 

recurrent anaplastic 

ependymoma 

(Grade III) 

23 ± 1.23 

 

Cells adopt the typical epithelial cell 

morphology but they tend to be 

triangular or satellite-like in shape, 

with their cytoplasmic processes 

often extending into thin spindle-like 

formations as it reaches ~80% 

confluency. Cells are arranged in a 

circular pattern resulting in ñlumen-

likeò patches in vitro. 

 

¶ RELA fusion positive 

(determined by Western Blot). 

¶ Earliest established passage 

used is around passage 60 with 

growth rate remaining 

unchanged even after passage 

100. 

 

DKFZ-EP1 

(Milde, Kleber 

et al. 2011) 

18 year old, 

female 

Supratentorial, 

primary anaplastic 

ependymoma 

(Grade III) 

116.3 ± 

9.83 

 

Cells are adherent but resemble the 

parental neurospheres from which 

these were derived from. They 

appear smaller and circular in 

shape, in contrast to the other 

ependymoma cell lines. 

 

¶ RELA fusion positive 

(determined by Western Blot). 

¶ Growth rate in culture is variable 

so most experiments were 

performed between passages 

15-20. 
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EPN1 

(Hussein, 

Punjaruk et al. 

2011) 

22 year old, 

male 

Supratentorial, 

recurrent 

ependymoma 

(Grade II) 

203.3 ± 

3.33 

 

Cells adopt the typical epithelial cell 

morphology in culture but these 

cells grow to form a more regular 

structure as if a ñtightò monolayer 

will be formed with continued 

passaging, unlike BXD-1425EPN, 

EPN8 and EPN12A cells which 

appear to grow on top of each 

other.  

 

 

 

¶ RELA fusion positive 

(determined by DNA 

methylation array profiling). 

¶ Slow growing cell line which 

becomes more prominent 

around passages 25-30. 

EPN8 
1.5 year 

old, male 

Posterior fossa, 

anaplastic 

ependymoma 

(Grade III), 

Details not 

available 

Cells have a comparable 

appearance as BXD-1425EPN in 

which they tend to grow on top of 

each other; with long and extensive 

cytoplasmic processes. Cells also 

form circular patterns to form 

ñlumen-likeò structures especially 

when reaching ~80% confluency. 

¶ Posterior fossa Group A 

(determined by DNA 

methylation array profiling). 

¶ Grows up to around passage 15 

before proliferative rate 

declines. 

EPN12A 
0.5 year 

old, female 

Posterior fossa, 

anaplastic 

ependymoma 

(Grade III) 

40.81 ± 

1.88 

¶ Manifests an increased growth 

rate until it reaches around 

passage 20. 
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2.1.2 Sub-culturing monolayer cells  

Cell lines were routinely sub-cultured when they reach 70-80% confluency. Media 

was aspirated followed by washing of adherent cells with Hankôs Balanced Salt Solution 

(HBSS, Thermo Scientific). 2 ml of 1x Trypsin-EDTA (TE) Buffer (Sigma-Aldrich) was 

added to each flask before incubating at 37oC until the cells fully detached. The Trypsin-

EDTA was neutralised using the respective growth media and the cell suspension was 

divided into individual flasks according to their observed growth rate.  

 

2.1.3 Cell pelleting  

Having harvested the cells as depicted on section 2.1.2, the cell suspension was 

transferred in a 15 ml Falcon tube and was centrifuged at 162 x g for 5 minutes. The 

media was discarded and the pellet was resuspended in 1 ml of phosphate saline buffer 

(PBS) in a 1.5 ml Eppendorf tube. The tubes were centrifuged at 700 x g for 5 minutes. 

The supernatant was discarded and the pellet was stored in -80oC for future processing. 

 

2.1.4 Cell counting 

 Cell pellets were prepared as depicted on section 2.1.3. The pellet was 

resuspended in 1 ml of cell culture media. 10 ɛl of the cell suspension was mixed with 10 

ɛl of trypan blue stain 0.4% (NanoEntek) in a 1:2 dilution. 10 ɛl of the mixture was carefully 

applied onto a chamber of an EVE Cell Counting Slide (NanoEntek). The slide was 

inserted with the sample side in first into the EVE Automated Cell Counter (NanoEntek). 

The imageôs resolution on the screen was adjusted, as represented on the manufacturerôs 

protocol. The cells were counted and the value related to the viable ones was used to 

prepare cell suspension dilutions prior to seeding.  

 

2.1.5 Preparation of cell line stocks  

Cells were harvested (see section 2.1.2), centrifuged at 162 x g for 5 minutes and 

the supernatant was discarded as depicted in section 2.1.3. The pellet was resuspended 

in FBS containing 10% dimethyl sulfoxide (DMSO, Sigma). 1 ml aliquots were transferred 

into cryovials in which cell concentrations were kept at about 1 x 106 cells/ml. Cryovials 

were transferred to a freezing container (Nalgene) and stored at -80oC for at least 24 

hours before transferring in liquid nitrogen. 
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2.1.6 Resuscitation of frozen cells from liquid nitrogen 

Frozen stocks of cell lines were removed from long-term storage in liquid nitrogen 

and were rapidly thawed in a 37oC waterbath. The cell suspension was slowly dispensed 

into a 25cm2 tissue culture flask containing 5 ml of pre-warmed growth media. The cells 

were incubated in a standard humidified 5% CO2-air incubator at 37oC for 24 hours to 

allow cellular attachment to the flask. Media was subsequently replaced, reducing DMSO 

toxicity and removing unattached cells in the process.  

 

2.2 Bacterial culture 

2.2.1 Plasmid constructs  

 The GFP plasmid construct used in this project consists of the 700 bp GFP gene 

insert with a RCAS (A) vector backbone (Addgene, RCAS GFP #13878) (Chen, C. M., 

Smith et al. 1999). Other details of this plasmid are outlined in Appendix 1. Following 

transfection into ependymoma cells, expression of GFP proteins was visualised to 

determine the transfection efficiency. 

 

2.2.2 Culturing and plasmid preparation 

 A sterile loop was used to inoculate bacterial samples from the stab culture 

provided by the company onto agar plates (Appendix 2) which contained 100 ɛg/ml of 

ampicillin (Thermofisher Scientific). The plates were incubated overnight at 37oC. Single 

colonies produced on the agar plate were picked and inoculated in 5 ml of Luria Broth 

(LB) (Appendix 3), and were incubated at 37oC for 8 hours with vigorous agitation to 

produce a starter culture. 200 ɛl of each starter culture was inoculated in 100 ml of LB 

before incubating for a further 12 hours at 37oC with vigorous agitation. The bacterial 

cultures were pelleted at the end of the incubation through centrifugation at 6000 x g at 

4oC for 15 minutes. The resulting pellets were processed using Qiagen Maxi Kit, following 

the manufacturerôs protocol, to extract the plasmid constructs. The plasmid DNA was 

eluted in TE Buffer (10 mM Tris·Cl, pH 8.5) and was quantified using the Nanodrop 2000 

(Thermofisher Scientific). An ideal plasmid DNA concentration for transfection was set to 

at least 500 ng/ɛl with a 260/280 ratio of ~1.8 as a threshold to consider the sample as 

high quality.  
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2.2.3 LipofectamineTM-mediated transfection  

2.2.3.1 Transfection optimisation  

 BXD-1425EPN cells were seeded in duplicate into 24-well plates at densities of 4 

x 104, 6 x 104 and 1 x 105 cells per well. For a classical forward transfection, the plates 

were incubated at 37oC in a 5%-CO2 air incubator to allow the cells to settle. For each 

duplicate, two LipofectamineTM 3000 Reagent (Thermofisher Scientific) volumes were 

used, 0.75 and 1.5 ɛl which were diluted in 25 ɛl of Opti-MEMTM medium (Thermofisher 

Scientific). 25 ɛl of Opti-MEMTM medium containing 1 ɛg of GFP plasmid DNA was added 

to each LipofectamineTM dilution. The complex was incubated at room temperature for 20 

minutes before adding directly into the appropriate wells. The cells were incubated for 24 

ï 48 hours before visualising GFP expression using the Zeiss Axiovert S100 inverted 

fluorescence microscopy. GFP-filtered (excitation at 475 nm) and brightfield images were 

taken using Axiovision v4.8.2.0. These images were superimposed onto each other using 

GNU Image Manipulation Program (GIMP) v2.10 to provide a visual representation of the 

transfection efficiency. ImageJ v1.52a was used to count the number of GFP-transfected 

and total number of cells per captured image and determine the transfection efficiency.  

 

2.2.4 NucleofectorTM-mediated transfection 

 The NucleofectorTM technology employs electroporation to enable high 

transfection efficiencies in a vast array of cells including primary cells, stem cells and hard 

to transfect cell lines. It involves a series of pre-set programs which when coupled with 

one of the kitôs Nucleofector solutions would achieve successful introduction of DNA with 

low mortality rates. 

 

2.2.4.1 NucleofectorTM set-up  

 Cells were cultured for at least two days and confluency was maintained at 70-

85% prior to harvesting. Before proceeding with the experiment, the media routinely used 

for maintenance of cells and RPMI-1640 media were conditioned in a 5%-CO2 air 

incubator at 37oC for at least an hour. Cells were harvested as described in section 2.1.2 

and counted using an EVE Automated Cell Counter (NanoEntek). 5 x 105 cells were 

pelleted for NucleofectionTM. The supernatant was removed and the pellet was 

resuspended in 100 ɛl of NucleofectionTM solution consisting of either L- or V- solution 

and reaction supplement (Lonza) in a 4.5:1 ratio. During optimisation, 2 ɛg of the provided 

pmaxGFP® Vector was added to the suspension.  100 ɛl of the cell suspension was 

carefully transferred into a certified cuvette before inserting it into the NucleofectorTM II 

(Amaxa Biosystems) cuvette holder and running the following programs: A-020, T-020, 

T-030 and X-001. 500 ɛl of pre-conditioned RPMI-1640 media was added into the same 
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cuvette followed by incubation for 10 minutes at 37oC. The sample was transferred into a 

6-well plate containing 1.5 ml of the pre-conditioned cell culture media using the 

specialised pipettes supplied in the same kit. The plate was incubated for 24 hours in a 

5%-CO2 air incubator at 37oC. 

 

2.2.4.2 Determining optimal NucleofectorTM conditions 

 Imaging of GFP-transfected cells and manual determination of transfection 

efficiency was performed as outlined in section 2.2.3.1. Wells containing viable cells were 

harvested and pelleted. The pellet was resuspended in propidium iodide (PI) diluted in 

500 ɛl of PBS/1% BSA (Bovine serum albumin) in a 1:20 ratio. The samples were 

transferred into FACS tubes and were arranged around a carousel in a Beckman Coulter 

FC500 Flow Cytometer System. The resulting LMD files were analysed using WEASEL 

Flow Cytometry Software v3.0. Gating was performed on a forward versus side scatter 

density plot to exclude debris in the analysis, and was subsequently performed on a 

forward scatter height versus forward scatter area density plot to incorporate single cell 

populations only. Using a double parameter density plot, a summary of the overall state 

of the cells in a sample was shown having factored in positive PI staining in conjunction 

with GFP expression. The resulting flow cytometry profile was divided into quadrants to 

differentiate viable from non-viable cells as well as identify those that harbor GFP 

fluorescence thus indicating a transfection efficiency and percentage cell viability.  

 

2.3 MTT viability assays 

The MTT cell viability assay measures metabolic activity in cells according to 

colorimetric changes (MTT Cell Proliferation Kit, Roche). The assay depends on the 

reduction of the yellow tetrazolium MTT salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, by NAD(P)H-dependent cellular oxireductase enzymes 

from metabolically active cells into purple insoluble formazan crystals which can then be 

spectrophotometrically analysed. A higher absorbance measure correlates with increased 

cell viability.  

 

2.3.1 MTT assay standard protocol 

Cells were harvested as described in section 2.1.2 and were counted using an 

EVE Automated Cell Counter (NanoEntek). Cells were plated in triplicate in a 96-well 

plate at a seeding volume of 100 ɛl per well and incubated overnight in a 5%-CO2 air 

incubator at 37oC. Media was also added to three extra wells to serve as a blank control. 

The media was aspirated from all wells and was replaced with media containing drugs. 

The plate was incubated for 72 hours in a 5%-CO2 air incubator at 37oC. Following 
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incubation with the drug, 10 ɛl of MTT reagent was added to each well. Incubation at 37oC 

for 4 hours enabled the formation of the purple formazan crystals in the wells. 

Subsequently, 100 ɛl of MTT solubilisation reagent was added to each well to dissolve 

the formazan crystals. The plate was incubated at 37oC overnight. Absorbance was read 

using a FLUOSTAR plate reader (BMG labtech instruments) at 560 nm with 650 nm 

reference wavelength. The raw data was extracted using the Omega software (BMG 

labtech instruments). The values were corrected by subtracting the mean blank reading 

before converting these as a percentage viability relative to the vehicle control. The 

percentage viability values were plotted against the drug concentration used to determine 

the cell viability trend in response to drug treatments.  

 

2.3.2 Standard curve  

To determine the seeding density to be used for each cell line in the MTT assay, 

a standard curve was initially generated. Cells were harvested as described in section 

2.1.2 and counted using an EVE Automated Cell Counter. Cells were plated in triplicate 

in a 96-well plate using the following seeding densities: 500, 1000, 5000, 10 000, 15 000 

cells at a seeding volume of 100 ɛl per well. Three wells containing media only were also 

established. The cells were incubated for 96 hours in a 5%-CO2 air incubator at 37oC. 

After incubation, the subsequent MTT assay steps were performed as described in 

section 2.3.1. Absorbance was read using a FLUOSTAR plate reader (BMG labtech 

instruments) at 560 nm with 650 nm reference wavelength. The raw data was extracted 

using the Omega software (BMG labtech instruments). The mean absorbance values 

were plotted against the various seeding densities to create a cell growth curve. For all 

subsequent MTT assays, the seeding densities used for each cell line were chosen from 

when the cells were in an exponential growth phase.  

 

2.3.3 Cell seeding 

The optimum seeding densities used per well in a 96-well plate format, for all 

subsequent MTT assays as identified from the standard curve analyses described in 

section 2.3.2, were: BXD-1425EPN (7000 cells), DKFZ-EP1 (7000 cells), EPN1 (6000 

cells), EPN8 (2500 cells), EPN12A (3000 cells), MCF7 (5000 cells) and UW228-3 (1000 

cells). Cells were seeded in triplicate in a final volume of 100 ɛl per well and were allowed 

to attach overnight before drug treatment.  
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2.3.4 Drug treatment  

Details of the drugs used in the MTT assays in this project are outlined in Table 

2-2.  

Table 2-2. Details of the various drugs used for various experimental set-ups in this project. 

Drug/Reagent (Company) Solvent used for 
reconstitution 

Stock concentration 

BKM120 (AdooQ® Bioscience) DMSO 10 mM 

Perifosine (Invivogen) H2O 108 mM 

GDC-0068 (AdooQ® 

Bioscience) 
DMSO 10 mM 

Chloroquine (CQ) (Sigma-

Aldrich) 
H2O 100 mM 

AS1842856 (Merck Millipore) DMSO 14 mM 

Paclitaxel (Sigma-Aldrich) DMSO 1 mM 

Cisplatin (Accord) H2O 3.33 mM 

Gemcitabine (Sigma-Aldrich) H2O 20 mM 

Epidermal growth factor (EGF) 

(Sigma Aldrich) 
H2O 1 mg/ml 

 

Cells were seeded in triplicate and were treated with drugs as outlined in Table 

2-3. Vehicle controls were also set up per treatment according to the preparation of the 

highest drug concentration using the appropriate solvent used to reconstitute the drug 

(i.e. water or DMSO). Drug treatments involving CQ, AS1842856, paclitaxel, gemcitabine 

and cisplatin were set up in combination with BKM120 whose purposes are summarised 

in Table 2-4. For CQ and AS1842856 combination treatments with BKM120, these drugs 

were first set up individually to determine any dose-limiting toxicities. For co-treatments 

involving paclitaxel, gemcitabine and cisplatin, their IC50 values were first determined 

before combining with BKM120 IC50-based concentrations for each cell line. Two 

concentrations above and three concentrations below (increasing and decreasing, 

respectively, each time by double) the IC50 value for each drug per cell line were used as 

a combination strategy, giving a fixed ratio in individual set-ups. The media in all the wells 

was substituted with the necessary drug treatment and the cells were incubated with the 

drugs at 37oC for 3 days before performing the MTT assay endpoint as described in 

section 2.3.1. 
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Table 2-3. Single drug treatment of ependymoma and control cells, to determine the IC50 value following a 72 hour MTT viability assay.  

Key:  

*** indicates that the cell line was treated with the specified drug using the same concentrations as the other cell lines.  

--- indicates that the specified drug was not used to treat this cell line. 

Drug/Reagent Cell line 

DKFZ-EP1 BXD1425-EPN EPN1 EPN12A EPN8 UW228-3 MCF7 

BKM120 0.1, 0.5, 1, 5 ɛM --- --- 

Perifosine 5, 10, 25, 50 ɛM --- *** --- 

GDC-0068 5, 10, 25, 50 ɛM --- --- *** 

Paclitaxel --- 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 100, 250, 

500 nM 

--- --- --- 

Cisplatin --- 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 

100 nM 

--- --- --- 

Gemcitabine --- 0.20 0.39, 0.78, 1.56, 3.13, 6.25, 12.5 nM 

0.025, 0.05, 0.1 0.5, 1, 5, 10, 20 ɛM 

--- --- --- 



56 

Table 2-4. The various combination treatments involving BKM120 used in this project. The CQ drug concentration used was fixed throughout the entire experimental set-up, 

irrespective of the cell line used and the concentration of AS1842856 used was limited to three different drug concentrations. Key: ***Treatments were dependent on the 

calculated IC50 values per drug for each cell line. BKM120 concentrations used were also adjusted relative to the individually determined IC50. 

BKM120 in 

combination withé 

Purpose Cell line 

BXD-1425EPN DKFZ-EP1 EPN1 EPN12A 

CQ Inhibition of autophagy activated by PI3K pathway 

inhibition; concentration used is 5 ɛM 

V V V V 

AS1842856 Inhibition of the active unphosphorylated FOXO1 

following PI3K pathway inhibition; concentrations at 

200 nM, 100 nM, 50 nM 

V  V V 

***Paclitaxel Inhibit G2/M processes in combination with PI3K 

pathway inhibition. 

V   V 

***Gemcitabine Inhibit S-phase processes and combine DNA 

damage with PI3K pathway inhibition. 

   V 

***Cisplatin Combine DNA damage with PI3K pathway inhibition. V   V 

EGF Pulse activate the PI3K pathway following 

incubation of cells in serum free media (SFM); final 

concentration used is 50 ng/ml. 

V V V V 
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2.3.5 IC50 estimation 

Dose response curves were generated using GraphPad Prism v7.04. The 

percentage cell survival was plotted against the drug concentrations and non-linear 

regression analysis was performed to estimate IC50 values from the curves generated.  

 

2.3.6 Analysis of effects of BKM120 treatment combinations 

The MTT assay data for the BKM120 only treated cells and those treated with 

BKM120 in combination with either CQ or AS1842856 were analysed using GraphPad 

Prism v7.04. The dose response curves produced by both single and combination 

treatments were compared using a two-way ANOVA to determine whether there was a 

significant difference in the cell viability between these treatment conditions. Moreover, 

BKM120 co-treatments with the three standard chemotherapies (see Table 2-4) were 

analysed using CompuSyn v1.0 which is based on the Chou-Talalay method (Chou 2010) 

to determine whether such treatments produce synergistic, antagonistic or additive effects 

in ependymoma cells. The absorbance values for the individual drugs as well as for the 

previously highlighted combinations were subtracted from 1 to obtain the percentage 

inhibition per treatment point. For each analysis, the values for the 

BKM120/chemotherapy combination and the corresponding individual treatment were 

input into the CompuSyn program. This enables the quantification of dose-effect 

relationships of each drug and when combined with other agents according to the 

principles of the mass-action. This results in the deduction of combination indices (CI), 

which pertain to the overall outcome of the drug combination treatment. The consequent 

CI values obtained from the drug combination analysis and their general effects are 

outlined in Table 2-5.  
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Table 2-5. Effects of drug interaction based on the combination index (CI) identified by the Chou-

Talalay analysis.  

CI value Effect 

< 0.10 Very strong synergism 

0.10 ï 0.30 Strong synergism 

0.30 ï 0.70 Synergism 

0.70 ï 0.85 Moderate synergism 

0.85 ï 0.90 Slight synergism 

0.90 ï 1.10 Nearly additive 

1.10 ï 1.20 Slight antagonism 

1.20 ï 1.45 Moderate antagonism 

1.45 ï 3.30 Antagonism 

3.30 ï 10.00 Strong antagonism 

> 10.00 Very strong antagonism 

 

2.4 Cell death assays 

2.4.1 LDH assay 

Lactate dehydrogenase (LDH) activity is used to quantitatively measure the 

amount of cellular cytotoxicity (Sigma-Aldrich). LDH is a cytosolic enzyme that is released 

into the supernatant when cells undergo cytolysis following a particular treatment. LDH 

catalyses the oxidation of lactate to pyruvate which also results in the reduction of the 

coenzyme NAD (NADH + H+). NADH + H+ is then used to reduce the yellow tetrazolium 

salt into the red formazan salt, which can be measured spectrophotometrically. 

Consequent colorimetric changes are therefore proportional to the amount of cell death 

induced. 

 

2.4.1.1 Cell density optimisation 

 Cells were harvested as described in section 2.1.2 before pelleting in a 15 ml 

falcon tube through centrifugation at 162 x g. The cell pellet was resuspended in assay 

medium consisting of DMEM (Thermofisher Scientific) supplemented with 1% FBS (GE 

Healthcare) and 1% Penicillin/Streptomycin (Sigma-Aldrich) and cells were counted using 

an EVE Automated Cell Counter (NanoEntek). A cell concentration of 2 x 106 cells/ml was 

prepared. 100 ɛl of assay medium was added to each of the wells labelled in Figure 2-1. 

100 ɛl of the prepared cell suspension was then added to wells A1-F1, effectively 

producing a final cell count in these wells of 1 x 105 per well following a 1:2 dilution. With 

a multi-channel pipette, 100 ɛl was removed from wells A1-F1 and was transferred to the 
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wells in column 2 (A2-F2) and these were then thoroughly mixed. This process was 

repeated across the plate to perform a serial dilution until column 8. The aspirated 100 ɛl 

from column 8 was discarded and assay media only was added in wells A9-C9. The plate 

was incubated in a 5%-CO2 air incubator at 37oC for 96 hours. After incubation, 5 ɛl of 

lysis solution was added in the wells designated as high controls followed by incubation 

for a further 15 minutes. A reaction mixture was prepared consisting of the LDH kitôs 

catalyst diluted in the dye solution in a 1:45 ratio. 100 ɛl of the reaction mixture was added 

to each well before incubating for 10 minutes at room temperature whilst protecting from 

light. 50 ɛl of stop solution was added to all wells and was shaken at 300 rpm using the 

Orbital Incubator SI500 (Stuart) for 10 seconds. The plate was read using a FLUOSTAR 

plate reader (BMG labtech instruments) at an absorbance wavelength of 490/492 nm with 

>600 nm as a reference wavelength. The raw data was extracted using the Omega 

software (BMG labtech instruments). The triplicates were averaged and background 

value obtained from the media only wells was subtracted from all the calculated averages. 

For each cell concentration, the difference between the high and low controls was 

determined. The cell concentration that showed the greatest difference between the high 

and low measurements were considered the optimal seeding density in the LDH 

experiments. 

 

 

 

Figure 2-1 Ependymoma cell density optimisation set up for LDH cell death assays. Each column showed 

a specific cell count with which Rows A-C were allocated as low controls while Rows D-F corresponded 

with high controls. Column 9 only contained assay media. Key: Low Control, High Control. 
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2.4.1.2 Drug treatment 

 The optimised seeding densities for the ependymoma cell lines were: BXD-

1425EPN and DKFZ-EP1 (7000 cells), EPN1 (6000 cells) and EPN12A (5000 cells). Cells 

were seeded in triplicate in assay media. Triplicate wells were also prepared for the low 

and high measurements. 100 ɛl of assay medium was added to 6 wells for background 

and substance only triplicate controls. The plate was incubated overnight in a 5%-CO2 air 

incubator at 37oC to allow the cells to settle. On day 2, the media in all wells was replaced 

with the appropriate vehicle or varying BKM120 concentrations. Assay media was added 

to the background wells. The highest BKM120 concentration used (5 ɛM) in the 

experiment was added to the substance only wells. The plate was incubated for a further 

72 hours at 37oC prior to detection and analysis.  

 

2.4.1.3 Detection and analysis 

 For the detection of LDH-mediated cytotoxicity, the protocol used was the same 

as that outlined in the LDH assay cell density optimisation in section 2.4.1.1. The 

triplicates for each condition were averaged and the background value was subtracted 

from these averages. Cytotoxicity was calculated for each drug concentration using the 

equation: 

 

ὅώὸέὸέὼὭὧὭὸώ 
ὩὼὴὩὶὭάὩὲὸὥὰ ὺὥὰόὩὰέύ ὧέὲὸὶέὰ

ὬὭὫὬ ὧέὲὸὶέὰὰέύ ὧέὲὸὶέὰ
 ὼρππ 

 

One-way ANOVA was used to determine significant changes in LDH activity in each drug 

concentration relative to the vehicle control. 

 

2.4.2 Cell cycle analysis using flow cytometry  

2.4.2.1 Establishing cell seeding density using alamarBlueTM assay 

 Optimisation for sample preparation of cell cycle analysis was performed using 

the alamarBlueTM cell viability assay (Invitrogen) to determine appropriate seeding 

densities that relate to a proliferative rather than lag phase. It employs the blue resazurin 

compound, which is reduced into the red resorufin compound upon entry into living cells. 

The amount of red resofurin compound was established using absorbance-mediated 

endpoint measurement.  

 

 Cells were harvested and pelleted as outlined in sections 2.1.2 and 2.1.3, 

respectively. The pellets were resuspended in SFM and counted using an EVE 

Automated Cell Counter (NanoEntek). Cells were seeded in 25 cm2 cell culture flasks at 
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a final volume of 5 ml using the following densities: 5 x 103, 1 x 104, 2 x 104, 5 x 104, 8 x 

104 and 1.6 x 105 cells/ml. A media only containing 25 cm2 flask was also set up as a 

blank. The cells were incubated in a 5%-CO2 air incubator at 37oC overnight. The media 

in all of the flasks was replaced with cell culture media corresponding to the cell line being 

optimised (see section 2.1.1) and was incubated for a further 24 hours (also extended to 

72 hours for BXD-1425EPN cells). After incubation, 500 ɛl of alamarBlueTM reagent was 

added to each flask before a 2-hour incubation at 37oC. 100 ɛl of the supernatant from 

each flask was added in triplicate on a 96-well plate and was read using a FLUOSTAR 

plate reader (BMG labtech instruments) with an excitation wavelength of 544 nm and 

emission wavelength of 590 nm. The raw data was extracted using the Omega software 

(BMG labtech instruments). Triplicates were averaged and the mean background value 

was subtracted from these. The absorbance values were plotted against the cell density. 

Cell densities were picked where the cells were at a proliferative state in conjunction to a 

confluency of ~70% prior to the addition of the alamarBlueTM reagent.  

 

2.4.2.1 Cell seeding and drug treatment 

 BXD-1425EPN, EPN1 and EPN12A cells were seeded in SFM with a final volume 

of 5 ml in 25 cm2 flasks overnight at 37oC at a density of 8 x 104, 6 x 104 and 8 x 104 

cells/ml, respectively following standard curve analysis with alamarBlueTM assays. BXD-

1425EPN cells were seeded at 5 x 104 cells/ml for a 72-hour drug treatment. After 

incubation in a 5%-CO2 air incubator at 37oC overnight, media was replaced with the 

corresponding media containing either DMSO (vehicle) or different concentrations of 

BKM120 (0.5, 1 and 5 ɛM). An untreated (media only) condition was added as a toxicity 

control for the DMSO treatment. The flasks were incubated for 24 or 72 hours in a 5%-

CO2 air incubator at 37oC. 

 

2.4.2.2 Sample preparation 

 The cells were harvested as detailed in section 2.1.2 and collected in a 15 ml 

falcon tube. The samples were centrifuged at 300 x g for 5 minutes and the supernatant 

was discarded. The pellet was washed in 500 ɛl PBS and fixed in 4.5 ml of cold 70% 

ethanol for 2 hours. The samples were centrifuged at 300 x g for 5 minutes before 

thoroughly decanting the ethanol. The pellet was suspended in 5 ml PBS then centrifuged 

at 300 x g for 5 minutes. After decanting the supernatant, the pellet was resuspended in 

1 ml PI staining solution (PBS with 0.1% (v/v) Triton X-100 (Sigma-Aldrich), 10 ɛg/ml PI 

(Invitrogen), 100 ɛg/ml DNase-free RNAse A (Sigma-Aldrich) and was protected from 

light at room temperature for 30 minutes.   
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2.4.2.3 Detection and analysis 

The samples were transferred into FACS tubes and arranged around a carousel 

in a Beckman Coulter FC500 Flow Cytometer System. Fluorescence for PI bound to DNA 

was measured using an excitation wavelength at 536 nm and emission at 617 nm. The 

resulting LMD files were analysed using WEASEL Flow Cytometry Software v3.0. Gating 

was performed in order to select cells contained within a certain region on the resulting 

scatter plot using characteristics including cell size and granularity for cell cycle analysis. 

This was implemented on a forward versus side scatter density plot which excluded debris 

that were detected in the samples. Gating was also undertaken in a forward scatter height 

versus forward scatter area density plot which related to single cell populations only. 

Using a single parameter histogram, a cell cycle profile was produced. Induced cell cycle 

fit was applied onto the profiles to quantify cell populations in various cell cycle phases 

(Sub-G0, G0/G1, S-phase, G2/M, Super G2). A two-way ANOVA was used to determine 

significant differences in cell numbers per drug treatment relative to the vehicle control in 

each cell cycle phase.  

 

2.5 Protein-based assays 

2.5.1 Western blot 

2.5.1.1 Drug treatment  

The following protocol is relevant for the investigation of PI3K pathway inhibition 

following BKM120 treatment (see section 3.2.1), AKT inhibitor treatment (see section 

3.2.6) and analysis of FOXO activation (see section 5.2.1). Cells were seeded in SFM in 

duplicates in a 6-well plate format with a seeding volume of 2 ml. The seeding densities 

for the different cell lines were: 1.5 x 105 (BXD-1425EPN), 1.8 x 105 (DKFZ-EP1), 1.8 x 

105 (EPN1) and 1.5 x 105 (EPN12A) cells per well. Prior to drug treatment, the cells were 

allowed to settle for 24 hours. BKM120 was diluted in SFM at a final concentration of 0.5, 

1 and 5 ɛM. DMSO was also diluted in SFM as a control. The media was replaced with 

the appropriate drug containing media before incubating for 50 minutes at 37oC. EGF was 

added to the drug containing media at a concentration of 50 ng/ml to activate intracellular 

signalling pathways. The cells were then incubated for a further 10 minutes at 37oC. At 

the end of the incubation, the wells were washed with HBSS and 200 ɛl of 1x TE Buffer 

was added in each well. 1 ml of media was used to stop the trypsinisation process and 

cells for each duplicate treatment were collected in 1.5 ml Eppendorf tubes. The tubes 

were centrifuged at 700 x g for 5 minutes and the supernatant was subsequently removed 

before storing the cell pellets at -80oC. Preparation of cells for Perifosine and GDC-0068 

western blot analysis (see section 3.2.6) was performed in the same way except that only 

BXD-1425EPN cells were investigated (5 x 104 cells per well). The drug concentrations 
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used for both Perifosine and GDC-0068 treatments were 5, 10 and 25 ɛM as well as the 

vehicle control.  

 

Western blot analysis relating to autophagy (see section 3.2.4), apoptosis (see 

section 3.2.3.2) and investigation of Rb-mediated cell cycle arrest mechanism (see 

section 5.2.3) follow the following drug treatment protocol. Cells were seeded in SFM in 

6-well plates using the same seeding densities as described previously. After 24 hours of 

incubation at 37oC, the media was replaced with normal or tumour media containing either 

DMSO, 0.5, 1 or 5 ɛM BKM120. The cells were incubated with the drugs for another 24 

hours. At the end of the incubation, the media for each drug treatment was transferred in 

a 15 ml Falcon tube to collect any cells that had detached. The wells were washed with 

HBSS and 200 ɛl of 1x TE buffer was added to each well for trypsinisation. 1 ml of media 

was used to inhibit the trypsinisation process and pool the duplicate wells together before 

combining with the appropriate Falcon tubes containing the media that was collected prior 

to cell harvesting. The tubes were centrifuged at 162 x g for 5 minutes. After discarding 

the supernatant, the pellet was resuspended in 1 ml PBS and transferred into 1.5 ml 

Eppendorf tubes followed by centrifugation at 700 x g for 5 minutes. The supernatant was 

removed before storing the pellet at -80oC.  

 

2.5.1.1 Protein lysate preparation 

Lysis buffer was made by diluting protease cocktail stock (Promega) in protease 

cocktail buffer (Appendix 4) in a 1:50 ratio. Cell pellets were dissociated in 25 ɛl of lysis 

solution and incubated on ice for 20 minutes. The samples were centrifuged at 15 900 x 

g for 30 minutes at 4oC. The supernatant containing the protein lysate was transferred to 

a fresh Eppendorf tube before storing at -80oC. 

 

2.5.1.2 Protein quantification  

The concentration of proteins extracted from cell pellets was determined using a 

Bradford assay. In this assay, a set of samples with known BSA concentrations was used 

as a basis for establishing the concentration of protein lysates. To create the BSA 

standards, red Coomassie Brilliant Blue G-250 protein assay dye (Bio-Rad) was diluted 

1:4 using distilled water. 0.5, 2.5, 5, 7.5, 10, 15 or 20 ɛl of 2 mg/ml BSA were each added 

to 1 ml of diluted protein assay dye. 2 ɛl of each protein lysate were also added to 1 ml 

of diluted protein assay dye. In addition, a blank control was prepared consisting of just 

the diluted protein assay dye. 200 ɛl of each BSA concentration and diluted protein lysate 

was added in triplicate to a 96-well plate. The triplicate wells containing just the diluted 

protein assay dye served as a blank for background normalisation. Absorbance was read 

using a FLUOSTAR plate reader (BMG labtech instruments) at 595 nm, using 570 nm as 
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a reference wavelength. The raw data was obtained using the Omega software and a 

standard curve was plotted on Microsoft Excel for the various BSA absorbance values to 

create a linear equation (y= mx+c). This was used to identify the concentration of the 

protein lysates being assayed.  

 

20 ɛg of protein was transferred into fresh Eppendorf tubes before adding 20% 

sample buffer containing 1:20 ɓ-mercaptoethanol. The samples were boiled at 99oC for 3 

minutes to denature the proteins and allow an overall negative charge to encapsulate 

whole protein structures. The tubes were then centrifuged at 15 900 x g for 1 minute after 

which the samples are stable at room temperature (RT).  

 

2.5.1.3 Gel preparation and electrophoresis 

Gel preparation and electrophoresis were performed using the Mini-Protean Tetra 

Cell kit (Bio-Rad).  A casting frame was used to affix a 1.5 mm spacer plate with a glass 

short plate. This was subsequently clamped into a casting stand where it was also 

pressed onto a rubber footing forming a sealed cavity between the two plates. Distilled 

water was put into the cavity for 10 minutes to ensure that any leakage was minimal.   

 

A 15% lower (resolving) gel (Appendix 5) was prepared. The mixture was poured 

into the cavity made by the two plates to a level 1.5 cm below the top of the short plate. 

A layer of 70% ethanol was added on top of the gel to exclude any air pockets as well as 

prevent the gel mixture from evaporating as it set for one hour. The ethanol was fully 

discarded and was replaced with an upper (stacking) gel (Appendix 5). A 15 lane 1.5 mm 

comb (Bio-Rad) was placed into the space containing the upper gel to create the loading 

wells where the processed samples are dispensed. The upper gel was allowed to set for 

45-60 minutes. Once set, the glass plates were gently removed from the casting frame 

and were assembled into the gel cassette, following the manufacturerôs instructions. The 

whole cassette was lowered into a tank filled with electrode buffer (Appendix 6). The comb 

was gently removed ensuring that the wells were fully submerged in buffer. Any air 

bubbles in the wells were removed by ejecting buffer into the wells with a syringe. 7.5 ɛl 

of SeeBlue Plus2 Marker (Novax) was added to well 1 of the assembly in addition to the 

experimental samples. The gel was run at 140V for 90 minutes at RT.  

 

2.5.1.4 Protein transfer  

 An 8.5 x 5.5 cm Amersham Hybond P membrane (GE Healthcare) was activated 

with methanol for 10 seconds before rinsing in water for 5 minutes. The membrane was 

subsequently put in transfer buffer (Appendix 6) for 10 minutes. The glass plates were 

separated and the upper gel was carefully trimmed before sliding the lower gel onto two 
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pieces of pre-soaked filter paper with two sponges underneath (NB. Ensure that this 

assembly was taking place on the black side of the cassette). The membrane was placed 

on top of the gel and a roller was used to eliminate any air bubbles that would impede 

protein transfer. Two more pre-soaked filter papers were placed on the membrane 

followed by two sponges. The assembly was clipped in place before putting in a transfer 

cassette. This was subsequently lowered into a transfer tank, which was then filled with 

transfer buffer. The transfer process was run at 25V overnight at 4oC.  

 

2.5.1.5 Antibody probing 

 At the end of the transfer process, the membrane was carefully removed from the 

assembly and blocked for 1 hour with 5% blocking solution consisting of 5% w/v milk 

powder in 1x TBS-T (Appendix 6) on a rocker. The membrane was rinsed twice with 1x 

TBS-T before incubating with the appropriate primary antibody (see Table 2-6 for antibody 

incubation details) After primary antibody probing, the membrane was washed twice with 

5% blocking solution followed by 2X 10 minute in blocking solution and a 5 minute 1x 

TBS-T wash. The necessary species-specific HRP-conjugated secondary antibody (Cell 

Signalling Technology, CST) was diluted 1:2000 in 1x TBS-T and poured onto the 

membrane, to be incubated for 1 hour at RT. The secondary antibody solution was 

discarded followed by 2X rinse with blocking solution. The membrane was washed 2X 10 

minutes with blocking solution followed by a 5 minute 1x TBS-T wash. A final 5 minute 1x 

TBS wash was performed on the membrane before proceeding with enhanced 

chemiluminescence (ECL) detection.   

 

2.5.1.6 Enhanced chemiluminescence (ECL) detection 

 Luminol and enhancer solution (ECL kit, GE Healthcare) were mixed at a 1:1 ratio 

before pouring onto the membrane, which was placed on a piece of saran wrap. The 

mixture was spread across the membrane to fully cover it and incubated at RT for 5 

minutes. The membrane was then wrapped in the saran wrap. The membrane was placed 

in an x-ray cassette for transport into the dark room. The membrane was exposed to film 

(Kodak biomax) for variable times to detect protein bands. The film was soaked in some 

Ilford PQ developing solution (diluted 1:100 in distilled water) until the bands begin to 

emerge. To stop the developing process, the film was subsequently rinsed with stopping 

solution. The ladder markers, present on the membrane, were indicated onto the film as 

a basis for identifying protein bands of interest. The membrane was stored in 1x TBS at 

4oC for future probing.  
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2.5.1.7 Membrane stripping 

 Previously probed membranes were stripped in order to remove any bound 

antibodies and minimise any non-specific protein detection before the next antibody could 

be added. The membrane was washed with stripping buffer (Appendix 6) twice for 10 

minutes. 2X 10 minute PBS washes were performed followed by 2X 5 minute washes 

with 1x TBS-T before starting the blocking process outlined in section 2.5.1.5.
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Table 2-6 Antibodies used in Western blot analysis including the species type, dilution and length of incubation. 

Antibody Supplier Species Protein size (kDa) Dilution Incubation  

pAKT Cell Signalling Technology Rabbit 60 1:1000 1 hour at RT 

AKT Cell Signalling Technology Mouse 60 1:2000 1 hour at RT 

pS6 Cell Signalling Technology Rabbit 32 1:2000 1 hour at RT 

S6 Cell Signalling Technology Mouse 32 1:1000 1 hour at RT 

Caspase 3 Cell Signalling Technology Mouse 17, 19, 35 1:1000 Overnight at 4oC 

p62 R&D Systems  Mouse 62 1:3000 1 hour at RT 

pRb Cell Signalling Technology Rabbit 110 1:1000 Overnight at 4oC 

Rb Cell Signalling Technology Mouse 110 1:1000 Overnight at 4oC 

pFOXO1 Cell Signalling Technology Rabbit 82 1:1000 Overnight at 4oC 

FOXO1 Cell Signalling Technology Rabbit 78-82 1:1000 Overnight at 4oC 

pFOXO3a Cell Signalling Technology Rabbit 97 1:1000 Overnight at 4oC 

FOXO3a Cell Signalling Technology Mouse 82-97 1:1000 Overnight at 4oC 

GAPDH R&D Systems Mouse 37 1:50 000 1 hour at RT 
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2.5.2 Luciferase assay 

 Luciferase reporter assays were employed to measure E2F-mediated gene 

expression in ependymoma cells in response to inhibition of the PI3K pathway. These 

experiments and its outcomes were discussed in detail on section 5.2.4.2. 

 

2.5.2.1 NucleofectionTM of constructs 

 The E2F reporter construct, constitutively expressing firefly luciferase (positive 

control) and non-inducible firefly luciferase (negative control) constructs were purchased 

from SABiosciences. The constructs were transfected through NucleofectionTM in a 

similar way as described with the GFP plasmid constructs in section 2.2.4.1. For 

luciferase assays, there were some alterations made to the protocol to prevent 

overloading the transfection systemôs reaction. 5 x 105 BXD-1425EPN cells were pelleted 

and resuspended in 100 ɛl NucleofectionTM solution. 1 ɛg of the appropriate luciferase 

construct was added to the reaction mix. This was transferred into a specialised cuvette 

and the X-001 program was used for the transfection (see 5.2.4.1 for optimisation results). 

500 ɛl of pre-conditioned RPMI-1640 media was added into the cuvette and incubated at 

37oC for 10 minutes. The samples were carefully transferred into a 15 ml falcon tube 

containing 4.5 ml pre-conditioned cell culture media. The diluted cell suspension was 

mixed and dispensed into a sterile reservoir. Using a multi-channel pipette, 100 ɛl of the 

diluted cell suspension was added to a 96-well plate before incubating in a 5%-CO2 air 

incubator at 37oC overnight. 12 wells were each allocated to cells transfected with either 

the E2F reporter construct or the negative control construct. Three wells were set up for 

cells transfected with the positive control construct. This essentially puts the cell density 

at an estimated 10 000 cells per well. Cell culture media was also added to three further 

wells for background controls. As part of the optimisation, cells transfected with the 

positive control construct was observed for GFP expression using the Zeiss Axiovert S100 

inverted fluorescence microscope to ensure that transfection via NucleofectionTM was 

successful despite alterations made to the manufacturerôs protocol.  

 

2.5.2.2 Drug treatment and detection 

 The dual-Luciferase® Reporter Assay System (Promega) was used to quantify 

changes in luciferase readouts in transfected cells following drug treatment. The media in 

the E2F reporter transfected wells was removed after overnight incubation and replaced 

with either vehicle or BKM120 (0.5, 1 or 5 ɛM). The positive control, negative control and 

blank wells were replaced with fresh cell culture media. The plate was incubated again 

for 24 hours in a 5%-CO2 air incubator at 37oC. The media was discarded at the end of 

the incubation and the wells were washed with PBS twice to remove any residual media 
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that may have interfered with the reading. 5x Passive Lysis Buffer (PLB) was diluted in 

distilled water before adding 30 ɛl to all wells to lyse the cells. The plate was rocked at 

room temperature for 15 minutes while protected from light. 100 ɛl of reconstituted 

Luciferase Assay Reagent II was then added to each well. The reaction solution was 

mixed using a multi-channel pipette before transferring 125 ɛl into a white solid 96-well 

plate. Luciferase output was determined using a FLUOSTAR plate reader (BMG labtech 

instruments). A lens filter was used for luminescence readings with the following 

conditions: 0.1 second settling time, 2.0 second measurement interval time and Gain 

measurement at 3600. 100 ɛl of Stop & Glo® reagent (50x Stop & Glo® Substrate diluted 

in Stop & Glo® Buffer) was added in each well followed by a second reading to obtain the 

Renilla luciferase readout. The luciferase and renilla values were averaged then corrected 

for background noise by subtracting the corresponding mean blank value. Each mean 

luciferase value was divided by their corresponding mean Renilla luciferase value for 

normalisation. A one-way ANOVA was performed to determine significant differences in 

luciferase expression of BKM120 treated cells relative to the vehicle control.  

 

2.6 Microarray expression  

2.6.1 Cell seeding and treatment  

 BXD-1425EPN and EPN1 cells were harvested as described on section 2.1.2 and 

pelleted by centrifugation at 162 x g for 5 minutes. The pellet was resuspended in SFM 

and cells counted using the EVE Automated Cell Counter (NanoEntek). The cells were 

seeded in 6-well plates at a seeding density of 1.5 x 105 and 1.8 x 105 for BXD-1425EPN 

and EPN1 cells, respectively, in a final volume of 2 ml before incubating at 37oC in a 5%-

CO2 air incubator overnight. After incubation, the media was replaced with media 

containing either DMSO or 2.5 ɛM (BXD-1425EPN) or 4.5 ɛM (EPN1) BKM120. The cells 

were re-incubated in a 5%-CO2 air incubator at 37oC for 24 hours. Duplicates were also 

prepared for each drug concentration.  

 

2.6.2 RNA extraction 

 The wells were washed with HBSS and 200 ɛl of 1x TE Buffer was added in each 

well to trypsinise the cells. 1 ml of media was used to stop the trypsinisation process and 

cells for each duplicate treatment were collected in 1.5 ml Eppendorf tubes. The tubes 

were centrifuged at 700 x g for 5 minutes and the supernatant was subsequently removed. 

RNA was extracted from cell pellets using the mirVANATM miRNA isolation kit (Invitrogen), 

using an altered version of the manufacturerôs protocol. The pellet was disrupted by 

adding 300 ɛl of Lysis/Binding Buffer. 30 ɛl of miRNA Homogenate Additive was added 
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to the suspension, which was vortexed and then left on ice for 10 minutes. 300 ɛl of Acid-

Phenol:Chloroform was added to the sample, which was vortexed and then centrifuged 

for 5 minutes at 10 000 x g. The upper aqueous phase was transferred into a fresh 

Eppendorf tube, noting down the estimated volume collected. 1.25 x volumes of 100% 

ethanol were added to each sample. Up to 700 ɛl of the mixture was pipetted onto a filter 

cartridge affixed into a collection tube then centrifuged for about 15 seconds at 10 000 x 

g. This process was repeated for any left over mixture, discarding the flow through each 

time in the process. 700 ɛl of miRNA Wash Solution 1 was added to the cartridge and 

centrifuged for 15 seconds. The flow through was discarded. 500 ɛl of Wash Solution 2/3 

was added and centrifuged for 10 seconds at 10 000 x g. Flow through was discarded 

and Wash Solution 2/3 step was repeated before a final one minute centrifugation step 

having discarded the flow through from the previous spin. The cartridge was placed in a 

fresh collection tube after which 100 ɛl of pre-heated (95oC) nuclease-free water was 

added to the cartridge filter. The tube was centrifuged for 30 seconds at 10 000 x g to 

elute the RNA. The RNA concentration was quantified using a Nanodrop 2000 

(Thermofisher Scientific) with a desired concentration of at least 100 ng/ɛl, and a 260/280 

ratio of ~2.0.  

 

2.6.3 Quality control and microarray run 

 RNA quality control and all transcriptomic protocols were performed by Prof. Sean 

Mayôs research group at the Nottingham Arabidopsis Stock Centre (NASC), Sutton 

Bonington, University of Nottingham. RNA quality was evaluated using the Agilent RNA 

6000 Nano Kit (Integrated Sciences) with results processed using the Agilent 2100 Expert 

Software as mediated by the Agilent 2100 Bioanalyzer instrument, according to the 

manufacturerôs instructions. This generated a RIN (RNA Integrity Number) score out of 

10, using >7 as a threshold. Total RNA from three biological repeats of the vehicle and 

drug treated samples for each cell line were hybridised on GeneChipTM Human Gene 2.1 

ST Array (Affymetrix), following the manufacturerôs instructions for sense cDNA synthesis, 

fragmentation and hybridisation. Microarray hybridisation was processed by the 

GeneChip® 3000 System (Affymetrix). The resulting gene expression profile CEL files 

were analysed using Partek® Genomics Suite 6.6 software. Quality control measures 

included chip surface surveying for damages, labeling and calculation of 3ô probe set to 

5ô probe set ratio as an indication for the quality of the microarray data. An expression 

matrix post-hybridisation was generated using Robust Multi-array Average (RMA). The 

intensity signals from the array were represented as a value that was background 

corrected, log2 transformed and quantile normalised followed by linear model fitting 

through the normalised data to determine the expression level per probe on the array.  
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2.6.4 Gene expression analysis 

2.6.4.1 Gene ontology analysis 

 Differentially expressed genes (DEGs) were identified using a t-test and fold 

change calculations. A threshold of ±2 fold-change and an unadjusted p-value of <0.05 

were used as cut offs. Gene ontology (GO) enrichment analysis of cell line specific DEGs, 

for biological and molecular functions, was performed using Partek® Genomics Suite. 

Additional GO analysis was performed using DAVID Bioinformatics Resources 6.8 

(Huang da, Sherman et al. 2009) and Gene Ontology Enrichment Analysis and 

Visualization Tool (GOrilla) (Eden, Navon et al. 2009a). On the DAVID platform, the 

official gene symbols of the 202 DEGs identified on the microarray work (see section 

4.2.3.2) were manually uploaded as a gene list using Homo sapiens as an annotated 

species. The functional annotation chart was then used under the Gene Ontology 

category for analysis. GOrilla was mainly used for the upregulated genes within the 202 

ependymoma DEGs. Homo sapiens was set as the organism and two unranked lists of 

genes were processed: target set (26 upregulated genes) and background set (29,605 

gene probes on the microarray). Biological process was used as the ontological function 

to be analysed. 

 

2.6.4.2 Gene network analysis 

 The list of overlapping DEGs between the two cell lines was queried into STRING 

v10.5 to establish protein-protein interactions using a high confidence interaction score 

(0.700). The resulting STRING network was imported into Cytoscape v3.6.1 as a 

framework to consequently produce a visual map of these interactions. The add-on 

Cytarget LINKER app was used to superimpose gene regulatory factors, particularly 

transcription factors, onto the genetic map using Regulatory Interaction Networks 

(RegINS): TFe and ENCODE.   

 

2.6.4.3 Transcription factor enrichment analysis 

 The list of overlapping DEGs between the two ependymoma cell lines was 

processed into Gene Set Enrichment Analysis (GSEA) (Subramanian, A., Tamayo et al. 

2005). Under the motif gene sets function, computation of transcription factor target (TFT) 

overlaps was undertaken to determine common upstream cis-regulatory motifs which 

signify prospective binding sites for transcriptional elements that regulate expression of 

these DEGs. The top 100 transcriptional regulators were elucidated using an FDR q-value 

of <0.05 as a cut off. Further analysis of related transcription factors was performed using 

the Cytoscape genetic map following application of the TFe and ENCODE RegINS as 

functional packages of the software. Identification of transcription factors of interest on 
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the map allows isolation of ñneighbouringò target genes in support of the findings obtained 

from GSEA analysis.  
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CHAPTER 3.  FUNCTIONAL EFFECTS OF 

CANONICAL PI3K/AKT/mTOR SIGNALLING 

IN EPENDYMOMA 

3.1 Introduction 

 Activation of the PI3K pathway in 72% of primary ependymomas suggests a 

significant role in disease pathogenesis (Rogers, Mayne et al. 2013). Since the pathway 

is known to be a crucial regulator of cell viability and survival, its inhibition represents a 

potential therapeutic approach in large patient cohorts. It has been shown that inhibition 

of the PI3K pathway induces tumour suppressive effects by reducing cellular processes 

such as cell proliferation, growth and metabolism (Manning, Cantley 2007). However, 

responses towards PI3K pathway inhibition are usually cancer-specific with treatments 

mostly conferring either cytostaticity or cytotoxicity. For instance, PI3K pathway inhibition 

has been known to arrest cells at the G1/S phase of the cell cycle (Fekete, Santiskulvong 

et al. 2012, Dan, Okamura et al. 2012) while others have demonstrated an increase in 

cell death responses (Tsuruta, Masuyama et al. 2002, Hu, Y., Guo et al. 2015), with 

apoptosis being the common mechanism. Loss of PI3K signalling also upregulates 

autophagic responses whose role promotes the isolation and breakdown of intracellular 

components which are usually reused by the cell for anabolic purposes. However, its 

activation presents a dual function that could either favour survival due to this recycling 

process or stimulate cell death as a result of extensive degradation (Zakeri, Melendez et 

al. 2008). Autophagy-mediated cell death (Type II cell death) therefore introduces an 

alternative cytotoxic mechanism that could arise from PI3K pathway inhibition.  

 

Since the PI3K pathway regulates a broad range of downstream targets that 

promote a series of cellular responses, it is essential to characterise those functions that 

are specific to ependymoma pathogenesis. Inhibition of the PI3K pathway in 

ependymoma cells would establish whether loss of these functions negatively impacts 

tumourigenesis thus providing an indication of its mechanism of action as a 

chemotherapeutic target. In this study, the pan-class I PI3K inhibitor BKM120 was used 

as a primary tool to suppress PI3K signalling in a panel of patient-derived ependymoma 

cells. Inhibition of the PI3K pathway using BKM120 has been shown to reduce cell viability 

of many cancers in vitro such as medulloblastoma (Zhao, P., Hall et al. 2017), sarcoma 

(Anderson, Park et al. 2015) and acute lymphoblastic leukaemia (ALL) (Pereira, 

Machado-Neto et al. 2015). Preliminary data has also demonstrated that BKM120-

mediated inhibition of PI3K signalling in two ependymoma cell lines resulted in a reduction 
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in viability (Rogers, Mayne et al., 2013). Further experimental data is necessary to 

elucidate the cellular processes that underlie these findings in ependymoma.  

 

This chapter continues from the findings that were put forward by Rogers and 

colleagues with an aim to functionally establish how the PI3K pathway promotes survival 

and viability in ependymoma. In this chapter, the following aspects were investigated: 

¶ whether PI3K pathway inhibition also leads to a reduction in cell viability in 

these additional ependymoma cell lines. 

¶ whether the reduction in cell viability is caused by cell death or inhibition of 

cell proliferation. 

¶ the mechanism that would underlie cell death if shown to be an effect of 

BKM120. 

¶ autophagy (and its effects) as a regulated downstream target of the 

PI3K/AKT/mTOR signalling axis. 

¶ whether the responses induced in ependymoma is mediated through 

canonical PI3K/AKT signalling. 

 

3.2 Results 

3.2.1 Treatment of ependymoma cells with BKM120 resulted in a decrease in 

PI3K/mTOR signalling pathway  

Three supratentorial (BXD-1425EPN, DKFZ-EP1, EPN1) and one posterior 

fossa-derived (EPN12A) ependymoma cell lines were seeded in serum-free media for 24 

hours. Subsequently, they were treated with various BKM120 concentrations for one hour 

before activating cell signalling through a 10-minute pulse treatment of EGF. 

Immunoblotting against pAKT and pS6 were performed to determine the status of 

PI3K/AKT/mTOR signalling. Probing for total AKT and S6 were also done as well as 

GAPDH which controlled for sample loading. According to the western blot data, there 

was a gradual reduction in the expression levels of pAKT and pS6 with increasing 

BKM120 concentration which was indicative of a loss of PI3K and mTOR signalling in 

these cells (Figure 3-1). Expression of AKT and S6 remained constant irrespective of the 

drug concentration, demonstrating that total protein concentrations were not affected by 

BKM120 treatment. 
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Figure 3-1 Ependymoma cells were seeded in serum free media (SFM) for 24 hours, treated with 

BKM120 for one hour followed by a pulse activation of the PI3K pathway using EGF for 10 minutes. 

Western blot analysis was performed to determine changes in phosphorylated AKT and S6 levels in 

addition to the total AKT and S6 levels following BKM120 treatment of ependymoma cell lines. GAPDH 

levels were also determined to ensure equal loading of proteins per lane (n=3). 

 

3.2.2 Treatment with BKM120 decreased viability of ependymoma cells 

 MTT viability assays in response to BKM120 treatment were undertaken on BXD-

1425EPN and EPN1 cells by Rogers, Mayne et al. (2013), with IC50 values determined to 

be within clinical range (~4 ɛM) (Bendell, Rodon et al. 2012b). These assays were 

repeated on DKFZ-EP1, EPN12A and one additional posterior fossa-derived cell line 

EPN8 to establish whether BKM120 could also reduce the viability of these cells thereby 

maintaining a consistent effect. BKM120 treatment significantly reduced the viability of all 

additionally tested ependymoma cell lines relative to vehicle controls (***p<0.001) in a 

dose-dependent manner after a 72 hour incubation (Figure 3-2). BKM120 IC50 values 

were determined in all cells through non-linear regression analysis. The MTT raw data 

previously obtained for BXD-1425EPN and EPN1 were re-analysed alongside the 

findings for the other three tested cell lines to maintain consistency in the projectôs data 

interpretation. Re-calculated BKM120 IC50 values were 2.1 and 4.2 ɛM for BXD-1425EPN 

and EPN1, respectively, which reflected those determined by Rogers et al. (2013). The 

IC50 values determined for the other cell lines were also within clinical range (DKFZ-EP1: 

2.8 ɛM, EPN8: 1.5 ɛM, EPN12A: 1.0 ɛM) thus suggesting its efficacy against both 

supratentorial and posterior fossa tumours.  

 

Since Rogers and colleagues also highlighted that a higher proportion of 

supratentorial tumours have activated PI3K signalling relative to posterior fossa tumours, 

it was subsequently investigated whether there was a significant difference in BKM120 

responses between ependymomas from the two anatomically distinct CNS 
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compartments. Cell viability trends following BKM120 treatment were compared using 

corrected two-way ANOVA multiple comparisons testing. First, the viability trends of cell 

lines belonging to each compartment were compared against each other to evaluate any 

significant variances in BKM120 responses per region but showed no significant 

differences in the interaction of their cell viability trends (supratentorial cell lines p= 0.260, 

posterior fossa cell lines p= 0.273). Next, cross-comparisons of the supratentorial and 

posterior fossa cell viabilities were carried out. A significant difference in responses to 

BKM120 treatment was shown between the supratentorial and posterior fossa cells (Table 

3-1), apart from BXD-1425EPN versus EPN8 (p= 0.131). This difference mainly related 

to the posterior fossa cells generally manifesting a more profound inhibitory profile as a 

result of BKM120 treatment. These results suggest that BKM120 could potently inhibit the 

PI3K pathway in both supratentorial and posterior fossa tumours, with the latter group 

potentially displaying increased sensitivity based on their inhibitory profiles.  

 

 

Figure 3-2 MTT viability assays. Treatment of supratentorial and posterior-fossa derived ependymoma 

cell lines with BKM120 for 72 hours significantly reduced cell viability with IC50 values determined at Ò 4 

ɛM using non-linear regression analysis (n= 3).  
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Table 3-1 Multiple comparisons test of supratentorial and posterior fossa ependymoma cell lines to 

determine significant differences in inhibition of cell viability following BKM120 treatment. (**p<0.01, 

***p<0.001) (Key: Supratenorial cell line; Posterior fossa cell line) 

Comparison Adjusted p-value Summary 

BXD-1425EPN EPN8 0.1310 ns 

EPN12A 0.0090 ** 

DKFZ-EP1 EPN8 0.0030 ** 

EPN12A 0.0002 *** 

EPN1 EPN8 0.0060 ** 

EPN12A 0.0003 *** 

 

3.2.3 PI3K pathway inhibition and cell death in ependymoma  

One of the effects of inhibiting the PI3K pathway is stimulating cell death 

responses. Several cancer studies have demonstrated the cytotoxic effects of BKM120 

treatment including in medulloblastoma (Zhao, P., Hall et al. 2017) and gliomas (Foster, 

Jane et al. 2015). Having established a decrease in ependymoma cell viability post-

BKM120 treatment, subsequent work aimed to determine whether this was attributed to 

the activation of cell death responses. 

 

3.2.3.1 BKM120 significantly induced cell death in one out of the four tested 

ependymoma cell lines  

LDH assays were used to quantify the amount of cytotoxicity produced by 

BKM120 treatments in ependymoma cells. Data was presented as the inverse function of 

the amount of cytotoxicity produced so that the percentage viability was indicated instead 

following treatment of ependymoma cells with BKM120 (Figure 3-3). Incubation of 

ependymoma cells with BKM120 for 72 hours showed that only BXD-1425EPN cells 

resulted in a significant decrease in cell viability but with a 5 ɛM treatment dose 

(***p<0.001) (Figure 3-3A). However, these findings conferred no clinical relevance since 

the induced response was beyond the peak plasma concentration put forward for 

BKM120 (~4 ɛM) (Bendell et al., 2012). The significant increase in LDH activity attributed 

in this treatment condition may have been caused by the overwhelmingly toxic effect of 

treating such a high BKM120 concentration in these cells, which makes this finding only 

a proof of concept for cell death induction. No further significant LDH activity increase was 

detected in the other cell lines suggesting that no cell death was induced by BKM120. 

From these results, it could not be concluded that cell death was the likely cause of the 

reduction in cell viability observed in the MTT assays.  



78 

 

Figure 3-3 LDH cytotoxicity assays quantified cell death responses in (A) BXD-1425EPN, (B) DKFZ-

EP1, (C) EPN1, (D) EPN12A cells following treatment with various concentrations of BKM120 for 72 

hours (n=3). Only the treatment of BXD-1425EPN cells with 5 ɛM BKM120 showed a significant increase 

in LDH activity post-BKM120 treatment (***p<0.001). Values were presented with the standard error of 

the mean and analysed using one-way ANOVA (n=3). 

 

3.2.3.2 BKM120 did not induce caspase-3 cleavage in ependymoma cells 

Apoptotic cell death is the most commonly studied cell death mechanism following 

PI3K pathway inhibition (Yea, Fruman 2013). Upregulation of pro-apoptotic proteins and 

sequential cleavage of inactive pro-caspases consequently lead to the degradation of 

intracellular components and manifestation of apoptotic hallmarks. Using cleaved 

caspase-3 as a marker, it was investigated whether treatment of ependymoma cells with 

BKM120 induced apoptosis.  

 

 Ependymoma cells were incubated with various concentrations of BKM120 for 24 

hours. As depicted in Figure 3-4A, increasing drug concentration detected no cleaved 

caspase-3 proteins (17 and 19 kDa) across the panel of cell lines at the end of the 24-

hour incubation, suggesting that BKM120 did not induce any apoptotic responses. To 

mimic the MTT assay conditions, BXD-1425EPN cells were treated with BKM120 for 72 

hours prior to immunoblotting (Fig. 4B). However, even prolonged drug incubation did not 

result in caspase-3 cleavage implying that reduction in cell viability post-72 hour BKM120 

treatment was not due to activation of apoptosis. The western blot data also supports the 

LDH data that cell death was not a functional consequence of BKM120 treatment in 

ependymoma.  
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Figure 3-4 (A) Ependymoma cells were treated with BKM120 for 24 hours prior to caspase-3 probing. 

(B) BKM120 treatment was also extended to 72 hours for BXD-1425EPN cells. BXD-1425EPN cells 

treated with 50 ɛM etoposide served as a positive control as this resulted in cleavage of pro-caspase 3 

to produce bands of 17 and 19 kDa. No bands pertaining to cleaved caspase-3 were detected in 

BKM120-treated ependymoma cells. Data is representative of at least three independent repeats.   

 

3.2.3.3 BKM120 arrested cell cycle at G0/G1 phase in ependymoma cells  

 BKM120-mediated inhibition of the PI3K pathway in ependymoma did not induce 

cell death, suggesting that it only produces cytostatic effects. To further investigate this, 

flow cytometry was employed to determine whether BKM120 does induce cytostaticity 

rather than cytotoxicity in three ependymoma cell lines: BXD1425-EPN, EPN1 and 

EPN12A. After a 24-hour incubation with BKM120 (Figure 3-5), cell cycle analysis showed 

a significant increase in cell population in the G0/G1 phase of the cell cycle with increasing 

BKM120 concentration for all cell lines (**p<0.01). A significant decrease in S-phase cell 

population was also observed (**p<0.01). No accumulation of cells in the Sub-G0 phase 

was seen, signifying no induction of cell death responses. BKM120 treatment also 

resulted in a significant decrease in EPN12A cell number at the G2 phase after 5 ɛM 
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treatment (*p<0.05). Furthermore, cell cycle analysis was also completed for a 72 hour 

BKM120 treatment for BXD-1425EPN cells (Figure 3-6). Cell cycle profiles of BXD-

1425EPN cells treated with BKM120 for 72 hours did not recapitulate a dose-dependent 

increase in cell population at the G0/G1 phase of the cell cycle with no significant change 

in the proportion of cells at any phase following drug treatment. Furthermore, the lack of 

cells in the Sub-G0 phase further indicates that no cell death was induced. Therefore, 

these findings demonstrated that BKM120 treatment did not have a cytotoxic effect in 

ependymoma cells which further validates the LDH and caspase-3 immunoblot data. 

Instead, a cell cycle arrest at G0/G1 was found. 

 

Figure 3-5 (A) BXD-1425EPN, (B) EPN1, (C) EPN12A cells were treated with BKM120 for 24 hours. 

Following PI3K inhibition, a significant increase in cell population was found in the G0/G1 phase of the 

cell cycle whilst simultaneously showing a decrease in the other phases. No dose-dependent increase 

in cell number was observed in the Sub-G0 phase, suggesting the significant absence of cell death. 

Comparisons were made relative to the vehicle control per cell cycle phase (**p<0.01, *p<0.05). 

Statistical analysis on at least three independent repeats per cell line was performed using two-way 

ANOVA. 
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Figure 3-6 Cell cycle profile of BXD-1425EPN cells treated with BKM120 for 72 hours. No significant 

increase in cell number in G0/G1 phase was identified following drug treatment relative to the vehicle 

control based on a two-way ANOVA analysis. The decrease in cell number in the other cell cycle phases 

was also absent alongside the lack of cells in the Sub-G0 phase. Data was presented with the SEM and 

is representative of three independent repeats.  

 

3.2.4 Investigating autophagy as a cell death mechanism in ependymoma 

 Section 1.3.3.1 highlighted that autophagy is negatively regulated by the mTOR 

pathway, which is a direct target of the canonical PI3K pathway. Inhibition of the 

PI3K/AKT/mTOR signalling axis activates the autophagic machinery, which mediates 

intracellular degradation and consequent recycling of components for de novo synthesis 

and cellular homeostasis (Todde, Veenhuis et al. 2009). Interestingly, extensive 

autophagic responses have been proposed as an alternative avenue in stimulating cell 

death (Type II cell death) (Zakeri, Melendez et al. 2008) which highlights its bifunctional 

role in promoting survival as well as inducing cytotoxicity. In this chapter, the possibility 

of autophagy as a cell death mechanism was also explored simultaneously with the 

investigation of apoptotic responses following suppression of the PI3K pathway in 

ependymoma. 

 

3.2.4.1 BKM120 resulted in a decrease in p62 levels in ependymoma cells  

Probing for the multifunctional p62 protein was carried out to determine if 

reduction of PI3K/AKT/mTOR signalling in ependymoma would alleviate the inhibitory 

effects on autophagy. p62 serves as an autophagic marker due to its association with 

polyubiquitinated cargoes that are targeted for degradation (Cohen-Kaplan, Ciechanover 
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et al. 2016) thus resulting in a decrease in intracellular levels following activation of 

autophagy. Results showed that treatment of ependymoma cells with BKM120 for 24 

hours led to a decrease in intracellular p62 levels in a dose-dependent manner (Figure 3-

7), implying the formation of autophagolysosomal complexes to mediate its degradation. 

This demonstrated the role of PI3K signalling in negatively regulating autophagy in 

ependymoma, highlighting a potential survival effect of the pathway by preventing 

unnecessary cellular self-degradation.  

 

 

 

Figure 3-7 Ependymoma cells were treated with BKM120 for 24 hours followed by probing for p62 

expression to determine activation of autophagic responses in ependymoma cells. Loss of p62 

expression demonstrates degradation of associated cargo proteins by pre-formed autophagolysosomal 

complexes (n= 3). 

 

3.2.4.2 Treatment of ependymoma cells with chloroquine inhibited BKM120-

mediated autophagy 

Historically, studies have perceived autophagy as a pro-survival mechanism due 

to its intrinsic recycling system. However, it is argued that excessive autophagy may be 

instrumental towards cellular crisis and ultimately, cell death. This work aimed to elucidate 

whether activation of autophagy, following PI3K inhibition, conferred cytotoxicity or 

cytoprotection in ependymoma.  

 

 Chloroquine (CQ), an anti-malarial agent, is a known inhibitor of autophagy by 

altering lysosomal pH which inactivates enzymatic activities necessary for degradation 

(Homewood, Warhurst et al. 1972). BXD-1425EPN and DKFZ-EP1 cells were treated with 

two CQ concentrations (5 and 20 ɛM) to determine dose-limiting toxicities that could be 

considered for further analyses. Results showed that cells tolerated a treatment of 5 ɛM 

after which a decline in cell viability was observed, attributing to possible off-target effects 

(*p<0.05) (Figure 3-8). To validate CQôs role as an autophagy inhibitor, BXD-1425EPN 

cells were incrementally treated with CQ in combination with 5 ɛM BKM120. Probing for 

p62 showed no BKM120 dose-dependent decrease in intracellular level proving that CQ 

potently reversed the effects of BKM120-induced autophagy (Figure 3-9).  
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Figure 3-9 BXD-1425EPN cells were treated with 5 ɛM BKM120 in combination with 5, 15, 20 and 25 

ɛM CQ for 24 hours to determine if CQ could inhibit BKM120-mediated activation of autophagy. 

Increasing CQ concentration with BKM120 treatment resulted in augmented p62 expression, suggesting 

autophagy inhibition. Lysate from a single 5 ɛM BKM120 treatment was also run in parallel for 

comparison of band density. The p62 expression from this treatment was lower as expected due to 

BKM120-mediated activation of autophagy. The no BKM120/CQ treatment condition relates to an active 

PI3K signalling with which autophagy is negatively regulated, preventing p62 proteins from being 

degraded.  

Figure 3-8 MTT viability assay of CQ only treated BXD-1425EPN and DKFZ-EP1 cells (n= 3) for 72 

hours. Data was presented with standard error of the mean and changes in percentage viability relative 

to the vehicle control for each cell line was statistically analysed with one-way ANOVA. 
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3.2.4.3 BKM120 and CQ combination treatment showed no significant 

changes in cell viability 

 As previously shown in section 3.2.4.2, CQ treatment reverses the activating 

effect of BKM120 on autophagy. MTT viability assays were performed to ascertain 

whether autophagy inhibition induced cytotoxic or cytoprotective effects in ependymoma 

cells. Cells were treated with various concentrations of BKM120 with or without 5 ɛM CQ 

for 72 hours. Cell viability trends between the two treatment conditions were compared to 

see whether CQ-mediated inhibition of autophagy would improve or worsen the effects of 

BKM120, based on any significant shifts in the viability curves (Figure 3-10). Despite 

showing a general increase in cell viability predominantly in the supratentorial cell lines in 

response to BKM120/CQ co-treatments relative to monotherapeutic BKM120 treatments, 

this was statistically significant only for EPN1 cells (two-way ANOVA, *p<0.05) (Figure 3-

10C) which suggests that autophagic responses conferred a cytotoxic effect in these cells. 

However, the lack of consensus in these results meant that autophagy may not 

necessarily produce a cytotoxic effect in ependymoma. So far, whether there is biological 

relevance in the activation of autophagy towards ependymoma pathogenesis is yet to be 

clarified.  

 

Figure 3-10 MTT viability assay of (A) BXD-1425EPN, (B) DKFZ-EP1, (C) EPN1, (D) EPN12A cells 

treated with 0, 0.1, 0.5, 1, 5 ɛM BKM120 only and in combination with 5 ɛM CQ for 72 hours. Data is 

representative of at least three independent repeats and cell viability trends of both treatment conditions 

were analysed using two-way ANOVA. A significant difference in the cell viability between BKM120/CQ 

combination and BKM120 single treatment was only shown for EPN1 cells (*p<0.05). This was 

associated with an increase in cell viability following inhibition of autophagy, suggesting that it conferred 

cytotoxicity in these cells. 
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3.2.5 Inhibition of mTOR signalling activates autophagy in ependymoma 

 Negative regulation of autophagic responses is commonly instigated by the 

activation of the mTOR signalling pathway. To investigate this hypothesis, 

pharmacological inhibition of the mTOR pathway was used to demonstrate whether this 

could directly regulate autophagy in ependymoma cell lines. Ependymoma cells were 

treated with various concentrations of the rapalogue, Temsirolimus (TMS) for 24 hours. 

Immunoblot data showed a decrease in pS6 levels with increasing drug concentration 

representing inhibition of the mTOR signalling pathway. Probing for p62 protein post-TMS 

treatment also showed a decrease in expression levels indicating the presence of 

autophagic responses (Figure 3-11). These findings highlighted that the mTOR pathway 

serves as a negative regulator of autophagy in ependymoma as well as implicating its 

role in potentially bridging the same inhibitory effect from upstream PI3K signalling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-11 Inhibition of the mTOR signalling pathway in BXD-1425EPN and EPN12A cells was 

performed through treatment with TMS for 24 hours. Subsequent immunoblotting for both p62 and pS6 

showed a decrease in expression levels suggesting activation of autophagy following a decrease in 

mTOR signalling output, respectively, in these cells because of drug treatment (n=2). 
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3.2.6 Investigating whether BKM120 inhibition in ependymoma was mediated 

through the canonical PI3K/AKT signalling node 

 Canonical PI3K signalling involves the activation of AKT as the primary effector 

that transduces the signal to downstream targets of the pathway. However, stimulation of 

AKT-independent mechanisms has also been elucidated which could produce survival 

responses that mimic those of AKT-mediated signaling (Qiu, Kung 2000, Lang, Strutz-

Seebohm et al. 2010). Having observed the biological effects of PI3K inhibition using the 

PI3K inhibitor BKM120, this project aimed to evaluate if loss of AKT functioning could 

recapitulate the same outcomes as directly inhibiting PI3K enzyme activity.  

 

3.2.6.1 Perifosine did not reduce ependymoma cell viability 

 Ependymoma cells were treated with the allosteric AKT inhibitor, perifosine to 

evaluate if this leads to a reduction in cell viability. After a 72-hour incubation with the 

drug, there was no significant decrease in cell viability across the panel of tested 

ependymoma cell lines relative to the vehicle control. However, perifosine was effective 

at decreasing the viability of the medulloblastoma cell line UW228-3 with a calculated IC50 

of 14.3 ɛM (***p<0.001) (Figure 3-12A), suggesting that the drug was active. If perifosine 

was not able to reduce ependymoma cell viability, it is possible that the PI3K pathway 

was not inhibited following drug treatment. In order to test this, immunoblotting was 

performed against pAKT in response to treatment with perifosine. Cells were treated with 

perifosine for one hour followed by pulse activation of the pathway with EGF for 10 

minutes to avoid saturation of intracellular signalling pathways. Results showed that 

treatment with perifosine caused a decrease in pAKT levels, suggesting that AKT was 

inhibited. There was also a reduction in the total AKT levels after drug treatment for an 

hour (Figure 3-12B), which is an effect found to arise from using AKT inhibitors as 

highlighted in one study (Fu, Kim et al. 2009). This data suggests that the cells may have 

displayed resistance towards the inhibitory effects of perifosine. However, it is also 

possible that the reduction in ependymoma cell viability following PI3K pathway inhibition 

may not have been mediated in an AKT-dependent manner which implicates the potential 

involvement of non-canonical PI3K signalling.  
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Figure 3-12 (A) MTT viability assay of ependymoma cells post-72-hour treatment with perifosine. UW228-3 served as a positive control whose IC50 for perifosine was determined 

using non-linear regression analysis (n=3). Statistical analysis of changes in percentage viability over the treatment course was performed using two-way ANOVA Dunnettôs 

multiple comparisons test. (B) BXD-1425EPN cells were treated with perifosine for an hour followed by EGF-mediated pulse activation of the PI3K pathway. Probing for pAKT 

as well as total AKT was performed to determine the inhibitory effects of perifosine on the pathway. No samples were obtained for UW228-3 cells, as these did not tolerate the 

conditions used for sample preparation. 
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3.2.6.2 GDC-0068 did not reduce ependymoma cell viability 

 To further test whether activation of the canonical PI3K/AKT signalling was 

associated with the cellular responses observed in ependymoma, an alternative inhibitor 

whose mechanism of action is different to perifosine was employed to inhibit AKT activity. 

Treatment of ependymoma cells with GDC-0068 was considered as this drug directly 

targets the AKT catalytic site to suppress its functioning. However, a 72 hour treatment 

with GDC-0068 also did not decrease the viability of the various tested ependymoma cell 

lines while it caused a significant reduction for the breast cancer cell line MCF7 

(***p<0.001) relative to the vehicle control. MCF7ôs IC50 for GDC-0068 was 3.2 ɛM, which 

was higher (1.88 ɛM) than that determined by Lin, J., Sampath et al. (2013) (Figure 3-

13A). The same one-hour drug treatments were performed on BXD-1425EPN cells to 

monitor GDC-0068ôs capacity to inhibit the PI3K pathway. Western blot data indicated 

that GDC-0068 treatment resulted in an increase in intracellular pAKT levels, which is an 

expected finding for inhibiting AKT activity using a catalytic site-directed AKT inhibitor as 

highlighted by Lin et al. (2012). Interestingly, GDC-0068 induced a decrease in the 

expression of total AKT levels in a manner similar to perifosine (Figure 3-13B). This could 

also be explained by the same effect highlighted by Fu, Kim et al. (2009) regarding the 

use of AKT inhibitors and the consequent impact on AKT protein turnover. Moreover, it is 

not understood how an increase in AKT phosphorylation could simultaneously occur with 

a decrease in total AKT levels following treatment with GDC-0068. While this could have 

resulted from an inefficient membrane stripping issue prior to re-probing with AKT 

antibodies, further scrutiny is required to explain any underlying mechanism that could 

account for this. Nevertheless, results from the GDC-0068 treatments were also not able 

to conclude whether ependymoma cells generally display reduced sensitivity to AKT 

inhibitors or if responses were mediated by non-AKT effectors of PI3K signalling hence 

the inefficiency of pharmacologically targeting AKT. Further functional techniques which 

involve direct manipulation of AKT expression are required to associate the classical 

PI3K/AKT signalling node with ependymoma survival and viability.  
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Figure 3-13 (A) MTT viability assay of ependymoma cells post-72 hour treatment with GDC-0068. MCF7 was used as a positive control whose IC50 was determined using non-

linear regression analysis (n= 3). Statistical analysis of changes in percentage viability over the treatment course was performed using two-way ANOVA Dunnettôs multiple 

comparisons test. (B) BXD-1425EPN cells were treated with GDC-0068 for an hour followed by probing against pAKT and total AKT levels to determine PI3K pathway inhibition. 

No MCF7 samples were obtained for Western blot analysis as these cells did not tolerate the conditions used for sample preparation. 
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3.3 Discussion 

 In continuation of the work published by Rogers, Mayne et al. (2013), functional 

experiments were initially carried out on a panel of established ependymoma cell lines to 

investigate how these tumours would respond to the inhibition of the PI3K pathway with 

the aim of understanding its impact on disease pathogenesis and whether it presents itself 

as a prospective target for therapeutic purposes. The key findings on this chapter showed 

that BKM120 treatment inhibited the PI3K pathway across the panel of tested 

ependymoma cell lines, as indicated by the reduction of pAKT and pS6 levels. The 

inhibition of the PI3K pathway resulted in a significant decrease in ependymoma cell 

viability, in which there was suggestive increased sensitivity to BKM120 in the posterior 

fossa-derived cell lines. BKM120 did not stimulate cell death in ependymoma but an arrest 

was observed at the G0/G1 phase of the cell cycle, implicating an induction of a cytostatic 

rather than a cytotoxic effect. A reduction in p62 levels was also shown following 

treatment with either BKM120 or the rapalogue TMS, suggesting that inhibition of the 

PI3K/AKT/mTOR signalling axis activated autophagic responses in ependymoma. 

BKM120/CQ co-treatments showed no significant difference in the cell viability trend when 

compared to BKM120 only treatment. Currently, it is undetermined which of the dual roles 

of autophagy is biologically relevant in ependymoma. Finally, treatment of ependymoma 

cells with either an allosteric or an ATP-competitive AKT inhibitor did not reduce the cell 

viability. Therefore, it is yet to be elucidated whether AKT was involved in mediating 

BKM120 responses in ependymoma or if the cells were resistant to the inhibitory effects 

of AKT-directed agents.  

 

3.3.1 The canonical PI3K pathway and its subsequent effects in ependymoma 

According to Rogers, Mayne et al. (2013), activation of the PI3K pathway was 

identified in higher proportions of supratentorial tumours relative to those originating from 

other CNS compartments. In this project, it was investigated whether there were 

differences in responses to PI3K pathway inhibition among ependymomas arising from 

different locations. Rogers and colleagues have shown that treatment of two 

supratentorial cell lines, BXD-1425EPN and EPN1, showed a reduction in cell viability in 

response to BKM120 treatment with IC50 concentrations determined to be within clinical 

range (Bendell, Rodon et al. 2012b). A repeat of these experiments on another 

supratentorial (DKFZ-EP1) and two posterior fossa cell lines (EPN8 and EPN12A) also 

resulted in overall cell viability reduction whose IC50 values were also within clinical range. 

The BKM120-mediated reduction in ependymoma cell viability also coincided with the 

loss of PI3K/AKT/mTOR signalling as shown by the dose-dependent decrease in pAKT 

and pS6 protein levels in all tested ependymoma cells. Therefore, it is assumed that the 
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negative effects of PI3K pathway suppression do not discriminate between tumours of 

the supratentorium or posterior fossa. Pre-clinical studies in other cancers support this 

conjecture in which targeting of the PI3K pathway generally manifests congruent results 

across disease subtypes (Lynch, McEwen et al. 2016), implicating the potential 

advantage of these inhibitors as a universal treatment for paediatric ependymomas 

irrespective of location as well as subgroup-specific clinical differences. 

 

 However, analysis of the interaction in the different kill curves showed that there 

was a significant difference between the cell viability trends of supratentorial and posterior 

fossa ependymoma cells. Based on the MTT data, the posterior fossa ependymoma cells 

manifested a shift in the inhibitory profile with which lower IC50 values were identified thus 

insinuating increased sensitivity to BKM120 relative to the supratentorial cell lines. The 

fact that ependymomas arising in both CNS compartments were responsive to the 

inhibitory effects of BKM120 within clinical thresholds suggests that testing the effects of 

PI3K pathway inhibitors could even potentially be extended to tumours arising from the 

different sub-groups. One could further argue that the differences in treatment responses 

between the supratentorial and posterior fossa cell lines could be attributed to the distinct 

molecular signatures characterised in these anatomically discrete tumours (Pajtler, Witt 

et al. 2015). While the PI3K pathway was not implicitly recognised as a molecular feature 

for ependymoma classification, its clinical value is highlighted especially for prognostic 

purposes and stratifying patients based on their prospective therapeutic outcomes.  

 

It was subsequently investigated whether similar responses could be obtained if 

AKT was inhibited. Repression of AKT activity not only functions as an alternative method 

to block PI3K signalling but it also validates whether cellular functions in ependymoma 

are facilitated through a canonical route. Two classes of AKT inhibitors were used to 

suppress AKT in ependymoma. These were perifosine (allosteric AKT inhibitor) and GDC-

0068 (catalytic site-directed AKT inhibitor), whose anti-tumourigenic efficacy has been 

identified against pre-clinical models including high grade gliomas (Lin, J., Sampath et al. 

2013, Becher, Millard et al. 2017). However, treatment of ependymoma cells with either 

perifosine or GDC-0068 showed no significant decrease in cell viability relative to their 

respective positive control cell lines. Yet according to the western blot analysis, both drugs 

showed indications that AKT was inhibited in ependymoma cells which would have 

potentially abrogated PI3K signalling and reduced cell viability.  
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3.3.1.1 Predicaments with BKM120 treatment and AKT inhibition of the PI3K 

pathway 

 BKM120 is considered as one of the most clinically advanced PI3K pathway 

inhibitors (Janku 2017) that can suppress the activity of all class I isoforms. Its ability to 

cross the BBB also emphasises another advantage in evaluating its effects in 

ependymoma. However, studies have shown that BKM120 also possesses off-target 

effects by binding to tubulin sub-units to destabilise microtubule polymerisation 

(Brachmann, Kleylein-Sohn et al. 2012). The authors demonstrated this by engineering 

MCF7 cells to overexpress a constitutively active AKT, with which resistance was 

conferred towards the PI3K inhibitor pictilisib but were sensitive to BKM120 treatments 

especially at concentrations above 1 ɛM. Since ependymoma cells were treated at 

concentrations of >1 ɛM, it is possible that the anti-tumourigenic effects of BKM120 may 

have been mediated by irregularities in microtubule treadmilling rather than through the 

inhibition of the PI3K pathway. If this was the case, an arrest at the G2/M phase of the cell 

cycle should have been observed as reported by other studies regarding the 

consequences from BKM120 treatment (Koul, Fu et al. 2012, Lonetti, Antunes et al. 2014, 

Civallero, Cosenza et al. 2015). However, G2/M arrest was not identified in the cell cycle 

analysis, suggesting that the reduction in ependymoma cell viability following BKM120 

treatment may not be associated with issues in microtubule polymerisation. 

 

 It is possible that BKM120 impedes ependymoma cell viability by inhibiting other 

downstream effectors of the PI3K pathway which are independent from AKT functioning. 

The involvement of a non-canonical PI3K signalling in promoting cellular responses in 

ependymoma would therefore account for the observed lack of tumour suppressive 

efficiency of AKT inhibitors in this project. Studies have shown that there are alternative 

non-AKT effectors of the pathway that can equally transduce signals to downstream 

targets after PI3K activation. For instance, SGK kinases could serve as an AKT surrogate 

(Lang, Strutz-Seebohm et al. 2010) with earlier studies demonstrating inactivation of 

FOXO transcription factors through phosphorylation to promote cell survival (Brunet, Park 

et al. 2001). An earlier study has functionally demonstrated a decrease in SGK activity as 

a result of LY294002 treatments while its kinase output was further enhanced following 

transient transfection of a constitutively active p110 PI3K subunit (Park, Leong et al. 

1999). Brutonôs tyrosine kinase (BTK), a non-RTK intracellular kinase involved in B- and 

T-lymphocyte signalling, is another downstream PI3K effector that was presented as a 

putative pharmacological target due to its oncogenic role (Qiu, Kung 2000, Molina-

Cerrillo, Alonso-Gordoa et al. 2017). 
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 However, the likelihood of ependymomas conferring resistance to AKT-targeted 

agents could not be ruled out. Indeed, the downside of inhibiting AKT in cancers could be 

associated with feedback loops that result in various resistance mechanisms that limit the 

efficiency of these agents (see section 1.5.4). One notable study by Chandarlapaty, Sawai 

et al. (2011) explained that AKT inhibition led to an upregulation of RTK, which would 

consequently lead to the reactivation of the PI3K pathway. It is also argued that PI3K 

inhibition, relative to AKT, is less likely to stimulate these feedback loops due to it being 

more upstream in the pathway. Since it possesses a much broader range of targets than 

AKT, loss of PI3K activity would produce a more potent anti-tumourigenic effect. The 

notion of resistance to AKT inhibitors may actually be the underlying reason for the sub-

optimal clinical responses in patients. This was highlighted in a human-based study which 

involved medulloblastoma, neuroblastoma and ependymoma patients who only displayed 

progressive to no response as the best outcome (Becher, Millard et al. 2017). 

 

3.3.1.3 Future work for the investigation of canonical PI3K/AKT signalling in 

ependymoma 

 It was hypothesised that signaling through the PI3K pathway is essential towards 

ependymoma viability therefore its targeting presents an attractive therapeutic strategy to 

suppress tumourigenesis. Despite demonstrating that BKM120 resulted in a significant 

reduction in cell viability in conjunction with loss of signalling output from the 

PI3K/AKT/mTOR axis, the effects were not repeated when AKT inhibitors were employed 

in subsequent experimental work. Currently, more evidence is required to support 

whether the cellular effects seen following BKM120 treatment of ependymoma cells were 

mediated by the loss of canonical PI3K signalling pathway. In order to address this, 

several experimental plans were proposed for future investigations to uphold the 

pathological relevance of the PI3K pathway in ependymoma and maintain its potential as 

a chemotherapeutic target to treat these tumours.  

 

According to the findings of Brachmann, Kleylein-Sohn et al. (2012), it is likely 

that the BKM120 treatments in this project have resulted in off-targeting due to 

concentrations used for the various experiments. To address this, it is necessary to 

investigate as a follow up whether BKM120 treatment influenced microtubule 

polymerisation in ependymoma cells at these concentration ranges. Furthermore, if 

BKM120ôs effects were mediated through a non-canonical pathway then future work 

would also consider investigating the biological relevance of non-AKT effectors in 

stimulating cellular responses in ependymoma. For instance, the phosphorylation state of 

SGK and BTK kinases could be analysed following BKM120 treatment. Inhibition of these 
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kinases could also be undertaken to determine whether this would cause a decrease in 

ependymoma cell viability. 

 

The failure of either an allosteric or an ATP-competitive AKT inhibitor to 

significantly inhibit cell viability necessitated the use of other approaches to functionally 

characterise the effects of loss of AKT activity. To rule out any unaccounted off-targeting 

associated with a pharmacological-mediated inhibition of the PI3K pathway, direct 

manipulation of AKT expression would be a more suitable method. Two experimental 

techniques were suggested to undertake this work in the future. The first approach was 

to employ siRNA-mediated knockdown of all three AKT isoforms. Three different siRNA 

probes are used to target the different AKT isoforms followed by quantitatitve real-time 

PCR (qRT-PCR) to detect successful loss of transcripts. MTT assays would be performed 

subsequently to measure if any reduction in cell viability is induced following multiple AKT 

isoform knockdowns. The other proposed approach towards this work was the 

transfection of ependymoma cells with plasmid constructs that would encode for either a 

constitutively active AKT or a dominant-negative form of AKT. A constitutively active AKT 

would hyperactivate the PI3K pathway which would consequently block the effects of 

pathway inhibitors. No reduction in cell viability is therefore predicted post-drug treatment. 

In contrast, a dominant-negative form of AKT would essentially suppress the pathway in 

a manner similar to drug-mediated inhibition thus effectively decreasing cell viability. Once 

optimised, functional assays such as cell death and cell cycle analysis will be carried out 

to support the current data regarding the role of the PI3K/AKT signalling axis in stimulating 

ependymoma cell processes.  

 

If cellular responses were then proven to be associated with activation of the 

conventional PI3K/AKT signalling axis, several pathway inhibitors could be used to see if 

these would maintain the effects observed from treatment with BKM120. Indeed, MTT 

viability experiments have previously been performed on several ependymoma cell lines 

using the PI3K/mTOR dual inhibitor BEZ235 as well as an array of mTOR inhibitors 

including TMS and everolimus. Pursuing an experimental plan similar to the ones 

performed in this project using these inhibitors would support the conclusions drawn so 

far regarding the role of the PI3K pathway in ependymoma pathogenesis.  
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3.3.2 Functional investigation of cellular responses in ependymoma post-

BKM120 treatment 

3.3.2.1 Induction of cell death  

 The PI3K pathway is a principal regulator of cell survival responses. Having 

shown a reduction in ependymoma cell viability in response to BKM120 treatment, it was 

hypothesised that this was due to the induction of cell death following suppression of PI3K 

signalling. Apoptosis is the most commonly attributed cell death mechanism in many drug 

treatment studies during which a cascade of caspase activation takes place resulting in 

the degradation of intracellular components. Studies have determined that PI3K pathway 

inhibition could induce cells to undergo apoptosis through the upregulation of certain 

apoptotic factors (Brachmann, Hofmann et al. 2009, Lonetti, Antunes et al. 2014, Zhao, 

P., Hall et al. 2017). However, no apoptotic responses were stimulated by BKM120 

treatment in ependymoma cells based on the absence of cleaved caspase-3 proteins. 

Indeed, BKM120-mediated inhibition of PI3K pathway produced no cytotoxic effects in 

ependymoma, albeit cytostaticity was observed as the treatment primarily arrested cells 

in the G0/G1 phase of the cell cycle. From these results, it was concluded that triggering 

cell death did not account for the reduction in ependymoma cell viability. These findings 

contrasted with other studies in which hallmarks of cell death were identified following 

suppression of PI3K signalling in cancers such as medulloblastoma (Frasson, Rampazzo 

et al. 2015) and breast (Hu, Y., Guo et al. 2015)(Hu et al., 2015). Instead, the results in 

this chapter were consistent with the reported cytostatic effects in several studies in which 

PI3K pathway inhibition prevented G1 exit into the S-phase of the cell cycle (Collado, 

Medema et al. 2000, Dan, Okamura et al. 2012, Wong, Ma et al. 2015). Based on these 

results, it could be concluded that PI3K pathway inhibition as a sole therapeutic approach 

in ependymoma is insufficient. If such findings did reflect clinical outcomes, one would 

argue that PI3K pathway inhibitors are best employed for mediating disease stabilisation 

rather than a primary line of treatment following surgery or radiotherapy. PI3K pathway 

inhibition as part of a treatment combination would be a more plausible strategy when 

aiming for complete tumour eradication. However, it is premature to assume at this point 

whether administration of PI3K pathway inhibitors in patients would be sub-optimal. 

Further work is imperative to fully understand the anti-tumourigenic effects of these drugs 

before translation into patient-based trials. 

 

In this project, three lines of evidence were presented that supported BKM120-

mediated cytostaticity rather than cytotoxicity in ependymoma. However, several 

experimental proposals could also be considered to further strengthen the current 

conclusions made regarding the role of PI3K pathway in regulating cell death in 

ependymoma. For instance, characterising apoptotic cell death solely depended on the 
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cleavage of caspase-3 when the process incorporates a multitude of factors that bring 

about such a response. Arguably, caspase-3 activation is a classic marker for apoptosis 

but there are also other effector caspases which have shown some degree of functional 

redundancy such as caspase-6 and caspase-7 (Walsh, Cullen et al. 2008). The interplay 

between these caspases in terms of which has a superior role over the other is yet to be 

elucidated but it is thought to be dictated by several factors such as their expression 

levels, turn-over rates and context-dependent cellular states. Determining the changes in 

intracellular expression of relevant apoptotic substrates such as Bid and PARP would 

have also revealed a clearer notion of the presumed destruction occurring within the cell 

due to PI3K pathway inhibition. Depiction of any hallmarks of cell death could have also 

been achieved at the morphological level by adopting cell staining and imaging 

approaches to visualise physical changes in cells post-treatment. 

 

 Cell death assays that use parameters such as LDH activity and amount of DNA 

released also raise further issues in investigating drug induced cell death mechanisms. 

Given that these assays lasted 72 hours, it is questioned whether this endpoint would 

actually reflect the amount of cell death that was stimulated. It could be suggested that 

cell death measurement using this timeframe may not be suitable if the parameter being 

examined was actually present at an earlier stage of the experiment. Therefore, multiple 

endpoints for these cell death assays could be investigated to increase the likelihood of 

capturing cell death induction. Although cell cycle analysis addressed this issue by 

examining profiles at 24 and 72 hours, there were also some technical limitations that 

could be focused on such as the loss of samples as a result of preparation and guarantees 

in successful collection of dead cells whose adhesive properties necessary for pelleting 

may not be as efficient as the viable ones. One way to improve the robustness of these 

experiments is the inclusion of a positive control such as etoposide-treated BXD-

1425EPN cells which has been shown to induce apoptotic cell death in previous works.  

 

3.3.3.2 Activation of autophagy  

 Autophagy is known for its protective mechanism whose activation is stimulated 

by cellular stress or the presence of an adverse environmental cue to maintain survival. 

However, there are certain physiological instances that prolong autophagy thus inducing 

cellular crisis and consequently, increased mortality (Zakeri, Melendez et al. 2008, 

Kroemer, Levine 2008). Autophagy was investigated in this project to determine which of 

its dual roles is relevant towards ependymoma biology.  

 

This study has demonstrated that treatment of ependymoma cells with BKM120 

resulted in a reduction in expression of the autophagy marker p62, indicating its 



97 

degradation that is facilitated by autophagic responses. When ependymoma cells were 

treated with TMS, there was a reduction in both pS6 and p62 levels in a dose-dependent 

manner suggesting that the PI3K/AKT/mTOR axis is a direct regulator of autophagy in 

ependymoma. At this point, it is unknown whether activation of autophagy in 

ependymoma following inhibition of the PI3K pathway confers a cytoprotective or is 

detrimental towards cellular survival. Having demonstrated that the PI3K/AKT/mTOR 

pathway is a negative regulator of autophagy, it was subsequently investigated how the 

viability of BKM120-treated ependymoma cells was influenced following the inhibition of 

autophagy responses. Co-treatment of ependymoma cells with BKM120 and the anti-

malarial agent CQ showed no decrease in intracellular p62 levels according to western 

blot analysis, which indicated that CQ reversed the activation of autophagy by BKM120. 

However, MTT assays showed that the effects of this combination were only significant 

in EPN1 cells where an increase in cell viability was found thus implicating that activation 

of autophagy conferred cytotoxicity. Since these results were not recapitulated in the other 

tested cell lines, it means that the role of autophagy still remains ambiguous. According 

to the MTT assay, it is put forward that inhibition of the autophagy had no general impact 

on ependymoma cell viability, which suggests that autophagy induction may be irrelevant 

towards ependymoma pathogenesis. Further work is needed to delineate which of the 

dual role of autophagy is producing a genuine effect in ependymoma upon its activation. 

 

Although, it remains an interesting direction for the project to further investigate 

the role of autophagy in ependymoma biology considering its previous implication as a 

fundamental regulator of oncogenic processes (White 2015). So far, evidence has shown 

that PI3K pathway inhibition generally did not induce cell death in ependymoma which 

implies that activation of autophagy is less likely to have cytotoxic effects. If autophagy 

presents as a pro-survival mechanism in ependymoma then one may argue that its 

inhibition could circumvent yet another resistance mechanism arising from PI3K 

suppression. Therefore, this would advocate the rationale for suppressing autophagy in 

conjunction with the inhibition of the PI3K pathway. Since the MTT assay of BKM120/CQ 

co-treatments did not significantly establish autophagyôs cytoprotective role in 

ependymoma, alternative functional approaches could be considered to further support 

this hypothesis in future studies. For instance, if inhibition of autophagy through treatment 

with CQ did induce a cytotoxic effect in ependymoma then this could be measured 

through cell death assays or cell cycle analysis. 

 

Finally, it is also worth noting that the CQ concentration used in these experiments 

was 6 times above the reported plasma peak concentration with an average half-life of 3 

days (Walker, Dawodu et al. 1983). It could therefore be highlighted that these 
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experiments would have only served as a proof of concept to understand whether 

autophagy confers cytotoxicity or cytoprotection in ependymoma. The ranges considered 

in these experiments would otherwise be deemed clinically irrelevant as they might induce 

adverse effects when administered to patients.  

 

3.3.3 Conclusion 

 This chapter focused on the functional work to determine the role of the PI3K 

pathway in promoting survival in ependymoma. It also sought to associate these cellular 

responses to the activation of the canonical PI3K/AKT signalling axis, rather than through 

external non-AKT mediated processes that are also found downstream of the PI3K 

enzyme. Treatment of ependymoma cells with BKM120 resulted in inhibition of the PI3K 

pathway and consequently induced a reduction in ependymoma cell viability. Cell death 

responses were not shown, but an arrest at the G0/G1 phase of the cell cycle was 

observed instead, suggesting that PI3K inhibition produces a cytostatic as opposed to a 

cytotoxic effect. Treatment with BKM120 or TMS also activated autophagic responses in 

ependymoma, demonstrating the role of the PI3K/AKT/mTOR signalling axis as a 

negative regulator of autophagy but its biological effect in ependymoma cells is yet to be 

determined. Targeting of AKT in ependymoma using either an allosteric or ATP-

competitive inhibitor did not reduce cell viability in a manner similar to BKM120. With this, 

it remains unclear whether there are other non-AKT mediators of PI3K pathway-related 

responses in ependymoma or these cells displayed resistance to the AKT inhibitors.  

 

3.4 Summary of chapter findings  

¶ BKM120 inhibited the PI3K/AKT/mTOR signalling axis in ependymoma as 

indicated by the reduction of pAKT and pS6 expression levels. 

 

¶ BKM120 treatment resulted in a dose-dependent decrease in ependymoma cell 

viability with the calculated IC50 values reflecting peak plasma concentrations (Ò4 

ɛM). 

 

¶ BKM120 did not stimulate cell death in ependymoma as signified by three lines of 

evidence: lack of LDH activity with increasing BKM120 dosage, absence of 

cleaved caspase-3 from western blot analysis and no accumulation of cells in 

Sub-G0 following cell cycle analysis. 

 

¶ Ependymoma cells were arrested in the G0/G1 phase of the cell cycle signifying 

BKM120 induced a cytostatic instead of a cytotoxic effect.  
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¶ Activation of autophagy was observed in ependymoma following BKM120 

inhibition of the PI3K pathway. 

 

¶ Treatment of ependymoma cells with TMS resulted in downregulation of the 

mTOR pathway and subsequent activation of autophagy in ependymoma, 

indicating that mTOR signalling negatively regulates autophagic processes 

downstream of PI3K signalling. 

 

¶ Inhibition of autophagy, induced by BKM120, by co-treating with CQ showed no 

significant changes in cell viability. At present, the biological relevance of 

autophagy in ependymoma is yet to be understood.  

 

¶ Allosteric and catalytic site targeting of AKT in ependymoma using perifosine and 

GDC-0068, respectively, failed to reduce cell viability. Further work is required to 

determine whether these findings are due to drug resistance or other non-AKT 

effectors involved in promoting PI3K pathway-related responses in ependymoma.  
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CHAPTER 4.  GLOBAL ELUCIDATION OF 

DOWNSTREAM TARGETS OF THE PI3K 

PATHWAY IN EPENDYMOMA 

4.1 Introduction  

Exploring the vast PI3K signalling network provides an opportunity to better 

understand the underlying biology of ependymal tumours. If considered as a promising 

target, it is necessary to be familiarised with the complex molecular circuitry of the PI3K 

pathway which consists of various feedback loops and inter-pathway cross talks that may 

be attributed to resistance mechanisms. The previous results chapter has demonstrated 

that BKM120-mediated inhibition of the PI3K pathway reduces ependymoma cell viability 

and induces biological responses that limit survival. In order to understand the cellular 

events that induce such tumour behaviours, it is essential to explore the dynamic changes 

in downstream signalling affected by the inhibition of the PI3K pathway.  

 

Transcriptomic analysis following drug treatment is a common approach in 

investigating tumour biological mechanisms and the implications of pharmacological 

targeting. One notable work by Pei, Liu et al. (2016) incorporated gene expression data 

to characterise the molecular events that stimulate medulloblastoma growth in response 

to histone deacetylase (HDAC) inhibitors. Gene expression profiles showed 

overrepresentation of FOXO1 targets and concurrently, increased activity of FOXO1 

itself. They further deduced that inhibition of the PI3K pathway would synergise with 

HDAC inhibitors since FOXO1 is a known downstream target of the PI3K pathway. In a 

separate study by Shats, Gatza et al. (2013), gene expression analysis enabled the 

delineation of the E2F1 transcription factorôs tumour suppressive role in which, through 

the co-regulation of FOXO proteins, expression of apoptotic cell death genes was 

identified when cells were exposed under mitogen-deficient conditions. The authors 

further highlighted that FOXO/E2F1-mediated gene expression could also be activated in 

response to PI3K inhibitors or histone deacetylase inhibitors (HDACi). It was later 

proposed that this transcriptional program conferred favourable prognosis since loss of 

FOXO/E2F1 signalling axis was associated with a more aggressive phenotype.  

 

In this chapter, microarray technology consisting of various gene probes that best 

represent the human genome was employed to determine changes in ependymoma 

transcriptional profiles post-BKM120 treatment. Enrichment analysis of significant 

differentially expressed genes (DEGs) was used to elucidate biological trends that related 
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to disease pathology as well as serve as a putative therapeutic target that could be 

combined with PI3K pathway inhibition.  

 

 The aims of this chapter were: 

¶ To establish the changes in transcriptional profile following inhibition of the PI3K 

pathway 

¶ To identify biological functions that could be attributed to disease pathogenesis 

through gene ontology (GO) enrichment analyses 

¶ To determine the regulation of these significant DEGs thus providing a candidate 

molecular mechanism that induce cellular responses  

¶ To identify relevant therapeutic targets that could potentially be exploited in 

conjunction with inhibition of the PI3K pathway and subsequently be investigated 

in follow up experiments 

 

4.2 Results 

4.2.1 Sample preparation for transcriptomic analysis 

 The previous chapter has indicated that tumours arising in the posterior fossa 

regions may display increased sensitivity PI3K pathway inhibitors, relative to its 

supratentorial counterparts. However, Rogers, Mayne et al. (2013) have shown that a 

higher percentage of supratentorial tumours displayed PI3K pathway activation relative 

to posterior fossa and spinal ependymoma. On the basis of these findings, it was 

presumed that the biological effects of signaling through the PI3K pathway on 

ependymoma pathogenesis would be better understood if the molecular profile of 

supratentorial tumours was investigated further. In this project, transcriptomic analysis 

was performed on two supratentorial cell lines, BXD-1425EPN and EPN1; both of which 

have shown a significant decrease in cell viability following BKM120 treatment within 

clinical range as indicated by their calculated IC50 values. Initially, the cells were seeded 

in serum-free media overnight then treated with either DMSO (vehicle) or BKM120 for 24 

hours, in three independent biological repeats. Probing against pAKT was performed with 

BXD-1425EPN cells to confirm if the conditions used for sample preparation inhibited 

PI3K signalling. Results showed that these conditions resulted in a reduction in pAKT 

levels with increasing drug concentration suggesting that PI3K signalling was inhibited 

post-BKM120 treatment (Figure 4-1).  
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As a proof of concept, an MTT assay (n=1) was performed to see whether shortening the 

incubation period to 24 hours could decrease viability compared to vehicle treatment 

(Figure 4-2). This was necessary to ensure that the inhibition of PI3K signalling would still 

induce a different biological response relative to vehicle controls despite a shorter 

treatment duration. There was an observable dose-dependent decrease in cell viability 

implicating a differential cellular response that might be instigated by changes in 

downstream signalling events relative to vehicle treatment. Therefore, it was concluded 

that the 24-hour treatments were sufficient to inhibit the PI3K pathway and consequently 

induce changes at the transcriptomic level.  

 

 

 

 

 

 

 

 

 

Figure 4-1 Western blot analysis to determine the treatment conditions suitable for the preparation of 

ependymoma samples for the transcriptomics experiments using BXD-1425EPN cells. 24 hour treatment 

with BKM120 of cells seeded in serum free media resulted in a decrease in pAKT levels, indicating loss 

of PI3K signalling. GAPDH was used as a loading control.  

Figure 4-2 MTT assay results of BXD1425-EPN cells treated with BKM120 for 24 hours. No statistical 

analysis was performed as the data represents one repeat, though a decrease in cell viability was 

observed with increasing drug concentration. 
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4.2.2 Quality control (QC)  

4.2.2.1 Screening for integrity of extracted RNA samples showed high quality 

in preparation for microarray hybridisation 

 Total RNA was extracted from BXD1425-EPN and EPN1 cells treated with either 

DMSO or BKM120 (2.5 and 4.5 ɛM, respectively, based on their previously determined 

IC50 values) for 24 hours. Three biological repeats were prepared per treatment condition 

for each cell line. Before performing the microarray hybridisation, RNA obtained from all 

samples were evaluated to determine their quality using the 28S:18S rRNA ratio as a 

reference. According to the electropherogram generated for the various RNA samples, 

two distinct peaks were shown corresponding to the two principal mammalian rRNA 

species, 28S and 18S. The electropherogram traces also showed little RNA degradation 

as indicated by the absence of peaks in the region between the 18S and 5S peaks (also 

known as the fast area) This was further supported by the assigned RNA integrity number 

(RIN) of >9.5 for most of the samples (out of a maximum score of 10) (Table 4-1). 

However, the quality of two EPN1 samples seemed to have been compromised based on 

the inconsistency in their electrophoretic profiles (Lanes 11 and 12 on Figure 4-3). 

Furthermore, the Agilent software allocated a RIN score of N/A to these samples as a 

warning regarding the accuracy of this value. A visual inspection of their 

electropherograms (n= 3 of vehicle and n= 1 of 4.5 µM BKM120 on Figure 4-4B) was 

warranted in order to evaluate whether these samples were still eligible for array 

hybridisation. Despite indications of some degree of degradation, the 18S and 28S peaks 

of these samples were still considered ñstrongò thus allowing the microarray run to be 

performed as planned.  
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Table 4-1 RIN Scores for the various RNA samples used for microarray hybridisation to indicate their 

quality as determined by Agilent 2100 Expert Software.  

Sample RIN Score 

BXD-1425EPN Vehicle (n=1) 10 

BXD-1425EPN Vehicle (n=2) 9.8 

BXD-1425EPN Vehicle (n=3) 10 

BXD-1425EPN BKM120 2.5 ɛM (n=1) 10 

BXD-1425EPN BKM120 2.5 ɛM (n=2) 10 

BXD-1425EPN BKM120 2.5 ɛM (n=3) 9.7 

EPN1 Vehicle (n=1) 10 

EPN1 Vehicle (n=2) 10 

EPN1 Vehicle (n=3) N/A 

EPN1 BKM120 4.5 ɛM (n=1) N/A 

EPN1 BKM120 4.5 ɛM (n=2) 10 

EPN1 BKM120 4.5 ɛM (n=3) 9.9 

 

 

 

 

 

  

Figure 4-3 Electrophoretic profile of BXD1425-EPN and EPN1 samples as part of quality control prior 

to microarray hybridisation. The two distinct bands correspond to the 28S and 18S rRNA species which 

are predominantly found in mammals. 
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Figure 4-4 Electropherogram traces of all (A) BXD1425-EPN and (B) EPN1 samples used for microarray 

hybridisation. An ideal profile, usually signifying a RIN score of ~10, would have two peaks relating to 

the 18S and 28S rRNA mammalian species. A small peak also forms on the extreme left of the trace 

pertaining to the 5S rRNA. The region between the 5S and 18S peaks relates to the fast area on which 

a low absorbance profile would indicate minimal RNA degradation.  
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4.2.2.2 Differences in gene expression observed between treated and 

untreated ependymoma cells were due to BKM120 treatment  

 Prof. Sean Mayôs group at the Nottingham Arabidopsis Stock Centre (NASC), 

University of Nottingham, performed the subsequent microarray experiments following 

initial quality control measures. Total RNA from each sample was hybridised on the 

GeneChipTM Human Gene 2.1 ST Array (Affymetrix). For these gene expression 

experiments, it was expected that there would be significant differences in the 

transcriptomic profiles between the treated and untreated samples.  However, differences 

may arise from various factors including random and systematic errors, making the data 

unreliable. A Sources of Variation plot, which graphically represents the influence of each 

factor on experimental validity, was used to rule out any of these external errors as 

principal contributor of variation. Analysis showed that the mean signal-to-noise ratio of 

all microarray gene probes was higher for the drug treatment factor in comparison to 

errors (Figure 4-5) for both BXD1425-EPN and EPN1 cells, implicating that the significant 

variation between the two different experimental conditions originated from the type of 

treatment instead of errors introduced into the experiments.  

 

 

 

4.2.2.3 BKM120 or DMSO treated BXD1425-EPN and EPN1 cells have distinct 

transcriptional profiles 

 Having established that the differences between the samples were significantly 

attributed to the type of treatment performed, analysis was continued by summarising the 

total variance within the dataset to elucidate treatment-specific transcriptional patterns. 

Unsupervised compression of multiple data points following microarray hybridisation 

through Principal Component Analysis (PCA) demonstrated distinct clustering of the 

Figure 4-5 Sources of variation plot to assess the origin of variability in the experimental conditions 

considered in the microarray hybridisation. For both (A) BXD1425-EPN and (B) EPN1 sample batches, 

a higher signal-to-noise ratio was observed in treatment suggesting that the differences in expression 

levels were less likely to result randomly from extraneous errors. 



107 

different treatment groups of each cell line (Figure 4-6). For each treatment condition, the 

variances between the three independent repeats were presented, culminating in four 

separate groups representing BKM120 and vehicle treatment for both BXD1425-EPN and 

EPN1 cells. These results suggest that treatment of ependymoma cells with BKM120 

resulted in transcriptomic differences in relation to vehicle treated ependymoma cells. The 

lack of overlap between the drug treated and vehicle treated conditions with their 

corresponding counterparts in the other cell line might be due to intrinsic variability 

between the two cell lines used.  

 

4.2.3 Functional enrichment of differentially expressed genes (DEGs) in 

BKM120 treated ependymoma cells 

4.2.3.1 Biological enrichments in BXD-1425EPN and EPN1 cells in response to 

inhibition of the PI3K pathway  

 Processing of data following microarray hybridisation determined an expression 

level of each given probe per treatment condition in the individual cell line used. In order 

to determine significant DEGs between vehicle treated and drug treated groups in each 

cell line, one-way ANOVA with an unadjusted p< 0.05 was performed using Partek® 

Genomics Suite. A fold change of ±2 was also added as a threshold to filter out other 

genes from the final list of DEGs. Prior to this, it was found that adjusting the p-value to 

accommodate for false positives resulted in no significant genes for the BXD-1425EPN 

datasets hence disregarding this method during the analysis of the gene expression array 

data. Cell line-specific gene probe fold changes and their significance in treated cells 

relative to untreated cells are summarised on the volcano plot on Figure 4-7. The 

subsequent statistical analysis has generated a total of 366 and 790 significant 

Figure 4-6 PCA plot to summarise the variation between the treatment conditions in each cell line. Four 

different groups were identified signifying the cell line-specific differences in the expression profile for 

vehicle and drug treated samples.  
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differentially expressed gene probes (appendix 7 and 8) in BXD-1425EPN and EPN1 

cells, respectively.  

 

 The list of significant gene probes obtained in BXD-1425EPN and EPN1 cells 

were analysed using the GO functionality within Partek® Genomics Suite to identify 

enriched biological processes. Any processes with an enrichment score of >1 was 

considered significant. The analysis was performed at different levels so that the data was 

presented initially with the broadest GO terms and eventually branching out to more 

specific cellular functionalities. GO analysis of the 366 BXD-1425EPN-specific DEGs 

showed an enrichment for cell proliferation processes as well as those relating to growth 

and metabolism (Figure 4-8). Further scrutiny of cell proliferation processes manifested 

enrichment for mechanisms associated with regulation of cell cycle and division (Figure 

4-9) thus supporting previous data regarding the main cellular effects of PI3K pathway 

inhibition in ependymoma. Interestingly, it also highlighted enrichment for inner cell mass 

and neural precursor proliferation (Figure 4-10) which are commonly associated with CNS 

development arising from stem cell activity (Guillaume, Johnson et al. 2006). 

Furthermore, roles in synaptic plasticity and homeostatic processes were also enriched 

which would allude to potential mechanisms of CNS maintenance (Figure 4-11). 

Enrichment of GO terms for EPN1 DEGs also found those that govern cell division and 

proliferation were significantly enriched (Figure 4-12). Detailed analysis of these 

molecular events also determined processes that are potentially associated with CNS 

maturation and functioning as well as osteoblast proliferation, which is more ascribed to 

bone development (Figure 4-13). GO analysis of BXD1425-EPN and EPN1 DEGs also 

identified enrichment for response to an abiotic stimulus (external or environmental 

cues/insults), which is BKM120 treatment in this case (Figure 4-14). Detailed evaluation 

of responses to abiotic stimulus was only shown for EPN1 cells where identified 

processes included responses to radiation and DNA damage, which are common effects 

of cellular stress induced by abiotic stimuli (Figure 4-15).  
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Figure 4-7 Volcano plot graphically representing the fold changes and p-values of the different 

microarray gene probes in (A) BXD-1425EPN and (B) EPN1 cells following BKM120 treatment. Using 

the threshold of unadjusted p<0.05, ±2 fold change (one-way ANOVA), 366 and 790 significant 

differentially expressed probes were identified in BXD-1425EPN and EPN1 cells respectively, which 

were represented by the quadrants indicated by the arrows on the plot above.  
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Figure 4-8 Partek®-mediated gene enrichment analysis of BXD1425-EPN samples showed an overrepresentation of processes related to cell proliferation 

as well as cell growth and metabolism. The analysis showed the highest enrichment score that was achieved for this group of cellular processes where a 

score of more than 1 was considered a significant biological response to inhibition of the PI3K pathway.  
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Figure 4-9 Detailed analysis of the cell proliferation processes in BXD1425-EPN further identified sub-functions particularly cell cycle and cell division 

as induced by BKM120 treatments.   
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Table 4-2 Elucidation of genes associated in each biological enrichment that was significantly identified in BXD1425-EPN cells and their expression status following 

treatment with BKM120.   

Biological process  Total no of genes Upregulated genes   Downregulated genes  

Microtubule-based process 1 --- GTSE1 

Cell activation 1 PDGFRA --- 

Cell cycle process 1 --- PHGDH 

Cell aging 2 NOX4 CDK1 

Cytokinesis 8 --- 
AURKB, BIRC5, ESPL1, INCENP, KIF20A, 

KIF23, PLK1, PRC1 

Chromosome segregation 14 --- 

BIRC5, CASC5, CENPF, ESPL1, HJURP, 

INCEP, NDC80, NEK2, NUF2, SGOL1, 

SGOL2, SKA1, SKA3, SPC25 

Cell cycle 42 --- 

ASPM, AURKB, BORA, CCNF, CDC20, 

CDCA2, CDCA3, CDK1, CDKN3, CEP55, 

CHAF1B, CKS2, CLSPN, CBF4B, DLGAP5, 

FAM83D, FANCD2, FOXM1, GSG2, 

H2AFX, HJURP, KIF11, KIF20B, KIFC1, 

MKI67, NCAPG, NCAPG2, NCAPH, 

NDC80, NUSAP1, OIP5, PRC1, PSRC1, 

SKA3, SPAG5, SUV39H1, TICRR, 

TIMELESS, TPX2, UBE2C, UBE2S, ZWINT 
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Cell division 46 --- 

ASPM, BIRC5, BORA, BUB1, CASC5, 

CCNA2, CCNB1, CCNB2, CCNF, CDC20, 

CDC7, CDCA2, CDCA3, CDCA8, CDK1, 

CENPE, CENPF, CEP55, CKS2, FAM83D, 

KIF11, KIF20B, KIF2C, KIFC1, MAD2L1, 

NCAPG, NCAPG2, NCAPH, NDC80, NEK2, 

NUF2, NUSAP1, OIP5, PSRC1, SGOL1, 

SGOL2, SKA1, SKA3, SPAG5, SPC24, 

SPC25, TIMELESS, TPX2, UBE2C, UBE2S, 

ZWINT 
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Figure 4-10 Additional cell proliferation sub-functions identified by Partek® Genomics Suite in BKM120-treated BXD1425-EPN cells were stem cell-related 

functions necessary for CNS formation.  
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Figure 4-11 In conjunction with functions that relate to CNS formation, BKM120 treatment of BXD1425-EPN cells also enriched for processes 

that ensure maintenance and preservation of neurological activities.  
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Figure 4-12 BKM120 treatment of EPN1 cells also led to an overrepresentation of cell cycle-related functions, signifying the importance of the PI3K pathway 

in regulating cell proliferation in ependymoma.  
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Table 4-3 Elucidation of genes associated in each biological enrichment that was significantly identified in EPN1 cells and their expression status following treatment with 

BKM120. 

Biological process Total no of genes Upregulated genes Downregulated genes 

Cell aging 1 --- CDK1 

Microtubule-based process 3 --- GTSE1, TUBA1A, TUBA1B 

Cellular metabolic process 1 --- BLM 

Cell cycle process 1 --- PHGDH 

Cytokinesis 9 --- 
AURKB, BIRC5, ESPL1, INCENP, 

KIF20A, KIF23, PLK1, PRC1 

Chromosome segregation 20 --- 

NIRC5, BRCA1, CASC5, CENPF, 

CENPH, CENPO, DSN1, ESPL1, 

HJURP, INCENP, NDC80, NEK2, 

NUF2, PTTG1, SGOL1, SGOL2, 

SKA1, SKA3, SPC25, TOP2A 

Cell cycle 78 CHMP1B, GAS1 

ANLN, ASPM, AURKA, AURKB, 

BORA, BRCA1, BRCA2, BUB1B, 

CCNF, CDC20, CDCA2, CDCA3, 

CDCA5, CDK1, CDK2, CDKN3, 

CEP55, CHAF1A, CHAF1B, 

CKAP2, CKS1B, CKS2, CLSPN, 

DBF4B, DLGAP5, DSCC1, 

DTYMK, E2F8, ESCO2, FAM83D, 
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FANCD2, FANCI, FOXM1, GSG2, 

H2AFX, HAUS5, HAUS6, HAUS8, 

HELLS, HJURP, KIF11, KIF20B, 

KIFC1, LIN9, MCM2, MIS18A, 

MIS18BP1, MKI67, MTBP, NASP, 

NCAPD2, NCAPD3, NCAPG, 

NCAPG2, NCAPH, NDC80, 

NUSAP1, OIP5, PRC1, PSRC1, 

RACGAP1, SASS6, SKA3, SMC2, 

SMC4, SPAG5, SUV39H1, 

SUV39H2, TICRR, TIMELESS, 

TP73, TPX2, UBE2C, UBE2S, 

UHRF1, ZWINT 

Cell division 86 CHMP1B 

ASPM, AURKA, BIRC5, BORA, 

BUB1, BUB1B, CASC5, CCNA2, 

CCNB1, CCNB2, CCNE1, CCNE2, 

CCNF, CDC20, CDC25A, 

CDC25C, CDC6, CDC7, CDCA2, 

CDCA3, CDCA5, CDCA8, CDK1, 

CDK2, CENPE, CENPF, CENPH, 

CENPJ, CENPO, CEP55, CKS1B, 

CKS2, DSN1, ERCC6L, FAM83D, 
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FBXO5, HAUS5, HAUS6, HAUS8, 

HELLS, KIF11, KIF20B, KIF2C, 

KIFC1, KNTC1, LIG1, MAD2L1, 

MAPRE1, MASTL, MCM5, 

MIS18A, MIS18BP1, NCAPD2, 

NCAPD3, NCAPG, NCAPG2, 

NCAPH, NDC80, NDE1, NEK2, 

NUF2, NUSAP1, OIP5, PSRC1, 

PTTG1, SGOL1, SGOL2, SKA1, 

SKA3, SMC1A, SMC2, SMC4, 

SPAG5, SPC24, SPC25, 

TIMELESS, TPX2, TUBA1A, 

TUBA1B, UBE2C, UBE2S, 

ZWILCH, ZWINT 
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Figure 4-13 Similar to BXD1425-EPN cells, there was an enrichment for CNS stem cell activity in EPN1 cells which is mainly relevant during CNS 

maturation. Interestingly, BKM120 treatment of EPN1 cells also affected osteoblast-related proliferations which suggest neuronal-osteogenic cross talks 

for the latterôs differentiation and functioning.  
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Figure 4-14 Inhibition of the PI3K pathway in (A) BXD1425-EPN and (B) EPN1 cells induced appropriate 

cellular responses that attend to the effects of extensive exposure to an abiotic stimulus, which in this 

case was BKM120 treatment.  
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Figure 4-15 Detailed analysis of the response to abiotic stimulus to further elucidate any associated 

underlying biological processes was only available for the EPN1 dataset. The identified processes were 

mostly involved with reversing the effects of radiation and any impending DNA damage, implicating the 

role of the PI3K pathway in maintaining genomic integrity in ependymoma.  
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4.2.3.2 Biological enrichment analysis for common DEGs between BXD-

1425EPN and EPN1 cells  

 Individual GO analysis of BXD1425-EPN and EPN1 cells has identified several 

biological enrichments, especially cell cycle related functions in response to BKM120 

treatment. In order to pinpoint processes which were commonly affected by PI3K pathway 

inhibition in both BXD-1425EPN and EPN1 cells, overlapping genes from the individual 

DEG lists for each cell line were identified using Partek® Genomics Suite. A total of 202 

overlapping DEGs were found between the two tested cell lines (Figure 4-16). In order to 

assess whether this overlap was significant, a hypergeometric test was performed. This 

test assumes random sampling of genes from a known list of genes without replacement. 

The hypergeometric test factors in the number of genes in set A (n1) and set B (n2), the 

commonly shared genes between the two sets (m) and the full set of probes incorporated 

on the microarray (n). The test was performed using the online microarray analysis and 

other bioinformatics tools function available on nemates.org where this overlap in the 

significant DEGs between the two ependymoma cell lines was found to be significant 

(***p<0.001) therefore transcriptomic changes observed were likely to be shared effects 

of the BKM120 treatment. Enrichment analysis for the 202 common DEGs was performed 

using DAVID Bioinformatics Resources 6.8 (Huang da, Sherman et al. 2009). GO analysis 

of the 202 common DEGs through DAVID reflected earlier findings with more detailed 

functional annotations that were not disclosed by Partek® software analysis. Such 

functions covered several events that take place in the progression through the cell cycle 

including G1/S and G2/M transitions, DNA replication and dynamic cytoskeletal 

organisation (Table 4-4). Interestingly, the majority of the genes involved in regulating 

these processes were downregulated as a result of BKM120 treatment, implicating its 

principal role in controlling cell cycle in ependymoma. These findings also presented 

further evidence that suppression of the PI3K pathway in ependymoma cells only 

produced cytostatic effects as demonstrated by previous work in this project. 
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Figure 4-16 (A) Post-microarray hybridisation identified 790 and 366 gene probes, which were 

differentially expressed following BKM120 treatment relative to vehicle control in EPN1 and BXD-

1425EPN cells, respectively. 202 gene probes overlapped between the two cell lines signifying the 

commonly differentially expressed probes in response to BKM120-mediated PI3K inhibition. Out of the 

202 overlapping gene probes, (B) 34 gene probes were upregulated (FC Ó2) while (C) 168 gene probes 

were downregulated (FC Ò2).  
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Table 4-4. Top biological processes regulated by the 202 overlapping genes in BKM120-treated BXD1425-EPN and EPN1 cells, as identified by DAVID Bioinfomatics 

Resources. The p-values shown were corrected for multiple testing. Genes associated per GO Term are outlined in appendix 10. 

GO Term Upregulated genes Downregulated genes Total no. of genes P-value (Benjamini) 

Cell division 0 46 46 1 x 10-36 

Sister chromatid cohesion 0 22 22 1.7 x 10-20 

Chromosome segregation 1 16 17 1.7 x 10-16 

Microtubule-based movement 0 12 12 1.5 x 10-8 

DNA replication 0 13 13 1.2 x 10-6 

G2/M transition of mitotic cell cycle 0 12 12 2.8 x 10-6 

Cell proliferation 1 16 17 1.1 x 10-5 

Spindle organisation 0 6 6 1.2 x 10-5 

DNA repair 0 13 13 7.1 x 10-5 

G1/S transition of mitotic cell cycle 0 9 9 1.5 x 10-4 

Cytokinesis 0 7 7 1.6 x 10-4 

DNA replication initiation 0 5 5 3.7 x 10-3 

Double-strand break repair via break-

induced replication 

0 3 3 1.4 x 10-2 

Cerebral cortex development 0 5 5 2.3 x 10-2 

DNA biosynthetic process 0 4 4 2.4 x 10-2 

Protein localisation to kinetochore 0 3 3 4.4 x 10-2 
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4.2.3.3 GO analysis of upregulated genes resulting from PI3K pathway 

inhibition 

A small subset of the 202 common DEGs elucidated in both BXD-1425 and EPN1 

cells showed upregulation following BKM120-mediated inhibition of the PI3K pathway. A 

total of 25 genes were upregulated (FC Ó2, p<0.05) in response to BKM120 treatment 

(Table 4-5). When these were analysed using DAVID, the GO terms identified were 

predominantly related to regulation of PI3K signalling, chromatin remodelling and 

regulation of DNA binding prior to transcription. However, the corrected p-values for these 

findings were found to be non-significant (p>0.05). To address the matter regarding a 

smaller gene list being considered for GO analysis, the Gene Ontology Enrichment 

Analysis and Visualisation Tool (GOrilla) (Eden, Navon et al. 2009b) was used. The 

positively regulated DEGs were compared against the full microarray background gene 

list in order to characterise the molecular involvement of this gene set within the vast 

system of higher-level processes that are typically active within the species (i.e. Homo 

sapiens) the analysis was based on. Enrichment for molecular functions of these genes 

showed these to be key contributors to several cellular pathways, whose activity may 

potentially be affected by the inhibition of the PI3K pathway in ependymoma (Table 4-6). 

One implicated signalling cascade was the MAPK pathway, another survival signalling 

pathway involved in tumourigenesis (Bradham, McClay 2006, Dhillon, Hagan et al. 2007). 

Two of the genes associated were PDGFRA (encoding for the platelet-derived growth 

factor receptor alpha) and NEK10 (encoding for a Ser/Thr kinase that also participates in 

cell cycle regulation). Interestingly, some of these upregulated genes are also involved in 

the positive regulation of the PI3K pathway including IRS2, an adaptor protein encoding 

gene for the recruitment of pathway components, which could interact with the PI3K 

enzyme to activate it. Three microRNAs: MIR221, MIR222, MIR21, could target PTEN 

transcripts for degradation (Pezzolesi, Platzer et al. 2008, Garofalo, Quintavalle et al. 

2012) which eliminates the negative regulation of PI3K pathway thus enhancing its 

signalling. Based on these results, the use of MAPK pathway inhibitors and RTK-specific 

agents in conjunction with PI3K pathway inhibition could be proposed as a potential 

treatment approach for ependymoma. However, supplementary functional experiments 

are required in order to verify whether these functions identified in the analyses truly 

represent cellular events post-PI3K pathway inhibition in ependymoma.  
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Table 4-5. List of genes commonly upregulated in BXD1425-EPN and EPN1 following inhibition of 

the PI3K pathway. Gene functions were characterised using GeneCards® Human Gene Database.  

Gene P-value Function 

KLHL24 0.000278137 - component of the E3 ubiquitin ligase complex, 

serves as substrate receptor. 

NEK10 0.000462696 - confers a transferase activity, particularly 

phosphorylation events 

SLC16A6 0.00241123 - involved in transmembrane transportation of 

monocarboxylate compounds 

FBXO32 0.00168214 - F-box containing protein that participates in 

protein-protein interaction, leading to 

ubiquitination of targets. 

SPRY2 0.00635531 - mediates negative feedback during the 

signalling of many RTKs 

SAT1 0.0000698 - possesses an acetyltransferase activity which is 

necessary for maintenance of cellular polyamine 

levels 

TMEM198B 0.000158854 - a pseudogene that encodes for a 

transmembrane protein which has a putative role 

in Wnt signalling 

MIR21 0.0198514 - a microRNA-encoding gene known to have 

oncogenic effects by knocking down 

phosphatases that negatively regulate survival 

pathways including the PI3K pathway 

CREBRF 0.000167935 - confers a DNA binding function which regulates 

transcription especially that of CREB3 in 

response to unfolded proteins in the cellôs 

endoplastic reticulum 

TCP11L2 0.00171849 - function unknown; paralogous to TCP11L1 

associated with a disease called Unilateral or 

Bilateral Cryptorchidism 

PDGFRA 0.00210782 - belongs to the platelet-derived growth factor 

receptor family that instigates several cellular 

pathways including the PI3K pathway upon 

activation 

DTWD1 0.016678 - function unknown 
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MIR222 0.0115479 - a microRNA-encoding gene associated with 

epithelial tumours; increases cell proliferation and 

inhibits apoptosis 

SLC35E2 0.0000457 - encodes for a solute carrier and involved in 

transport of undisclosed cellular material 

AKAP12 0.0423462 - regulates Protein Kinase A (PKA) activity, 

signalling and localisation  

IRS2 0.00136869 - encodes for the insulin receptor substrate 2 that 

mediates recruitment of downstream effectors of 

insulin or insulin-like growth factor signalling in 

particular. 

JMY 0.0000503 - potentiates p53-mediated processes such as 

apoptosis when translocated in the nucleus; 

involved in actin dynamics when localised in the 

cytoplasm 

MIR635 0.0134862 - a microRNA encoding gene with documented 

tumour suppressive properties 

SNORD116-5 0.0364146 - a small nucleolar RNA that is non-coding whose 

downregulation has shown links with Prader-Willi 

Syndrome 

HDAC5 0.00544163 - a histone deacetylase that promotes 

heterochromatinisation and gene expression 

silencing. 

CTHRC1 0.0189626 - modulates collagen deposition particularly 

during vascularisation  

MIR221 0.0113575 - a microRNA-encoding gene with oncogenic 

properties; works in conjunction with MIR222 

INO80B 0.00552233 - involved in chromatin remodelling which 

consequently affects processes such as 

transcription and DNA replication 

SNORD90 0.0459707 - encodes for non-coding RNA molecule; function 

is yet to be elucidated 

SLC4A7 0.00219481 - transports sodium and bicarbonate ions across 

the cell membrane to regulate visual and auditory 

sensory transmissions 
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Table 4-6. Enrichment of positively regulated genes in ependymoma for biological functions following 

inhibition of the PI3K pathway using GOrilla programme.  

GO Term FDR q-value Enrichment 

Score 

Genes 

Positive regulation 

of AKT signalling 

1.18 x 10-4 37.74 MIR221, MIR222, 

IRS2, MIR21, SPRY2, 

PDGFRA 

Negative regulation 

of angiogenesis 

1.51 x 10-3 31.66 MIR221 MIR222, 

MIR21, SPRY2, 

HDAC5 

Regulation of ERK1 

and ERK2 cascade 

1.24 x 10-4 19.37 NEK10, MIR221, 

MIR222, MIR21, 

SPRY2, PDGFRA 

Regulation of cell 

migration 

6.01 x 10-3 8.23 MIR221, MIR222, 

IRS2, MIR21, SPRY2, 

HDAC5, PDGFRA 

 

4.2.4 Transcription factors involved in the regulation of DEGs in BKM120 

treated ependymoma cells 

 Characterisation of the transcriptional machinery that regulates the expression of 

the 202 common DEGs further characterises how PI3K pathway-related biological 

responses were stimulated in ependymoma. Gene Set Enrichment Analysis (GSEA) 

(Subramanian, A., Tamayo et al. 2005) was used to identify transcription factors that 

regulate the expression of these genes through computation of shared upstream cis-

regulatory sequences. The top 10, out of the 31, most significant transcription factors are 

listed in Table 4-7. One of the identified transcription factors on this analysis was E2F1, 

a known regulator of the cell cycle whose target genes include those involved in the G1/S 

transition of the cell cycle. In order to visualise the interaction between the 202 common 

DEGs, a genetic map was produced using STRING v10.5 and Cytoscape v3.6.1. TFe and 

ENCODE RegIns were employed to add onto the network various transcription factors 

associated with regulating these genes. Analysis of óneighbouringô targets has identified 

13 genes transcriptionally regulated by E2F1 including CDK1, CENPL and DBF4 (Figure 

4-17) whose expression profiles were also reduced and involvement were implicated in 

various cell cycle processes (see appendix 9). These findings suggest that PI3K pathway 

inhibition may decrease E2F1 transcriptional activity in ependymoma leading to 

downregulation of cell cycle genes and consequently promoting cell cycle arrest. 

Interestingly, the Cytoscape interaction map also found two more members of the E2F 
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family of transcription factors, E2F4 and E2F6, which were not identified in the GSEA 

analysis. Both transcription factors were shown to be involved in controlling a subset of 

the ependymoma DEGs. Selection of neighbouring targets for E2F4 identified 64 genes 

whereas E2F6 interacted with 6 genes (Figure 4-18), most of which were implicated in 

cell cycle progression and division. These analyses suggest a multi-faceted regulation of 

cell cycle genes in ependymoma involving several members of the E2F family.  
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Table 4-7. Analysis of upstream cis-regulatory sequences using Gene Set Enrichment Analysis (GSEA) in 

the 202 DEGs identified significantly associated transcription factors involved in the regulation of these 

genes. (Key **:- refers to redundancy in description of a similar transcription factor outlined prior to). 

Gene Set Enrichment 

for transcriptional 

regulation 

P-value 

(Benjamini) 

Other description 

GATTGY_NFY_Q6_01 1.01 x 10-19 Nuclear transcription factor Y binds to the highly 

conserved M5 GATTGGY motif (CCAAT box); 

cell cycle regulator with potential implications in 

various human diseases (Ly, Yoshida et al. 

2013). 

KRCTCNNNNMANAGC_ 

UNKNOWN 

1.30 x 10-11 Binds to the highly conserved M120 

KRCTCNNNNMANAGC motif, usually located 

around the geneôs transcription start site; no 

known class of transcription factors associated.  

E2F1_Q3 2.91 x 10-7 Belongs to the class of Fork head/winged helix 

transcription factors; binds to the consensus 

motif of TTTXXCGC (X could be G or C) 

(Slansky, Farnham 1996).  

NFY_Q6 4.6 x 10-7 ** 

E2F1_Q6 1.53 x 10-6 ** 

E2F_Q3 9.38 x 10-6 ** 

E2F_Q6 9.38 x 10-6 ** 

E2F_Q4 9.38 x 10-6 ** 

E2F1DP1_01 9.38 x 10-6 Belongs to the DP family of proteins; forms 

heterodimers with E2F1 (Rabinovich, Jin et al. 

2008). 

E2F1DP2_01 9.38 x 10-6 ** 
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Figure 4-17 Interaction map of the 202 elucidated ependymoma DEGs (indicated by the red circles) alongside the various transcription factors that regulate these 

as extracted from TFe and ENCODE RegIns (indicated by the green squares and pink circles) was produced using STRING and Cytoscape. From this, analysis 

of óneighbouringô targets of E2F1 (yellow square) has identified 13 genes (yellow circles) which were then clustered and highlighted in a circular layout on the 

map. These genes, which were also listed above, showed a reduction in expression and were enriched for cell cycle functions thus supporting cell cycle arrest as 

a cellular response to BKM120 treatment.  






































































































































































































































































































































