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Abstract 

Introduction: Medulloblastoma (MB), the most common paediatric malignant brain 

tumour, is a heterogeneous disease consisting of several molecular sub-types with distinct 

clinical outcomes.  Current risk stratification strategies divide patients into average-risk or 

high-risk treatment groups, which often fail to accurately account for the heterogeneity and 

consequent prognostic variability within the disease.  Although overall survival rates for 

average-risk MB have recently improved, the outcome for high-risk patients remains poor.  

Additionally, the long term consequences of current treatment protocols remain significant.  

The development of less invasive targeted therapies for MB is hampered by an incomplete 

understanding of the pathogenesis of MB.   Recent array-based genomic and transcriptomic 

analyses have contributed to an improved sub-classification of MB, identifying distinct 

molecular sub-types of MB defined by specific gene expression signatures and related 

clinical features.  Identification of sub-type specific gene expression signatures may 

ultimately improve risk stratification strategies, contributing to a greater understanding of 

MB tumourigenesis and the development of more sub-type specific models of disease.  

Importantly, the identification of several molecular sub-types of MB suggests that each 

may arise from a distinct cell of origin.  Indeed, murine and human studies have implicated 

CD133+ neural stem cells (NSCs) as candidate cells of origin for at least some sub-types of 

MB.  However, the link between deregulated NSC growth and MB pathogenesis has not 

been formally proven, and the molecular mechanisms underlying the transformation of 

NSCs are poorly understood.  Several research groups have investigated microRNA 

(miRNA) expression in MB relative to normal human adult and/or foetal cerebellum, which 

represent heterogeneous tissues at different developmental stages.  The comparison of 

miRNA expression profiles of MB to candidate cell of origin, CD133+ NSCs, may identify 

miRNAs involved in the transformation of normal NSCs to brain tumour stem cells 

(BTSCs) or MB initiating cells.  Furthermore, the integration of these data with mRNA 

expression data may further elucidate the role of miRNA-regulated pathways in MB 

pathogenesis. 

Methods and Results:  Expression profiling of 662 miRNAs in primary MB specimens, 

MB cell lines and human CD133+ NSCs and CD133- neural progenitor cells (NPCs) was 
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performed by qRT-PCR.  Approximately 65% and 85% of all miRNAs analysed were up-

regulated in primary MB specimens relative to CD133+ NSCs and CD133- NPCs, 

respectively (p<0.01).  Hierarchical clustering and principal component analysis indicated 

two sub-groups of primary MB specimens, reminiscent of sub-types obtained from their 

mRNA profiles.  Statistical analyses of miRNA expression levels in primary MB specimens 

and cell lines identified a miRNA signature characteristic of tumours with a neuronal 

differentiation signature, with differentially expressed miRNAs mapped to chromosomal 

regions 14q32 and Xq26.2.  Statistically significant differentially expressed miRNAs in 

primary MB specimens were integrated with mRNA expression data from the same 

specimens using microRNA and mRNA integrated analysis (MMIA).  Enrichment of 

candidate miRNA-regulated target genes identified pathways characteristic of aberrant 

neuronal developmental signalling, including cell migration and neuronal differentiation.  

Novel target genes of a significantly down-regulated miRNA, miR-935, were validated in 

MB cell lines, confirming the robustness of miRNA-mRNA predictions identified by the 

integration of miRNA and mRNA expression data.   

Conclusions: miRNA expression profiling was capable of classifying primary MB 

specimens into different tumour sub-groups, with differentially expressed miRNAs and 

miRNA-regulated networks identified in the primary MB cohort reminiscent of tumours 

characterised by neuronal differentiation and mixed photoreceptor/neuronal differentiation 

gene signatures.  Combined, this highlights the utility of miRNAs in integrative genomic 

approaches to further refine and stratify molecular sub-types of MB.  Furthermore, the 

identification of deregulated miRNAs and miRNA-mediated networks of gene expression 

in MB relative to putative cell of origin, CD133+ NSCs, contributes to a greater 

understanding of MB tumourigenesis, identifying underlying molecular mechanisms that 

may be potentially involved in the transformation of normal NSCs and ultimate progression 

to MB. 
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Chapter 1  

Literature Review 

1.1 Embryonal tumours of the central nervous system (CNS) 

Brain tumours are the most common solid neoplasm in children, with an incidence of 4 

cases per 100 000 children diagnosed at age 5 or less and approximately 2-3 cases per 100 

000 children diagnosed 6 years or older [1, 2].  Embryonal tumours (ET) of the CNS are the 

most common group of paediatric brain tumours, comprising 25% of all cases [3].  The 

classification of ETs remains controversial and is constantly being refined as the molecular 

pathogenesis of this group of tumours gradually becomes clearer.  In this thesis, the most 

recent WHO nomenclature for the classification of ETs will be followed [4].  Accordingly, 

ETs are comprised of three distinct types: (i) Medulloblastoma (ii) central nervous system-

primitive neuroectodermal tumours (CNS-PNETs) (formerly supratentorial PNETs 

SPNETS [5]) and (iii) atypical teratoid/ rhabdoid tumours (AT/RTs) [4].  Pineoblastoma, a 

rare paediatric brain tumour was previously included within the CNS-PNET classification, 

however this group is now classed with other tumours of the pineal gland.   

 

1.1.1 Medulloblastoma 

Medulloblastoma (MB) is the most common ET, accounting for approximately 18% of all 

paediatric intracranial tumours [6], and is the most frequent malignant brain tumour in 

children, with an annual incidence rate of 0.5 cases per 100 000 individuals under the age 

of 15 [7, 8].  Five sub-types of MB are recognised by the WHO on the basis of 

histopathology: classic, desmoplastic, nodular, anaplastic and large cell anaplastic (LCA) 

[4].  However, the relatively poor prognostic value of MB histology has long suggested a 

complex underlying molecular heterogeneity governing MB pathogenesis.  As alluded to 

for ETs in general, further elucidation of the molecular complexity of MBs will provide a 
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more refined classification scheme for this group of tumours leading ultimately to improved 

treatment options and prognosis.    

 

1.1.1.1 Age and gender distribution of MB patients 

The embryonal origin of MB is evident from its high incidence in children, with 80% of 

cases occurring in individuals under 15 years of age [5, 9-11].  The peak incidence of MB 

is between 4 and 7 years of age, with 10% of cases diagnosed within the first year of life 

[12, 13].  MB is less frequent in adults, accounting for only 1% of all intracranial 

neoplasms [14, 15], and 80% of these are diagnosed in late adolescence or early adulthood, 

and rarely beyond 40 years of age [14, 16].  Several studies have highlighted the distinction 

between adult and paediatric MB on the basis of tumour differentiation characteristics, 

pathological features and response to therapy [17-20].  Additionally, recent gene expression 

studies indicated that the transcriptomes of adult and paediatric MB are distinct [21-23].  In 

children, several reports have identified an increased prevalence (2:1) of MB in males 

compared to females [24-26] and this male tendency is also apparent in adult MB [16].  

 

1.1.1.2 Clinical features and presentation 

The clinical history for patients presenting with MB is typically brief, with most 

experiencing symptoms of the tumour for less than three months prior to diagnosis [10, 27, 

28].  This is largely thought to be due to the highly aggressive and rapidly progressive 

nature of MB. 

 

Classical presenting signs of MB include symptoms indicative of the abnormal 

accumulation of cerebrospinal fluid in the ventricles of the brain, known as hydrocephalus, 

or the obstruction of cerebrospinal fluid (CSF) flow.  Intracranial hypertension is typically 

secondary to the obstruction of CSF flow, resulting in headaches and persistent vomiting 

[8, 29].  Additionally, increased intracranial pressure (ICP) may result in papilloedema, 

whereby swelling of the optic disc results in visual disturbances, such as blurred vision 

[30].   Other clinical signs of MB include those indicative of cerebellar dysfunction, 
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including both gait disturbances and truncal ataxia.  Truncal ataxia is commonly identified 

as an inability to stand or sit unsupported and is reported to become progressively worse 

with the growth of the tumour [2, 30].  In the later stages of MB, worsening clinical signs 

and symptoms relating to the spread of the tumour through CSF pathways may become 

apparent.     

 

1.1.1.3 Treatment and prognosis 

Treatment of individuals diagnosed with MB is guided by the stratification of patients into 

“average-risk” or “high-risk” groups.  This process is determined by a number of clinical 

parameters or prognostic criteria, including the presence of metastatic disease and the 

extent of surgical resection [31, 32], allowing risk-adapted individual treatment strategies.  

“Average-risk” patients are defined as patients who are older than three years of age, have 

less than 1.5cm2 of residual disease after resection and are without metastatic disease [12, 

33].  “High-risk patients”, on the other hand, are younger than three years of age at 

diagnosis, and/or have greater than 1.5cm2 of residual tumour post-surgery and/or have 

metastatic disease as identified by either neuroimaging or CSF sampling [12, 33].     

 

Standard treatment for MB consists of a multi-modal approach involving maximal surgical 

resection followed by local and craniospinal radiation therapy and adjuvant chemotherapy 

during and after radiotherapy [12, 31].  Recent improvements to this strategy have led to a 

better prognosis for MB patients, with current five year progression free survival (PFS) 

rates of 50-80% [12, 34].  Radiation therapy remains the single most effective postoperative 

treatment option for children with MB [28, 35, 36].  Conventional treatment protocols 

consist of a total dose of 54 gray (Gy) to the primary tumour site in addition to 36 Gy to the 

craniospinal axis [28, 37], with various studies reporting a 55-70% five year PFS for 

children using such doses (as reviewed by [34]).  A significant improvement in survival 

was also noted in several trials performed by the Children’s Cancer Group (CCG) and the 

Paediatrics Oncology Group (POG) that involved craniospinal radiation therapy (csRT) for 

the prophylactic treatment of metastasis [38, 39].  However, a major limitation of radiation 

therapy is the well-recognised damaging neurocognitive and neuroendocrine effects that 
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result from irradiation to the developing neuraxis.  Several studies conducted by the 

International Society of Paediatric Oncology (SIOP), the CCG, and the POG investigated 

the effectiveness of post-radiation adjuvant chemotherapy in combination with reduced 

doses of craniospinal irradiation (as reviewed by [13]).  Findings from one study indicated 

that use of adjuvant chemotherapy with lomustine, vincristine and cisplatin together with 

reduced-dose craniospinal irradiation produced greater than 85% five-year PFS in children 

with non-metastatic MB [37].  Based on these results, treatment for children with “average-

risk” MB following surgical resection was modified to consist of reduced-dose craniospinal 

irradiation of 23.4 Gy followed by a localised boost to the posterior fossa up to a total dose 

55.8 Gy, combined with adjuvant chemotherapy during and after radiation.  Treatment for 

“high-risk” patients post-resection typically consists of more aggressive chemotherapeutic 

regimes, in addition to pre-and post-radiation therapy without reduced-dose craniospinal 

irradiation [12, 40].  Five-year PFS rates for patients with “high-risk” MB treated with 

these protocols approach 60%, however significant improvement was not observed for 

children with advanced metastatic disease at diagnosis [40].  An alternative treatment 

option for young children or infants diagnosed with MB involves the combination of high 

dose chemotherapy (HDCT) with autologous stem cell rescue (ASCR), an approach that 

has increased four-year PFS for “high-risk” patients and patients with metastatic disease to 

72% and 68%, respectively [41].  These results suggest that HDCT with ASCR represents a 

promising treatment option for MB patients, particularly those with metastatic disease. 

 

Despite these advances, paediatric brain tumours continue to be a therapeutic challenge, 

and survival rates have reached a plateau.  Successful treatment of individuals diagnosed 

with ETs is hampered by two clear limitations.  Firstly, the current risk stratification of 

patients is imprecise because definitive prognostic markers for accurate disease risk 

assessment, and the application of risk-adapted therapies, have not yet been developed [42].  

While recent advances in therapy are in part responsible for five-year PFS rates for 

“average-risk” patients improving to 80%, these have done little to address the poor PFS of 

individuals in the “high-risk” category [43].  Secondly, the long-term side-effects of 

therapy are well documented and wide-ranging, including intellectual impairment, 

endocrine deficits and learning and psychosocial difficulties [28].  Given the aggressive and 
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invasive nature of current therapeutic approaches, it remains unlikely that these side-effects 

will be reduced by further adaptations to current treatment protocols.  Clearly, more 

effective treatment strategies with treatment-related sequelae must be developed to improve 

the prognosis of individuals diagnosed with ETs.   

 

Presently, much research is focused upon obtaining a greater understanding of the 

molecular processes governing the initiation and progression of ETs, with the ultimate aim 

of identifying novel prognostic markers or molecular targets for therapy.  A number of 

cellular pathways crucial to normal CNS development are deregulated in embryonal 

tumourigenesis [44-48].  As the significance of these deregulated pathways becomes 

clearer, it is anticipated that the combination of clinical and molecular prognostic markers 

will permit more accurate disease risk assessment, in addition to aiding the design of more 

effective, targeted treatment strategies.      

 

1.2 The molecular pathogenesis of MB 

The molecular biology of MB is still not well understood, despite significant progress in 

our understanding in the last five to ten years.  Numerous cytogenetic and gene expression 

profiling studies have reported a broad array of genetic and molecular alterations, 

highlighting its heterogeneous nature.  Historically, investigation into familial cancer 

syndromes that predispose to the development of MB suggested a role for aberrant 

developmental signalling pathways, such as Sonic Hedgehog (SHH) and wingless (WNT), 

in MB pathogenesis.  Gorlin syndrome is caused by germline mutations affecting SHH 

pathway components, Patched (PTCH) and/or Suppressor of fused (SUFU), which 

predispose patients to cancers such as MB [49-51].  Similarly, Turcot syndrome patients 

possess an elevated risk of MB due to an inherited defect in the Adenomatous polyposis coli 

(APC) gene in the WNT pathway [52].  These rare familial cancer syndromes pointed to the 

importance of SHH and WNT signalling in MB pathogenesis, consistent with the critical 

role of these developmental pathways in the regulation of normal neural stem cell (NSC) 

and progenitor cell proliferation in the cerebellum (reviewed in [53]). 
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More recently, pivotal research using large-scale integrative genomic analyses of relatively 

large MB cohorts, combining genetic, molecular and clinical data identified at least four 

distinct MB sub-types [54-57].  Importantly, two sub-types of MB were unequivocally 

associated with aberrant expression of various components of the SHH and WNT signalling 

pathways, clearly implicating deregulated developmental pathways in the pathogenesis of 

sporadic disease.   

 

1.2.1 Aberrant embryonic developmental signalling in MB  

1.2.1.1 The Sonic Hedgehog signalling pathway 

SHH signalling plays an important role in normal cerebellar development, regulating the 

proliferation of granule neuronal progenitor cells (GNPCs) in the external germinal layer 

(EGL) [58, 59].  During embryonic development, GNPCs from within the rhombic lip 

migrate across the surface of the cerebellar anlage to form the EGL [60-62].  Purkinje cells 

residing below the EGL secrete the pathway activating ligand, SHH, which binds to PTCH 

receptors on the surface of GNPCs driving the proliferation and expansion of this cell 

population [58, 63, 64].  Binding of SHH to PTCH initiates the dissociation of the 

transmembrane receptor smoothened (SMO), resulting in the activation of glioma 

associated (GLI) transcription factors that translocate to the nucleus and activate 

downstream gene expression.  In an inactive state, GLI transcription factors are bound and 

localised to the cytoplasm by SUFU, which functions as a negative regulator of the SHH 

pathway [65].  In addition to GNPCs, the SHH pathway has been shown to regulate self-

renewal and proliferation of NSCs in the subventricular zone (SVZ) and the subgranular 

zone (SGZ) during late embryonic development and early postnatal life [66, 67].  Although 

far less is known about the precise mechanisms by which this pathway regulates the NSC 

niche, the complex interplay between SHH signalling and the microenvironment observed 

in SHH-driven tumours (reviewed in [68]) highlights the critical importance of niche 

interactions in MB pathogenesis, and indeed the pathogenesis of BTs in general [69].   
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1.2.1.2 The Wingless (WNT) signalling pathway 

The WNT signalling pathway plays a pivotal role in mammalian embryonic development, 

regulating various processes including tissue expansion, differentiation and patterning of 

the nervous system (reviewed in [70, 71]).  More specifically, WNT signalling regulates the 

proliferation of NSC and precursor cells in the foetal ventricular zone (VZ) and postnatal 

SVZ and hippocampus [72-77].  Activation of canonical WNT signalling is initiated by the 

binding of WNT signalling proteins to frizzled (FZD) receptors on the surface of cells, 

disrupting the protein complex containing APC, axin and glycogen synthase kinase 3 beta 

(GSK3β) and initiating the release and accumulation of beta catenin 1 (CTNNβ1) in the cell 

cytoplasm [78].  CTNNβ1 then translocates to the nucleus to activate transcription of target 

genes including cyclins (CCN), MYC and others [79-81].  In the absence of WNT ligand 

binding, the APC/axin/GSK3β protein complex targets CTNNβ1 for phosphorylation and 

subsequent degradation, thereby inhibiting pathway activation.   

 

1.2.2 Molecular classification of MB into sub-types  

Advancement in genome-wide molecular profiling technologies including sequencing and 

microarray platforms has led to significant developments in the molecular classification of 

MB.  Using these technologies, tumours with common gene expression signatures were 

investigated for links to deregulated pathways or groups of genes that may assist in further 

understanding the clinical behaviour of tumours and the consequent prognostic outlook for 

patients.  Indeed, early microarray studies identified deregulated pathways characteristic of 

the development of metastases [82], in addition to distinguishing histological variants of 

MB on the basis of gene expression signatures [83].  More recently, comprehensive 

analyses of gene expression profiles and genomic data have contributed to the improved 

sub-classification of MB, incorporating clinical behaviour and tumour histology to define at 

least four distinct molecular sub-types (Figure 1.1) [54-57].   
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1.2.2.1 WNT-activated MB (sub-type A)  

A role for WNT signalling in human MB is well established, and oncogenic activation of 

the pathway is observed in approximately 10-15% of all human MB [84]. Constitutive 

WNT pathway activation may arise from loss of function mutations in inhibitory pathway 

components APC or AXIN, or the over-expression of CTNNβ1 or other activators of the 

pathway such as the WNT ligands.  Activating mutations in CTNNβ1 resulting in the 

aberrant activation of WNT signalling have been identified in 5-10% of sporadic human 

MB [85, 86], with a similar incidence of inactivating mutations reported for APC and AXIN 

[46, 87].  Transcriptional profiling of mRNAs in human MB identified a subset of tumours 

(sub-type A) characterised by over-expression of various components of the WNT 

signalling pathway, in addition to mutations in the WNT pathway activator CTNNβ1 [55].  

The sub-type A WNT-activated tumours described by Kool and co-workers [55] 

correspond to the WNT-activated sub-type of tumours described by others [54, 56, 57, 88].  

In addition to hyperactive WNT signalling, tumours of this sub-type also display over-

expression of transforming growth factor-β (TGFβ), NOTCH and platelet-derived growth 

factor (PDGF) pathway components [55, 56].  Cytogenetic analyses identified a strong 

correlation between monosomy chromosome 6 and tumours with a WNT-signature [54-57, 

88], with integrative gene expression and comparative genomic hybridisation (CGH) data 

indicating reduced expression of genes mapping to this chromosome [54-56].  This 

suggests that the inactivation of genes on chromosome 6 and WNT pathway activation may 

cooperate directly in promoting MB development.  Clinically, 75% of WNT-driven 

tumours are of classic histology and patients are typically devoid of metastases at 

presentation [54-57], consistent with previous reports specifying a favourable prognosis for 

those diagnosed with this tumour sub-type [41, 89].    

 

Evidence from mouse models of disrupted WNT signalling has further implicated aberrant 

activation of the WNT pathway in MB pathogenesis.  Ctnnβ1-activating mutations in 

progenitor cells of the mouse hindbrain resulted in the abnormal accumulation of progenitor 

cells, including aberrantly proliferating Zic1-expressing cells, in the embryonic dorsal 

brainstem [90].  These lesions persisted in adult mice resulting in the formation of tumours 

localised specifically to the dorsal brainstem.  Mouse models of disrupted WNT signalling 
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1.2.2.2 SHH-activated MB (sub-type B) 

Deregulated SHH signalling has been identified in approximately 25-30% of MB, 

implicating a role for this pathway in MB pathogenesis [91-93].  Aberrant activation of the 

SHH pathway may result from reduced activity of PTCH and/or SUFU in addition to the 

over-expression of either SHH, SMO or GLI transcription factors [94].  Molecular analysis 

of sporadic human MB samples with constitutive SHH signalling identified mutations in 

multiple pathway components [45, 95-99].  Approximately 15% of sporadic human MB 

carry PTCH mutations [45, 95, 96], and while mutations in SUFU and SMO have also been 

identified, they are observed far less frequently [97-99].  Transcriptional profiling of 

mRNAs in human MB provided additional support for the role of SHH pathway activation 

in MB [54-57, 83].  Multiple components of the SHH pathway were deregulated in a subset 

of tumours (sub-type B), including the over-expression of several genes of the SHH 

pathway including PTCH1, GLI1 and GLI2, in addition to various downstream targets such 

as Secreted frizzled-related protein 1 (SFRP1) and B-cell lymphoma 2 (BCL2) [55].  SHH-

driven tumours of molecular sub-type B described by Kool and co-workers [55] correspond 

to MB with SHH pathway activation described by others [54, 56, 57, 83].  Mutations in 

PTCH1, previously demonstrated to drive SHH signalling in MB [45, 95, 96], are observed 

exclusively in tumours of this sub-type [54, 55].  In addition to SHH signalling, over-

expression of TGFβ, NOTCH and PDGF pathway components is observed for tumours of 

this cluster [55, 56].  Cytogenetic studies suggest frequent loss of chromosome 9q 

sequences in this MB sub-type, with concomitant down-regulation of genes mapping to this 

region [55-57].  Mutations in the SHH and WNT pathways appear to give rise to distinct 

types of MB, with SHH- and WNT-activated human MB generally displaying distinct 

morphology and clinical characteristics. Whilst WNT-activated tumours appear to be 

largely of the classic phenotype and diagnosed in older children, tumours of the SHH sub-

type are frequently diagnosed in young children and are largely of desmoplastic histology 

[54-57, 100].  However, a small proportion of SHH-activated tumours diagnosed in older 

children (>7 years of age) exhibit a LCA histology [55-57], indicating that SHH-driven MB 

are not strictly of desmoplastic histology.  Once again, this highlights the fact that the 

stratification of patients on the basis of tumour histology alone may not accurately reflect 

the underlying biology. 
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Several transgenic mouse models of constitutive SHH signalling further implicated aberrant 

activation of the SHH pathway in MB pathogenesis.  For example, germline heterozygous 

deletion of Ptch (murine ortholog of PTCH) resulted in MB development [44, 101], with 

the gene expression signatures of the mouse tumours being similar to those of human 

PTCH mutant tumours [54-57, 83].  Evidence from mouse models of disrupted SHH 

signalling further highlighted the distinction between SHH- and WNT-activated MB, 

consistent with these pathways driving the development of different sub-types.  Additional 

studies confirmed that the loss of Ptch function in Ptch heterozygous mice resulted in 

expansion of GNPC-like cells within the EGL [102, 103], suggesting that the development 

of MB is associated with the abnormal expansion of these cells.  Furthermore, the 

conditional inactivation of Ptch in GNPCs or activation of Smo in GNPCs and NSCs gave 

rise to MB [104, 105], indicating that constitutive SHH signalling in cerebellar cells may 

drive MB development.  These findings are in contrast to mouse models of disrupted WNT 

signalling, where tumours were localised specifically to the dorsal brainstem [90].  

Treatment of Ptch+/-p53-/- mice with a Smo inhibitor, HhAntag-691, led to the eradication 

of tumours and prolonged tumour-free survival [106, 107].  In addition, preclinical and 

phase I clinical studies demonstrated effective anti-tumour activity of an additional Smo 

inhibitor, GDC-0449 [108, 109], holding much promise for the potential treatment of 

patients with SHH-driven MB.  However, the anti-tumour activity of GDC-0049 was 

transitory, associated with SMO mutations in tumour cells and the development of 

resistance [110].  The development of drug resistance as a result of mutations in signalling 

pathway components is a common occurrence in cancer, highlighting the potential 

importance of developing combination therapires that target multiple components of 

pathways.  The complexity of interactions between tumour cells and the stromal 

microenvironment has been highlighted by the identification of paracrine SHH signalling in 

SHH-driven tumours, where tumour cells over-expressing the SHH ligand activate the 

signalling pathway in neighbouring stromal cells [68, 111].     This has important 

implications for the clinical development of SHH pathway antagonists, with successful 

inhibition of tumour growth likely to require blocking of the signal from tumour cells in 

addition to the Shh response in the stromal cells.  
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1.2.2.3 MB sub-types defined by neuronal (sub-type C), mixed (sub-type D) and 

photoreceptor differentiation (sub-type E) 

Integrative genomic analyses have identified at least two additional sub-types of MB 

displaying partially overlapping expression patterns related to neuronal development [55-

57].  Deregulation of specific signalling pathways is not observed in tumours of these sub-

types, however over-expression of two transcription factors linked to brain development, 

Forkhead box G1 (FOXG1) and Eomesodermin (EOMES) in addition to genes linked to 

neuronal migration was observed in all tumours [55].  Molecular sub-type C, described by 

Kool and co-workers [55], is characterised by a neuronal differentiation signature, while 

sub-type E is marked by photoreceptor gene expression [55].  The identification of MB 

sub-types classified by neuronal differentiation and photoreceptor signatures was confirmed 

in later studies [56, 57].  An additional sub-type marked by a mixed neuronal and 

photoreceptor expression signature has also been identified and is referred to as sub-type D 

in [55] and sub-type c4 in [56].  Tumours with neuronal- and photoreceptor-specific gene 

signatures typically have a gain of chromosome 18 and loss of one copy of the X 

chromosome in the majority of female cases [55, 57].  Isochromosome 17q (i17q) was 

initially observed in tumours with neuronal differentiation and mixed signatures [55], 

however subsequent studies revealed a small proportion of tumours of the photoreceptor 

sub-type with i17q [56, 57]. 

 

The histology of MB with neuronal and photoreceptor specific gene signatures is 

heterogeneous, consisting of classic [55], desmoplastic [55, 57] and LCA variants [56].  

Clinically, tumours of these sub-types are strongly associated with poor survival, likely due 

to the young median age and presence of metastases at diagnosis [55-57].  Reduced 

survival is also observed for a subset of patients diagnosed with MB having photoreceptor 

signature, regardless of their metastatic status [57].  This suggests that the underlying 

molecular pathways driving tumour growth may be just as important as metastatic status for 

the accurate stratification, diagnosis, prognosis and treatment of patients.   
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In addition to molecular and histologic sub-type classification, a number of further 

molecular alterations have been described to dissect pathogenic mechanisms. Several 

studies have characterised a putative tumour suppressor (TS) role for the KCTD containing 

Cullin3 adaptor, suppressor of SHH (KCASH) family of proteins, in SHH-driven MB [112-

114].  The KCASH family members, KCASH1 (RENKCTD11), KCASH2 and KCASH3, 

function as histone deacetylase inhibitors (HDACi), with reduced expression of all three  

members reported in human primary MB specimens [112, 114].  The KCASH family of 

proteins act in concert to promote the degradation of HDAC1, thereby preserving Gli1 

acetylation and suppressing SHH signalling [114].  HDAC-mediated control of Gli1 

function is required for GNPC proliferation in vivo and in vitro, in addition to SHH-

dependent proliferation of MB cell lines [113].  Furthermore, KCASH family members 

inhibited MB cell proliferation in vitro [112, 114], with KCASH1 also suppressing 

xenograft tumour growth in vivo [112].  Combined, these findings suggest that the loss of 

the KCASH family of HDACi is crucial in sustaining SHH pathway-mediated 

tumourigenesis.  In addition to the KCASH family members, several studies have identified 

MYC as an important oncogene in MB pathogenesis with high-level amplification 

associated with a poor prognosis [56, 115-118].  Gene expression profiling has 

demonstrated that MYCN-amplified MB are largely associated with the SHH-driven MB 

sub-type, however a few cases have also been reported in MB with a neuronal 

differentiation signature [55, 57].  Recently, mycn was identified as specifically required 

for Shh-induced tumorigenesis from GNPCs, with dexamtheasone treatment of Shh-driven 

MB found to destabilise mycn levels resulting in reduced tumour growth and consequently 

prolonged survival [117].  An oncogenic role has also been described for OTX2 in MB, 

with over-expression identified in all sub-types of MB except SHH-driven MB [55] [55, 

100, 119-122].  Treatment with all-Trans retinoic acid (RA) induced apoptosis in OTX2-

expressing MB cell lines specifically, blocking expression of OTX2 in a dose-dependant 

manner [122].   The efficiency of 9-cis RA was evaluated in both flank and intracranial 

xenograft MB tumour models, and whilst reduced growth was observed in flank tumours, 

resistance was identified in tumours generated using the intracrancial model [123].  

Similarly, previous studies have implicated an oncogenic role for BMI1 in the pathogenesis 

of MB [124-126].  Whilst BMI1 appears to be involved in SHH signalling [127], over-
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expression of BMI1 was evident across all sub-types of MB, particularly the most 

aggressive sub-types characterised by neuronal and/ or photoreceptor differentiation gene 

signatures [127].  

 

 

1.2.2.4 MB molecular sub-types - new insights and opportunities  

Sub-type specific gene expression signatures have contributed to an improved sub-

classification system for MB, incorporating the underlying molecular mechanisms thought 

to drive the development of tumours, in addition to their clinicopathological features.  

Ultimately, specific gene aberrations and characteristic gene signatures of each molecular 

sub-type may improve clinical stratification of MB and guide the selection of patients who 

may respond to certain therapies targeted against components of these pathways.  Indeed, 

anti-cancer agents that target the WNT and SHH pathways are being developed for use in 

the clinic, and hold much promise for MB patients diagnosed with these sub-types [106, 

128].  Additionally, elucidation of the link between genes involved in neuronal 

differentiation and photoreceptor signatures and the presence of metastases should 

ultimately contribute to our understanding of the development of metastases in selected 

patients.  In the future, these pathways may act as prognostic markers of poor outcome for 

MB.  Additionally, understanding of the deregulated pathways in MB will not only permit 

development of therapies that target these pathways, but it should also clarify the potential 

cell(s) of origin of MB.  

 

1.3  MB cell(s) of origin 

The precise identity of the MB cell(s) of origin is a highly controversial topic.  It was 

originally thought that MB originated from an immature medulloblast on the cerebellar 

surface, with the capacity to differentiate into both neurons and glia (reviewed in [129]).  

Current evidence is consistent with the cancer stem cell (CSC) for MB pathogenesis, with 

two possible cell(s) of origin: (1) stem and/or progenitor cells, with multi-lineage potential 

or (2) fully differentiated cells that have acquired genetic alterations promoting a multi-
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potent phenotype.  However, to date no direct evidence has been reported to definitively 

confirm differentiated cells as a candidate cell of origin, suggesting that brain tumours arise 

from a mutation in resident NSCs or progenitor cells, resulting in its transformation to a 

brain tumour stem cell (BTSC) [130-132].  Studies performed independently in the Dirks 

and Kornblum laboratories led to the identification of a subpopulation of cells from primary 

human brain tumours of different phenotypes that displayed similar properties to normal 

NSCs, including the capacity for self-renewal and multipotency [133, 134].  Additional 

studies demonstrated that this subpopulation of cells, described as BTSCs, were capable of 

initiating tumour formation in immunodeficient mice [135], raising the possibility that MBs 

could be derived from transformed NSCs in the CNS [133] (Figure 1.2).  Current evidence 

strongly supports a NSC origin of some MB, but this remains to be definitively proven.  

The identification of several molecular sub-types of MB suggests that different sub-types 

might arise from distinct cells of origin.  Indeed, mouse models demonstrated that MBs 

with a SHH signature can originate from GNPCs in the EGL or NSCs in the VZ [104, 105], 

while MB cells with activated WNT signalling are thought to arise from Zic1+ precursor 

cells of the dorsal brainstem [90].  More recently, p53 and Rb inactivation in mouse 

cerebellar NSCs was found to generate MB that did not express Shh pathway components 

[136], indicating that the development of MB from NSCs is not always dependent on the 

Shh signalling pathway.  Taken together, evidence from these studies suggests that a 

multipotent NSC and/or committed GNPC are likely cells of origin for at least some sub-

types of MB, with different pathways involved in the formation of tumours derived from 

different cell types.     

   

The identification of an in vivo tumour-initiating cell from human MB of different 

phenotypes provides a powerful tool for the investigation of MB pathogenesis [135].  An 

aim of future research investigating this BTSC population is to identify the deregulated 

pathways that govern the aberrant self-renewal and differentiation processes of these cells.  

Several independent studies have identified molecular abnormalities and aberrant signalling 

pathways in MB.  While a more comprehensive understanding of the molecular 

abnormalities underlying MB pathogenesis has been developed, research is yet to reveal a 

network of regulation linking these abnormalities to tumourigenesis.  microRNAs 
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(miRNAs) have emerged as novel regulators of diverse cellular processes, and have also 

been implicated in the development of various pathogenic states.  This thesis seeks to 

address the connection between deregulated NSC growth and MB pathogenesis by 

identifying aberrant miRNA-regulated networks of gene expression in human primary MB 

specimens relative to CD133+ NSCs.   
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1.4 MicroRNAs: discovery, biogenesis, function and mechanisms of action  

1.4.1 Discovery and properties of microRNAs  

MicroRNAs (miRNAs) are a large family of small 19-25 nucleotide (nt) RNA molecules 

that act to down-regulate gene expression at a post-transcriptional level [138, 139].  

Classified as non-coding RNA, these endogenous small RNA molecules function as guide 

molecules, utilising anti-sense complementarity to inhibit the expression of specific 

messenger RNA (mRNA) targets [140]. Formation of mature miRNAs involves two 

processing events, whereby larger primary miRNA (pri-miRNA) transcripts are first 

processed into smaller hairpin structures known as a precursor miRNA (pre-miRNA), 

which are subsequently cleaved to generate mature, functional miRNAs [141].     

 

The two founding members of the miRNA family were identified in the nematode worm 

Caenorhabditis elegans (C. elegans) in genetic screening studies during post-embryonic 

development.   The first member of the miRNA family, lin-4, was shown to be essential for 

the proper timing of events during larval development, in particular the transition from the 

first to second stage [142].  Functional studies demonstrated that the lin-4 gene encoded a 

22 nt transcript, which functions to negatively regulate levels of LIN-14 protein by 

recognising several complementary target sites located in the 3’ untranslated region (UTR) 

and resulting in translational inhibition [143].  Following this, a second C. elegans miRNA 

gene, let-7, was discovered and also shown to be involved in the coordination and timing of 

developmental events [144].  Reporter gene studies demonstrated that the 21nt let-7 

miRNA temporally regulated lin-41 gene function through binding to complementary 

regions in the lin-41 mRNA 3’UTR and down-regulating lin-41 gene expression.  These 

two regulatory RNAs are now known to function as a part of an intricate, coordinated 

network of C. elegans developmental gene regulation, with lin-4 expression responsible for 

regulating transition from early to later larval stages while let-7 functions during a later 

transition to the adult stage.    
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The discovery of the lin-4/lin-14 and let-7/lin41 interactions demonstrated a previously 

uncharacterised mechanism of gene regulation by small RNAs, raising the possibility that 

this regulatory system might also exist in other species.  Subsequently, extensive 

evolutionary conservation of let-7 and lin-41 was identified in a range of species including 

molluscs, sea urchins, Drosophila melanogaster (D. melanogaster), mice and humans, 

supporting a broad evolutionary conserved regulatory role for miRNAs [145].  To date, 

many sequence comparison and computational methods have predicted the existence of 

thousands of highly conserved miRNA genes in animals, plants and viruses [146-150].   

 

At the time of writing, the most comprehensive repository of miRNA sequences, miRBase 

(http://www.mirbase.org), contained more than 1000 human miRNA genes, however the 

majority of these are yet to be experimentally validated [151].  Newly discovered small 

RNAs must address several criteria encompassing aspects of expression, biogenesis and 

conservation to be classified as a miRNA [152].  Firstly, miRNA expression must be 

confirmed by probe hybridisation to a size-fractioned RNA sample, generally by northern 

blotting.  Although other detection methods are available, northern blotting is the preferred 

confirmation technique as it allows for detection of both precursor and mature forms of the 

miRNA.  Secondly, the mature ~22nt miRNA sequence should be contained within one 

arm of the hairpin precursor molecule, whilst the region containing this structure should 

also lack secondary structure components such as large loops or bulges.  Increased 

precursor accumulation should be detected in organisms with reduced Dicer function where 

both the precursor and mature miRNA sequence are phylogenically conserved.  Small 

RNAs that fail to meet these requirements are classified as either short-interfering RNA 

(siRNA) or other provisional classes [152, 153].   

 

1.4.2 miRNA biogenesis  

1.4.2.1 Transcriptional and epigenetic regulation of miRNA genes 

miRNA genes have been mapped to each chromosome in the human genome, except for the 

Y chromosome.  miRNA genes are located either between transcription units (intergenic), 
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within intronic sequences of protein coding genes, or in intronic or exonic regions of non-

coding RNAs (intragenic)[154].  Recent studies indicate that approximately 50% of 

vertebrate miRNA genes are located in the introns of either coding or non-coding 

sequences [155, 156], potentially explaining the observed high conservation of non-coding 

sequence between vertebrate genomes [157-161]. While intergenic miRNA genes are 

transcribed from their own promoters [162-164], transcription of intronic miRNA genes 

was initially believed to occur from host gene promoters requiring subsequent splicing from 

the host gene primary transcript [154]. Whilst this remains true for most intronic miRNAs, 

several studies have identified a weak correlation between a subset of miRNA and host 

gene transcripts [165-167].  This suggests that a subset of intronic miRNAs may be 

independently transcribed from host genes.  Indeed, at least 30% of intronic miRNAs are 

expressed from upstream RNA polymerase II (pol II) or RNA polymerase III (pol III) 

promoters independent of the host gene [168-170].  Taken together, the presence of specific 

promoter regions for intergenic miRNA genes and a subset of intronic miRNA genes, 

suggests the regulation of their expression is often independent from host gene 

mechanisms. 

 

Transcription of miRNA genes is a pivotal regulatory step in miRNA biogenesis and 

involves a complex interplay of various regulatory factors [140, 163, 171, 172].  A role for 

transcription factors (TFs) in the regulation of miRNA expression was initially proposed 

following the identification of common putative regulatory motifs upstream of C. elegans 

and human miRNA genes [172, 173].  Conservation of these putative motifs was later 

observed in the mouse genome, suggesting their involvement in miRNA biogenesis [172].  

For human miRNA genes, a comparison of these predicted regulatory motifs to known TF 

binding sites (TFBS) identified a considerable number of well-characterised TFs potentially 

able to bind to these regulatory motifs [172].  Experimental evidence for TF regulation of 

miRNA genes was later reported in mouse ES cells, where integrated analysis of chromatin 

immunoprecipitation and DNA microarrays indicated that OCT4, SOX2 and/or NANOG 

were responsible for the regulation of 14 miRNA genes [174].  Since then, a range of TFs 

has been demonstrated to regulate a broad array of miRNA genes [175-182].  In particular, 

C-MYC regulates the expression of miRNAs from at least 13 miRNA clusters including 
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miR-17-92, miR-195/-497, miR-15/-16 and miR-30d/-30b, which might account for some 

its oncogenic activity [175, 180].  Similarly, the binding of p53 to promoter regions of the 

miR-34a family was shown to activate their expression [176-179].  In addition to the miR-

34 family, p53 also directly regulates the transcription of several other miRNAs including 

miR-145, miR-107, miR-195 and miR-215 [183-186].  The identification of feedback loops 

between particular clusters of miRNAs and their respective TFs has led to the 

characterisation of complex regulatory circuits involving TFs, miRNAs and miRNA target 

genes in a variety of disease contexts [187-189].   

 

In the last five years, a greater understanding of the regulation of miRNA gene expression 

by epigenetic mechanisms has emerged, with estimates that 5-10% of mammalian miRNAs 

might be epigenetically regulated [190-195].  Additionally, several miRNAs from the miR-

148 and miR-29 family have also been found to target genes that control epigenetic 

pathways, such as DNA methyltransferase 3 alpha (DNMT3A) and DNA methyltransferase 

3 beta (DNMT3B) [196-198].  A more detailed understanding of these and other miRNA-

epigenetic regulatory circuits, in addition to the role of TFs, may provide novel avenues for 

therapeutic intervention in disease states.  

 

1.4.2.2 miRNA transcription, processing and maturation – the canonical pathway 

The canonical miRNA-processing pathway comprises several regulated steps that result in 

the formation of the majority of mature mammalian miRNAs (Figure 1.3) [140, 152].  

miRNA genes are transcribed in the nucleus of cells from RNA pol II or RNA pol III 

promoters, resulting in the production of long, pri-miRNA transcripts [163, 199, 200] 

(Figure 1.3).  The pri-miRNA is cleaved by the nuclear microprocessor complex, consisting 

of the RNase III enzyme, Drosha, and co-factor DiGeorge syndrome critical factor region 8 

(DGCR8) protein [201-204].  DGCR8 is essential for miRNA processing, containing two 

double-stranded RNA-binding domains that are involved in specifying the precise cleavage 

site [201-203].  Cleavage occurs at the base of both strands of the stem-loop, releasing the 

pre-miRNA of approximately 60-70 nt in length, whilst the remaining flanking fragments 

are subsequently degraded [163, 205, 206].  Pre-miRNAs are actively exported from the 
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nucleus to the cytoplasm by the Ran-GTP-dependent nuclear transport receptor, exportin-5 

(XPO5) [207, 208].  In addition to nuclear export, a protective role for XPO5 in the 

prevention of nuclear pre-miRNA digestion has also been described, with knockdown of 

Xpo5 in human cell lines resulting in decreased levels of mature miRNAs in the absence of 

nuclear pre-miR accumulation [207, 208].     

 

Cytoplasmic processing of pre-miRNAs to generate mature miRNA molecules is mediated 

by the highly conserved cytoplasmic type III RNAse, Dicer [209, 210] (Fig 1.5).   Dicer 

associates with two double stranded RNA-binding domain (dsRBD) proteins, Tar RNA 

binding protein (TRBP) and protein activator of PKR (PACT) [211-214] to form the RNA-

induced silencing complex (RISC) loading complex (RLC), which functions to cleave the 

pre-miRNA and release an approximately 22 nt miRNA:miRNA* duplex consisting of both 

the mature miRNA and the complementary miRNA* strand [215, 216].  Dicer and the 

dsRBD proteins dissociate from the miRNA duplex, with one strand of the duplex, 

typically the strand with lower thermodynamic stability at the 5’ end, associating with 

GW182 proteins and argonaute (AGO) proteins to form the core of the miRNA-containing 

RNA inducing silencing complex (miRISC) [215-217].  Once the functional mature 

miRNA strand is incorporated into the effector complex, it acts to guide miRISC to 

complementary transcripts, down-regulating their expression.  Whilst the passenger strand 

of the miRNA duplex, referred to as miRNA*, was originally assumed to be rapidly 

degraded, more recent studies demonstrated that both strands of the duplex are likely to be 

functional [218-220].  Studies performed in D. melanogaster provided functional evidence 

for miRNA* species existing as bona-fide regulatory RNAs, present at physiologically 

relevant levels and with demonstrable repressive effects on target genes in cultured cells 

and transgenic animals [218].  Furthermore, AGO proteins in D. melanogaster cells exhibit 

differential strand preferences for miRNA duplexes, with AGO1 associating with miRNA 

strands while miRNA* species accumulate with AGO2 [220].  Together, these findings 

indicate that thermodynamic properties and strand selection mechanisms operate on the 

miRNA duplex in animal cells, with both strands likely to be functional. 
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1.4.2.3 Non-canonical pathways for miRNA biogenesis 

Various miRNA-specific processing and regulatory events have been identified that enable 

the differential expression and processing of miRNAs, including both Drosha- and Dicer-

independent pathways (reviewed in [222, 223]).   

 

Studies performed in C. elegans and D. melanogaster identified a Drosha-independent 

miRNA biogenesis pathway for a subset of intronic miRNAs, whereby splicing releases a 

short intronic hairpin, termed a “mirtron”, which resembles a pre-miRNA and is therefore 

suitable for Dicer cleavage [224, 225].  More recently, miRNA profiling of several cell 

types from Drosha- and Dicer-deficient mice identified a subset of miRNAs that were 

Drosha-independent but Dicer-dependent [226].  Taken together, these studies indicate the 

existence of a Drosha-independent miRNA biogenesis pathway in a variety of organisms, 

including mammals.  Convergence of this alternate pathway with the canonical miRNA 

pathway occurs in the nucleus during hairpin export to the cytoplasm by XPO5.  In addition 

to a Drosha-independent pathway, evidence for a Dicer-independent, Ago2-dependent 

miRNA biogenesis pathway has recently emerged [227-229].  Two studies have shown that 

pre-miR-451 processing is Dicer-independent, with the deletion of Dicer in mouse 

embryonic fibroblasts [229] and stem (ES) cells [227] resulting in depleted levels of all 

mature miRNAs except for miR-451.  Following this, the assessment of miRNA expression 

in mouse models with catalytically inactive Ago2 showed a marked reduction in miR-451 

expression levels, whilst other miRNAs were unaffected [227].  Together, these studies 

indicate that pre-miR-451 produced by Drosha bypasses Dicer and is directly processed by 

Ago2 resulting in the production of mature miR-451.  The Dicer-independent processing of 

miR-451 is believed to be attributable to the unusual structure of the pre-miR-451 hairpin, 

with the short length of the stem thought to render it unsuitable as a substrate for Dicer 

[230].  Future studies may well identify additional miRNA genes processed through these 

non-canonical pathways. 
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1.4.2.4 Post-transcriptional regulation of miRNA biogenesis 

Multiple processing events implicated in miRNA maturation provide numerous 

opportunities for the regulation of miRNA expression at a post-transcriptional level.  Post-

transcriptional regulation of miRNA gene expression has been alluded to in recent years, 

largely due to accumulating evidence highlighting discrepancies between the levels of pri-

miRNA, pre-miRNA and mature miRNA species [231-233].   

 

Based on current studies, the regulation of miRNA processing is largely mediated by 

regulatory proteins operating at both the pri-miRNA level and the pre-miRNA levels.  

Several co-factors comprising the Drosha-containing micro-processing complex have been 

implicated as regulators of pri-miRNA processing.  In particular, RNA helicases p68 and 

p72 modulate the specificity and activity of the microprocessing complex [234-238].  

Analysis of miRNA expression in transgenic mouse models of p68 and/or p72 deletion 

identified reduced expression of a subset of mature miRNAs, while ectopic expression of 

p72 in cultured p72-/- MEFs was sufficient to restore miRNA expression [234].  

Furthermore, pri-miRNA expression of this subset of mature miRNAs was unaffected, 

indicating p72 and p68 regulate the processing of the pri-miRNA.  Several studies have 

also identified interactions with p68 and p72 and other proteins which alter the processing 

of pri-miRNAs [235, 237, 238].  Although the precise mechanisms underlying this effect 

are yet to be determined, the interaction of p62 and p72 with other proteins is believed to 

induce either the dissociation of the microprocessor complex from pri-miRNAs or 

conformational changes in the complex that reduce its activity.   

 

Processing of pre-miRNAs by Dicer and associated factors represents an additional level of 

regulation of miRNA expression.  Typically, Dicer processing is an efficient process, as 

evidenced by the typically low levels of pre-miRNAs in comparison to mature miRNAs 

[239, 240], suggesting little regulation at this stage of processing.  However, several studies 

provided evidence to support the differential processing of pre-miRNAs by Dicer, 

specifying a role for specific inhibitors that may repress Dicer function [241] in addition to 

the proteins that have been found to influence the stability of the Dicer-containing RISC 

[242].  Therefore, miRNA biogenesis is no longer regarded as a uniform, linear pathway.   
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1.4.2.3 Post-transcriptional regulation of gene expression by miRNAs 

miRNAs are key trans-acting factors that function to silence gene expression by either 

repressing translation and/or by inducing deadenylation and subsequent degradation of  

mRNA targets (reviewed in [243-245] (Figure 1.3).  Recently, significant progress has been 

made in our understanding of miRNA post-transcriptional silencing [243, 244, 246], 

however the detailed molecular mechanisms underlying this process are still being 

elucidated.   

 

1.4.2.3.1 mRNA deadenylation and decay 

mRNA degradation is generally a consequence of perfect complementarity between 

miRNA and target sites within the 3’UTR of mRNAs, however exceptions have also been 

identified [247] (Figure 1.3).  Genome-wide studies of mRNA abundance and protein 

output in response to the exogenous over-expression or removal of a miRNA in mammalian 

cell culture systems concluded that mammalian miRNAs act predominantly to decrease 

target mRNA levels [248-251].  Furthermore, knockdown of essential miRNA pathway 

components Dicer or AGO2 in a human embryonic kidney cell line (HEK293) increased 

the abundance of miRNA targets at the mRNA level [252].  Taken together, the potent 

effect of miRNA regulation on mRNA degradation in mammalian cells is clearly evident. 

 

The mechanisms underlying mRNA cleavage and subsequent degradation are understood to 

a greater extent than those responsible for translational repression.  Typically, miRISC-

mediated degradation of target mRNAs commences with the degradation of the poly(A) tail 

by the carbon catabolite repression 4 - negative on TATA-less (CCR4-NOT1) complex, in 

addition to other adenylases including CCR4-associated factor (CAF1) [253, 254].  

Deadenylation of a target mRNA by miRNAs is in turn dependent on the GW182 protein 

component of the miRISC [255-260], with knockdown of GW182 in D. melanogaster [245, 

255, 260] and mammalian cells [261] shown to abolish the miRNA-mediated decay of 

mRNAs.  Direct binding of the GW182 protein to poly(A) tail-bound poly(A)-binding 

protein (PABP) is responsible for recruitment of the CCR4-NOT1 complex to the mRNA 

(Figure 1.4) [255, 259, 262].  Binding of GW182 contained within the miRISC complex to 
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PABP has been suggested to align the PABP-associated poly(A) tail with the miRISC-

associated deadenylase complex and therefore facilitate the deadenylation reaction [259].  

Following this, the 5’ terminal cap of deadenylated mRNAs is removed by decapping 

enzymes, allowing degradation of the transcript in a 5’ to 3’ direction by the major 

exoribonuclease, XRN1 [263].   

 

1.4.2.3.2 Translational repression 

Translational repression occurs as a result of regions within miRNAs possessing imperfect 

complementarity to the 3’UTR sequence of target mRNAs, resulting in central bulges in the 

target site [142-144].  The stability of the mRNA is therefore not affected; however its 

expression is blocked.  Initially, this was believed to be the predominant mode of gene 

silencing operating specifically in animals, as most studied miRNAs share imperfect 

complementarity with sequences in the mRNA 3’UTR [244, 264].  However, additional 

studies indicated that plant miRNAs, which generally display perfect complementarity to 

their target 3’UTR, also function to repress mRNA translation without having a significant 

effect on mRNA stability [265, 266]. Taken together, these findings highlight the 

importance of miRNA-mediated translational repression in various organisms. 

 

An understanding of the steps and factors involved in translation is required to comprehend 

the mechanisms by which miRNAs may repress translation.  Translation is divided into 

three main steps: initiation, involving the assembly of a translationally active 80S 

ribosomal complex positioned at the translation start site of the mRNA, elongation of the 

peptide chain and the termination and subsequent release of the polypeptide [267].  For the 

majority of mRNAs, translation is dependent upon the 5’ cap present on all nuclear 

transcribed eukaryotic mRNAs, in addition to a range of eukaryotic initiation factors (eIFs) 

(reviewed in [268]) that bind to the 5’ cap of the mRNA, forming an eIF4F complex that 

interacts with the PABP bound to the 3’ poly (A) tail [269-271].  The binding of the eIF4G 

within the 5’ cap-eIF4F complex to PABP promotes the circularisation of mRNA, 

protecting it from degradation and enhancing the rate of translation initiation via increased 

40S ribosomal subunit recruitment [272-274].  Following binding, the 40S subunit travels 
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along the mRNA in a 5’ to 3’ direction until it reaches the first AUG codon, whereby the 

60S ribosomal subunit is recruited to form the 80S ribosomal complex and translation is 

commenced.  

 

The molecular mechanisms underlying miRNA-mediated translational repression are not 

yet entirely clear, particularly as the majority of studies were conducted in a range of 

different experimental systems including cell-free, animal and insect models.  While 

several studies suggest that miRISC-mediated translational repression operates at the post-

initiation step of translation [275-279], the majority of evidence has outlined a role at the 

level of translation initiation (Figure 1.4) [257, 260, 280-287].  miRNAs are believed to 

inhibit the initiation of translation by interfering with eIF complex-cap recognition and 

therefore recruitment of the 40S ribosomal subunit to the mRNA [257, 280-282, 285].  The 

underlying mechanism for the miRISC-mediated inhibition of cap recognition has not been 

fully elucidated.  Presently, two hypotheses have been proposed: (1) AGO2 within the 

miRISC complex binds to the cap of mRNA targets and precludes the recruitment of eIF4E 

therefore inhibiting translation initiation [284] and (2) the miRISC interacts with a 

component of the eIF-cap binding complex preventing interactions between the cap and 

poly (A) tail required for circularisation [260].  More recently, the role of the poly (A) tail 

has been further highlighted, with Beilharz and coworkers [288] reporting that miRNA-

regulated deadenylation of mRNA contributed to the repression of translation in 

mammalian cells, by destabilising the circularised mRNA and thus inhibiting translational 

initiation.  In addition to the inhibition of cap recognition and subsequent recruitment of the 

40S ribosomal subunit, several studies have proposed that the miRISC antagonises the 

joining of the 60S ribosomal subunit with the 40S subunit, therefore preventing the 80S 

ribosomal subunit complex formation [283, 286].  Co-immunoprecipitation studies 

identified binding of miRISC to eIF6 [283], a ribosome inhibitory protein known to prevent 

productive assembly of the 80S ribosome [289].  Depletion of eIF6 in either human cells or 

C. elegans reduced the miRNA-mediated regulation of target protein levels [283], 

indicating that miRISC binding with eIF6 inhibits 80S complex assembly.   
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The independent actions of translational repression and mRNA degradation have been 

discussed as mechanisms for facilitating miRNA-mediated post-transcriptional gene 

silencing.  Whether or not the silencing of targets occurs predominantly by mRNA 

degradation or via translational repression is highly controversial, with conflicting evidence 

supporting both views [243, 244, 246].   At least for mammals, the predominant mechanism 

for miRNA-mediated targeting is mRNA degradation, with mRNA destabilisation 

demonstrated for the majority of repressed targets [248-251].  Much research focus has now 

shifted to whether these two mechanisms may be operating simultaneously to achieve more 

effective gene silencing. Previous studies have pointed to a close association between the 

elements regulating mRNA decay and components of the protein synthesis apparatus [290].  

Additionally, it is reasonable to assume that the binding of the miRISC complex to the 

PABP at the poly(A) tail may also prevent the circularisation and subsequent translation of 

the mRNA target, in addition to mRNA degradation as previously described [259].  Indeed, 

several studies in cell-free systems have shown that deadenylated mRNA targets were not 

degraded and remained in a translationally repressed state [257, 260].  In contrast to this, 

studies performed in various cultured cell models identified the commitment of 

deadenylated mRNAs to decapping and 5’ to 3’ degradation [255, 256, 291-293].  This 

highlights the variability of findings obtained from different experimental systems, where it 

is difficult to conclude whether the reported differences are an artifact of the system being 

tested.  Future investigations are required to address these discrepancies. 
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Figure 1.4: Mechanisms of miRNA-mediated post-transcriptional gene silencing in mammals.  (A) 

Interactions between the poly(A)-binding protein (PABP), bound to the 3’ poly(A) tail, and the eukaryotic 

translation-initiation factor 4G (eIF4G), bound to the 5’ cap, result in the formation of a closed loop target 

mRNA.  miRNAs within the miRISC recognise mRNA targets by base-pairing to partially complementary 

binding sites within the 3’ untranslated region (UTR).  (B) GW182 within the miRISC interacts with PABP 

bound to the mRNA poly(A) tail. (C) The AGO-GW182 complex directs the target mRNA for deadenylation, 

whereby it may be (D) stored in a translationally repressed state or (E, F) decapped and degraded by 

exonuclease XRN1.  Image obtained from [294].  
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1.4.3 Biological role of miRNAs  

miRNAs have been shown to regulate a wide range of biological functions such as cell 

proliferation [295], apoptosis [296], development [297], differentiation [298] and 

metabolism [299].  The human genome is currently estimated to encode approximately 

1400 unique miRNAs, which are predicted to regulate expression of at least 60% of human 

protein-coding genes [151, 300].  The complexity of this regulatory network is due to the 

fact that a single miRNA species may potentially bind to many different mRNA targets, 

whilst each mRNA may itself be regulated by multiple miRNAs.   

 

1.4.3.1 Functional characterisation of miRNAs 

The identification of miRNA targets is critical to understand the functional roles of 

miRNAs in diverse contexts.  Although experimental studies have been employed to 

identify the targets of a small number of miRNAs, these methods are not amenable to high-

throughput screening and are typically laborious and time consuming.  This has led to the 

development of sophisticated computational target prediction algorithms, which allow for 

the rapid and accurate prediction of miRNA target genes.    

 

1.4.3.1.1 Computational prediction of miRNA targets 

Computational prediction of mammalian miRNA targets has proved challenging as 

miRNA:mRNA duplexes contain only short complementary sequence stretches, generally 

restricted to an area located at the 5’ end of the miRNA known as the “seed” region [301, 

302].  Precise “gold standard” rules governing functional miRNA-target interactions have 

not yet been developed, and thus prediction tools apply different algorithms based upon 

varied assumptions.  As a result, the output of different miRNA target prediction algorithms 

may vary considerably, and overlap is generally restricted to top-ranking targets, indicating 

that these approaches may potentially include a high level of false positives [303-307].   

 

The majority of computational prediction databases are governed by algorithms which 

incorporate principles derived from known functional miRNA:mRNA interactions [302, 
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308, 309].  The detection of novel miRNA target genes is therefore facilitated by 

combining these known prediction principles to maximise the specificity of the algorithm, 

and applying this to various characteristics specific to the miRNA in question.  These 

principles include the cross-species conservation, sequence characteristics and structure of 

the miRNA-mRNA target interaction [302, 310]. Several algorithms, including 

TargetScanS [311], PicTar [312] and miRanda [313], have been developed based upon 

these general characteristics and although they have some differences, they all perform 

essentially the same function.   

  

The identification of potential miRNA-target binding sites combines both miRNA sequence 

characteristics with specific base pairing rules, all of which are centralised on the “seed” 

region mentioned previously.  More specifically, the “seed” region is defined as the 

consecutive stretch of 7-8 nt starting from either the first or second nt at the 5’ end of the 

miRNA [302, 314].  The degree of complementarity between the miRNA “seed” region and 

the 3’UTR of mRNA serves as a basis for whether a miRNA-target site is a likely 

prediction and is therefore rank-ordered accordingly.   This degree of complementarity 

forms the basis for the three main seed binding site categories, namely the 5’-dominant 

canonical site, the 5’-dominant seed only site and the 3’- complementary site [302].  5’-

dominant canonical sites have perfect base pairing to the seed portion of the 5’ end of the 

miRNA and extensive base pairing to the 3’ end of the miRNA.  Considered the most 

preferable form of seed-site binding, miRNA-target interactions of this type are considered 

highly probable interactions and are commonly highly ranked.  5’-dominant seed only sites 

have perfect base pairing to at least the seed portion of the 5’end of the miRNA and limited 

base pairing to the 3’ end of the miRNA, while the 3’- complementary sites have extensive 

base pairing to the 3’ end of the miRNA to compensate for imperfect base pairing to the 

seed region of the miRNA.  Different computational prediction approaches utilise 

algorithms that specify their own requirements with respect to seed-site binding.  For 

example, TargetScanS requires perfect complementarity with a miRNA seed [311], whilst 

PicTar allows for targets with imperfect seed matches, provided that they meet defined 

binding-energy thresholds [312].   
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Whilst seed matches are a strong indication of potentially functional miRNA-mRNA 

interactions, other characteristics have been shown to be significant for accurate target 

recognition.  For instance, kinetic and thermodynamic properties of miRNA-mRNA 

duplexes are also considered an important aspect for miRNA-target site evaluation, with the 

majority of algorithms incorporating these criteria [308, 315].   Evaluating the 

thermodynamic properties of RNA duplexes commonly involves RNA folding algorithms 

that estimate secondary structure characteristics indicative of potential pre-miRNAs, such 

as stem-loops, and assign these structures a folding free energy value [315, 316].  However, 

the importance of the thermodynamic principle of RNA duplexes has been questioned, 

based on data that suggest that it does not significantly alter the specificity of predictions as 

long as relevant conservation requirements are incorporated [311].    

 

Cross-species conservation requirements are an additional criterion which has been 

described as critical for the accurate identification of functional miRNA-mRNA target 

interactions [317], although different prediction databases place varying weight upon 

thresholds of conservation.  For instance, TargetScanS requires conservation between a 

wide range of species including human, mouse, rat, dog and chicken [311], whereas other 

databases specify this conservation must exist between human and rodent only [306, 318].  

While these stringent requirements may give rise to more accurate predictions, they may 

additionally result in a large degree of false negatives or experimentally supported miRNA 

targets that are not predicted by various programs.   Decreasing conservation requirements 

will generally increase the number of targets predicted, resulting in a wider collection of 

putative miRNA targets, many of which will be false positives.  One major challenge facing 

users of prediction databases is to accurately determine appropriate methods and thresholds 

for their analysis, opting for the highest possible specificity whilst simultaneously 

maintaining adequate sensitivity. 

 

Computational prediction methods are regularly updated to further refine miRNA target 

predictions, aiming to increase the accuracy and robustness of algorithms.  Further 

improvements to algorithms are reliant upon a greater understanding of the specific 
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guidelines governing functional miRNA-target interactions, which can only be obtained by 

the experimental identification and/or validation of predicted miRNA targets. 

 

1.4.3.1.2 Experimental identification of miRNA targets 

The majority of large-scale experimental miRNA target identification methodologies 

involve the differential expression of a single miRNA followed by gene-expression and/or 

proteomic analysis.  These approaches have allowed for the construction of complex 

miRNA-regulated networks of gene expression for a range of disease types [319-328], 

however it remains difficult to segregate direct miRNA targets amongst indirect changes in 

transcript abundance.  Various biochemical approaches have been developed to assist in the 

identification of direct miRNA targets, including immunoprecipitation of RISC 

components such as AGO [329-334] and GW182 [334] followed by microarray analysis or 

sequencing to identify bound mRNAs.  One advantage of this approach is that it allows for 

the identification of miRNAs regulated at the level of mRNA degradation and translational 

repression, capturing active miRNA:mRNA pairs [335].  Several published reported have 

demonstrated the success of this technique [329-332, 336], however a number of drawbacks 

have also been identified.  Firstly, the interaction between the miRNA:mRNA target and 

the RISC components must be sufficiently stable to withstand the co-immunoprecipitation 

process.  Additionally, identified miRNA:mRNA target pairs may not accurately reflect the 

in vivo system if the interactions between the RNA and RNA-binding proteins occur 

following cell lysis [337].  This problem may be addressed by the inclusion of ultraviolet 

irradiation to crosslink RNA in direct contact with associated RNA-binding proteins prior 

to cell lysis and subsequent co-immunoprecipitation [338].  This technique, known as high-

throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-

CLIP), has successfully identified AGO-bound miRNA:mRNA complexes in C. elegans 

[339] and mouse brain [333] and intestine [340], proving a powerful method for the 

identification of direct miRNA targets. 

 

The most accurate, effective discovery of miRNA target genes encompasses an integrated 

approach, involving multiple computational prediction tools and/or the experimental 
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approaches for the identification of miRNA targets [314, 317].  Following this, specific 

miRNA target genes should be validated using a combination of the well-established 

techniques of qRT-PCR, luciferase reporter assays and western blot (reviewed by [341]).  

Combining this approach with the miRNA and mRNA expression profiling data from 

various cells and/or tissues is anticipated to further increase the accuracy of predictions 

[165, 342, 343], since a miRNA and its target mRNA should generally be co-expressed.  

The accurate identification of genes regulated by miRNAs is an important step toward a 

greater understanding of the role of miRNAs in gene regulatory networks and in biological 

functions. 

 

1.4.3.2 The role of miRNAs in normal neural stem cells and CNS development 

miRNAs regulate various processes in the developing CNS including NSC self-renewal, 

neurogenesis, cell fate determination and neuronal differentiation [344, 345]. Early 

evidence supporting a role for the miRNA biogenesis pathway in CNS development was 

obtained from studies in C. elegans [346, 347], zebrafish [348, 349] and D. melanogaster 

[350].  In mammals, mouse Dicer loss-of-function models demonstrated an essential role 

for miRNAs in mammalian brain development.  Conditional knockout of Dicer in neuronal 

subpopulations of developing mice resulted in hypotrophy of particular brain regions 

followed by early postnatal death [351, 352].  Similar findings were obtained following the 

conditional inactivation of Dicer in various neuronal cell types of the mouse postnatal 

brain, with severe cerebellar dysfunction and hypotrophy of the striatum resulting in death 

by 17 weeks of age [353, 354].  Although these studies indicate the importance of the 

miRNA biogenesis pathway to brain development, the role of Dicer in the siRNA 

endogenous pathway meant the observed phenotypes of Dicer-ablated models may not be 

solely attributable to altered miRNA profiles [355].  However, a range of neural 

abnormalities including disrupted organisation of the cortex, were observed in Dgcr8-

deficient mice with defective miRNA biogenesis [356].  Combined, the deleterious effects 

of deletion of two miRNA processing components in mouse models indicates a significant 

role for miRNAs in the developing mammalian CNS.   
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Precise temporal and spatial regulation of miRNA expression has been demonstrated 

throughout mammalian brain development [357, 358], with a number of miRNAs including 

miR-9, -23, -99, -101,  -124, -125, -127, -128, -131, -132, -181a, -181b, identified as brain-

specific or enriched in the brain in mice and humans [357, 359-364].  The conservation of 

expression of these brain-specific miRNAs suggests they may play a conserved role in 

mammalian brain development or function.   

 

A number of studies in both human and mouse models have described a role for the brain-

specific miRNA, miR-9, in the regulation of NSC proliferation and cell fate determination.  

miR-9 expression was found to increase in human neural progenitor cells (hNPCs) derived 

from human embryonic stem (hES) cells, regulating the proliferation and migration of 

NPCs both in vitro and in vivo via the regulation of strathmin [365].  A role for miR-9 was 

also identified in adult cultured mouse NSCs, where it inhibited NSC proliferation and 

induced differentiation by suppressing the known NSC regulator, T-cell leukaemia 

homeobox (TLX) [366].  In addition to miR-9, let-7b has also been shown to regulate NSC 

proliferation and differentiation through targeting of TLX [367].  The role of TLX in NSC 

self-renewal has been previously demonstrated, with expression of TLX shown to decrease 

upon differentiation of NSCs [366-369].  In contrast, expression of TLX-targeting 

miRNAs, let-7b and miR-9, increased during NSC differentiation [366, 367].  Although a 

direct miRNA-mediated regulation of self-renewal in NSCs has not yet been demonstrated, 

these data suggest a regulatory loop involving let-7b and miR-9 and TLX regulation of 

NSC self-renewal.  In addition to miR-9, miRNAs belonging to the miR-106b~25 cluster 

were demonstrated to promote the proliferation and neuronal differentiation of neural 

stem/progenitor cells (NSPC) derived from adult mice [370].  Moreover, these miRNAs 

have been predicted to function as part of a regulatory network involving the insulin/IGF-

FoxO pathway, although this is yet to be validated.  miR-124 has also been shown to 

regulate differentiation of NSCs within the SVZ of adult mice, with increased miR-124 

expression shown to induce cell-cycle arrest and neuronal differentiation by repressing the 

RE1-silencing transcription factor (REST) pathway [364, 371].  In addition to let-7b, miR-

9, miR-124 and miRNAs of the miR-106~25b cluster, roles for miR-184 and miR-137 have 

also been proposed in NSC differentiation and proliferation [372, 373], while a neural-
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specific role for miRNAs of the miR-96/-182/-183 family has been demonstrated in specific 

sensory cell types of the eye, nose and inner ear (discussed in Chapter 6) [374-377].  Taken 

together, several studies have clearly defined a role for specific miRNAs in directing NSC 

self-renewal, differentiation and proliferation in the brain.  Future investigations are 

required to further characterise the miRNA-regulated networks controlling NSC activity, 

potentially providing new avenues for therapy of CNS disorders through the manipulation 

of NSC biology.   

 

1.4.3.3 Evidence for a role of miRNAs in cancer  

Early indications of the role of miRNAs in cancer were obtained following the 

identification of miRNA-mediated regulation of several cancer-related processes, including 

proliferation, apoptosis and differentiation [142, 303, 378].  A more direct link between 

deregulated miRNA function and tumourigenesis was derived from miRNA expression 

studies in various clinical samples, with numerous studies clearly demonstrating altered 

miRNA expression in a wide range of human cancer types compared to appropriate normal 

tissues (Reviewed in [379]and [380]).  In addition, Lu and co-workers [381] demonstrated 

that miRNA expression profiles were capable of classifying both the developmental lineage 

and differentiation status of various tumours, and miRNA expression profiles were found to 

be superior to mRNA expression profiles in identifying tumour tissues [381].  Together, 

these findings emphasise the relevance of miRNA expression patterns to cancer. 

 

The identification of possible mechanisms responsible for altered miRNA expression in 

cancer cells provided further evidence for a role of miRNAs in the oncogenesis.  Mapping 

studies of 186 human miRNAs revealed that more than 50% of miRNA genes are located at 

cancer-associated genomic regions or fragile areas of the genome, that are commonly 

deleted, rearranged or amplified in cancer cells [382], with similar findings also reported in 

mice [383].  This suggests miRNA genes are likely to be subject to similar cancer-

associated mutational events as protein-coding genes, and therefore represent another class 

of genes potentially involved in the development of cancer.  The aberrant expression of 
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specific miRNAs in cancer has now led to the classification of particular miRNAs as a 

novel class of tumour suppressor genes (TSGs) or oncogenes (Table 1.1).   

 

1.4.3.3.1 Oncogenic miRNAs 

miRNAs that are over-expressed in cancer have been described as oncogenes or 

“oncomiRs”, and are suggested to promote tumourigenesis by up-regulating proliferation 

and/or down-regulating genes involved in differentiation or apoptosis [384, 385] (Figure 

1.5).  One well-characterised example is the miR-17-92 cluster of miRNAs located at the 

amplified 13q31 chromosomal region, that is frequently over-expressed in various cancer 

types including lymphomas and carcinomas of the lung, colon, pancreas and prostate [386-

388].  An oncogenic role for the miR-17-92 cluster was elucidated following enforced 

expression of the cluster in a mouse model of human B-cell lymphoma, giving rise to 

accelerated tumourigenesis through the inhibition of apoptosis [387].  Over-expression of 

miR-17-92 has now been shown to promote several aspects of oncogenic transformation, 

including cell cycle progression and proliferation [386], evasion of apoptosis [387, 389], 

induction of angiogenesis [390] and inhibition of senescence [391].  The oncogenic 

function of miR-17-92 is mediated by the targeting of several TSGs including phosphatase 

and tensin homolog deleted on chromosome 10 (PTEN), Retinoblastoma-like 2 (RB2), E2F 

transcription factor 1 (E2F1), cyclin-dependent kinase 1A (CDKN1A) and BCL2-like 

protein 11 (BCL2L11) [175, 392-395].  Furthermore, various target genes of the oncogenic 

miR-17-92 cluster have been shown to feedback and regulate the expression of the miRNA 

cluster itself, defining a network of oncogenic miRNA-TSG target genes in various cancer 

types [187, 188].  miR-17-92 therefore serves as a clear example of an “oncomiR”, with 

current research efforts aimed at identifying other “oncomiRs” and miRNA-mediated 

deregulated networks involved in cancer progression. 
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1.4.3.3.2 miRNAs as tumour suppressors 

miRNAs that are down-regulated in cancer are thought to have TS  activity by negatively 

regulating oncogene expression and/or genes that control cell differentiation or apoptosis 

[149, 384] (Fig 1.5).  The first TS miRNAs identified were miR-15a and miR-16-1, which 

are frequently down-regulated in chronic lymphocytic leukaemia (CLL) cells [199].  

Detailed deletion analysis of 60 CLL primary specimens identified loss of miR-15a and -

16-1 expression associated with deletion of 13q14 in 68% of patient specimens when 

compared to normal controls [199].  Subsequent studies have confirmed the down-

regulation of miR-15a and miR-16-1 in several human cancer types including pituitary 

adenoma, non-small cell lung cancer (NSCLC), ovarian and prostate cancer [396-399].  

Down-regulation of miR-15a and miR-16-1 in cultured cells was shown to promote 

increased cell survival, proliferation and invasion (reviewed in [400], whereas stable 

expression of miR-15a/-16-1 in immunocompromised mice suppressed the growth of 

leukaemic cells, supporting a TS role of these miRNAs [401].  Further investigation 

identified several targets of these miRNAs that might account for their TS properties 

including anti-apoptotic, oncogenic BCL2 protein [402], cell cycle regulator cyclin E [398, 

403], and pro-proliferative B lymphoma Mo-MLV insertion region 1 (BMI1) [399].  miR-

34a is a TS miRNA which acts synergistically with miR-15a/-16-1 to down-regulate 

various cell cycle components and induce cell cycle arrest in NSCLC cell lines [398].  

Reduced expression of miR-34a has been observed in a range of cancers including 

glioblastoma, neuroblastoma, NSCLC, malignant lymphoma and carcinomas of the 

pancreas, prostate and colon [404-409].  Down-regulation of miR-34a results in a range of 

tumour-promoting effects, including cell cycle progression, proliferation, and increased cell 

survival and invasive capacity in vitro and in vivo [408-410].  Furthermore, over-expression 

of miR-34a enhanced the sensitivity of various cancer cells lines, including MB, to 

chemotherapeutic agents [407, 411-413].  miR-34a expression is induced by the p53 TS 

protein, and miR-34 may act as an effector of p53 function [176-178, 414, 415].  The 

functional roles of deregulated miRNAs in both the initiation and progression of a wide 

range of human cancers are gradually being clarified.  Whilst some miRNA may regulate 

processes that are aberrantly activated in cancer such as proliferation, others have been 

shown to give rise to cancer-related phenotypes by specifically targeting known oncogenes 
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or tumour suppressor genes (TSGs).  Thus, TS and oncogenic miRNAs may represent 

novel class of therapeutic targets, with the manipulation of their expression potentially a 

powerful strategy to interfere with signalling pathways involved in the development of 

various cancer types. 
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1.4.3.4 The role of miRNAs in MB tumourigenesis 

Deregulated miRNA expression is emerging as an important factor in MB pathogenesis, 

with several miRNA profiling studies in human and murine MB reported to date [56, 417-

422].  Ferretti and co-workers obtained expression levels of 248 miRNAs in primary MB 

specimens relative to both foetal and adult cerebellum [418].  These miRNA expression 

profiles clearly differentiated MB from both normal adult or foetal cerebellum, and a subset 

of miRNAs were also shown to differentiate normal adult cerebellum from foetal 

cerebellum [418].   

 

Distinct miRNA expression patterns that correlate to various biological and clinical features 

have been identified by expression profiling of miRNAs in MB [56, 418, 419, 421].  More 

specifically, miRNA signatures were capable of classifying histological variants, with up-

regulated let-7g, miR-106b, miR-191 and miR-19a characteristic of anaplastic versus 

classic and desmoplastic MB [418].  Specific miRNA expression patterns were also capable 

of distinguishing molecular features of MB (ErbB2 versus c-MYC over-expressing 

tumours), in addition to disease-risk stratification with reduced miR-31 and miR-153 

expression characteristic of high-risk versus average-risk disease [418].  Subsequent 

profiling studies in larger cohorts also identified distinct miRNA expression signatures for 

the molecular sub-types [56, 57, 421].  WNT-activated MB was defined by elevated 

expression of miRNAs belonging to the miR-23a/-27a/-24-2 [56, 419, 421] and miR-224-

452 clusters [419, 421], whereas tumours defined by a neuronal differentiation signature 

displayed increased expression of miRNAs of the 14q32 cluster and down-regulated of the 

miR-17-92 cluster [419].  Although Cho and coworkers [56] noted the miR-17-92 cluster 

was over-expressed in all primary MB specimens profiled, the lowest degree of up-

regulation was reported in tumours marked by a neuronal differentiation signature, 

consistent with findings from the Taylor group [419].  Tumours characterised by 

photoreceptor gene expression displayed increased expression of miRNAs of the miR-96/-

182/-183 cluster and the miR-181 family [56, 419].  Finally, the miRNA expression 

signature of a subset (64%) of SHH-driven tumours was characterised by elevated miR-17-

92 [56, 419] and miR-199a/-199b expression [56, 419] [421], in addition to decreased 

expression of miRNAs of the miR-96/-182/-183 cluster [419].  Combined, these studies 
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indicated that miRNA signatures were capable of distinguishing between molecular sub-

types of MB, correlating with both biological and prognostic features of this disease.   

 

1.4.3.4.1 Tumour suppressor miRNAs in MB 

More detailed functional roles for specific miRNAs in MB have been recently defined.  

Initial miRNA profiling studies suggested that the majority of miRNAs, in particular brain-

enriched or neuronal miRNAs, were down-regulated in MB relative to both foetal and adult 

cerebellum [418, 422].  Neuronal miRNAs miR-9 and -125a have been proposed as TS 

miRNAs in MB following previous reports of their growth inhibitory effects and their 

reported down-regulation in MB primary samples [418, 423].  Rescued expression of miR-

9 and -125a induced MB cell growth arrest and apoptosis, confirming previously reported 

growth inhibitory properties [418].  The TS function of miR-9 and -125a was attributed to 

targeted down-regulation of truncated Tyrosine receptor kinase type C (TrkC), consistent 

with findings in neuroblastoma cell lines [423].  miR-124 may also function as a potential 

TS miRNA in MB, via the regulation of pro-proliferative cyclin dependent kinase 6 

(CDK6) [424].  Expression levels of miR-124 were decreased in MB cell lines and primary 

tissues, with subsequent forced over-expression resulting in decreased MB cell proliferation 

[424].  miR-128a is an another neuronal miRNA, with a possible TS role in MB [422], with 

restored expression of miR-128a in MB cell lines decreasing proliferation via targeting of 

oncogenic BMI1 signalling, in addition to promoting cellular senescence [422].    

 

Further investigation into the TS role of miRNAs in MB identified miR-326 and miR-125b 

as possible regulators of SHH signalling in this disease [417].  High-throughput expression 

profiling of two subsets of human primary MBs: a subset with high SHH signalling 

strength (Gli1high) and a second subset with low levels of Gli1 (Gli1low) was performed, and 

reduced expression levels for both miR-326 and miR-125b in Gli1high MBs were detected.  

Subsequent over-expression of both miR-326 and miR-125b in MB cell lines led to 

inactivation of SHH signalling via the suppression of the pathway activator Smo, resulting 

in decreased MB cell proliferation.  Elevated expression levels of miR-326 and miR-125b 

were observed in adult mouse brain compared to 4-day old mouse cerebella, and increasing 
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levels were measured during spontaneous differentiation of cultured GNPCs.  Enforced 

expression of miR-326 and miR-125b in GNPCs promoted differentiation and reduced 

proliferation, suggesting that reduced miRNA levels are a hallmark of less differentiated 

GNPCs.  Therefore, these findings implicate a TS role for miR-326 and miR-125b in SHH-

driven MB, with reduced expression resulting in increased proliferation of GNPCs and 

potential progression to MB. 

 

A TS role has also been described for miR-199b-5p in metastatic MB [425]. miR-199b-5p 

was demonstrated to regulate NOTCH signalling in MB cells by down-regulation of hairy 

and enhancer of split 1 (HES1) homologue [425].  Down-regulation of HES1 by miR-199b-

5p reduced the proliferation and anchorage-independent growth of MB in vitro and 

impaired tumour formation in mouse xenograft models [425].  A TS role for miR-199b-5p 

is inconsistent with the up-regulation of this miRNA in SHH-driven MB [56, 419] [421].  

However, analysis of miR-199b-5p expression in primary human MB specimens showed a 

correlation between down-regulated miR-199b-5p expression and metastatic disease and 

poor survival.  As previously stated, metastatic MB specimens were largely of the neuronal 

and photoreceptor specific sub-types [55-57], suggesting that the TS role of miR-199b-5p 

may be exclusive to tumours of these sub-types and therefore play an alternative role in 

SHH-driven tumours.   

 

1.4.3.4.2 Oncogenic miRNAs in MB 

Several studies have described an oncogenic role for the miR-17-92 polycistron in MB, 

following the observed over-expression of several members of this cluster relative to 

normal foetal and adult cerebellum [418-420].  Further investigation of differential miRNA 

expression in particular sub-types of MB identified miR-17-92 as the most highly over-

expressed in a subset of SHH-driven tumours in comparison to other sub-types [419].  

Subsequent analysis confirmed this finding, with three miRNAs of the miR-17-92 cluster 

shown to be over-expressed in human MB samples with constitutively active SHH 

signalling [420].  Consistent with this, miRNA profiling of two SHH-driven mouse models 

of MB demonstrated significant up-regulation of this cluster, further supporting the link 
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between miR-17-92 over-expression and aberrant SHH signalling [419, 420].  These data 

suggested that miR-17-92 over-expression may be cooperating with activated SHH 

signalling in the development of a subset of SHH-activated MB.   

 

The oncogenic role of miR-17-92 over-expression was illustrated through both in vitro and 

in vivo studies.  Ectopic over-expression of miR-17-92 miRNAs induced the proliferation 

of primary GNPCs, and acted synergistically with exogenous Shh to further increase GNPC 

proliferation [419].  miRNA profiling of GNPCs treated with Shh confirmed the up-

regulation of this cluster of miRNAs when compared to untreated cells, with the Shh-

mediated up-regulation of the miR-17-92 cluster later determined to be mediated by N-myc 

[419].  Furthermore, enforced expression of miR-17-92 cluster of miRNAs in GNPCs 

isolated from the cerebella of postnatal Ptch+/- mice generated tumours with complete 

penetrance in orthotopic models of MB, whereas similarly treated cells from other mouse 

models of MB did not give rise to tumours [420].  Taken together, data from both human 

and mouse studies identified over-expression of miR-17-92 as a characteristic feature of 

SHH-activated MB, implying a clear oncogenic role for this cluster of miRNAs.  Further 

studies are required to determine the downstream mechanisms by which miR-17-92 over-

expression induces increased proliferation of GNPCs, with previously validated targets in 

other models including E2F1, CDKN1A and/or PTEN being likely targets in this system 

[175, 394, 395].    

 

In summary, studies to date have characterised both TS and oncogenic roles for particular 

miRNAs in MB.  The identification of deregulated miRNAs for particular molecular sub-

types should enable a greater understanding of the molecular mechanisms underlying 

miRNA-mediated MB pathogenesis, integrating target predictions with the aberrant 

pathways defining that particular molecular sub-type.  Furthermore, the assessment of 

deregulated miRNA expression in MB relative to putative cells of origin such as NSCs, 

may help elucidate miRNA-mediated networks critical to the regulation and maintenance of 

these cell populations.  Deregulation of these networks may potentially lead to the 

transformation of these cells of origin to MB-initiating cells or BTSCs and subsequent 

progression to MB.      
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1.4.3.4.3 The role of miRNAs in BTSCs 

Several studies support the notion that global miRNA expression reflects the degree of 

cellular differentiation [150, 231, 381, 426].  This has led to speculation on the role of 

miRNAs in the regulation of CSC or BTSC growth, with undifferentiated stem cells 

presumed to display similar miRNA expression profiles to CSCs and BTSCs.   

 

At present, there are limited data comparing miRNA expression profiles of BTSCs and 

NSCs.  Recently, miRNA expression profiles were obtained for both glioblastoma 

multiforme (GBM) CD133+ stem and CD133- non-stem cell populations, with an up-

regulation of several miRNAs observed in CD133- cells [427].  Over-expression of these 

miRNAs, in particular miR-451, in GBM cells resulted in reduced neurosphere (NS) 

formation and the inhibition of GBM cell growth.  Additionally, mouse studies indicated 

that miR-124 and miR-137 levels increased during NSC differentiation, and enforced 

expression of miR-124 induced differentiation of mouse NSCs, oligodendroglioma-derived 

stem cells, and GBM CD133+ stem cells [428].  The forced differentiation of 

oligodendroglioma BTSCs and GBM BTSCs also led to cell cycle arrest, reducing both 

self-renewal and oncogenic capacity [428].  In MB, miR-199b-5p has been implicated in 

the maintenance of the CD133+ BTSC sub-population of cancer cells.  Furthermore, miR-

199b-5p over-expression impaired the engraftment of DAOY MB cells in orthotopic 

xenograft nude-mouse models and decreased the CD133+ sub-population of DAOY MB 

cells.  Taken together, studies in both GBM and MB models indicate a potential role for 

miRNAs in the maintenance of BTSCs, with the proliferation and differentiation capacity 

of putative BTSCs clearly altered by changes in miRNA expression.  

 

1.4.3.4.4 Limitations of previous studies and contribution of this thesis to scholarship 

This investigation focuses on the identification of functional miRNA-regulated networks of 

gene expression in human primary MB specimens utilising a NSC model of 

tumourigenesis.  To date, several research groups have investigated deregulated miRNA 

expression in MB, including comparisons to normal human adult and foetal cerebellum, 

which represent heterogeneous tissues at different developmental stages.  The approach 
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taken in this investigation is distinct but complementary to these reports, and is the first to 

assess miRNA expression levels in primary human MB specimens and MB cell lines in 

comparison to human CD133+ NSCs and CD133- NPCs.  Additionally, the functional role 

of miRNAs in MB has been largely defined in SHH-driven models of MB [417, 419, 420].  

Whilst previous studies strongly implicate the SHH signalling pathway in the development 

of MB, the identification of deregulated miRNAs and their function in other MB sub-types 

will further contribute to an understanding of MB tumourigenesis.   

 

This investigation addresses the hypothesis that deregulated miRNA expression in NSCs 

may lead to BTSC formation and MB tumourigenesis.  However, recent studies 

investigating miRNA expression utilising a NSC model, in particular characterising 

miRNA expression levels for both CD133+ stem and CD133- non-stem populations of 

BTSCs, were specific to GBM [427, 428].  Using a similar approach, this study extends this 

research by utilising the NSC model for the characterisation of aberrant miRNA expression 

in MB.  miRNA expression profiling of human CD133+ NSCs and CD133- NPCs 

established basal expression levels of miRNAs which regulate stem cell activity.  miRNA 

profiles of MB cell lines and a panel of primary MB specimens were then compared to 

profiles obtained from normal NSCs, with the aim of identifying the deregulated expression 

of specific miRNAs potentially involved in the transformation of NSCs and subsequent MB 

tumourigenesis.  Previously, our group obtained mRNA expression profiles for the same 

samples and these were integrated with miRNA expression data to identify deregulated 

genes and/or pathways involved in MB pathogenesis.  The identification of deregulated 

miRNA-target gene interactions in MB tumourigenesis adds to a growing research area 

demonstrating the significance of miRNA-mediated regulation of gene expression in the 

development of various cancer types from stem cell populations.  Findings obtained from 

this investigation may not only be relevant to brain tumour, stem cell and cancer biologists 

but may also be of importance to other systems and disease models.    
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1.4.3.4.5 Thesis aims 

The main aim of this thesis was to characterise the role of deregulated miRNA expression 

in paediatric brain tumours, specifically MB.  This was achieved by addressing the 

following specific aims: 

1. Identify deregulated miRNAs in a panel of primary MB and MB cell lines by 

comparison to miRNA expression profiles of normal human neural stem cells 

(NSCs), a putative MB progenitor cell type 

2. Assess the known or predicted targets of the deregulated miRNAs identified in Aim 

(1) and correlate these data with the mRNA expression data for protein coding 

genes obtained from the same specimens. 

3. Validate the expression levels of putative miRNA target mRNAs identified in Aim 

(2) and identify tumour specific markers, oncogenes or tumour suppressor genes for 

further analysis. 
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Chapter 2  

Materials and Methods  

2.1 Patient specimens and MB cell lines 

2.1.1 Primary brain tumour specimens  

Consent to use tumour tissue for research purposes was obtained from the parents of 

patients according to ethics committee guidelines (Princess Margaret Hospital for Children 

(PMH)) (Perth, Western Australia).  All tissue was de-identified to ensure patient 

anonymity prior to this study.  Primary brain tumours were collected at PMH, embedded in 

optimal cutting temperature (OCT) compound and snap-frozen.  For the ten MB specimens 

analysed in this thesis, the age of patients ranged from seven months to 13 years, with a 

mean age of 4.5 years.  The gender distribution of tumour specimens was seven males to 

three females (2.3:1) (Table 2.1).   

 

Table 2.1: Clinical data and methods used to profile miRNA and mRNA expression.  Metastatic status 

was defined as M0 (no metastasis) and M+ (distant metastasis). 

 

Sample Gender Age Metastasis miRNA array mRNA gene 
array 

M1 Female 9 M0 Yes No 
M2 Female 3 Unknown Yes Yes 
M6 Male 7 M+ Yes Yes 
M7 Male 1.5 M0 Yes Yes 
M9 Male 2 Unknown Yes No 

M11 Male 5 M+ Yes Yes 
M14 Female 3 M0 Yes Yes 
M15 Male 3 M+ Yes Yes 
M17 Male 4 M+ Yes Yes 
M22 Male 1 Unknown Yes No 
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2.1.2 Cell line culture  

All cultured cell lines were verified to be free of Mycoplasma contamination by polymerase 

chain reaction (PCR) analysis.  Authentication of cell lines was performed by DNA 

profiling using the AmpflSTR Identifiler kit (Applied Biosystems, Life Technologies, 

Carlsbad, USA) as described previously [429].     

 

2.1.2.1 Semi-adherent cell lines 

The desmoplastic MB cell line PER-547 and classic MB cell lines PER-568 (both described 

previously [430]) and PER-621 were established from primary tumours resected from 

patients treated at PMH.  All were cultured in Roswell Park Memorial Institute-1640 

(RPMI-1640) cell culture medium (MP Biomedicals, Irvine, USA) supplemented with 2 

mM L-Glutamine (Sigma, St Louis, MO, USA), 1 x10-5 mM 2-Mercaptoethanol (2-ME) 

(BDH chemicals, Poole Dorset, UK), 2 mM non-essential amino acids (NEAA) (Australian 

Biosearch, Karrinyup, Australia), 1 mM sodium pyruvate (MP Biomedicals, Irvine, USA) 

and 20% (v/v) foetal calf serum (FCS) (Invitrogen, Life technologies, Carlsbad, USA).  

Cells were passaged twice weekly (1:2) and maintained in 24-well plates (Nunc, 

ThermoFisher Scientific, Massachusetts, USA) at 37°C and 5% CO2.  The complete case 

history, detailed immunohistochemical and molecular characterisation of PER-547 and 

PER-568 cell lines was previously described in [430].  The PER-621 cell line was derived 

from a three year old female patient diagnosed with a classic MB in 2005.  The patient 

showed no evidence of metastasis and the primary tumour was resected for pathology and 

tissue culture.  The PER-621 cells grew in cohesive clumps containing cells with prominent 

nuclei.  The primary MB specimens from which these cell lines were derived were not 

included in this study as insufficient tissue was available for analysis.  

 

2.1.2.2 Adherent cell lines 

The DAOY MB cell line [431] was cultured in RPMI-1640 (MP Biomedicals, Irvine, USA) 

supplemented with 2 mM L-Glutamine (Sigma, St Louis, MO, USA), 1 x10-5 mM 2-ME 

(BDH Chemicals, Poole, UK) and 10% (v/v) donor bovine calf serum (DBCS) (JRH 
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Biosciences, Lenexa, KS, USA).  Cells were passaged twice weekly on reaching 80-90% 

confluence (1:10) and maintained in 75cm2 filter-top culture flasks at 37°C and 5% CO2 

(Nunc, ThermoFisher Scientific, Massachusetts, USA).    

 

The HEK293 cell line was kindly provided by Associate Professor Bruno Meloni 

(Australian Neuromuscular Research Institute, Nedlands, Australia) and cultured in RPMI-

1640 supplemented with 2 mM L-Glutamine (Sigma, St Louis, MO, USA), 1 x10-5 mM 2-

ME (BDH Chemicals, Poole, UK) and 10% FCS (v/v) (Invitrogen, Life Technologies, 

Carlsbad, USA).  Cells were sub-cultured twice weekly (1:3) on reaching 80-90% 

confluence and maintained in 75cm2 filter-top culture flasks at 37°C and 5% CO2 (Nunc, 

ThermoFisher Scientific, Massachusetts, USA).    

 

For passaging, Phosphate buffered saline (PBS; 1.84 mM KH2PO4, 2.68 mM KCl, 136.87 

mM NaCl, 7.87 mM Na2HPO4.2H2O) and Trypsin-EDTA (Invitrogen, Life Technologies, 

Carlsbad, USA) were used to detach both DAOY and HEK293 adherent cell lines from the 

culture flask.   
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2.2 Neurosphere culture dissociation and neural stem cell isolation 

2.2.1 Neurosphere culture 

Human NSCs propagated as neurospheres were derived from human ES cell (hESC) lines 

hES3 (WiCell Research Institute, Madison, USA) and MEL1 (Australian Stem Cell Centre, 

Melbourne, Australia) using protocols described previously [432, 433].  Briefly, hESCs 

were co-cultured on a layer of mitomycin-C-treated mouse embryo fibroblasts in the 

presence of BMP2-antagonist, Noggin (500ng/ml; R&D Systems- Bioscientific, Gymes, 

Australia).  Cell clumps were mechanically excised from noggin-treated colonies and 

transferred to 96-well ultra-low adherent 96 well plates (Corning, Melbourne, Australia).  

Neurospheres were maintained for up to 12 weeks in neural basal medium (NBM), 

supplemented with N-2 (Catalogue number: 17502048; Gibco, Invitrogen, Life 

Technologies, Carlsbad, USA), B-27 (Catalogue number: 17504044; Gibco, Invitrogen, 

Life Technologies, Carlsbad, USA), 50U Penicillin-Streptomycin (Gibco, Invitrogen, Life 

Technologies, Carlsbad, USA), 2mM L-Glutamine (Sigma, St Louis, USA), 1X Interferrin-

Transferrin-Selenium (Gibco, Invitrogen, Life Technologies, Carlsbad, USA), 20 ng/ml 

EGF (Sigma, St Louis, USA) and 20 ng/ml bFGF (Chemicon, Temecula, USA).  

Neurosphere cultures were expanded by mechanical splitting 1:2-1:4 [434] and cultured in 

ultra-low adherent 96 well plates at 37°C and 5% CO2, with growth factor supplementation 

every 2-3 days during media change.   

 

2.2.2 Neurosphere dissociation  

Neurospheres were dissociated using the trypsin-neural dissociation kit (Miltenyi Biotec, 

Bergisch Gladbach, Germany) as described previously [434].  Briefly, cells were washed in 

PBS and incubated for 15 min at 37°C in enzyme mix 1 containing trypsin, followed by the 

addition of two parts of enzyme mix 2 each with a 10 min incubation.  Following this, cells 

were triturated until no more clusters were visible.  Dissociated neurosphere suspensions 

were washed in ice cold PBS, filtered (30 µm, BD Biosciences, San Jose, USA) and 

pelleted by centrifugation at 400 x g for 8 min.  The dissociated NSC pellet was re-
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suspended in ice cold PBS as a neurosphere suspension before counting, typically 

containing mostly single cells with a small proportion of doublets and triplets, and with a 

cell viability of approximately 80% as determined by Trypan Blue staining. 

 

2.2.3 CD133+ NSC isolation 

The neurosphere cell suspension was centrifuged at 400 x g for 8 min and re-suspended in 

fluorescence-activated cell sorting (FACS) buffer (PBS supplemented with 0.5% Bovine 

Serum Albumin [BSA; Sigma, St Louis, USA]) and 2mM EDTA (Sigma, St Louis, USA).  

For FACs analysis of CD133+ expression, cells were blocked in fragment crystallisable 

region (FcR) blocking agent (Miltenyi Biotec, Bergisch Gladbach, Germany) for three min 

at room temperature.  Primary antibodies, AC133/1-Phycoerythrin (PE) and 

CD133/2(C293)-PE (Miltenyi Biotec, Bergisch Gladbach, Germany), were added 

according to manufacturer’s recommendations, and incubated with cells on ice for 20 min 

with slow agitation.  As a negative control, some cells were incubated under the same 

conditions except with the primary antibody omitted.  Excess antibody was removed by 

washing in cold FACs buffer, and cell sorting performed on an ARIA-I flow cytometer 

platform (BD Biosciences, San Jose, USA).  CD133+ NSCs and CD133- NPCs were 

collected back into NBM and stored on ice prior to RNA isolation.    
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2.3 Cell line transfection 

2.3.1 Transfection of adherent cell lines with pre-miR molecules 

Adherent cell lines were transiently transfected using Lipofectamine 2000 (Invitrogen, Life 

Technologies, Carlsbad, USA).  Typically, HEK293 cells were seeded at 5 x 104 cells/well 

and DAOY cells seeded at 3 x 104 cells/well in RPMI-1640 with supplements and FCS and 

incubated for 24 hrs at 37°C and 5% CO2 to obtain 60-70% confluence in 24-well plates 

(Nunc, ThermoFisher Scientific, Massachusetts, USA).  Negative control pre-miRNA (No. 

2, Part number: AM17111, Ambion, Life Technologies, Carlsbad, USA) or precursor 

miRNAs (pre-miRs; Ambion, Life Technologies, Carlsbad, USA) were utilised at final 

concentration of 30 nmol/L.  Transfections were set up by diluting pre-miR molecules in 50 

µl of serum-free RPMI-1640 and mixing this with 50 µl of serum-free RPMI-1640 

containing 1µl of Lipofectamine 2000.  Transfection reactions were then incubated at room 

temperature for 30 min to allow lipid-pre-miR complex formation.  Meanwhile, each well 

of the 24-well plate was refreshed with 300 µl of fresh media per well followed by the 

addition of 100 µl of the transfection mixture to cells.  After 24 hrs incubation, the media 

containing the transfection mixture was replaced with fresh media.  For HEK293 cells, 

RNA was collected at both 24 h and 48 h post-transfection, and protein collected at 48-96 h 

post-transfection.  For DAOY MB cells, RNA was collected at 10 h post-transfection.   

 

2.3.2 Transfection of PER-547 semi-adherent cell line with pre-miR and anti-miR 

molecules 

PER-547 cells were transiently transfected with Ribofect transfection reagent (Bioline, 

Boston, USA).  Typically, cells were seeded at 2 x 105 cells/well in RPMI-1640 with 

supplements and FCS in 24-well plates (Nunc, ThermoFisher Scientific, Massachusetts, 

USA) and incubated for 24 hrs at 37°C and 5% C02.  Negative control pre-miR (No. 2, Part 

number: AM17111) or precursor miRNAs (pre-miRs; Ambion, Life Technologies, 

Carlsbad, USA) were utilised at final concentration of 5 nmol/L.  Initial optimisation of the 

pre-miR concentration for transfection of PER-547 cells was performed utilising pre-miR-
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10a at varied concentrations: 1 nmol/L, 5 nmol/L and 30 nmol/L.  miR-10a expression was 

assessed at 10 h post-transfection, with 5 nmol/L selected for future transfections.  

Transfection reactions were set up by diluting pre-miR molecules in 50 µl of serum-free 

RPMI-1640 and mixing this with 50 µl of serum-free RPMI-1640 containing 1µl of 

Ribofect transfection reagent.  After gentle mixing, transfection reactions were incubated at 

room temperature for 30 min to allow lipid-pre-miR complex formation.  Meanwhile, 100 

µl of the transfection mixture was added to each well, bringing the final volume to 500 µl 

per well.  After 24 h incubation, the media containing the transfection mixture was replaced 

with fresh media.  For anti-miR transfection, cells were seeded as described previously.  

After 24 h incubation, locked nucleic acid (LNA; Exiqon Life Sciences, Vadbaek, 

Denmark) anti-miRs or scrambled-negative control LNAs were transiently transfected into 

cells at a final concentration of 30 nmol/L.  Transfection reactions were set up by diluting 

anti-miRs in 50 µl of serum-free RPMI-1640 and mixing this with 50 µl of serum-free 

RPMI-1640 containing 1 µl of Ribofect transfection reagent.  Incubation of transfection 

mixtures and media replacement was performed as described above.  For pre-miR and anti-

miR transfections of PER-547, RNA was collected at 24 hrs and 48 hrs post-transfection.          
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2.4 RNA analysis  

2.4.1 Isolation of RNA 

2.4.1.1 Comparison of small RNA-enriched RNA and large RNA isolation protocols 

The source for optimisation of RNA isolation was an AT/RT cell line, PER-571, selected 

for its rapid growth and ease of culture.  Phenol-chloroform (P) and column-based (C) 

RNA extraction protocols were compared in parallel and included a standard TRIZOL 

(Invitrogen, Life Technologies, Carlsbad, USA) extraction (P), a modified TRIZOL method 

developed for Affymetrix microarrays (P) [435], mirVana miRNA isolation kit (C) (Life 

Technologies, Carlsbad, USA) and miRNeasy mini kit (C) (QIAGEN, Germantown, USA).  

Column-based RNA extraction methods were performed according to manufacturer’s 

recommendations for the extraction of small RNA-enriched RNA (<200 nucleotides) and 

large RNA (> 200 nucleotides) fractions.  On-column DNase digestion was performed for 

all large RNA fractions with RNase-free DNase (QIAGEN, Germantown, USA), according 

to manufacturer’s recommendations.  Small RNA-enriched RNA fractions were eluted in 

14 µl nuclease-free water and large RNA fractions were eluted in 30 µl nuclease-free water.   

 

The standard TRIZOL protocol involved the addition of 1 ml of TRIZOL (Invitrogen, Life 

Technologies, Carlsbad, USA) to pelleted cells.  Samples were vortexed and incubated at 

room temperature for 5 min.  After the addition of 0.2 ml of chloroform (AnalaR, Merck, 

Whitehouse Station, USA), samples were mixed and separated by centrifugation at 11 000 

x g for 15 min at 4°C.  The upper aqueous phase was collected and transferred to nuclease-

free, sterile 1.5ml tubes and combined with 0.5 ml of 100% isopropanol (AnalaR, Merck, 

Whitehouse Station, USA).  Samples were mixed and incubated for 10 min at room 

temperature followed by centrifugation at 11 000 x g for 10 min at 4°C.  The RNA pellet 

was washed twice with 80% ethanol and air dried, prior to resuspension in 20 µl nuclease-

free water.   

  

The Affymetrix protocol was identical to the standard TRIZOL protocol until the RNA 

precipitation step, at which point the upper aqueous phase was collected and adjusted to 
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35% ethanol by the addition of 100% ethanol.  The resulting solution was purified using an 

RNeasy Mini kit (QIAGEN, Germantown, USA), following the manufacturer’s 

instructions.  Samples were eluted in 50 µl of nuclease-free water and precipitated by the 

addition of 0.1 vols NaOAc (Sigma, St Louis, USA), 2.5 vols of 100% ethanol and 1 µl of 

glycogen (Ambion, Life Technologies, Carlsbad, USA).  The RNA pellet was washed twice 

with 80% ethanol and air dried prior to resuspension in 20 µl nuclease-free water.   

 

After isolation, all RNA samples were quantitated and stored immediately at -80°C (see 

Section 2.4.1.3) 

 

2.4.1.2 Routine isolation of small RNA-enriched RNA and large RNA fractions for this 

investigation 

Following the comparison of RNA extraction methods, RNA enriched for small RNAs was 

routinely isolated from primary MB specimens, cell lines and NSCs using the miRNeasy 

mini kit (QIAGEN, Germantown, USA), according to the manufacturer’s protocol.  Briefly, 

OCT compound was mechanically removed from embedded frozen primary tumour 

specimens and tumour tissue was placed in 1.5 ml eppendorf tubes containing QIAzol 

reagent (QIAGEN, Germantown, USA).  Tumour tissue was disrupted using a mechanical 

homogeniser, and small RNA-enriched RNA and large RNA fractions were extracted using 

the miRNeasy extraction protocol (QIAGEN, Germantown, USA), as described above.  For 

HEK293 and MB cell lines, up to 1 x 107 cells were harvested and pelleted by 

centrifugation for 5 min at 4000 x g, prior to RNA extraction.   
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2.4.1.3 RNA analysis and quantitation  

All RNA preparations were routinely assessed for concentration, purity and integrity using 

a combination of UV spectrophotometry and agarose gel electrophoresis.  Quantitation of 

RNA was performed on the Nanodrop 1000 (ThermoFisher Scientific, Massachusetts, 

USA), with concentration calculated using the formula: 

  

Concentration of RNA = OD260 x 40 µg/ml x dilution factor 

 

RNA purity was estimated by two ratios: absorbance at 260nm and 280nm (OD260:OD280) 

and 260nm and 230nm (OD260:OD230).  Optimal ratios for OD260:OD280 and OD260:OD230 

were between 1.8 and 2.0, and 1.6 and 2.0, respectively.  RNA preparations were resolved 

by 1.5% agarose gel electrophoresis to confirm the absence of significant DNA 

contamination and to assess the integrity of large RNA preparations.  Molecular biology 

grade agarose (Amresco, Dallas, USA) was dissolved in 1 x Tris-Acetate-EDTA (TAE) 

buffer [40 mM Tris, 5.7% glacial acetic acid, 1 mM EDTA] and supplemented with SYBR 

Safe DNA stain (Invitrogen, Life technologies, Carlsbad, USA).  Samples were combined 

with 10x loading buffer [4.4 mM Orange G, 40% glycerol], electrophoresed at 60 volts (V) 

for 40 min and visualised on a Gel Doc 2000 gel documentation system (BioRad, Hercules, 

USA). 

 

2.4.2 miRNA expression profiling  

miRNA profiling was performed using quantitative reverse transcriptase-polymerase chain 

reaction (RT-PCR) utilising pre-printed TaqMan low density assay (TLDA) microfluidic 

cards (Human miR v2.0, Applied Biosystems, Life Technologies, Carlsbad, USA).  Each 

TLDA card set contains minor groove binder (MGB)-labeled probes specific to 662 mature 

miRNAs plus six endogenous small nucleolar RNAs (MammU6, RNU44, RNU48, 

RNU24, RNU43, RNU6B) for data normalisation and relative quantitation.  Small RNA-

enriched RNA was extracted as described above (section 2.4.1.2) and reverse-transcribed 

using Megaplex reverse transcription (RT) stem loop primer pools (Applied Biosystems, 
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Life Technologies, Carlsbad, USA) and the TaqMan miRNA reverse transcription kit 

(Applied Biosystems, Life Technologies, Carlsbad, USA), according to manufacturers 

recommendations.  Briefly, RT reactions were prepared on ice and contained 30 ng of small 

RNA-enriched RNA, 1 x Megaplex RT stem loop primer pools, 75 U of Multiscribe 

Reverse Transcriptase (Applied Biosystems, Life Technologies, Carlsbad, USA), 2 U of 

RNase inhibitor, 2.66 mM deoxynucleotide triphosphates (dNTPs) and 1 x reaction buffer.  

Reactions were adjusted to 4.5 µl total volume with nuclease-free water, mixed thoroughly 

and run for 40 cycles of 16°C for 2 min, 42°C for 1 min, 50°C for 1 sec, followed by an 

85°C hold for 5 min.  Two megaplex RT primer pools were used per sample, Pool A and 

Pool B, each containing reagents and primers for 331 mature miRNAs and small nucleolar 

RNAs.  cDNA was immediately stored at -20°C until required.   

 

Following this, RT products were subject to a pre-amplification reaction to increase the 

sensitivity of the assay utilising Megaplex PreAmp Primer Pools A and B (Applied 

Biosystems, Life Technologies, Carlsbad, USA), according to manufacturer’s 

recommendations.  Briefly, 2.5 µl of cDNA was combined with 1 x Megaplex PreAmp 

primers (Applied Biosystems, Life Technologies, Carlsbad, USA) and 1 x TaqMan 

PreAmp Master mix (Applied Biosystems, Life Technologies, Carlsbad, USA).  Reactions 

were adjusted to 22.5 µl with nuclease-free water, mixed thoroughly and run for 10 min at 

95°C, 2 min at 55°C, 2 min at 72°, 12 cycles of 15 sec at 95°C and 4 min at 60°C, followed 

by 10 min at 99.9°C and a subsequent hold at 4°C.  Two megaplex PreAmp primer pools 

were used per sample, Pool A and Pool B, each containing primers and reagents for 331 

mature miRNAs and small nucleolar RNAs.  Pre-amplification reaction products for each 

sample were diluted four-fold in 0.1X TE [10 mM Tris-HCl containing 1 mM EDTA pH 

8.0] (Promega, Madison, USA).  PreAmplified cDNA products were stored at -20°C until 

required.   

 

Prior to miRNA profiling, all samples were subject to quality assessment to validate the 

efficiency of both RT and pre-amplification reactions.  For this purpose, the TaqMan miR-

21 assay on demand (Part number 4373090, Applied Biosystems, Life Technologies, 

Carlsbad, USA) was utilised, with amplification plots for all samples assessed to confirm 
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that threshold cycle (Ct) values corresponded with the midpoint of logarithmic 

amplification.  For this, 1 µl of each of the diluted pre-amplification products was 

combined with 1 x TaqMan Universal PCR Master Mix No AmpErase UNG (Applied 

Biosystems, Life Technologies, Carlsbad, USA).  Reactions were made up to 20 µl total 

reaction volume with nuclease-free water and loaded into the eight reservoirs of a 

microfluidic card.  Following centrifugation (2 min at 331 x g), cards were sealed and run 

on a Applied Biosystems 7900HT real-time PCR system using the recommended qPCR 

conditions, 95°C for 10 min for enzyme activation, followed by 40 cycles of denaturation at 

95°C for 15 sec and primer annealing and extension at 60°C for 60 sec.  All assays were 

run in duplicate.   

 

For quantitative PCR of mature miRNAs on TLDA cards, 9 µl of diluted PreAmplified 

cDNA was combined with 1 x TaqMan Universal PCR Master Mix, No AmpErase UNG 

(Applied Biosystems, Life Technologies, Carlsbad, USA).   Reactions were adjusted to 900 

µl total reaction volume with nuclease-free water, loaded into TLDA cards and run 

according to the manufacturer’s protocol.  Pre-processing of raw TLDA data files consisted 

of threshold and baseline corrections for each sample, with each amplification plot assessed 

to confirm that the Ct value corresponded with the midpoint of logarithmic amplification 

(SDS 2.3, Applied Biosystems, Life Technologies, Carlsbad, USA).  Ct values greater than 

32 were imputed to 32 according to the technical recommendations.   

 

2.4.3 Endogenous control (EC) gene normalisation for miRNA gene expression 

analysis 

To determine the most appropriate combinations of genes for data normalisation, the 

expression stability and abundance of candidate EC genes were assessed using DataAssist 

(Applied Biosystems, Life Technologies Carlsbad, USA) and the BestKeeper software 

package [436].  DataAssist software implements the GeNorm algorithm, which calculates 

the measure of stability based on the average pairwise variation between all tested genes 

accompanied by stepwise exclusion of the least stable gene [437].  BestKeeper analysis 



63 

 

 

determines the most stably expressed EC genes based on the coefficient of correlation to 

the Bestkeeper Index (BI), defined as the geometric mean of all Ct values of candidate EC 

genes [436].  To perform this analysis, the Ct values for all six candidate EC genes (small 

nucleolar RNAs) across all samples were entered into the Bestkeeper spreadsheet tool 

available from http://www.gene-quantification.de/bestkeeper.html.  To determine the 

stability of candidate EC genes, the geometric mean of each candidate EC gene was 

calculated and correlated to BI.  Ranking of the candidates was performed based upon 

smallest deviation of gene expression, displayed as correlation of coefficient (r) to the BI.  

Bestkeeper was also employed to assess the best possible combination of EC gene pairs for 

relative quantification of miRNA expression.  All samples were included in this analysis 

except for one primary MB sample (M1), due to this sample failing for technical reasons on 

the Pool B TLDA card.  Based on the abundance and stability of candidate EC genes, 

MammU6 and RNU48 were selected for the normalisation of miRNA expression data, 

using the equation 2-ΔCt, where ΔCt= (CtmiR – Ctmean endogenous control) [438].   

 

2.4.4 mRNA gene expression profiling 

mRNA gene expression profiling utilised for the integration analyses in this thesis was 

performed by Dr Cornelia Bertram as part of a PhD project at the Telethon Institute for 

Child Health Research (TICHR), Subiaco.  Briefly, total RNA was extracted from primary 

MB specimens, MB cell lines, CD133+NSCs and CD133- NPCs (sorted as described 

above) and subsequently labelled and hybridised to Affymetrix HG-U133A arrays [435].  

Quality control of microarrays was performed using the Expression Console Software 

(Affymetrix, Santa Clara, USA) and the expression data were analysed using R version 

2.7.0 (https://www.r-project.org) and Bioconductor version 2.4 

(http://www.bioconductor.org).  All samples displayed sufficient cRNA integrity and signal 

correlation.  Unsupervised hierarchical clustering analysis was performed on the primary 

MB specimens, MB cell lines, CD133+ NSCs, and CD133- NPCs using the expression data 

of 20 of the 24 genes (LEF1, RUNX2, DCX, MAB21L1, PTCH1, PDLIM3, NEUROG1, 

DLL3, PDGFA, FOXG1B, GRM1, VAMP4, CDKN1C, SERPINF1, NRL, CRX, NMNAT2, 
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SMARCD3, GABRA5 and DCC) that classify MB molecular subgroups A-E as defined by 

Kool et al. [55].  The genes OTX2, LEMD1, PTPN5 and ZNF179, were omitted from the 

analysis because they are not represented on the Affymetrix HG-U133A array. 

 

2.4.5 Quantitative real-time RT-PCR analysis of an individual miRNA 

Small RNA-enriched RNA was extracted from cell lines as described above (Section 

2.4.1.2) and reverse- transcribed using miRNA-specific stem-loop RT primers (Applied 

Biosystems, Life Technologies, Carlsbad, USA) and the TaqMan microRNA RT kit 

(Applied Biosystems, Life Technologies, Carlsbad, USA), according to manufacturer’s 

instructions.  Briefly, RT reactions were prepared on ice and contained 10 ng of small 

RNA-enriched RNA, 1 mM dNTPs, 50 U of Multiscribe reverse transcriptase, 3.8 U of 

RNase inhibitor, 1 x stem-loop RT primer and 1 x reaction buffer.  Reactions were adjusted 

to 15 µl total volume with nuclease-free water, mixed thoroughly and incubated at 16°C for 

30 min, 42°C for 30 min, 85°C for 5 min.  cDNA was immediately stored at -20°C until 

required.   

 

For quantitative PCR of a mature miRNA, 1µl of cDNA was combined with 1x TaqMan 

miRNA assay for that specific miRNA (Applied Biosystems, Life Technologies, Carlsbad, 

USA) and 1 x TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied 

Biosystems, Life Technologies, Carlsbad, USA).   Reactions were adjusted to 20 µl total 

reaction volume with nuclease-free water and run according to manufacturer’s protocol, 

95°C for 10 min for enzyme activation, followed by 40 cycles of denaturation at 95°C for 

15 sec and primer annealing and extension at 60°C for 60 sec.  All reactions were assayed 

in duplicate.  Expression values were calculated using the equation 2-ΔCt, where ΔCt= (CtmiR 

– Ctendogenous control) and RNU48 was used as the EC.  Reactions were run in 384 well format 

on an Applied Biosystems 7900HT real-time PCR system.   
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2.4.6 Quantitative real-time RT-PCR of candidate miRNA target mRNAs 

Large RNA fractions were extracted from cell lines as described above (section 2.4.1.2) and 

reverse transcribed using the QuantiTect RT kit (QIAGEN, Germantown, USA), according 

to manufacturer’s instructions.  Briefly, RT reactions were prepared on ice and contained 

500 ng of large RNA fraction, 1 µl of QuantiScript reverse transcriptase, 1 µl of RT primer 

mix and 1 x QuantiTect RT buffer.  Reactions were adjusted to 20 µl total volume with 

nuclease-free water, mixed thoroughly and incubated at 42°C for 30 min, 95°C for 5 min, 

followed by hold at 4°C.  cDNA was immediately stored at -20°C until required.   

 

For quantitative PCR analyses of candidate target mRNAs of miR-10a and miR-935, 1 µl 

of cDNA was combined with 1 x QuantiFast SYBR Green Master Mix (QIAGEN, 

Germantown, USA) and gene-specific primers at a final concentration of 300 nmol/L.  

Sequence details of these primers are listed in Table 2.2.  Reactions were adjusted to 10 µl 

total reaction volume with nuclease-free water and run according to manufacturer’s 

protocol, 95°C for 5 min for enzyme activation, followed by 40 cycles of denaturation at 

95°C for 10 sec and primer annealing and extension at 60°C for 30 sec.   For quantitative 

PCR of candidate genes FOXO1A and PIK3CA mRNA levels, 1 µl of cDNA was combined 

with 1 x TaqMan Assay on demand primers and probes (Applied Biosystems, Life 

Technologies, Carlsbad, USA) and 1 x TaqMan Universal PCR Master Mix (Applied 

Biosystems, Life Technologies, Carlsbad, USA).  Reactions were adjusted to 20 µl total 

reaction volume with nuclease-free water and run according to manufacturer’s protocol.  

FOXO1A and PIK3CA standards were prepared from 500 ng of large RNA from the PER-

453 pineoblastoma cell line, serially diluted and assayed in duplicate.  Expression values 

were calculated using the equation 2-ΔCt, where ΔCt= (Cttarget gene – Ct endogenous control) with β-

actin used as the EC.  Reactions were run in 384 well format on an Applied Biosystems 

7900HT real-time PCR system.   
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Table 2.2: Gene-specific primers for qRT-PCR validation of candidate miR-10a and miR-935 target 

genes.   

 

 

 

 

Primer Sequence (5'-3') Length (nt) Tm (°C) 
ACTB-FWD CAT GTA CGT TGC TAT CCA GGC 21 64.2 
ACTB-REV CTC CTT AAT GTC ACG CAC GAT 21 63.9 

ANKRD12-FWD CGA GGG GAG ACC TAC CAT AGA 21 64.0 
ANKRD12-REV ACT TGC TGT TTG AAG CTC CAG 21 66.3 

APC-FWD CCT CAT CCA GCT TTT ACA TGG C 22 66.5 
APC-REV CGC CTG CCT CTC TTG TCA T 19 65.6 

ESRRG-FWD ACA GCG TCA ACC ACC ACA G 19 65.1 
ESRRG-REV GCC CAC TAC CTC CCA GGA T 19 65.2 

FNBP1L-FWD CAC GGT TTA CCT CGT GTG TAG 21 62.0 
FNBP1L-REV CAC TCT GTG CGC CAT TTC TTC 21 66.9 
H3F3B-FWD GTG GCG CTT CGA GAG ATT C 19 65.0 
H3F3B-REV GCG AGC CAA CTG GGA TGT CTT 21 66.5 

KIAA0232-FWD CTG CTG TCC AGT GTC TTC GAT 21 64.4 
KIAA0232-REV GGG AGA CCC CTC TAA CTT TTT GT 23 64.3 
MTMR3-FWD CTT CAA TCC CCG ACT CGG AAA 21 60.2 
MTMR3-REV GCC AAC GGG TCA TCT CTG TG 20 68.0 
MYT1-FWD GGA CGC CTC TGT TTC GGA TG 20 69.1 
MYT1-REV ATC CAA AAT GGG ACT TGA CGG 21 66.8 

MYT1L-FWD GAA CCT GCT CCT AAA CGA AAG C 22 64.9 
MYT1L-REV GCT CGT CAT TGT CCT CGG A 19 66.5 
RELN-FWD TCC GGG ACA AGA ATA CCA TGT 21 65.2 
RELN-REV CCA AAT CCG AAA GCA CTG GAA 21 68.0 

SCARB2-FWD AAG TGG GGC CAT ACA CCT ACA 21 65.2 
SCARB2-REV CCA ACA GAT TGG TCT CGT TTC A 22 65.0 
SLC5A3-FWD CCC AAT TTA CAT CCG GTC AGG 21 67.1 
SLC5A3-REV ATA CAG ATC CAC CGA GAG CTT 21 61.6 

TBC1D9-FWD CCG TCA GGG TTG GAT GTA CC 20 66.4 
TBC1D9-REV GAA GAA ATG CTC ACT GGA CCG 21 65.8 
ZFAND5-FWD GTG GAC TTC ACC GTT ACT CTG 21 61.2 
ZFAND5-REV TTT CAG CCA CAA CAA CTG GAT 21 64.3 
ZFAND6-FWD ACA GCC AAG TGC CTA TGC TTT 21 64.7 
ZFAND6-REV CAG ACA GAC TAC TGA CAG AGG T 22 57.6 
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2.5 Protein analysis 

2.5.1 Isolation of total cellular protein  

Total protein was isolated from cell lines for analysis by western blotting.  Cells were first 

pelleted by centrifugation and washed with twice with cold PBS, followed by addition of 

lysis buffer (2 mM Ethylenediaminetetraacetic acid (EDTA), 10 mM iodoacetamide, 25 

µg/ml p-nitrophenylguanidinobenzoate, 10 µg/ml leupeptin, 10 µg/ml aprotinin and 0.5% 

Triton X-100).  Cell extracts were vortexed for approximately 30 seconds before incubation 

on ice for 20 min.  Following an additional vortexing step, the extract was cleared by 

centrifugation at 11 000 x g for 20 min at 4°C.  Protein extracts were then transferred to a 

1.5 ml tube and stored at -80°C.   

 

2.5.2 Protein Quantitation 

Protein concentrations were determined by Bradford assay using Bio-Rad protein assay 

reagent (Bio-Rad, Hercules, USA), according to manufacturer’s recommendations.  Briefly, 

assay dye was brought to room temperature and added to a 96 well micro-titre plate 

(Becton Dickinson, Franklin Lakes, USA).  A stock solution of 10 mg/ml Bovine Serum 

Albumin (BSA) (Sigma, Carlsbad, USA) was serially diluted in 1.5% (v/v) lysis buffer (see 

methods 2.5.1) to generate a standard curve within the range of 2.5 µg/ml to 80 µg/ml.  

Standards and protein extracts were added to the plate at 10 µl per well, with protein 

extracts diluted 1 in 4.   Both were assayed in duplicate with the absorbance measured at 

595 nm on a Victor 1420 counter (Wallac, Perkin-Elmer, Waltham, USA).  Protein 

concentrations of extracts were adjusted for dilution and calculated using the standard 

curve. 

 

 

 

 



68 

 

 

2.5.3 Western analysis 

Prior to western analysis, 20 µg of whole-cell protein extract was combined with 3.3 x 

sample buffer (67 mM Tris-HCl, 13% Glycerol, 50 mM Dithiothreitol, 1.3% w/v Sodium 

dodecyl sulphate (SDS), 0.0025% Bromophenolblue and 2% 2-ME).  Samples were 

denatured at 100°C for 5 min and placed on ice until required for loading.   

 

Western blotting was performed with denatured protein samples by sodium dodecyl sulfate-

polyacrylamide electrophoresis (SDS-PAGE) using 10% acrylamide resolving gels 

[acrylamide, 373 mM Tris.HCl, 0.1% SDS, 0.1% ammonium persulphate and 0.05% 

TEMED] and 5% acrylamide stacking gels [acrylamide, 128 mM Tris-HCl, 0.1% SDS, 

0.1% ammonium persulphate and 0.1% TEMED].  Gels were electrophoresed at 60 milli 

ampere (mA) for two hrs at 4°C until the dye front reached the bottom of the gel, indicating 

the separation of proteins was complete.  Proteins were transferred to nitrocellulose 

Hybond-C Super membrane (GE Healthcare Life Sciences, Little Chalfont, UK) in transfer 

buffer [2.5 mM Tris, 190 mM glycine, 20% methanol] for 1 hour at 100 V.   

 

For immunoblotting, membranes were blocked at room temperature for 1 hour in 5% skim 

milk in Tris-buffered saline with Tween 20 (TBS-T), followed by incubation with primary 

antibody diluted 1:1000 in TBS-T overnight at 4°C.  Primary antibodies included either a 

FOXO1A rabbit monoclonal antibody (Cell Signaling, Beverly, USA) or a PI3 Kinase 

p110α rabbit monoclonal antibody (Cell Signaling, Beverly, USA).  To control for loading, 

the blots were also probed with anti-pan actin (ACTN05, Lab Vision, Fremont, USA).  

Membranes were washed 3 x 15 min each in TBS-T prior to incubation with horseradish 

peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature.  

Membranes were washed as described previously before visualisation of bands by 

enhanced chemiluminescence (Amersham Biosciences, Uppsala, Sweden) and exposure to 

hyperfilm (Amersham Biosciences, Uppsala, Sweden), according to manufacturer’s 

instructions.  Images of western blots were scanned and the level of expression based on 

pixel intensity was determined using the program ImageJ 1.44p software (National 
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Institutes of Health, USA).  FOXO1A protein levels were assessed at 24, 48, 72h post-

transfection and PIK3CA protein levels were assessed at 24, 48 and 72h post-transfection.   

 

2.6 Statistics and bioinformatics  

2.6.1 Statistical analysis of miRNA expression data 

All analyses were performed utilising log2(2
-ΔCt) transformed normalised miRNA 

expression data.  Unsupervised agglomerative hierarchical clustering of miRNA expression 

profiles was performed using Euclidean distance and pairwise Pearson correlations with 

complete linkage.  Results were visualized using dendrograms and heatmaps.  All statistical 

analyses were performed in R statistical environment version 2.9.2 [439].  Visualization of 

clustering analyses was carried out using gplots R package (http://cran.r-

project.org/web/packages/gplots/index.html).  Principle component analysis (PCA) was 

performed using companion to applied regression (CAR) package in R (http://cran.r-

project.org/web/packages/car/index.html).  To identify specific miRNAs that were 

differentially expressed between MB primary specimens, MB cell lines and normal NSC 

samples, a two sample t-test was performed utilising the normalised means (log2(2
-ΔCt) of 

expression levels for each miRNA in MB primary specimens, cell lines, CD133+ NSCs and 

CD133- NPCs.  Due to small sample size, significantly differentially expressed miRNAs 

were identified using a stringent t-test value ≤0.01 and a differential expression value > log2 

fold change (FC) of three (eight Cts), to reduce false positive findings.  All analyses in R 

were performed in collaboration with senior bioinformatician, Dr Kim Carter, of the 

TICHR.  

 

2.6.2 miRNA target prediction 

The miRNA target prediction algorithm TargetScan 5.1 was employed for all analyses 

[300, 311, 440].  TargetScan takes into account evolutionary conservation of the seed and 

specific context determinants to predict mammalian miRNA targets.  All predicted targets 
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for miRNAs were assessed irrespective of the degree of site conservation within the seed 

region. 

 

2.6.3 Integration of miRNA and mRNA expression data 

The integration of miRNA and mRNA expression data was performed using the online tool 

microRNA and mRNA integrated analysis (MMIA) [441].  Multiple integration analyses 

were performed, utilising input lists including both up- and down-regulated miRNAs 

identified as statistically significant in primary MB specimens from miRNA profiling 

analysis (Appendix A, Table S2 and S3).  mRNA expression data for these samples was 

generated previously as described in section 2.4.4.  The miRNA target prediction algorithm 

TargetScan 5.1 was employed for all analyses [300, 311, 440], with miRNA and mRNA 

combined analysis performed as previously described [442].  To refine miRNA-mRNA 

target interactions, mRNA expression data were log2 transformed and a two-FC cut-off (fch 

<-2, >2) was employed for mRNA data analysis.  Due to a limited sample size, we were 

unable to perform false discovery rate testing on the integration itself (as provided by 

MMIA). To limit potential false positive findings, we utilised a strict t-test p-value cut-off 

of <0.01 in combination with a log2 differential expression FC of ≥ three for the 

deregulated miRNAs (when compared to CD133+ NSCs and CD133- NPCs).  Only a 

subset of MB primary specimens for which both miRNA and mRNA profiles were 

available was included in these analyses (Table 2.1).  The biological relevance of integrated 

miRNA-mRNA profiles was then investigated by focusing on the significant enrichment of 

genes in C2 curated Massachusetts Institute of Technology (MIT) Molecular Signatures 

Database (MSigDB) version 2.5 gene sets.  Enrichment terms were sorted based on the 

presence of ontological terms associated with cancer, with terms having a p-value <0.05 

considered statistically significant.   

   

Ingenuity pathway analysis (IPA; Ingenuity Systems) was employed to assign biological 

function to putative target genes of miRNAs with significantly altered expression.  Input 

lists to IPA included all the inversely correlated putative target genes from MMIA analyses 
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for both significantly up- and down-regulated miRNAs in primary MB specimens, relative 

to CD133+ NSCs and CD133- NPCs.  The data sets were investigated for the significant 

enrichment of genes in canonical pathway gene-sets and were ranked based on statistical 

significance.  Pathways in the IPA result list with p <0.05 were considered statistically 

enriched for candidate miRNA target mRNAs.   

 

2.6.4 Correlation analysis for selected target genes of miR-10a and miR-935 for 

validation 

Candidate miR-10a and miR-935 target genes obtained from MMIA were ranked on the 

basis of TargetScan context score.  Pearson’s correlation analysis was performed on logged 

expression data for both sets of miRNAs and candidate up-regulated target genes for the 

subset of primary MB specimens included in MMIA analysis.  Candidate target genes of 

miR-10a with a Pearson’s correlation coefficient (r) equal to or greater than -0.5 were 

selected for functional testing in the laboratory.  For miR-935 candidate target genes, those 

with a TargetScan context score greater than or equal to -0.4 were subsequently selected for 

validation in the laboratory.   
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Chapter 3  

Optimisation of RNA isolation and endogenous control 

gene selection for the normalisation of miRNA expression 

data 

3.1 Abstract 

Introduction:  Quantitative real time PCR (qRT-PCR) is one of the most sensitive and 

reproducible techniques for high-throughput profiling of miRNA expression.  Various 

upstream pre-analytical variables have also been identified as important to miRNA 

profiling, including the techniques used for RNA isolation, fixation, freezing and post-

mortem interval.  In addition, the selection of appropriate candidate EC reference genes is 

critical for the normalisation of qRT-PCR data to correct for any non-biological variation.  

We systematically assessed these factors in this investigation for the accurate normalisation 

of miRNA expression data.    

Methods: Optimisation of RNA isolation was performed by comparing several different 

extraction methods including two phenol-chloroform and two column-based protocols.  

Total RNA extracted by phenol-chloroform based methods was compared to both small 

RNA-enriched RNA (<200 nt) and large RNA (>200nt) prepared by column-based methods 

on the basis of quantity and purity of RNA obtained in addition to the abundance of 

selected miRNA species expressed in the PER-571 brain tumour cell line.  To assess the 

suitability of candidate EC reference genes, the expression levels of six small nucleolar 

(sno) RNAs were determined across ten primary MB specimens, two CD133+ NSC 

populations, two CD133- NPC populations and three MB cell lines.  The stability (M) of 

candidate EC reference genes was assessed using DataAssist and BestKeeper software 

programs, and BestKeeper analysis was also employed to assess the most suitable 

combinations of EC reference genes.   

Results: Small RNA-enriched RNA was superior to total RNA when studying small RNAs 

such as miRNAs, as all small RNA species were detected at higher levels in small RNA-
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enriched RNA, as determined by lower Ct values.  Small RNA-enriched RNA produced 

from the miRNeasy mini kit was of greater quantity and purity to that produced by the 

mirVana miRNA isolation kit.  The three most stable candidate small RNA EC genes 

commonly identified by both BestKeeper and DataAssist programs were MammU6, 

RNU48 and RNU6B.  Several combinations of EC reference genes were found to be 

suitable for data normalisation, as determined by repeated pairwise correlation analysis 

performed by BestKeeper.  EC reference gene pair MammU6 and RNU48 were selected for 

the normalisation of miRNA expression data.        

Conclusions:  This study represents the first reported systematic assessment of candidate 

EC reference genes for the normalisation of miRNA qRT-PCR data in MB.  A number of 

candidate EC reference genes were suitable for data normalisation ensuring accurate and 

reliable interpretation of miRNA expression profiling data.  
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3.2 Introduction 

The short length of mature miRNA sequences (~18-24 nucleotides) creates unique 

detection challenges for miRNA profiling procedures [443].  Pre-analytical processing of 

biological samples prior to expression profiling, including fixation, tissue embedding, 

freezing and other forms of storage and RNA isolation has been demonstrated to be 

important for the generation of accurate data (Reviewed in [444]).  Different methods used 

for RNA isolation have been shown to have significant effects on experimental variability 

[445].  Few studies have assessed the impact of different methods of RNA isolation for 

both total RNA and the small RNA-enriched fraction upon miRNA profiling [446, 447] and 

no “gold” standard procedure has been described.  Different profiling platforms display 

different sensitivities to pre-analytical parameters such as the technique used for RNA 

isolation, making the identification of an optimal RNA isolation technique for all miRNA 

expression profiling platforms a difficult process [447].  Therefore, the method used for 

RNA isolation should be consistent across all samples and designed for one profiling 

platform.   

 

Adaptations of existing technologies for gene expression profiling including qRT-PCR, 

chip-based microarrays, and next generation sequencing (NGS) have enabled the high-

throughput profiling of miRNA expression [357, 448-451].  The accuracy of these methods 

is dependent upon correcting for non-biological sample-to-sample variation that could be 

introduced during the steps from sample preparation to amplification.  This can be achieved 

via normalisation of expression data to EC reference genes.  An ideal reference gene should 

be highly expressed and exhibit minimal variation in cells or tissues under investigation, 

and demonstrate equivalent storage stability, extraction and quantification efficiency as the 

target of interest [452].  However, previous studies have demonstrated that a single 

universal EC reference gene with these properties for all cell or tissue types is unlikely to 

exist [437, 453-455].  Inappropriate normalisation of qRT-PCR data to unreliable reference 

genes may lead to incorrect quantitation of miRNAs of interest [452, 456].  Several reports 

suggest that combinations of reference genes can be employed for normalisation, and 

various software algorithms based upon pairwise measures and model based estimates of 
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expression variation have been developed to address this issue [436, 437].  One such 

software package, BestKeeper, was employed for this investigation.  This procedure 

involves pair-wise correlation analysis for up to ten candidate EC reference genes and 

subsequent comparison to the ‘BestKeeper Index’ (BI), defined as the geometric mean of 

all Ct values of candidate reference genes [436].  Several other studies have employed the 

BestKeeper software package for the validation of EC reference genes for qRT-PCR 

analysis, confirming the applicability of this method [457-461]. 

 

The importance of validating suitable candidate EC reference genes in a cell and/or tissue-

specific context has been demonstrated [452].  Whilst several research groups have 

performed miRNA expression profiling in primary MB specimens and MB cell lines, no 

previous report detailed the validation strategy for the selection of suitable EC reference 

genes for normalisation of miRNA gene expression data [417-422, 425].  Additionally, 

none of these studies profiled normal CD133+ NSCs and/or CD133- NPCs, instead 

normalising miRNA expression to EC gene expression levels in human normal adult and 

fetal cerebellum.  Therefore, EC genes for the normalisation of miRNA expression in 

primary MB specimens, MB cell lines and normal CD133+ NSCs and CD133- NPCs was 

addressed in this study.   
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3.3 Results 

3.3.1 Optimisation of small RNA-enriched isolation  

The optimisation of RNA isolation was performed using a paediatric AT/RT cell line, PER-

571, and four RNA extraction methods: two phenol-chloroform and two column-based.  

Both column-based extraction methods resulted in the efficient isolation of small and large 

RNA fractions.  Both of these fractions were compared to total RNA obtained by phenol 

chloroform extraction methods.  Ultimately, the different RNA extraction methods were 

assessed based upon the abundance of specific miRNA species within the PER-571 cell line 

as determined from expression profiling in addition to both the quantity and purity of RNA 

obtained, which is provided in Table 3.1.   
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Table 3.1: Quality and purity parameters of isolated RNA from PER-571 cells using several different 

RNA isolation techniques, including two phenol-chloroform and two column-based methods. 

 

Sample ID Method 
Typea

RNA 
type Cell number input Yield

(ng/uL)
260/280 260/230 

Standard Trizol 
Rep 1 P Total 1.32 x 106 cells 430.8 1.73 2.26 

Standard Trizol 
Rep 2 P Total 1.32 x 106 cells 428 1.81 2.10 

Affymetrix Trizol 
Rep 1 P Total 5.0 x 106 cells 1360 1.82 2.36 

Ambion mirVana 
Small Rep 1 C Small 

enriched 6.0 x 106 cells 40.4 1.99 0.71 

Ambion mirVana 
Small Rep 2 C Small 

enriched 6.0 x 106 cells 60.3 2.02 1.32 

Ambion mirVana 
Large Rep 1 C Large 6.0 x 106 cells 530 2.04 1.97 

Ambion mirVana 
Large Rep 2 C Large 6.0 x 106 cells 385 1.81 1.83 

Qiagen miRNeasy 
Small Rep 1 C Small 

enriched 8.0 x 106 cells 494.4 2.00 1.95 

Qiagen miRNeasy 
Small Rep 2 C Small 

enriched 8.0 x 106 cells 463 1.98 2.03 

Qiagen miRNeasy 
Large Rep 1 C Large 8.0 x 106 cells 2300 1.84 2.10 

Qiagen miRNeasy 
Large Rep 2 C Large 8.0 x 106 cells 2705 1.81 2.40 

 
a P – phenol-chloroform, C- column  

 

3.3.1.1 Efficient recovery of small RNA species 

To assess the suitability of different RNA isolation techniques for the study of miRNA 

expression, Taqman miRNA qRT-PCR was used to compare the relative abundance of the 

small miRNAs, miR-21, miR-96 and the snoRNA RNU44 between total RNA preparations 

and small-enriched fractions.  Details of these small RNA molecules are listed in Table 3.2.  

Extraction methods used for this comparison included both phenol-chloroform methods and 

one small enriched fraction prepared using the Ambion mirVana kit.    
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Table 3.2: Details of small RNA species, accession numbers and mature sequences   

 

Name 
Small 
RNA 

species 

Entrez Gene 
ID Mature sequence (5’-3’) 

Length of 
mature RNA 

(nt)

hsa-
miR-21 miRNA NR_029493 UAGCUUAUCAGACUGAUGUUGA 22 

hsa-
miR-96 miRNA NR_029512.1 

UUUGGCACUAGCACAUUUUUGCU 
 

23 

RNU44 snoRNA NR_002750 
CCUGGAUGAUGAUAGCAAAUGCU
GACUGAACAUGAAGGUCUUAAUU

AGCUCUAACUGACU 
60 

 

 

 

Following Taqman miRNA qRT-PCR, all small RNA species were detected at higher 

levels in the small RNA-enriched fraction, as indicated by lower Ct values (Figure 3.1).  

miR-21 and miR-96 were detected at relatively high levels in the small-enriched fraction 

(Cts values of 23.95 and 27.99, respectively), compared to total RNA preparations.  Using 

total RNA obtained using the standard Trizol method and the Affymetrix method (for 

details on these methods see Methods section 2.3.1), miR-21 and miR-96 were detected at 

Ct values of 27.15 and 31.54 respectively, and 37.57 and 37.79 respectively. These data 

indicated that the small RNA-enriched fraction was superior to total RNA when studying 

small RNAs such as miRNAs.   
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Figure 3.1: Superiority of column-based small RNA-enriched RNA isolation methods for the detection 

of miRNA expression.  Taqman miRNA qRT-PCR for miR-21, miR-96 and RNU44 was performed on total 

RNA and the small-RNA enriched fraction obtained from the PER-571 cell line.  Total RNA was prepared by 

either the Standard Trizol method or the Affymetrix Trizol method, with the small RNA-enriched fraction 

prepared using the Ambion mirVana kit. 
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3.3.1.2 Quantity and purity of RNA preparations  

The quantity of RNA obtained following RNA isolation was compared for both column-

based methods.  RNA yields were greater using the miRNeasy mini kit (463-494.4 ng/ul), 

compared to the mirVana miRNA isolation kit (40.4-63.3 ng/ul) (Table 3.1).  In addition, 

the concentrations of large RNA fractions from the miRNeasy mini kit (2300 ng/ul) were 

much greater than those obtained using the mirVana kit, (385-530 ng/ul).  RNA fractions 

obtained by phenol chloroform extraction consist of total RNA, including both small (<200 

nt) and large (>200 nt) RNA fractions.  Although phenol chloroform extraction methods 

were performed using slightly lower cell numbers than column-based methods, the 

combined amount of small and large RNA fractions isolated using the miRNeasy mini kit 

was greater than the total RNA obtained from both phenol chloroform methods.    

 

To assess the purity of RNA extracted using both column-based extraction methods, the 

OD260:OD280 and OD260:OD230 ratios for the small-enriched fractions were compared.  

Similar OD260:OD280 values were obtained for all samples irrespective of extraction 

method, however OD260:OD230 values were notably lower for both small RNA fractions 

obtained using the mirVana miRNA isolation kit (Table 3.1).   

 

The miRNeasy mini kit was selected for this investigation based on the assessment of 

miRNA expression levels and the RNA quality and yield obtained from each of the 

different extraction methods.  Small RNA-enriched fractions for each of the samples in this 

study were utilised for global miRNA profiling by Taqman miRNA qRT-PCR.  The 

characteristics of all RNA samples are listed in detail below, including those for CD133+ 

NSCs and CD133- NPCs (Table 3.3), primary MB tumours (Table 3.4) and MB cell lines 

(Table 3.5).   
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Table 3.3: CD133+ and CD133- neurosphere RNA preparations 

 

Sample Cell line RNA 
species 

FACS 
purity

260/280 260/230 RNA Yield 
(µg) 

CD133+ NSCs1 MEL1 Small 97.6% 1.77 0.42 0.50 
CD133+ NSCs1 MEL1 Large 97.6% 1.99 0.88 0.70 
CD133- NPCs1 MEL1 Small 99.6% 1.64 1.12 0.77 
CD133- NPCs1 MEL1 Large 99.6% 1.94 1.19 0.98 
CD133+ NSCs3 hES3 Small 80% 1.59 0.34 0.55 
CD133+ NSCs3 hES3 Large 80% 1.89 0.61 0.78 
CD133- NPCs3 hES3 Small 99% 1.63 0.34 0.66 
CD133- NPCs3 hES3 Large 99% 1.81 0.83 1.20 

 

Table 3.4: RNA preparations from fresh frozen primary MB tumours  

 

Sample MB Subtype RNA 
species

260/280 260/230 RNA yield 
(µg) 

M1 Unknown Small 1.96 0.64 0.98 
M1 Unknown Large 2.09 0.72 1.02 
M2 Classic Small 1.98 0.85 4.43 
M2 Classic Large 2.11 2.20 41.80 
M6 Classic Small 1.21 1.18 2.06 
M6 Classic Large 2.24 1.42 3.54 
M7 Classic Small 1.99 1.57 19.81 
M7 Classic Large 2.09 2.13 69.90 
M9 Unknown Small 1.98 1.66 4.5 
M9 Unknown Large 1.99 2.00 18.00 

M11 Classic Small 1.92 1.67 8.93 
M11 Classic Large 2.14 2.26 138.00 
M14 Classic Small 2.03 1.48 2.13 
M14 Classic Large 1.99 1.73 12.57 
M15 Classic Small 1.99 1.22 14.81 
M15 Classic Large 2.13 2.19 96.96 
M17 Classic Small 1.77 0.87 1.14 
M17 Classic Large 1.97 1.47 3.27 
M22 Unknown Small 1.96 1.24 3.01 
M22 Unknown Large 2.12 2.13 47.02 
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Table 3.5: RNA preparations from MB cell lines  

 

Sample MB Subtype RNA 
species

260/280 260/230 RNA yield 
(µg)

PER-547 Desmoplastic Small 2.12 1.38 4.08
PER-547 Desmoplastic Large 2.28 1.86 35.10
PER-568 Classic Small 1.57 1.30 3.20
PER-568 Classic Large 1.80 2.18 54.60
PER-621 Classic Small 1.27 0.72 0.87
PER-621 Classic Small 1.7 1.66 5.60

 

 

3.3.2 Statistical validation of appropriate EC house-keeping genes for normalisation 

of miRNA expression data 

To investigate the suitability of candidate EC reference genes for the normalisation of 

miRNA profiling data, the expression of six sno RNAs, RNU48, RNU44, RNU24, RNU43, 

MammU6 and RNU6B, was determined across all samples.  These candidates were 

selected as per technical recommendation, with their details listed in Table 3.6.   

 

Table 3.6: Details of candidate reference genes and their accession numbers 

 

Name Length (nt) RNA species Entrez Gene ID
RNU48 63 snoRNA NR_002745 
RNU44 61 snoRNA NR_002750 
RNU43 62 snoRNA NR_002439 
RNU24 75 snoRNA NR_002447 
RNU6B 45 snoRNA NR_002752 

MammU6 106 snoRNA NR_004394 
 

 

The six candidate ECs displayed a wide expression range across all samples with Ct values 

ranging between 10.98 and 28.52 (Figure 3.2).  MammU6 and RNU48 displayed relatively 

high expression with median Ct values of 13.09 and 14.77, respectively, RNU24, RNU43 
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3.3.2.1  Expression stability of candidate small RNA EC reference genes  

Two different software programs were utilised to further assess the suitability of small 

RNA EC genes, including DataAssist and BestKeeper.  Candidates were ranked based upon 

variations in gene expression, displayed as control stability measure (M) or correlation 

coefficient (r) to BestKeeper Index (BI) (Table 3.7).  The lower the stability value (M) and 

the higher the correlation of coefficient (r), the higher the gene stability.   

 

Table 3.7: Ranking of candidate small RNA EC genes (best to worst) according to their stability value 

using DataAssist and BestKeeper analysis 

 

 

DataAssist identified RNU24 as the most stably expressed single small RNA EC gene, with 

an M value of 1.995 (Table 3.7).  Closely following this, MammU6 and RNU48 were the 

next most stable genes, with M values of 2.009 and 2.034, respectively.  RNU43 was the 

least stable gene, with an M value of 4.316, which was predominantly due to variation in 

the CD133- NPC and CD133+ NSC samples compared to primary MB specimens and MB 

cell lines.  Similar results were obtained from BestKeeper, with a strong correlation 

observed between the majority of candidate small RNA EC genes and BI (0.71 < r > 0.9).  

Highest ranked correlations were obtained for RNU6B (r = 0.9), MammU6 (r = 0.87), 

RNU43 (r = 0.79) and RNU48 (r = 0.72), with a p-value of 0.001 (Table 3.8).   RNU44 was 

ranked as the least stable gene.  In summary, the three most stable small RNA EC genes 

from the intersection of the two different analysis methods were MammU6, RNU48 and 

RNU6B.   

 

 DataAssist BestKeeper 
Rank Gene Stability  (M) Gene Stability (r)

1 RNU24 1.995 RNU6B 0.9
2 MammU6 2.009 MammU6 0.87
3 RNU48 2.034 RNU43 0.79
4 RNU6B 2.113 RNU48 0.72
5 RNU44 2.355 RNU24 0.71
6 RNU43 4.316 RNU44 0.34
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3.3.2.2 Analysis of small RNA EC gene combinations for normalisation of miRNA 

expression data 

BestKeeper was employed to assess combinations of small RNA EC gene pairs most suited 

for data normalisation.  Repeated pair-wise correlation analysis was performed between 

each of the small RNA EC genes and subsequently to the BI.  The best-suited small RNA 

EC reference gene pair is determined by the degree of correlation to BI, followed by the 

degree of correlation to another candidate small RNA EC gene.  BestKeeper identified 

three candidate pairs of small RNA EC genes with similar levels of correlation to each 

other and to BI (Table 3.8).  Strong correlation was observed between RNU6B and RNU43 

(r= 0.862), with a high correlation to BI for both genes.  Comparable levels were also 

observed for MammU6/RNU48 (r = 0.765) and RNU48/RNU24 (r= 0.770).   

 

Table 3.8: Repeated pair-wise correlation analysis between small RNA EC genes and BI.  Coefficient of 

correlation (r) values above 0.7 are coloured in yellow. 

 

Vs MammU6 RNU43 RNU48 RNU24 RNU44 RNU6B 
RNU43 0.498 - - - - - 
p-value 0.035 - - - - - 
RNU48 0.765 0.230 - - - - 
p-value 0.001 0.356 - - - - 
RNU24 0.653 0.351 0.770 - - - 
p-value 0.003 0.153 0.001 - - - 
RNU44 0.268 0.035 0.389 0.348 - - 
p-value 0.283 0.890 0.110 0.158 - - 
RNU6B 0.677 0.862 0.450 0.446 0.295 - 
p-value 0.002 0.001 0.060 0.064 0.236 - 

Bestkeeper vs. MammU6 RNU43 RNU48 RNU24 RNU44 RNU6B 
Coefficient of 
correlation (r) 0.866 0.792 0.723 0.712 0.388 0.897 

p-value 0.001 0.001 0.001 0.001 0.112 0.001 
 

 

Based on these results, the small RNA EC gene pair MammU6 and RNU48 was selected 

for the normalisation of miRNA expression data across all samples.    
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3.4 Discussion 

3.4.1 Isolation of RNA for miRNA profiling 

Few studies have assessed the impact of RNA isolation techniques on miRNA expression 

profiling [446, 447]. In this investigation, the optimisation of RNA isolation was 

undertaken prior to performing miRNA profiling of primary MB specimens, MB cell lines 

and CD133+ NSCs and CD133- NPCs.  The quality and quantity of RNA, in addition to the 

retention of miRNA species within each isolated fraction were assessed using several 

extraction methods.  These analyses indicated that the detection of specific miRNAs 

differed between RNA extraction methods, with a higher retention of these miRNAs in 

small RNA-enriched fractions prepared using column-based methods.  Both miR-21 and 

miR-96 were detected at higher levels in the small RNA-enriched fraction when compared 

to total RNA, whilst RNU44 expression levels were constant between RNA preparations.  

Consistent with findings from this investigation, previous studies observed that a stronger 

microarray signal was observed for all miRNA species per microgram of RNA when using 

the “small-RNA enriched RNA” obtained with the Ambion mirVana kit, in comparison to 

total RNA fractions [447].  Additionally, a stronger hybridisation signal was observed for a 

subset of miRNAs in small RNA-enriched fractions of two cell lines prepared by both 

column-based methods assessed in the present study to that of the standard trizol 

preparation [447].  This was confirmed in a subsequent qPCR analysis of this subset of 

miRNAs [446].  Taken together, these data suggest that differences in miRNA levels 

measured using different RNA isolation methods reflect true differences in the miRNA 

content of the extracted RNA, and small RNA-enriched RNA is more suited to the analysis 

of miRNA expression particularly if the miRNA(s) are of low abundance. 

 

3.4.1.1 The miRNeasy minikit in comparison to the mirVana miRNA isolation kit 

Small-enriched RNA fractions isolated using two column-based methods were compared in 

this study on the basis of RNA purity and quantity.  The miRNeasy minikit produced RNA 

of a much greater quantity and purity, as depicted by higher 260:230 ratios.  The 260:230 
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ratio is a measure of nucleic acid purity, with ratios less than two indicating the presence of 

contaminants [462].  Whilst the observed differences in 260:230 ratios between column-

based methods could not be readily explained, this finding is supported by other studies that 

have compared these commercial column-based extraction methods [446], in which small 

RNA-enriched fractions prepared by the miRNeasy minikit and the mirVana miRNA 

isolation kit for two different cell lines were compared on the basis of their 260:230 ratio.  

It was found that the miRNeasy RNA preparations gave the highest 260:230 ratios [446].  

Additionally, the mean total gene signal (TGS) for all microarray hybridisations of the 

RNA preparations for each cell line was 25% higher for miRNeasy RNA preparations 

compared to small RNA-enriched preparations obtained using the mirVana miRNA 

isolation kit [446].  Thus, the data from this investigation support the notion that yield and 

purity of small RNA-enriched RNA fractions obtained from the miRNeasy kit are of much 

greater than those obtained using other column-based methods, making this method more 

suitable for this investigation due to limited amounts of available tissue.  

 

3.4.2 Selection of reference genes for the normalisation of miRNA expression data in 

MB 

The high sensitivity of qRT-PCR data requires appropriate normalisation for the accurate 

and reliable interpretation of data.  The selection and validation of EC reference genes for 

the analysis and interpretation of mRNA gene expression data has been performed in a 

number of experimental models [454, 463, 464], with the use of more than one reference 

gene shown to increase the accuracy of quantitation [437, 465].  Therefore, the selection of 

suitable EC reference genes for normalisation of miRNA expression data in this 

investigation was based upon the pair-wise correlation analysis performed by BestKeeper.  

Several studies have argued that candidate reference genes for the normalisation of miRNA 

expression data should be of a similar size or class to miRNAs, displaying similar 

extraction and purification properties [437, 452].  However, few studies have assessed 

candidate reference genes for the normalisation of miRNA qRT-PCR expression data [456, 

459, 466, 467].  This investigation is the first systematic assessment of candidate EC 
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reference genes for the normalisation of miRNA qRT-PCR data in MB, with the abundance 

and stability of several suitable EC reference gene pairs identified using BestKeeper 

analysis.  MammU6 and RNU48 were selected as the most appropriate for the 

normalisation of miRNA expression data.  Whilst the assessment of candidate reference 

genes was not reported in previous miRNA profiling studies in MB, several studies utilised 

EC reference gene pair RNU6B and RNU66 [417, 418, 422].  The suitability of this EC 

reference gene pair could not be assessed in this study as the RNU66 miRNA assay was not 

included in the V2.0 TLDA cards.  An additional miRNA profiling study in MB utilised 

RNU48 as a single reference gene for normalisation of miRNA expression data [421], 

consistent with the high stability and utilisation of RNU48 identified in this investigation.   

           

3.4.3 Conclusions 

This study highlights the importance of the RNA isolation technique for miRNA expression 

profiling studies utilising qRT-PCR.  In particular, utilisation of techniques resulting in the 

production of either total RNA or small RNA-enriched RNA should be considered 

particularly when profiling miRNA(s) of low abundance or tissue types of limited 

availability.  Additionally, whilst it may not be feasible due to cost and sample availability, 

the stability of several small RNAs should be assessed to enable careful selection of 

appropriate EC reference genes for the normalisation of miRNA expression data.  EC 

reference genes identified in this study were assessed in fresh-frozen samples, these genes 

may also be suitable for MB miRNA profiling studies using extracts from formalin-fixed, 

paraffin-embedded (FFPE) tissues, which are relatively unaffected by the fixation process 

[468-470].   
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Chapter 4 

Characterisation of miRNA expression in human MB 

and NSCs  

4.1 Abstract 

Introduction: MB is the most common malignant brain tumour in children and a leading 

cause of cancer-related mortality and morbidity.  Several molecular sub-types of MB have 

been identified, suggesting they may arise from distinct cells of origin.  Data from human 

studies and animal models suggest that some MB sub-types arise from multipotent 

cerebellar NSCs.  Hence, miRNA expression profiles of primary MB specimens were 

compared to CD133+ NSCs, a putative cell of origin, with the aim of identifying 

differentially expressed miRNAs involved in MB pathogenesis.         

Methods: Expression profiling of 662 mature miRNAs from ten primary MB specimens, 

three MB cell lines, two CD133+ NSC and two CD133- NPC populations was performed 

by qRT-PCR.  Unsupervised hierarchical clustering analysis was applied to identify sub-

types of samples based on miRNA profiles.  Significantly differentially expressed miRNAs 

were identified in primary MB specimens and MB cell lines relative to CD133+ NSCs and 

CD133- NPCs and mapped to their chromosomal locations. 

Results: Clustering analysis using miRNA expression profiles identified two distinct sub-

groups of primary MB specimens, reminiscent of sub-types obtained on the basis of their 

mRNA profiles.  Approximately 65% and 85% of all miRNAs analysed were up-regulated 

in MB primary specimens relative to CD133+ NSCs and CD133- NPCs, respectively 

(p<0.01).  The majority of up-regulated miRNAs in primary MB mapped to chromosomal 

regions 14q32 and 17q.  In contrast, a general down-regulation of miRNA expression was 

observed in MB cell lines relative to either normal cell population, with a large proportion 

of these miRNAs mapping to chromosomal region Xq26.   

Conclusions: This was the first study to characterise miRNA expression in MB relative to 

a putative cell of origin, CD133+ NSCs.  A number of miRNAs were identified that were 
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differentially expressed between MB and CD133+ NSCs, several of which have been 

previously linked to metastasis in various human cancers including MB.  These miRNAs 

warrant further investigation to address their mechanisms of action and prognostic potential 

in MB pathogenesis. 
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4.2 Introduction 

MB is the most common malignant paediatric brain tumour, with an incidence of 

approximately 0.5 cases per 100 000 children younger than 15 years of age [8].  Although 

current multi-modal treatment consisting of surgery, radiation and adjuvant chemotherapy 

[12, 31] has lifted five-year survival rates for average-risk MB to ~80%, the outcome for 

high-risk patients remains poor [43, 471].  Additionally, the long term consequences of 

existing treatment protocols can be profound and include both intellectual and 

developmental impairment [472].  Clearly, more effective and less invasive treatment 

strategies for MB are urgently required.   

 

MB is a heterogeneous disease and current risk stratification strategies often fail to 

accurately predict disease outcome.  Recent microarray gene expression studies and 

genomic analyses have contributed to the improved sub-classification of MB, incorporating 

clinical and demographic characteristics to identify at least four distinct sub-types [54-56].  

According to Kool et al, sub-types A and B are characterised by over-active WNT and 

SHH signalling respectively, while sub-types C and E exhibit enriched expression of genes 

associated with neuronal differentiation and photoreceptor differentiation, respectively [55].  

Both Cho et al [56] and Kool et al [55] identified a fifth sub-type (sub-type c4 and D, 

respectively), characterised by a mixed signature of both neuronal and photoreceptor 

differentiation.   Sub-type specific gene expression signatures may ultimately provide the 

basis for the development of targeted, patient-specific therapeutic strategies. 

 

The identification of MB molecular sub-types suggests that each may arise from a distinct 

cell of origin. Indeed, accumulating evidence from animal models suggests that some MB 

sub-types arise from granule cell neuronal precursors [104, 105], multipotent cerebellar 

NSCs [104, 105, 136], or Zic1+ precursor cells of the dorsal brainstem [90].  In human MB, 

a sub-population of CD133+ cells was identified with similar characteristics to normal 

NSCs, including self-renewal and multipotency capacities [133, 134].  Later studies 

demonstrated that these putative BTSCs were capable of initiating tumour formation in 

immunodeficient mice [135], where engraftment of as few as 100 CD133+ cells was 
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sufficient for tumour formation, while as many as 100 000 CD133- cells failed to produce 

tumours.  Taken together, these findings implicate normal CD133+ NSCs as a candidate 

cell of origin for at least some MB.  While mRNA expression profiling studies in this 

laboratory suggest that specific MB sub-types may be derived from normal NSCs (Bertram 

et al, manuscript in preparation); the analysis of non-coding RNA expression, such as 

miRNAs, represents another approach to test this hypothesis.  Integrated expression 

profiling of both coding and non-coding RNAs could further characterise the molecular 

sub-types of MB, and may provide additional insight into MB pathogenesis and putative 

cells of origin.   

 

Several research groups have investigated miRNA expression in MB [417-422, 425].  

These studies compared MB miRNA expression profiles to those of normal human adult 

and/or foetal cerebellum, which represent heterogenous tissues and cell types at different 

developmental stages.  The approach taken in this study is distinct but complementary to 

these reports, and is the first to assess miRNA expression in primary human MB specimens 

and MB cell lines in comparison to human CD133+ NSCs and CD133- NPCs.   
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4.3 Results 

4.3.1 Global clustering analysis of primary MB specimens, MB cell lines and normal 

NSCs  

miRNA profiles were generated for ten primary MB specimens from the TICHR cohort, 

three MB cell lines, two CD133+ NSC populations and two CD133-NPC populations using 

qRT-PCR.  In total, 662 miRNAs were profiled for each specimen on TLDA cards.  

Unsupervised hierarchical clustering analysis produced a dendrogram comprising two main 

branches representing four clusters of samples (Figure 4.1).  Cluster one consisted of 

CD133+ NSC and CD133- NPC samples, which were distinct from both primary MB 

specimens and MB cell lines.  MB cell lines comprised cluster two, with PER-547 

clustering separately to PER-568 and PER-621.  Interestingly, primary MB specimens 

segregated into two distinct clusters (clusters three and four), suggesting that the TICHR 

cohort consisted of two-subtypes of primary MB specimens based upon their miRNA 

profiles.  Further assessment of the correlation values for all samples on the basis of 

miRNA expression profiles was consistent with the four distinct clusters, with a higher 

degree of correlation between samples within a cluster compared to those of other clusters 

(Figure 4.2).   
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Figure 4.1: Unsupervised hierarchical clustering analysis of primary MB, MB cell lines and normal 

CD133+ NSCs and CD133- NPCs, based on miRNA expression profiles.  The analysis used normalised 

expression data for 662 miRNAs in ten primary MB specimens, three MB cell lines (PER-547, PER-568 and 

PER-621), two CD133+ NSC populations and two CD133- NPC populations.  Sample numbers refer to those 

in Table 2.1.  The similarity metric utilised for this analysis was Pearson’s correlation (r).  MB sub-typing 

determined from mRNA gene expression analysis [55] is indicated.  Sub-type B is characterized by over-

active SHH signaling, whilst sub-type C is characterized by the enriched expression of genes associated with 

neuronal differentiation.  Sub-type E is characterized by enriched expression of photoreceptor genes, whilst 

sub-type D is characterized by mixed neuronal and photoreceptor genes. Primary MB specimens marked as 

“NA” were not available for sub-typing analysis.  Metastatic status (M status) was defined as M0 (no 

metastasis), M+ (distant metastasis).  
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Figure 4.2:  Similarities of global miRNA expression profiles for all samples based upon Pearson’s 

correlation coefficient (r).  Results are displayed as a heat map, with the highest degree of correlation 

identified by yellow and lower correlation by red.   
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PCA was applied using normalised miRNA expression values to provide an additional 

method of unsupervised visualisation of clustering based on miRNA expression profiles.  

The same four clusters identified in the initial hierarchical clustering were observed (Figure 

4.3).  Spatial separation of the CD133+ NSCs and CD133- NPCs from primary MB 

specimens and cell lines was evident.  MB cell lines appeared as a separate cluster, and MB 

primary samples segregated into two distinct groups.   

 

 

 

 

Figure 4.3:  Principal component analysis (PCA) for primary MB samples on the basis of normalised 

miRNA expression profiles identified four major clusters.  The M1 primary sample failed on the Pool B 

TaqMan low density array card and was therefore excluded from PCA, as this type of analysis cannot be 

performed on incomplete clusters. Primary MB sample, M15, grouped with cluster three, as compared to 

cluster four in Figure 4.1.     
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4.3.2 miRNA gene expression analysis 

Paired t-tests were performed to identify differences in individual miRNA expression levels 

between primary MB specimens, MB cell lines and normal CD133+ NSCs and CD133- 

NPCs.  Briefly, a two sample t-test was performed, with significant differentially expressed 

miRNAs in MB defined as having a p-value ≤0.01 and a differential expression value ≥ 

log2=3.   

 

4.3.2.1 miR-517a expression distinguishes CD133+ NSCs from CD133- NPCs  

Prior to the analysis of the MB cohort, two sample t-tests were used to identify the 

differences in miRNA expression between normal CD133+ NSCs and CD133- NPCs.  

None of the miRNAs assayed displayed a differential expression value > log2=3.  However, 

one miRNA, miR-517a, up-regulated in CD133+ NSCs in comparison to CD133- NPCs 

(p<0.01), approached significant differential expression (Table 4.1). 

 

Table 4.1: Differentially expressed miRNAs in CD133+ NSCs vs CD133- NPCs.  Both up-regulated and 

down-regulated miRNAs with p<0.05 are shown, sorted according to chromosomal location.   

 

miRNA Chromosomal location p value 
Fold change (log2) 

(CD133+  vs CD133-) 

hsa-miR-200b 1p36.33 0.027 2.01

hsa-miR-124* 8p23.1 0.031 -4.58

hsa-miR-629 15q23 0.023 -0.26

hsa-miR-652 15q23 0.033 -1.19

hsa-miR-517a 19q13.42 0.006 2.82

hsa-miR-504 Xq26.3 0.010 -0.99

hsa-miR-105 Xq28 0.027 -2.03
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4.3.2.2  The majority of differentially expressed miRNAs in primary MB specimens 

are up-regulated 

Comparison of primary MB specimens to CD133+ NSCs and CD133- NPCs identified 33 

and 53 significantly differentially expressed miRNAs, respectively (Table 4.2). 

 

Table 4.2: Number of significant differentially expressed miRNAs in MB compared to both normal cell 

populations.  Lists of up- and down-regulated miRNAs in primary MB specimens to both normal cell types 

are listed in Appendix A, Table S1-S2. 

 

Primary MB 
compared to 

Total number of 
differentially 

expressed miRNAs 

Number of miRNAs 
up-regulated 

Number of miRNAs 
down-regulated 

CD133+NSCs 33 21 12 
CD133-NPCs 53 44 9 

MB cell lines 
compared to    

CD133+NSCs 11 3 8 
CD133-NPCs 15 0 15 

 

 

The majority of differentially expressed miRNAs in primary MB specimens were up-

regulated when compared to either normal cell population (Table 4.2).  Of the 33 miRNAs 

significantly differentially expressed in primary MB samples when compared to CD133+ 

NSCs, 21 of 33 (63.6%) were up-regulated and 12 of 33 (36.3%) were down-regulated 

(Appendix A, Table S1).  Consistent with this finding, 44 of 53 (83%) miRNAs that were 

significantly differentially expressed in MB relative to CD133- NPCs were up-regulated, 

and 9 of 53 (17%) down-regulated (Appendix A, Table S2).  Heatmaps based on 

significantly differentially expressed miRNAs further emphasised the up-regulation of 

miRNAs in MB relative to either CD133+ NSCs (Figure 4.4) or CD133- NPCs (Figure 

4.5).  Distinct separation of primary MB specimens and normal cell populations was also 

evident.    
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Figure 4.4: Heatmap analysis based on differentially expressed miRNAs in primary MB specimens 

compared to CD133+ NSCs.  Sample numbers refer to those in Table 2.1.  The similarity metric used for this 

analysis was log2(2
-ΔCt) transformed miRNA values.  White spaces in the heatmap are due to the primary MB 

specimen, M1, failing on the Pool B TaqMan low-density array card.    



102 

 

 

 

 

 

Figure 4.5: Heatmap analysis based on differentially expressed miRNAs in primary MB specimens 

compared to CD133- NPCs.  Sample numbers refer to those in Table 2.1.  The similarity metric used for this 

analysis was log2(2
-ΔCt) transformed miRNA values.  White spaces in the heatmap are due to the primary MB 

specimen, M1, failing on the Pool B TaqMan low-density array card.   
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4.3.2.2.1 Up-regulation of miRNAs mapping to chromosomal region 14q32 

The 20 most significantly under- and over- expressed miRNAs in MB were mapped to their 

respective chromosomal locations (Tables 4.3-4.6).  Interestingly, subsets of up-regulated 

miRNAs mapped to identical chromosomal regions (Table 4.3 and 4.4).  Almost half of the 

21 up-regulated miRNAs in MB, compared to CD133+ NSCs, mapped to chromosomal 

region 14q32 (Table 4.3).  miRBase (Release 16) reported 58 miRNAs at 14q32, thus 

33.3% (21/58) of all miRNAs identified as differentially expressed in MB in this study map 

to this region (Fisher’s exact-test, p<0.01).  A similar finding was obtained when analysing 

differentially expressed miRNAs in MB relative to CD133- NPCs, with 8 of 20 up-

regulated miRNAs (40%) located to chromosomal region 14q32 (Table 4.4).  In addition to 

14q32, 4 of the 21 (19%) up-regulated miRNAs in MB relative to CD133+ NSCs mapped 

to chromosomal region 17q (Table 4.3).   

 

Quantitative analysis revealed a high degree of differential expression of miRNAs in MB 

relative to either normal cell population.  The most differentially expressed miRNA in 

primary MB relative to CD133+ NSCs was miR-223, with >2000 fold up-regulation (Table 

4.3).  Chromosome 17q miRNAs, miR-451 and miR-142-3p, were the most differentially 

expressed miRNAs in primary MB relative to CD133- NPCs, with >600 fold up-regulation 

(Table 4.4).  miR-146a was also significantly up-regulated in primary MB, with >60-200 

fold over-expression relative to CD133+ NSCs and CD133- NPCs, respectively.  Other up-

regulated miRNAs in primary MB specimens relative to CD133+ NSCs included miR-126, 

miR-126* and miR-143, all with >60 fold up-regulation. 

  



104 

 

 

 

 

Table 4.3: List of the 20 most up-regulated miRNAs generated on the basis of p-values for each miRNA 

in primary MB tumours compared to CD133+ NSCs.  miRNAs are sorted according to chromosomal 

location. 

 

miRNA Chromosomal location p value Fold Change (log2) 

hsa-miR-143 5q32 <0.001 6.06 
hsa-miR-145 5q32 0.002 3.67 
hsa-miR-146a 5q34 <0.001 7.57 
hsa-miR-126 9q34.3 <0.001 6.28 
hsa-miR-126* 9q34.3 <0.001 6.61 

hsa-miR-127-3p 14q32.2 <0.001 6.33 
hsa-miR-539 14q32.31 <0.001 5.91 
hsa-miR-495 14q32.31 <0.001 6.00 

hsa-miR-409-3p 14q32.31 <0.001 7.10 
hsa-miR-494 14q32.31 0.001 3.80 
hsa-miR-376c 14q32.31 0.001 6.39 
hsa-miR-379 14q32.31 0.002 4.90 
hsa-miR-376a 14q32.31 0.007 5.04 
hsa-miR-203 14q32.33 <0.001 5.96 

hsa-miR-193a-5p 17q11.2 <0.001 3.93 
hsa-miR-144* 17q11.2 0.007 6.12 
hsa-miR-21* 17q23.1 0.002 3.67 

hsa-miR-338-3p 17q25.3 0.004 3.36 
hsa-miR-223 Xq12 0.005 11.16 

hsa-miR-361-3p Xq21.2 0.001 3.06 
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Table 4.4: List of the 20 most up-regulated miRNAs generated on the basis of p-values for each miRNA 

in primary MB tumours compared to CD133- NPCs.  miRNAs are sorted according to chromosomal 

location. 

 

miRNA Chromosomal location p value Fold Change (log2)

hsa-miR-886-3p 5q31.1 <0.001 9.32 
hsa-miR-886-5p 5q31.1 <0.001 7.64 
hsa-miR-145* 5q32 <0.001 5.17 
hsa-miR-146a 5q34 <0.001 7.79 
hsa-miR-29b 7q32.3 <0.001 4.41 
hsa-miR-15a 13q14.2 <0.001 4.40 

hsa-miR-127-3p 14q32.2 <0.001 6.53 
hsa-miR-370 14q32.2 <0.001 7.55 
hsa-miR-136* 14q32.2 <0.001 6.54 
hsa-miR-382 14q32.31 <0.001 8.16 
hsa-miR-379 14q32.31 <0.001 5.04 
hsa-miR-134 14q32.31 <0.001 4.77 
hsa-miR-539 14q32.31 <0.001 4.42 
hsa-miR-195 17p13.1 <0.001 3.48 
hsa-miR-22 17p13.3 <0.001 6.65 
hsa-miR-451 17q11.2 <0.001 10.60 

hsa-miR-142-3p 17q22 <0.001 9.44 
hsa-miR-639 19p13.12 <0.001 3.85 
hsa-miR-150 19q13.33 <0.001 8.85 

hsa-miR-296-3p 20q13.32 <0.001 3.12 
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4.3.2.3 Down-regulation of miR-935 in primary MB specimens  

miRNA expression analysis identified a similar set of down-regulated miRNAs in primary 

MB when compared to either normal cell population.  miR-935 was the most down-

regulated miRNA (>300 fold) in primary MB in comparison to CD133+ NSCs and CD133- 

NPCs (Tables 4.5 and 4.6).  miR-10a, miR-504 and miR-219 exhibited similar levels of 

down-regulation in primary MB relative to both normal cell types.  miR-10b, a paralogue of 

miR-10a, was also down-regulated in primary MB relative to CD133- NPCs (Table 4.6), 

while miRNAs from the miR-302 family were down-regulated when compared to CD133+ 

NSCs (Table 4.5).         

 

Table 4.5 List of most down-regulated miRNAs in primary MB tumours compared to CD133+ NSCs.  

miRNAs are sorted according to chromosomal location. 

 

miRNA Chromosomal location p value Fold Change (log2) 

hsa-miR-92b* 1q22 0.005 -4.32 
hsa-miR-302b* 4q25 <0.001 -3.84 
hsa-miR-302d* 4q25 0.005 -4.11 

hsa-miR-219-1-3p 6p21.32 <0.001 -4.86 
hsa-miR-219-5p 6p21.32/ 9q34.11 0.001 -4.93 

hsa-miR-219-2-3p 9q34.11 <0.001 -7.12 
hsa-miR-483-5p 11p15.5 0.009 -4.91 

hsa-miR-10a 17q21.32 0.001 -5.19 
hsa-miR-373 19q13.42 <0.001 -3.74 
hsa-miR-935 19q13.42 <0.001 -8.37 

hsa-miR-106a* Xq26.2 0.010 -3.98 
hsa-miR-504 Xq26.3 <0.001 -5.02 
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Table 4.6: List of the most down-regulated miRNAs in primary MB tumours compared to CD133- 

NPCs.  miRNAs are sorted according to chromosomal location. 

  

miRNA Chromosomal location p value Fold Change (log2)

hsa-miR-10b 2q31.1 0.009 -5.76 
hsa-miR-219-1-3p 6p21.32 0.001 -4.18 
hsa-miR-219-5p 6p21.32/ 9q34.11 <0.001 -5.91 

hsa-miR-219-2-3p 9q34.11 <0.001 -7.83 
hsa-miR-615-3p 12q13.13 <0.001 -5.08 

hsa-miR-10a 17q21.32 0.001 -5.44 
hsa-miR-935 19q13.42 <0.001 -8.76 
hsa-miR-18b* Xq26.2 0.004 -3.75 
hsa-miR-504 Xq26.3 <0.001 -6.01 

 

 

To further refine the set of miRNAs that were differentially expressed in MB, miRNAs that 

were differentially expressed in MB relative to both CD133+ NSCs and CD133- NPCs 

were identified.  This was performed to enrich for differentially expressed miRNAs 

irrespective of the differentiation status of the normal cell types.  Of the 83 miRNAs from 

both comparisons, 16 of these (~20%) were common to both, 10 of which were up-

regulated and six down-regulated in MB primary specimens (Figure 4.6).  Details of these 

miRNAs are listed in Tables 4.3-4.6.   
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4.3.2.4  miRNA expression in MB cell lines relative to CD133+ NSCs and CD133- 

NPCs 

Statistical analysis identified 11 and 15 significantly differentially expressed miRNAs in 

MB cell lines compared to CD133+ NSCs and CD133- NPCs, respectively (Table 4.2).  

The majority (73.3%) of differentially expressed miRNAs in MB cell lines were down-

regulated when compared to either normal cell population (Table 4.2).  Of the 11 

differentially expressed miRNAs in MB cell lines relative to CD133+ NSCs, three (27.3%) 

were up-regulated (Table 4.7) and eight (72.7%) down-regulated (Table 4.8).  The down-

regulated miRNAs include miR-938, miR-483-5p, miR-133a, miR-373, miR-219-1-3p, 

miR-219-5p, miR-363 and miR-504.  All 15 differentially expressed miRNAs in MB cell 

lines relative to CD133- NPCs were down-regulated (Table 4.9).   

 

The three up-regulated miRNAs in MB cell lines relative to CD133+ NSCs, miR-182, miR-

183 and miR-183*, mapped to chromosomal region 7q32.2 (Table 4.7).  miR-96, another 

miRNA mapping to 7q32.2, was also up-regulated in MB cell lines relative to CD133+ 

NSCs, although did not reach the significance cut-off for this study (FC= 181, p=0.039).   

The set of down-regulated miRNAs in MB cell lines relative to CD133+ NSCs was very 

similar to that obtained when compared to CD133- NPCs.  Interestingly, 5 of the 15 

(33.3%) down-regulated miRNAs in MB relative to CD133- NPCs, namely miR-363*, 

miR-106a*, miR-363, miR-20b* and miR-504, were all located at chromosomal region 

Xq26 (Table 4.9).  Two of these, miR-504 and miR-363, were also down-regulated when 

compared to CD133+ NSCs (Table 4.8).  miR-504 was the most down-regulated miRNA in 

MB relative to CD133- NPCs and was also down-regulated when compared to CD133+ 

NSCs.  Other significantly down-regulated miRNAs in MB cell lines include miR-483-5p, 

miR-133a and the miR-219 family of miRNAs including miR-219-1-3p and miR-219-5p. 
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Table 4.7: List of up-regulated miRNAs in MB cell lines compared to CD133+ NSCs.  miRNAs are 

sorted according to chromosomal location. 

 

miRNA Chromosomal location p value Fold Change (log2) 

hsa-miR-182 7q32.2 0.005 8.61 
hsa-miR-183* 7q32.2 0.006 7.87 
hsa-miR-183 7q32.2 0.008 9.09 

                                                                                                                                                      

Table 4.8: List of down-regulated miRNAs in MB cell lines compared to CD133+ NSCs.  miRNAs are 

sorted according to chromosomal location. 

 

miRNA Chromosomal location p value Fold Change (log2) 

hsa-miR-219-1-3p 6p21.32 0.001 -5.10 
hsa-miR-219-5p 6p21.32/9q34.11 0.009 -7.44 

hsa-miR-938 10p11.23 <0.001 -4.31 
hsa-miR-483-5p 11p15.5 0.006 -9.85 
hsa-miR-133a 18q11.2/20q13.33 0.001 -7.98 
hsa-miR-373 19q13.42 0.008 -4.54 
hsa-miR-363 Xq26.2 0.001 -9.24 
hsa-miR-504 Xq26.3 <0.001 -8.68 
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Table 4.9: List of down-regulated miRNAs in MB cell lines compared to CD133- NPCs.  miRNAs are 

sorted according to chromosomal location. 

 

miRNA Chromosomal location p value Fold Change (log2)

hsa-miR-219-1-3p 6p21.32 0.002 -4.42 
hsa-miR-219-5p 6p21.32/9q34.11 0.006 -8.42 

hsa-miR-383 8p22 0.006 -9.46 
hsa-miR-938 10p11.23 0.002 -3.97 

hsa-miR-483-5p 11p15.5 0.003 -7.16 
hsa-miR-410 14q32.31 <0.001 -3.85 
hsa-miR-184 15q25.1 0.003 -7.35 
hsa-miR-133a 18q11.2/ 20q13.33 <0.001 -9.06 

hsa-miR-1 20q13.33 0.007 -5.37 
hsa-miR-363* Xq26.2 <0.001 -8.52 
hsa-miR-106a* Xq26.2 <0.001 -4.94 
hsa-miR-363 Xq26.2 0.001 -8.87 
hsa-miR-20b* Xq26.2 0.004 -5.26 
hsa-miR-504 Xq26.3 <0.001 -9.67 
hsa-miR-224 Xq28 0.004 -8.14 

 

 

The list of significantly differentially expressed miRNAs in MB cell lines was further 

refined by identifying miRNAs that were differentially expressed when compared to both 

normal cell populations.   Seven of the 26 (27%) miRNAs were common to both 

comparisons including miR-504, miR-938, miR-133a, miR-363, miR-219-1-3p, miR-219-

5p and miR-483-5p, all of which were down-regulated in MB cell lines (Figure 4.7).  

Details of these miRNAs are listed in Tables 4.7-4.9.      
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4.4 Discussion 

4.4.1 Expression of the stem cell associated miRNA, miR-517a, distinguishes CD133+ 

NSCs from CD133- NPCs 

Comparison of miRNA expression profiles of CD133+ NSCs and CD133- NPCs indicated 

that miR-517a was the only significantly differentially expressed miRNA (p<0.01, log2>3) 

between CD133+ NSCs and CD133- NPCs.  miR-517a  is located at chromosomal region 

19q13.42, containing the largest known human miRNA cluster with 59 miRNA genes in 

total [151, 473].  The chromosome 19 miRNA cluster (C19MC) lies within a genomic 

imprinted region, similar to a maternally expressed microRNA cluster located at 14q32 

(C14MC) that is discussed later in more detail (section 4.4.2.2.1) [474].  The expression of 

miRNAs from this region is regulated by an upstream intergenic germ-line derived 

differentially methylated region (IG-DMR), with methylation of the maternal allele 

resulting in expression from the paternal allele only [474].  Multiple sequence alignments 

have indicated that the C19MC miRNAs are primate-specific and closely related, 

comprising groups defined by 16 distinct seed regions, with a high degree of homology 

observed between groups of seeds [475, 476].   

 

The precise role of C19MC miRNAs is not well defined; however miRNA expression 

profiling studies of various tissue types has provided some insight into their function.  

C19MC miRNA expression is restricted to the placenta and undifferentiated cell types 

including human embryonic and haematopoietic stem cells [166, 475, 477-479].  The 

absence of C19MC expression in differentiated tissues implies a role for these miRNAs in 

the maintenance of the undifferentiated cell state.  Further support for this was derived from 

hESC miRNA profiles [478, 479], which indicated that 20.2% of differentially expressed 

miRNAs mapped to 19q13.42, with 21 C19MC miRNAs, including miR-517a, up-

regulated in hESCs cells relative to terminally differentiated cells [479].  Additionally, 

down-regulation of members of the C19MC cluster occurs during differentiation of 

haematopoietic stem cells [477].  Homology observed between seed regions of C19MC 

miRNAs suggests a functional similarity in their regulation of target gene expression.  
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Interestingly, gene ontology (GO) enrichment analysis of the predicted target genes of 

C19MC miRNAs suggests they have roles in cell growth arrest, negative regulation of 

transcription, and chromatin structure and organisation [479].  In summary, these findings 

support a functional role for miR-517a in the maintenance of an undifferentiated stem cell 

state, suggesting high expression of miR-517a in CD133+ NSCs is likely to be involved in 

the maintenance of the undifferentiated NSC phenotype via the regulation of stem cell self-

renewal and proliferation. 

 

Up-regulation of several members of the C19MC cluster has been observed in various 

human cancer types including thyroid adenomas [480], aggressive paediatric brain tumours 

SPNETs [481] and a subclass of hepatocellular carcinoma (HCC) [482].  An oncogenic role 

for miR-517a has been described, with increased proliferation, migration and invasion of 

HCC cells observed following over-expression of miR-517a in vitro, and increased 

metastatic dissemination in vivo [482].  Similarly, ectopic expression of miR-517c in MB 

and sPNET cell lines enhanced cell growth and transformation in addition to promoting 

xenograft growth [483].  Interestingly, over-expression of miR-517c enhanced human 

neural stem cell (hNSC) proliferation and inhibited differentiation.  miR-517c has an 

identical seed region to miR-517a, differing by only one nucleotide outside this region 

[151].  This suggests that miR-517a may have a similar functional effect in both MB cell 

lines and hNSCs.  Despite this, up-regulation of C19MC miRNAs was not observed in the 

present study.  Instead, the majority of C19MC miRNAs were down-regulated in primary 

MB specimens relative to either CD133+ NSCs or CD133- NPCs.  There are various 

interpretations of these data.  Firstly, down-regulation of of C19MC in MB specimens may 

be due to high C19MC expression in CD133+ NSCs and CD133- NPCs concommitent with 

their differentiation status compared to heterogenous primary tumour cell populations. 

Alternatively, the absence of up-regulated C19MC expression in MB may be due to 

expression being maintained at stem cell levels in the tumours, suggesting a possible role 

for these miRNAs in the maintenance of a cancer stem cell population.     
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4.4.2 miRNA expression and classification of MB molecular sub-types 

4.4.2.1 miRNA expression profiles can accurately classify sub-types of MB 

Unsupervised hierarchical clustering analysis and PCA using miRNA gene expression data 

for primary MB specimens, CD133+ NSCs, CD133- NPCs and MB cell lines demonstrated 

that the samples segregated into distinct groups.  MB cell lines were found to cluster as a 

distinct sub-group from primary MB specimens, suggesting miRNA expression profiles of 

MB cell lines were quite distinct from those of primary MB specimens.  Previous miRNA 

expression profiling studies performed on primary bladder cancer [484], 

cholangiocarcinoma [485] and germ cell [486] tumours and their respective cell lines 

support this observation and highlight the underlying differences in miRNA expression 

between immortalised cell lines grown in culture and primary tumour specimens.   

 

miRNA profiling has been demonstrated to group tumours according to their molecular and 

histological sub-type [487-489].  Two distinct sub-types of primary MB specimens were 

identified that were reminiscent of MB sub-types previously characterised on the basis of 

the mRNA expression profiles of same samples.  Primary MB specimens in miRNA cluster 

three represented SHH-driven sub-type B (up-regulated Gli1 and CXCR4 expression), 

while specimens in miRNA cluster four represented sub-types C and DE (Figure 4.1) 

(Bertram et al., manuscript in preparation and [55]).  Although based on small sample sizes, 

these findings suggest that miRNA expression profiling is capable of classifying primary 

MB specimens into different tumour sub-types.  miRNA profiling has the potential to 

further stratify tumour sub-types, although larger sample numbers are required to establish 

detailed miRNA expression signatures for these MB sub-types.   
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4.4.2.2 Differentially expressed miRNAs identified in the TICHR MB cohort are 

characteristic of the miRNA signature of tumours with a neuronal differentiation 

mRNA signature (sub-type C)  

4.4.2.2.1 Up-regulation of clustered miRNAs located at 14q32 in MB 

Multiple miRNAs with significantly up-regulated expression in primary MB relative to 

either normal CD133+ or CD133- cell populations mapped to chromosomal region 14q32.  

The 14q32 chromosomal region contains one of the largest known bipartite miRNA 

clusters in vertebrates, consisting of 47 miRNA genes in total [151, 490].  Up-regulation of 

miRNAs mapping to 14q32 has been reported in other cancers including acute myeloid 

leukaemia [491], gastrointestinal tumours [492] and mutant Kirsten rat sarcoma viral 

homologue (KRAS)-positive lung adenocarcinoma [493].  Interestingly, miRNA profiling 

of HCC primary tumours identified up-regulation of 14q32 miRNAs in molecular subclass 

C HCC, in which there is aberrant activation of the PI3K pathway [482].  This is of 

particular interest given the observed enrichment of particular genes of the PI3K family, 

PIK3CA and PIK3R1, in candidate miRNA-regulated networks of gene expression in 

primary MB specimens of this study (see Chapter 5, section 5.3.1.6.1).  More recently, up-

regulation of 14q32 miRNAs was identified in a CD133-expressing stem-like sub-type of 

HCC that is associated with a poor prognosis [494].  Additionally, high 14q32 miRNA 

expression was correlated with the appearance of satellite regions surrounding the main 

tumour and venous infiltration, suggesting a higher metastatic tendency of these tumours in 

these patients compared to those with low 14q32 miRNA expression [494].   Consistent 

with this, higher metastatic potential of hepatoma cells following over-expression of any of 

the three 14q32 miRNAs, miR-127, miR-433 and miR-431 was demonstrated in vitro using 

wound healing assays [494].  Furthermore, up-regulation of the 14q32 miRNA miR-495 

was reported in several breast cancer stem cell (BCSC) populations and was associated 

with enhanced colony formation in vitro and tumourgenicity in vivo [495].  These findings 

reflect the likely importance of these miRNAs in the maintenance of the BCSC phenotype.   

The observed up-regulation of 14q32 miRNAs in MB was consistent with findings 

obtained by Northcott et al, who reported the up-regulation of several miRNAs mapping to 

14q32 in metastatic MB specimens with a neuronal differentiation signature [419].  Given 
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that a subset of primary MB specimens utilised in this study shared this signature, this 

suggests that the up-regulation of miRNAs mapping to 14q32 may be representative of 

metastatic disease.   

 

The precise function of miRNAs mapping to 14q32 has not yet been elucidated.  

Evolutionary conservation of clustered miRNA genes suggests an important common 

biological function, potentially via co-regulation of common targets or other components of 

the same biological pathway [496, 497].  Consistent with this, MMIA integration and 

enrichment analysis identified several miRNAs mapping to 14q32 that were predicted to 

target the same down-regulated target genes, in addition to multiple genes associated with 

the same enrichment term.  This suggests that aberrantly expressed clustered miRNA genes 

play a critical role in the coordinate regulation of target gene expression in MB.  Expression 

of several miRNAs mapping to 14q32 has been demonstrated throughout embryonic 

development in mice, progressively decreasing during postnatal development and 

ultimately becoming restricted to the adult brain [490, 498].  GO enrichment analysis 

performed on predicted targets of these miRNAs suggested potential roles in neurogenesis, 

cell motility and nervous system development [499].  In support of this, several down-

regulated target genes of differentially expressed miRNAs mapping to 14q32 were 

identified that are associated with neuronal development and migration.  Genes comprising 

the enrichment pathway “Axonal guidance” were identified, including EPHB2, EPHA3 and 

SHANK2, in addition to EN2 which has been shown as crucial to the development of 

mammalian cerebellum [500-502].  Moreover, several down-regulated genes of the MAPK 

pathway (eg FGF13, MAPK10 and FGFR2) predicted to be targeted by miRNAs mapping 

to 14q32 have previously been shown to be aberrantly expressed in Group C and D primary 

MB specimens [55].  Thus, these findings suggest that the up-regulation of miRNAs 

mapping to 14q32 in MB may regulate genes linked to neuronal development and cell 

migration in addition to signalling pathways previously implicated in MB pathogenesis.   

 

Several mechanisms may explain the over-expression of miRNAs at 14q32 in MB.  One 

possibility is the loss of genomic imprinting (LOI), a feature linked to the development of 

adult and paediatric cancers, including embryonal tumours [503], Wilms tumours [504] and 
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colorectal cancer [505].  Chromosomal region 14q32 lies within a genetically imprinted 

region regulated by an upstream IG-DMR [498].  Under normal conditions, the expression 

of miRNAs from this region is restricted to the maternal allele, with the paternally inherited 

copy methylated at the level of the germ line [506-508].  Analysis of the methylation status 

of IG-DMR in various tumour types identified alterations at the 14q32 locus, although LOI 

has not yet been identified [509, 510].  It is likely that miRNAs mapping to 14q32 are 

collectively up-regulated, since the majority of miRNAs mapping to this locus are co-

oordinately controlled and transcribed as a single precursor transcript.  Of the 47 miRNAs 

mapping to 14q32 expressed in our tumour cohort, only 10 were up-regulated in MB.  

Therefore, in addition to epigenetic regulation, post-transcriptional processes may fine-tune 

the expression of miRNAs from this complex transcriptional unit.  miRNA biogenesis is 

known to be a complex, tightly-regulated, multistep process (Reviewed in [222]).  

Therefore, expression of mature miRNAs mapping to 14q32 in MB may be controlled via 

several levels of regulation including both transcriptional and post-transcriptional 

mechanisms.             

 

Although the up-regulation of 14q32 miRNAs was detected in primary MB specimens, this 

was not observed for MB cell lines relative to either CD133+ NSCs or CD133- NPCS.  

Differences in DNA methylation patterns between primary tumours and corresponding cell 

line models have been widely reported [511, 512].  Given the role of an IG-DMR in the 

regulation of miRNAs mapping to this region, altered DNA methylation of this region in 

MB cell lines may explain differences observed in this study.  Additionally, the loss of 

amplified or rearranged genes in cultured cell lines has been reported previously possibly 

due to cells with the amplified or rearranged genes representing a minor subpopulation of 

cells which are unable to grow or are outgrown in vitro [513].  Genomic DNA from the 

primary specimens from which the cell lines were derived was not available to test these 

possibilities. 
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4.4.2.2.2 Down-regulation of clustered miRNAs located at Xq26.2 in MB 

Several miRNAs with significantly down-regulated expression in primary MB and MB cell 

lines relative to either normal cell population mapped to chromosomal region Xq26.2.  

miRNAs mapping to this region comprise the miRNA cluster miR-106a-363, consisting of 

miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92-2 and miR-363 [151].  Expression and 

functional analysis of miRNAs comprising this cluster is complicated by the existence of 

two paralogous clusters: miR-106a-25 and miR-17-92 (Figure 4.8).  Seed regions of several 

mature miRNAs within these clusters are highly homologous and in some cases identical, 

suggesting involvement in the regulation of common target genes and hence overlapping 

functions.  The origins of these three miRNA clusters is thought to be due to a series of 

duplication and deletion events during early vertebrate evolution [514].  The miR-106b-25 

cluster consists of three miRNA genes and is located at chromosomal region 7q22.1, 

whereas the miR-17-92 cluster maps to 13q31.3 and consists of six miRNA genes [151].   

 

 

 
Figure 4.8: Genomic structure of three miRNA clusters located on chromosomes 13, 7 and X.  Colour 

coding indicates sequence homology between individual miRNA genes. (Image obtained from Petrocca et al., 

2008, [515]) 

 

 

The precise roles of miRNAs mapping to Xq26.2 are not well characterised, despite their 

high homology with the well-studied miR-17-92 cluster, and little is known of miR-106a-

363 function.  Transgenic mice studies have demonstrated that deletion of the miR-106a-

363 cluster had very little phenotypic effect, giving rise to viable mice that reproduced 

efficiently and had no obvious abnormalities [389].  miR-106a-363 may play a role in 
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stress-induced premature senescence via regulation of p21 in fibroblasts [516].  

Additionally, while miR-106a expression levels fluctuated throughout embryonic stem cell 

differentiation, the role of this miRNA in this process has not yet been fully elucidated 

[517].  Down-regulation of miRNAs mapping to Xq26.2 has been observed in various 

cancer types, with reduced miR-106a expression associated with a poor prognosis in colon 

cancer [518], astrocytoma [519] and oesophageal carcinoma [520].  Interestingly, down-

regulation of miRNAs within this cluster was also identified in MB specimens with a 

neuronal differentiation signature [419], consistent with the findings obtained in the present 

study analysing specimens of the same MB sub-type.  Thus, the down-regulation of miR-

106a-363 miRNAs may also be representative of metastatic disease, given that a subset of 

primary MB specimens utilised in this study were of the same sub-type.  The potential 

utility of miRNAs of the miR-106-363 cluster as prognostic markers for poor risk MB 

should also be considered given the association between down-regulated miR-106a 

expression and poor prognosis for various cancers, including sub-type C MB.  Further 

investigation into the functional role of these specific miRNAs will help to address how 

they contribute to MB pathogenesis. 

 

4.4.3 The selection of normal cell populations for MB miRNA expression profiling 

studies 

Comprehensive miRNA expression profiling was performed on 10 primary MB specimens 

and three MB cell lines and the expression profiles were analysed in comparison to 

CD133+ NSCs and CD133- NPCs.  The majority of differentially expressed miRNAs in 

primary MB were up-regulated in comparison to CD133+ NSCs and CD133- NPCs.  This 

is in contrast to previous reports of a general down-regulation of miRNA expression in 

primary human MB when compared to normal adult and foetal cerebellum [418, 419, 421, 

422].  A likely explanation for this difference lies with the varying differentiation status and 

heterogeneity of cell types of each of the normal populations used for comparison.  

Accumulating evidence suggests that miRNA expression profiles reflect the state of cellular 

differentiation [298, 348, 381, 521].  Consistent with this, miRNA profiling studies 
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performed on ESCs, embryoid bodies and day 11 mouse embryos indicated that both 

miRNA expression levels and the number of different miRNAs expressed increased as the 

maturation process progressed towards terminal differentiation [522].  Furthermore, recent 

studies have indicated that normal human adult cerebellum has higher expression levels of 

miRNAs when compared to paediatric cerebellum, consistent with developmentally 

regulated temporal expression of miRNAs in the brain [422].  This suggests that the 

apparent over-expression of miRNAs in primary MB observed in this study is a result of 

the comparison of miRNA levels in MB to multipotent NSCs.   

 

A comparison of previously published miRNA expression datasets in MB reveals 

significant differences with respect to expression patterns of individual miRNAs.  As 

alluded to above, this is most likely to be primarily due to the nature of the control cell 

populations used for these comparisons.  Additionally, miRNA expression levels in these 

studies were obtained using different various profiling techniques, which has previously 

been identified as a source of miRNA expression variation [324].  Nevertheless, when 

miRNA expression profiles were compared between MB subtypes, as performed by 

Northcott et al, similar groups of deregulated miRNAs were obtained to those described in 

this study.  In particular, several miRNAs mapping to 14q32 were identified as up-

regulated in tumours defined by a neuronal differentiation signature [419], a finding 

consistent with that obtained in this investigation, in which the majority of MB specimens 

were also characterised by either the neuronal differentiation (sub-type C) or mixed 

neuronal and photoreceptor gene signatures (sub-type DE).  In addition, the down-

regulation of miRNAs mapping to Xq26.2 in primary MB specimens and cell lines in the 

present study was also consistent with tumours of a neuronal differentiation signature 

[419].  Future miRNA profiling studies in MB should take into account potential 

inconsistencies between dataset comparisons due to both the platforms used in these studies 

and the source of normal reference RNA.  
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4.4.4 Conclusions 

This study provides the first report of miRNA expression profiling of primary MB 

specimens and MB cell lines relative to CD133+ NSCs.  Overall, this approach aimed to 

identify differentially expressed miRNA that may be involved in MB tumourigenesis, 

possibly as a result of increased proliferation and expansion of NSCs.  Clustering analysis 

suggested that miRNA expression profiles were capable of classifying tumours into similar 

sub-types to those obtained on the basis of mRNA expression.  This highlights the potential 

of miRNA expression profiling to further characterise molecular sub-types of MB and 

contribute to their stratification.  The assessment of miRNA expression in MB compared to 

normal NSCs and/or NPCs identified miRNAs previously demonstrated to be differentially 

expressed in tumours with a neuronal differentiation signature [419], including up-

regulated 14q32 miRNAs and down-regulated miRNAs of the miR-106-363 cluster.  

Previous studies have characterised this sub-type of MB as metastatic with a consequently 

poor prognosis [54, 55], consistent with the differential expression of these miRNAs in 

various other human cancer types.  This supports the potential utility of these specific 

miRNAs as prognostic markers for poor risk, metastatic MB.    
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Chapter 5  

Identification of putative miRNA-regulated networks in 

MB via integration of miRNA and mRNA expression 

data  

5.1 Abstract 

Introduction: miRNAs are small non-coding RNAs that direct the post-transcriptional 

down-regulation of gene expression via mRNA degradation or translational repression.  

Recognition of mRNA target genes by miRNAs is mediated by complementary base 

pairing between the 5’ region of the miRNA known as the ‘seed’ (nucleotides 2-8) and the 

3’ UTR of the mRNA.  A number of computational prediction algorithms have been 

developed to identify putative miRNA target genes based upon complementarity at the 

‘seed’ region and other criteria, such as target site conservation.  Some of these algorithms 

are also able to integrate mRNA and miRNA gene expression data with target predictions 

to facilitate the identification of miRNA-mRNA target pairs that are inversely correlated in 

expression in the particular context under investigation.  In this study, miRNA expression 

profiles of primary MB specimens were integrated with mRNA expression data from the 

same specimens, with the aim of identifying candidate miRNA-regulated networks of gene 

expression in MB.  

Methods: Statistically significant differentially expressed miRNAs in primary MB 

specimens relative to CD133+ NSCs and CD133- NPCs were identified and these data 

were integrated with mRNA expression data using MMIA.  To assign biological function to 

these candidate miRNA-regulated networks of target genes, enrichment analysis was 

performed utilising both MMIA and IPA focusing upon canonical pathway gene sets.  To 

validate putative targets of differentially expressed miRNAs in MB, miR-10a and miR-935 

were over-expressed in the PER-547 MB cell line and the expression of selected candidate 

target genes obtained from MMIA analyses was assessed by qRT-PCR.        
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Results: Integration of the predicted targets of significantly differentially expressed 

miRNAs in primary MB with mRNA expression data from the same specimens indicated 

that a set of clustered miRNAs mapping to 14q32 were predicted to regulate a common set 

of functionally related genes in MB.  Enrichment analysis of candidate miRNA-regulated 

target genes identified pathways regulating neuronal migration, nervous system 

development and cell proliferation including the Ephrin and Reelin signalling pathways, 

and various genes involved in the regulation of the actin cytoskeleton.  Over-representation 

of various cancer-associated pathways including TGFβ and PI3K signalling was also 

observed within the candidate miRNA-regulated target gene dataset.  Several novel target 

genes of the significantly down-regulated miRNA, miR-935, were validated in MB, 

confirming the robustness of miRNA-mRNA predictions identified by the integration of 

miRNA and mRNA expression data.         

Conclusions: This study represents the first integrated analysis of miRNA and mRNA 

expression profiles in MB and identifies candidate miRNA-regulated gene networks 

belonging to signalling pathways implicated in the transformation of normal NSCs to brain 

tumour stem cells.  These data provide an important platform for future investigations 

aimed at characterising the role of specific miRNAs in MB pathogenesis.   
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5.2 Introduction 

miRNAs are small ~20 nt non-coding RNAs that are predicted to regulate the expression of 

approximately 60% of genes in the human genome via translational repression or mRNA 

degradation [139, 291, 300].  Regulation of a target gene by a miRNA is dependent upon 

base pairing between the ‘seed’ region of the miRNA and the corresponding target site 

within the 3’UTR of the mRNA [139].  In general, perfect complementarity within the seed 

region of the miRNA-mRNA duplex has been shown to result in mRNA cleavage [523, 

524], with imperfect complementarity resulting in translational repression [275].  An 

individual miRNA may potentially bind and regulate many different mRNA targets with 

related function, such as those belonging to a single cell signalling pathway [525], whilst a 

given mRNA target may be regulated by several different miRNAs, creating a highly 

complex combinatorial network of gene regulation [526].           

 

The various computational prediction algorithms that have been developed to identify 

putative miRNA targets focus primarily on the miRNA seed region [264] and the degree of 

cross-species target site conservation [304, 311, 312].  One such program, TargetScanS 

[300, 311, 440], considers various aspects of seed site binding including stringent seed 

pairing, the number of target sites in a 3’UTR, factors influencing site accessibility, and site 

conservation across species.  However, the generation of false positives is inherent to all 

prediction programs, due to both an incomplete understanding of the molecular basis of 

miRNA-targeting and the context dependency of miRNA-target gene regulation [527].  

Since miRNAs function to down-regulate target gene expression [291, 528], expression 

profiles of true miRNA-mRNA target gene pairs are expected to be inversely correlated in 

the tissue of interest.  The majority of mammalian miRNAs act predominantly to down-

regulate gene expression via mRNA destabilisation [248].  Hence, the integration of mRNA 

gene expression data with miRNA gene expression profiles and target predictions is 

anticipated to improve the detection of functional miRNA-mRNA relationships.  The basic 

principle underlying this approach involves the identification of over-represented miRNA 

target sites in the 3’UTRs of sets of genes which are down-regulated in the particular 

context being examined [529, 530].  In addition to reducing the number of false positive 
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interactions, the integration of mRNA with miRNA gene expression data more accurately 

reflects the main function of miRNAs, namely the fine tuning of gene expression by co-

ordinately down-regulating multiple genes across the genome [248, 531, 532].  

Furthermore, this approach facilitates the identification of miRNA-mRNA target gene pairs 

in the particular tissue or disease of interest, which is particularly important given the 

context dependent nature of miRNA target gene regulation [533, 534].  The integration of 

miRNA and mRNA expression data may be performed by the Bayesian inference of 

miRNA targets from sequence and expression data [321, 535, 536] or the inverse 

correlation of miRNA and mRNA expression profiles.  MMIA is a web-based software tool 

that integrates target predictions with both miRNA and mRNA expression data, searching 

miRNA-mRNA pairs for pathway-related gene set enrichment [441].  While integration 

analysis may reduce the number of false positives associated with target prediction, it also 

provides a refined list of candidate miRNA-mRNA target gene pairs for the particular 

tissue or disease context for experimental validation, expediting the identification of true 

miRNA target genes.           

 

Although numerous studies have integrated miRNA and mRNA expression profiling data 

to define miRNA-regulated pathways relevant to the disease of interest [319-328], this 

approach has not yet been employed to address MB pathogenesis.  To date, several research 

groups have used other approaches to investigate miRNA expression in MB [417-422, 425] 

and the particular function of specific miRNAs has been characterised for some sub-types 

of MB.  This study represents the first integrated analysis of miRNA and mRNA expression 

profiles in MB to identify candidate miRNA-regulated networks of gene expression that 

may be involved in MB pathogenesis.  Furthermore, the regulation of a set of predicted 

target genes by specific miRNAs was validated in vitro.  In summary, integrated expression 

profiling of both coding and non-coding RNAs may identify miRNA-regulated signalling 

pathways that are involved in the transformation of normal NSCs to BTSCs and, ultimately, 

tumour progression.  
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5.3 Results 

5.3.1 Integration of miRNA and mRNA expression data to identify candidate 

miRNA-regulated networks in MB 

miRNA and mRNA gene expression profiles were integrated using MMIA to identify 

putative miRNA-regulated networks.  MMIA integrates miRNA and mRNA expression 

data by matching over-expressed genes with under-expressed miRNAs and vice versa, on 

the basis of miRNA target predictions [441].  Following this, MMIA searches miRNA-

mRNA gene pairs for gene-set related pathway enrichment [441].  Two integrative analyses 

were performed to both CD133+ NSCs and CD133- NPCs, including (a) up-regulated 

miRNAs with down-regulated predicted target genes and (b) down-regulated miRNAs with 

up-regulated predicted target genes.  mRNA expression data were previously obtained as 

outlined in Methods section 2.3.4 and details of the miRNAs included in these analyses are 

listed in Appendix A, Table S1-S2.  Putative direct miRNA targets of up- and down-

regulated miRNAs in MB relative to both normal cell types as predicted by the TargetScan 

algorithm are listed in Appendix Tables S3-S6.  To address the functional significance of 

the potential direct targets of differentially expressed miRNAs in MB, enrichment analyses 

were performed focused on pathway curated gene sets in MMIA.  Pathway enrichment 

results from miRNA-mRNA expression combined analysis are summarised in Tables 5.2-

5.5.  A more detailed description of this analysis approach is given in the Methods section 

2.6.3. 

 

5.3.1.1  Up-regulated miRNAs mapping to chromosomal region 14q32 are predicted to 

regulate a common set of down-regulated target genes in MB  

The assessment of putative miRNA-mRNA target pairs from MMIA analysis indicated that 

several up-regulated miRNAs mapping to chromosomal region 14q32 were predicted to 

target an identical set of down-regulated mRNAs.  For this analysis, the candidate mRNA 

target gene lists were refined to include those down-regulated in primary MB specimens 

relative to both normal cell types.  A selection of results is presented in Table 5.1.  Several 
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down-regulated mRNA genes were identified that were predicted to be simultaneously 

targeted by multiple up-regulated miRNAs mapping to 14q32, including Zinc Finger 

Homeobox 3 (ZFHX3), Engrailed Homeobox 2 (EN2) and SH3 and multiple ankyrin repeat 

domains (SHANK2).  The candidate down-regulated mRNA targets of miRNAs mapping to 

14q32 have a variety of biological functions.  Four 14q32 miRNAs that were up-regulated 

in MB relative to both CD133+ NSCs and CD133- NPCs were predicted to target ZFHX3, 

a gene implicated in neuronal differentiation [537] (Table 5.1).  Similarly, EN2, a gene 

critical to the regulation of patterning in the developing central nervous system [501, 502] 

and SHANK2, a gene linked to neuronal differentiation in the developing retina were both 

predicted to be targeted by several miRNA mapping to 14q32 [538] (Table 5.1).   
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Table 5.1: Multiple up-regulated miRNAs in MB mapping to chromosomal region 14q32 were 

predicted to target several down-regulated mRNAs.  The list of candidate mRNA target genes (shown by 

gene symbol) was refined to include those predicted to be targeted simultaneously by two or more up-

regulated miRNAs relative to either normal cell population.   

 

Gene 
Symbol 

Up-regulated miRNAs in MB vs 
CD133+ NSCs 

Up-regulated miRNAs in MB vs CD133- 
NPCs 

NR2F2 miR-376c, miR-409-3p miR-382, miR-409-3p, miR-410, miR-655 
GALNT7 miR-494, miR-539 miR-494, miR-539 

HIC2 miR-539 miR-539, miR-543, miR-656, miR-758 

NR4A2 miR-323-3p, miR-376c, miR-409-3p, 
miR-539 miR-409-3p, miR-539, miR-656 

HMGCS1 miR-323-3p, miR-494 miR-494 

ZFHX3 miR-323-3p, miR-376a, miR-494, 
miR-495

miR-376a, miR-410, miR-494, miR-758 

GULP1 miR-376c, miR-494 miR-494 
FGFR2 miR-494 miR-410, miR-494, miR-543, miR-889 
SFRS7 miR-494 miR-494, miR-655, miR-656 

EN2 miR-376a, miR-376c, miR-494 miR-370, miR-376a, miR-382, miR-494, miR-
543, miR-655 

SHANK2 miR-376c, miR-494, miR-495 miR-410, miR-411, miR-494, miR-655,        
miR-758 

ADM miR-539 miR-410, miR-539, miR-655 
FBXL7 - miR-432, miR-539 

 

 

5.3.1.2 Up-regulated miRNAs mapping to chromosomal region 14q32 are predicted to 

regulate functionally-related genes  

Several miRNAs mapping to 14q32 were predicted to target multiple genes belonging to 

the same enrichment term.  Focusing on the comparison to CD133+ NSCs, three 14q32 

miRNAs, miR-494, miR-539 and miR-323-3p, were predicted to target three of the six 

down-regulated target genes with the enrichment term “Regulation of actin cytoskeleton”, 

while miR-494 and miR-539 were also predicted to target two down-regulated target genes 

with the enrichment term “MAPK signalling pathway” (Appendix A, Table S3).  In 

addition, miR-494, miR-495 and miR-323-3p were predicted to target five down-regulated 
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target genes under the enrichment term “Chiaretti T ALL Differentiation” [539] (Appendix 

A, Table S3).  Similar findings were obtained when assessing the putative miRNA-

mediated regulation of target genes relative to CD133- NPCs, with eight 14q32 miRNAs, 

including miR-494, miR-655, miR-656, miR-376a, miR-379, miR-410, miR-539 and miR-

382, predicted to target nine of the 13 down-regulated target genes of enrichment term 

“Mense hypoxia up” [540] (Appendix A, Table S5).  Similarly, twelve 14q32 miRNAs, 

including miR-410, miR-433, miR-655, miR-432, miR-656, miR-543, miR-411, miR-370, 

miR-494, miR-539, miR-409-3p and miR-376a, were predicted to target 17 of the 26 genes 

comprising enrichment term “Chiaretti T ALL Differentiation” (Appendix A, Table S5).  

Together, these findings suggest that miRNAs that map to 14q32 and are up-regulated in 

MB may target functionally-related genes involved in the regulation of actin cytoskeleton, 

MAPK signalling, cell differentiation and the response to hypoxia. 

 

5.3.1.3 Down-regulated putative miRNA target genes in MB are enriched for 

components of the MAPK and WNT signalling pathways and the regulation of actin 

cytoskeleton  

Gene-set enrichment analysis performed on the predicted mRNA targets of up-regulated 

miRNAs in MB relative to CD133+ NSCs identified significant over-representation of 

several pathways, including MAPK signalling (Table 5.2).  The up-regulated 14q32 

miRNAs, miR-539 and miR-494, were predicted to target the down-regulated mRNA 

transcripts Fibroblast growth factor receptor 2 (FGFR2), Fibroblast growth factor 13 

(FGF13) and Mitogen-activated protein kinase 10 (MAPK10) (Appendix A, Table S3).  

Over-representation of the Wnt signalling pathway was also observed, including the genes 

Wingless-type 5a (Wnt5a), Frizzled homolog 7 (FZD7), Protein Kinase D1 (PRKD1) and 

MAPK10 (Table 5.2).  Enrichment of down-regulated putative miRNA target genes within 

the “Regulation of actin cytoskeleton” gene set was also observed, including Moesin 

(MSN), Dual specificity phosphatase 6 (DUSP6) and Mitogen activated kinase 10 

(MAPK10). 
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Table 5.2: Gene-set enrichment analysis of putative miRNA target genes of up-regulated miRNAs in 

MB vs CD133+ NSCs using MIT MSigDBc2 curated gene sets.  Terms were sorted based on statistical 

significance and presence of ontological terms associated with cancer 

 

Rank Term Genes in the term p-value

1 MENSE HYPOXIA UP P4HA1 ,  ATF3 ,  STC2 ,  KLF4 ,  ADM ,  
SCD ,  SLC2A3 <0.001 

2 GH AUTOCRINE DN SULF1 ,  PTPN3 ,  BAMBI ,  PXDN ,  
CTNND2 ,  NR2F2 0.002 

3 O6BG RESIST MB DN CCNG1 ,  CAD ,  YARS ,  FZD7 0.004 

4 HSC HSC FETAL PGD ,  CHN1 ,  SASH1 ,  ARL4C ,  ELMO1 
,  DDIT4 ,  TSPAN6 0.006 

5 HSA04810 REGULATION OF 
ACTIN CYTOSKELETON 

MSN ,  FGFR2 ,  FGFR1 ,  FGF13 ,  RRAS2 
,  MYH10 0.011 

6 HSA04010 MAPK 
SIGNALING PATHWAY

NTRK2 ,  FGFR2 ,  FGFR1 ,  FGF13 ,  
RRAS2 ,  DUSP6 ,  MAPK10 0.014 

7 BECKER TAMOXIFEN 
RESISTANT DN

FGFR1 ,  DUSP6 ,  QKI ,  MSX1 ,  TSPAN6 0.021 

8 CHIARETTI T ALL DIFF 
SC4MOL ,  ID1 ,  MAF ,  DUSP6 ,  FAT ,  

DDIT4 ,  SLC2A3 ,  ATF3 ,  MDFIC ,  
FGFR1 ,  ARL4C ,  QKI 

0.022 

9 WNT SIGNALLING WNT5A ,  FZD7 ,  PRKD1 ,  MAPK10 0.039
10 HYPOXIA REG UP STC2 ,  ADM ,  DDIT4 0.043

 

5.3.1.4 Integration analysis identified enrichment of putative miRNA genes within 

cancer-associated pathways in MB relative to CD133+ NSCs 

The majority of pathways from gene-set enrichment analysis of putative miRNA targets of 

down-regulated miRNAs contained up-regulated genes of the phosphoinositide-3-kinase 

(PI3K) pathway including Phosphoinositide-3-kinase catalytic alpha polypeptide (PIK3CA) 

and Phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) (Table 5.3).  Enrichment of 

genes involved in Transforming growth factor-β (TGFβ) signalling, including 

Transforming growth factor beta receptor II (TGFBR2) and SMAD family member 2 

(SMAD2) was observed.  Consistent with the previous analysis of putative targets of up-

regulated miRNAs in MB, over-representation of putative targets of down-regulated 

miRNAs once again identified the enrichment of “Regulation of actin cytoskeleton” genes, 

suggesting control of this process in MB by miRNAs. 
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Table 5.3: Gene-set enrichment analysis of putative miRNA target genes of down-regulated miRNAs in 

MB vs CD133+ NSCs using MIT MSigDBc2 curated gene sets.  Terms were sorted based on statistical 

significance and presence of ontological terms associated with cancer 

 

Rank Term Genes in the term p-value 
1 RASPATHWAY PIK3CA ,  PIK3R1 ,  RALGDS 0.003 

2 HSA05212  PANCREATIC  
CANCER

SMAD2 ,  TGFBR2 ,  PIK3CA ,  PIK3R1 ,  
RALGDS

0.004 

3 BADPATHWAY PIK3CA ,  PRKAR2A ,  PIK3R1 ,  PRKACB 0.004 

4 HSA05210  COLORECTAL  
CANCER

SMAD2 ,  TGFBR2 ,  PIK3CA ,  PIK3R1 ,  
APC ,  RALGDS

0.005 

5 HSC  LATEPROGENITORS  
FETAL 

TXNDC13 ,  NFIB ,  OSTM1 ,  CCDC28A ,  
ZNF238 ,  ANKRD12 ,  PODXL ,  GNB5 0.011 

6 VANASSE  BCL2  TARGETS RELN ,  MAP4K4 ,  CCND2 ,  FN1 0.015 

7 
HSA04810  REGULATION  

OF  ACTIN  
CYTOSKELETON 

PIK3CA ,  PIK3R1 ,  PIP5K1C ,  APC ,  FN1 0.016 

8 TGFBPATHWAY TGFBR2 ,  APC 0.019 
9 PDGFPATHWAY PIK3CA ,  PIK3R1 0.019 
10 EGFPATHWAY PIK3CA ,  PIK3R1 0.019 

 

5.3.1.5  Integration analyses revealed enrichment of p53 signalling and several gene 

sets containing the BMI1 gene in MB compared to CD133- NPCs 

Significant over-representation of several down-regulated genes of the p53 signalling 

pathway were identified following gene-set enrichment analysis performed on predicted 

targets of up-regulated miRNA genes in MB relative to CD133- NPCs (Table 5.4).  These 

genes included Tumour necrosis family receptor 10b (TNFRSF10B), Phorbol-12-myristate-

13-acetate induced protein 1 (PMAIP1), Protein kinase C Beta 1 (PRKCB1), Cyclin G1 

(CCNG1) and CDKN1A.  Conversely, enrichment in several categories containing the gene 

B lymphoma Mo-MLV insertion region homolog 1 (BMI1) was observed for predicted 

target genes of down-regulated miRNAs.  These included “Hematopoiesis related 

transcription factor” and “Peng leucine Up” gene sets [541] (Table 5.5).  Integration data 

indicated that BMI1 was predicted to be targeted by the down-regulated miRNA, miR-219-

2-3p (Appendix A, Table S6).  miR-219-2-3p was also down-regulated in primary MB 

specimens relative to CD133+ NSCs concomitant with BMI1 up-regulation in primary MB 

specimens relative to CD133+ NSCs (Appendix A, Table S4).  Therefore, the absence of 
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BMI1-containing genes sets in the enrichment of predicted targets of down-regulated 

miRNAs in MB relative to CD133+ NSCs is likely due to the lack of over-representation of 

the other components of these gene-sets relative to CD133+ NSCs.        

 

 

Table 5.4: Gene-set enrichment analysis of putative miRNA target genes of up-regulated miRNAs in 

MB vs CD133- NPCs using MIT MSigDBc2 curated gene sets.  Terms were sorted based on statistical 

significance and presence of ontological terms associated with cancer 

 

Rank Term Genes in the term p-value

1 CHIARETTI T ALL DIFF 

ARHGEF10 ,  LDLR ,  SLC2A3 ,  PMAIP1 ,  
PLAGL1 ,  MDFIC ,  MN1 ,  HOXA5 ,  

ARL4C ,  FOS ,  ALCAM ,  HES1 ,  RGS2 ,  
RAPGEF2 ,  CEBPB ,  FOSB ,  RASGRP1 ,  

SPRY2 ,  DDIT4 ,  PBX3 ,  ATF3 ,  BCL11A ,  
CSDA ,  CDC42 ,  QKI ,  HOXA10 

0.005 

2 
HSA04660 T CELL 

RECEPTOR SIGNALING 
PATHWAY 

PDK1 ,  PAK7 ,  CBLB ,  FOS ,  CDC42 ,  
PPP3CB ,  RASGRP1 0.005 

3 MENSE HYPOXIA UP 
P4HA1 ,  CEBPB ,  KLF4 ,  SLC2A3 ,  

JMJD1A ,  FAM13A1 ,  PDK1 ,  ATF3 ,  
WSB1 ,  KLF7 ,  ADM ,  SCD ,  BNIP3 

0.005 

4 P53 SIGNALLING TNFRSF10B ,  PMAIP1 ,  CHEK1 ,  PRKCB1 
,  CDKN1A

0.022 

5 P53GENES ALL TNFRSF10B ,  PMAIP1 ,  CCNG1 ,  
CDKN1A ,  FOS 0.022 

6 
HSC 

HSCANDPROGENITORS 
FETAL 

IGF2BP3 ,  PGM1 ,  KLF4 ,  PDGFC ,  
LPHN2 ,  DNMT3B ,  ASCL1 ,  SPRY2 ,  

MN1 ,  RHOBTB3 ,  HIC2 ,  GPR56 ,  MEIS1 
,  CNTNAP2 ,  RAPGEF5 

0.033 

7 
HSC 

HSCANDPROGENITORS 
SHARED 

IGF2BP3 ,  PGM1 ,  KLF4 ,  PDGFC ,  
LPHN2 ,  DNMT3B ,  ASCL1 ,  SPRY2 ,  

MN1 ,  RHOBTB3 ,  HIC2 ,  GPR56 ,  MEIS1 
,  CNTNAP2 ,  RAPGEF5 

0.033 

8 ST WNT BETA CATENIN 
PATHWAY WIF1 ,  SFRP1 ,  DACT1 ,  ANKRD6 0.047 

9 GH EXOGENOUS ANY DN SNAI2 ,  PHOX2B ,  SPRY2 ,  ELAVL4 0.047

10 HSA04370 VEGF 
SIGNALING PATHWAY PRKCB1 ,  VEGFA ,  CDC42 ,  PPP3CB 0.047 
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Table 5.5: Gene-set enrichment analysis of putative miRNA target genes of down-regulated miRNAs  in 

MB vs CD133- NPCs using MIT MSigDBc2 curated gene sets.  Terms were sorted based on statistical 

significance and presence of ontological terms associated with cancer 

 

Rank Term Genes in the term p-value 

1 HSC LATEPROGENITORS 
SHARED

CCDC28A ,  ZNF238 ,  TXNDC13 ,  NFIB ,  
ANKRD12 ,  PODXL

0.001 

2 HSC LATEPROGENITORS 
ADULT

CCDC28A ,  ZNF238 ,  TXNDC13 ,  NFIB ,  
ANKRD12 ,  PODXL

0.001 

3 HSC LATEPROGENITORS 
FETAL 

CCDC28A ,  ZNF238 ,  TXNDC13 ,  NFIB ,  
ANKRD12 ,  PODXL

0.001 

4 
HEMATOPOESIS RELATED 

TRANSCRIPTION 
FACTORS

LMO2 ,  NFIB ,  BMI1 0.003 

5 BECKER TAMOXIFEN 
RESISTANT DN NFIB ,  ESRRG 0.005 

6 SMITH HCV INDUCED 
HCC UP

ZNF238 ,  BMI1 0.015 

7 PENG LEUCINE UP LAPTM5 ,  BMI1 0.029 

8 CMV HCMV TIMECOURSE 
20HRS UP

ZNF238 ,  SNRK 0.029 

9 SANSOM APC 5 DN MYT1L ,  LAPTM5 ,  SLC4A4 0.041 

10 HDACI COLON BUT2HRS 
UP C7 ,  ESRRG 0.047 

 

 

The elucidation of differentially expressed miRNA-regulated networks of genes in MB was 

further refined by the identification of pathways common to normal CD133+ NSC and 

CD133- NPC populations.  Enriched pathways of down-regulated putative targets of up-

regulated miRNAs in common to both comparisons in MB included “WNT/ β-catenin 

signalling”, “Mense Hypoxia Up” [540] and “Chiaretti T ALL differentiation” [539] gene 

sets (Tables 5.2, 5.4).  Further analysis performed on predicted targets of down-regulated 

miRNAs in MB common to both normal populations identified over-representation of HSC 

late progenitor foetal markers, containing the genes Nuclear factor I/B (NFIB) and Zinc 

finger protein 238 (ZNF238) (Tables 5.3, 5.5).  These findings suggest that aberrant 

miRNA-regulated networks of gene expression in MB are centred on several growth factor 

and cancer-related pathways, developmental pathways such as WNT signalling, and the 

regulation of the actin cytoskeleton.   
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5.3.1.6 Identification of differentially expressed networks of miRNA/mRNA gene 

expression in primary MB specimens with IPA 

To further investigate the functional significance of the putative targets of differentially 

expressed miRNAs in MB, pathway enrichment analysis was performed using IPA 

focusing on curated canonical pathways.  Putative mRNA targets of both the up- and down-

regulated miRNAs in MB included in this analysis are listed in Appendix A, Tables S3-S6.  

Pathway enrichment results of putative miRNA targets in MB relative to CD133+ NSCs 

and CD133- NPCs are illustrated in Tables 5.6 and 5.7 respectively. 

 

Table 5.6:  Pathway enrichment analysis of putative mRNA targets of differentially expressed miRNAs 

in MB versus CD133+ NSCs using IPA curated canonical pathways. 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Genes 

1 
Molecular 

Mechanisms of Cancer 
<0.001 

NF1, PIK3R1, APC, ARHGEF3, WNT5A, PRKAR2A, 
PRKD1, NOTCH1, SMAD3, PIK3CA, TCF3, CCND2, 

SMAD2, RALGDS, FZD7, ARHGEF12, TGFBR2, 
RRAS2, RAP2A, PRKACB, NRAS, CDC25A, MAPK10 

2 
Colorectal Cancer 

Metastasis Signaling 
<0.001 

PIK3R1, APC, WNT5A, PRKAR2A, SMAD3, PIK3CA, 
TCF3, SMAD2, RALGDS, MSH6, FZD7, TGFBR2, 
RRAS2, PRKACB, NRAS, GNB5, BIRC5, MAPK10 

3 
Ovarian Cancer 

Signaling 
<0.001 

PIK3R1, APC, FZD7, RRAS2, WNT5A, PRKAR2A, 
TCF3, PIK3CA, NRAS, PRKACB, CD44, MSH6 

4 
Reelin Signaling in 

Neurons 
<0.001 

PIK3R1, ARHGEF12, ARHGEF3, ITGA6, PIK3CA, 
RELN, DCX, ARHGEF9, MAPK10 

5 
Axonal Guidance 

Signaling 
<0.001 

PIK3R1, GLI3, WNT5A, PRKAR2A, PRKD1, PIK3CA, 
WASL (includes EG:8976), EPHA3, SEMA5A, NFATC1, 

FZD7, EFNB3, ARHGEF12, RRAS2, NFAT5, EPHB2, 
PRKACB, NRAS, GNB5, NTRK2, SHANK2 

6 IGF-1 Signaling <0.001 
PIK3R1, RRAS2, PRKAR2A, PIK3CA, GRB10, NRAS, 

PRKACB, FOXO3, CYR61 

7 
Human Embryonic 

Stem Cell Pluripotency 
<0.001 

PIK3R1, APC, FZD7, FGFR2, TGFBR2, WNT5A, 
SMAD3, TCF3, PIK3CA, SMAD2, NTRK2 

8 
PPARα/RXRα 

Activation 
<0.001 

NCOR2, RRAS2, TGFBR2, PRKAR2A, MED1, SMAD3, 
NRAS, PRKACB, MAP4K4, SMAD2, ACOX1, GHR 

9 

Regulation of IL-2 
Expression in 

Activated and Anergic 
T Lymphocytes 

<0.001 
NFATC1, RRAS2, TGFBR2, NFAT5, SMAD3, NRAS, 

SMAD2, MAPK10 

10 PTEN Signaling 0.001 
PIK3R1, FGFR2, RRAS2, TGFBR2, PIK3CA, NRAS, 

FOXO3, NTRK2, GHR 
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Table 5.7:  Pathway enrichment analysis of putative mRNA targets of differentially expressed miRNAs 

in MB versus CD133- NPCs using IPA pathway curated gene sets 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Molecules 

1 
Wnt/β-catenin 

Signaling 
<0.001 

PPP2R1B, WIF1, WNT5A, ACVR2A, WNT4, TCF3, 
CCND1, SOX5 (includes EG:6660), SFRP1, ACVR2B, 

CDH2, TCF4, TCF7L1, FZD7, FZD10, SOX9, JUN, TLE4, 
SOX2, ACVR1B 

2 
Axonal Guidance 

Signaling 
<0.001 

PIK3R1, WNT5A, WNT4, PRKD1, PAK7, ROBO1, FZD7, 
CDC42, FZD10, EFNB3, ARHGEF12, EFNB2, BAIAP2, 

NGFR, SRGAP3, PRKCB, VEGFA, NRP1, GLI3, 
PPP3CB, SEMA5A, PLXNA2, PDGFC, EPHA4, EPHB2, 

SEMA6A, PLXNA1, SHANK2, EPHB3 

3 

Role of Macrophages, 
Fibroblasts and 

Endothelial Cells in 
Rheumatoid Arthritis 

<0.001 

PIK3R1, WIF1, WNT5A, WNT4, PRKD1, FZD10, FZD7, 
FOS, CREB5, NGFR, PRKCB, VEGFA, PPP3CB, TCF3, 

MAP2K6, CCND1, CEBPB, SFRP1, ROR2, TCF4, 
TCF7L1, FN1, JUN, PDGFC, PLCD1 

4 
Molecular 

Mechanisms of Cancer 
<0.001 

PRKCB, PMAIP1, PIK3R1, ARHGEF3, WNT5A, PRKD1, 
NOTCH1, SMAD4, TCF3, MAP2K6, RASGRP1, CCND1, 
ARHGEF10, CDKN1A, PAK7, TCF4, CTNNA1, FZD7, 

FZD10, ARHGEF12, CDC42, FOS, JUN, CHEK1 

5 
Factors Promoting 
Cardiogenesis in 

Vertebrates 
<0.001 

PRKCB, TCF4, TCF7L1, FZD7, FZD10, ACVR2A, 
PRKD1, SMAD4, TCF3, ACVR1B, ACVR2B 

6 VDR/RXR Activation <0.001 
PRKCB, NCOR2, PRKD1, HOXA10, KLF4, CEBPB, 

CDKN1A, CALB1, HES1 

7 p53 Signaling <0.001 
TNFRSF10B, PMAIP1, PIK3R1, CCNG1, SNAI2, JUN, 

CCND1, CHEK1, CDKN1A, PLAGL1 

8 
Human Embryonic 

Stem Cell Pluripotency 
<0.001 

PIK3R1, TCF4, TCF7L1, FZD7, FGFR2, FZD10, WNT5A, 
WNT4, SMAD4, PDGFC, TCF3, SOX2 

9 
Ovarian Cancer 

Signaling 
<0.001 

PIK3R1, TCF4, TCF7L1, FZD7, FZD10, VEGFA, 
WNT5A, WNT4, PDGFC, TCF3, CCND1, MMP2 

10 

Role of Osteoblasts, 
Osteoclasts and 
Chondrocytes in 

Rheumatoid Arthritis 

<0.001 
PIK3R1, WIF1, PPP3CB, WNT5A, WNT4, SMAD4, 

TCF3, MAP2K6, SFRP1, TCF4, TCF7L1, FZD7, FZD10, 
FOS, JUN, NGFR 
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5.3.1.6.1 Differentially activated cancer-associated pathways in MB include putative 

miRNA target genes of the PI3K and TGFβ signalling pathways and cell cycle regulation 

Canonical pathway enrichment analysis of inversely correlated targets of both the up- and 

down-regulated miRNAs identified over-representation of various cancer–associated 

pathways in MB.  Pathways such as “Molecular Mechanisms of Cancer” was identified as 

significant to both CD133+ NSCs (p<0.001) and CD133- NPCs (p<0.001), in addition to 

“Ovarian Cancer Signalling”, also identified as significant when compared to CD133+ 

NSCs (p<0.001) and CD133- NPCs (p<0.001) (Tables 5.6 and 5.7).  Genes comprising 

“Colorectal Cancer Metastasis signalling” were also found to be significantly differentially 

expressed in MB compared to both CD133+ NSCs (p<0.001) (Table 5.6) and CD133- 

NPCs (p<0.001) (Appendix A, Table S8).   

 

Further evaluation of the putative miRNA target genes that comprised these cancer-

associated pathways identified a large degree of overlap.  The genes within the pathways 

were also consistent with those obtained using MMIA.  All cancer-associated pathways 

identified from the analysis contained several genes of the PI3K pathway, including 

PIK3R1, up-regulated in MB relative to both normal populations and PIK3CA, up-regulated 

in primary MB relative to CD133+ NSCs.  Various Rho guanine nucleotide exchange 

factor (ARHGEF) genes linked to PI3K signalling were also differentially expressed in MB, 

including ARHGEF3 and ARHGEF12 which were up-regulated in primary MB relative to 

both normal populations and ARHGEF10 which was down-regulated relative to CD133- 

NPCs.   Interestingly, both PIK3CA and PIK3R1 featured in 77 of the 106 (72.6%) 

significantly enriched pathways in MB compared to CD133+ NSCs, whilst PIK3R1 

featured in 40 of the 217 (18.4%) pathways in MB compared to CD133- NPCs.  This 

reinforces the potential biological significance of up-regulated PI3K signalling in MB and 

highlights these genes as important candidate miRNA targets for further investigation.   

 

Several genes from the TGFβ/Smad signalling cascade identified as differentially expressed 

putative miRNA targets, were also components of cancer-associated pathways in MB.  

Expression analysis revealed up-regulated TGFBR2 and SMAD2 expression in MB relative 

to CD133+ NSCs, with SMAD4 up-regulated in MB relative to CD133- NPCs.  In contrast, 



138 

 

 

SMAD3 was also down-regulated in MB relative to CD133+ NSCs.  Consistent with this 

finding, further assessment indicated that the “TGF-β signalling” pathway was significantly 

enriched in MB relative to both CD133+ NSCs (p=0.006) (data not shown) and CD133- 

NPCs (p=0.003) (Appendix A, Table S8).  Contributing genes of this pathway relative to 

CD133+ NSCs included those previously mentioned (section 5.3.1.4) as well as up-

regulated Inhibin beta B (INHBB) and down-regulated Neuroblastoma RAS viral oncogene 

homolog (NRAS).  INHBB was also up-regulated in MB relative to CD133- NPCs, in 

addition to down-regulated TGF-β receptor family members Activin receptor type IB 

(ACVR1B), Activin receptor type IIA (ACVR2A) and Activin receptor type IIB (ACVR2B).  

Increased expression of several TGF-β pathway components and their enrichment in 

potential miRNA-regulated pathways suggests a role for differentially expressed TGFβ/ 

Smad signalling in MB. 

 

Putative miRNA target genes involved in cell cycle regulation were enriched in cancer-

associated pathways, consistent with previous MMIA findings.  Cell division cycle 25 

homolog A (CDC25A) was down-regulated in MB relative to CD133+ NSCs, in addition to 

Cyclin D1 (CCND1), CHK checkpoint homolog (CHEK1) and CDKN1A which were also 

down-regulated in MB compared to CD133- NPCs.  The cell cycle-related gene, Cyclin D2 

(CCND2) was up-regulated in primary MB relative to CD133+ NSCs, consistent with 

results of the MMIA integration analysis.  Despite this, the majority of cell cycle-related 

genes were expressed at lower levels in MB relative to either normal cell population. 

 

5.3.1.6.2 Differentially expressed neuronal development pathways in MB  

Data from IPA canonical pathway enrichment analysis identified significant enrichment of 

pathways related to the development of the nervous system in MB.  For instance, over-

representation of putative miRNA target genes within the “Axonal Guidance” pathway was 

observed relative to both CD133+ NSCs (p<0.001) (Table 5.6) and CD133- NPCs 

(p<0.001) (Table 5.7).  More detailed investigation highlighted an abundance of Ephrin 

family members within this gene set.  Down-regulation of Ephrin B3 (EFNB3) was 

observed in MB relative to both normal cell types, in addition to Ephrin B2 (EFNB2) when 
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compared to CD133- NPCs.  Various Ephrin receptors were also down-regulated in MB, 

including Ephrin receptor B2 (EPHB2) relative to both normal populations, and EPHB3 

and EPHA4 in comparison to CD133- NPCs.  Consistent with this finding, the “Ephrin 

Receptor Signalling” pathway was also significantly enriched in MB relative to both 

CD133+ NSCs (p=0.012) (Figure 5.1) and CD133- NPCs (p=0.004) (Appendix A, Table 

S8).  In addition to the previously mentioned genes, further assessment identified down-

regulated p21 protein-activated kinase 7 (PAK7), Glutamate receptor ionotropic N-methyl 

D-aspartate 1 (GRIN1) and Cell division cycle 42 (CDC42) in MB relative to CD133- 

NPCs.  When compared to the CD133+ NSC population, GRIN1 was again down-regulated 

in MB in addition to RAS related viral oncogene homolog (RRAS), EPHA3 and NRAS.  

Several other pathway components were also up-regulated in MB relative to CD133+ NSCs 

(Figure 5.1).  Other “Axonal Guidance” pathway components linked to neural development 

belonged to the Semaphorin gene family, including Semaphorin 5A (SEMA5A), down-

regulated in MB relative to both normal cell populations and Semaphorin 6A (SEMA6A) 

down-regulated relative to CD133- NPCs.  Further investigation into gene set members 

revealed the down-regulation of SHANK2 in MB relative to both normal cell populations, 

consistent with findings obtained from MMIA. 
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In summary, differential expression of the Ephrin gene family and various Reelin pathway 

components linked to neuronal migration and brain development warrants further 

investigation into the role of these molecules in MB tumourigenesis.   

 

5.3.1.6.3 Embryonic signalling pathways are down-regulated in MB 

Putative miRNA target genes were significantly enriched for WNT pathway components in 

MB relative to both CD133+NSCs (p=0.001) (Appendix A, Table S7) and CD133- NPCs 

(p<0.001) (Table 5.7).  IPA describes the “Wnt/β-catenin signalling” pathway as consisting 

of three signalling cascades.  The canonical pathway involves signalling through Frizzled 

(FZD) receptors and subsequent stabilisation and activation of β-catenin.  The other 

cascades signal through cadherin receptors to activate β-catenin, or through the TGFβ 

receptor family, independent of β-catenin activation.   

 

Detailed investigation of the components of the WNT/β-catenin pathway identified 

differentially expressed putative miRNA gene targets across all signalling cascades, 

particularly when compared to CD133- NPCs (Figure 5.3).  Widespread down-regulation of 

WNT/β-catenin pathway components was observed.  Canonical WNT pathway members 

WNT inhibitory factor 1 (WIF1), SFRP1 and FZD receptors FZD7 and FZD10 were down-

regulated in MB relative to CD133- NPCs, and FZD7 and SFRP also were down-regulated 

relative to CD133+ NSCs.  Non-canonical members of the TGFβ cascade were also down-

regulated relative to CD133- NPCs, including ACVR2A and ACVR1B.  In contrast, TGFβR2 

was up-regulated in MB relative to CD133+ NSCs.  N-Cadherin (CDH2), an additional 

non-canonical WNT pathway member, was also down-regulated in MB relative to both 

normal cell types.  WNT pathway ligands, Wnt5a and Wnt4, were down-regulated in MB 

relative to CD133- NPCs, with Wnt5a also down-regulated relative to CD133+ NSCs.     

 

Downstream WNT signalling components were down-regulated relative to either normal 

cell population.  Several Sex determining region Y (SRY)- box (SOX) family of genes 

namely SOX5, SOX9 and SOX2, were down-regulated relative to CD133- NPCs, whilst 

SOX9 and SOX13 were down-regulated relative to CD133+ NSCs.  Target genes of the 
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WNT signalling pathway were also down-regulated when compared to CD133- NPCs, 

including Transcription factor 4 (TCF4), Jun proto-oncogene (JUN) and CCND1.  In 

contrast to the observed down-regulation of the majority of Wnt pathway components in 

MB, enrichment analysis demonstrated that the WNT pathway antagonist APC was up-

regulated in MB relative to CD133+ NSCs.  Detailed assessment of all significantly 

enriched pathways in MB relative to CD133+ NSCs identified APC in 12 of the 106 

(11.3%) signalling pathways, further demonstrating the significance of differential APC 

expression.  In summary, data from the TICHR cohort indicated that the WNT pathway was 

down-regulated in all MB specimens.  This is consistent with other independent studies that 

have demonstrated hyper-active WNT signalling as exclusive to sub-type A MB, none of 

which were represented in the TICHR cohort. 
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Canonical pathway enrichment analysis indicated that “Notch signalling” pathway 

components were significantly differentially expressed in the primary MB cohort in 

comparison to CD133- NPCs (p=0.003) (Appendix A, Table S8), but not to CD133+ NSCs.  

The NOTCH pathway is described in the IPA knowledge base as consisting of two main 

signalling cascades, with a third cascade representing the intracellular processing of pre-

NOTCH to its mature form.  The central signalling pathway is activated by the binding of 

notch ligands Delta-like (DLL) or Jagged (JAG), whilst the other signalling pathway is 

activated by binding of Contactin 1 (CNTN1), initiating NOTCH/Deltex signalling (Figure 

5.4).  The assessment of contributing putative miRNA target genes of this pathway 

identified the down-regulation of several pathway components of both signalling cascades, 

relative to CD133- NPCs (Figure 5.4).  Of the NOTCH family of pathway receptors, both 

NOTCH1 and NOTCH2 were down-regulated in MB relative to CD133- NPCs.  NOTCH 

pathway ligand Jagged 1 (JAG1) and downstream components Deltex homolog 4 (DTX4) 

and Hairy and enhancer of split 1 (HES1) were also down-regulated in MB relative to 

CD133- NPCs.  The lack of significant enrichment of this pathway when compared to 

CD133+ NSCs was likely due to few differentially expressed putative miRNA target genes 

in MB relative to CD133+ NSCs that were NOTCH pathway components.  In this 

comparison, only NOTCH1 was down-regulated.  This suggests that CD133+ NSCs display 

similar levels of NOTCH pathway signalling to the overall average of the MB cohort, with 

CD133- NPCs exhibiting higher levels of NOTCH pathway signalling.   
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The SHH pathway was significantly enriched in MB relative to CD133+ NSCs (p=0.003) 

(Appendix A, Table S7).  The assessment of putative miRNA target genes of this pathway 

identified heterogeneous differential expression of various pathway components.  Down-

regulation of Glioma-associated oncogene family zinc finger 3 (GLI3) and Cyclin B1 

(CCNB1) was observed, whilst two protein kinases linked to the SHH pathway, Protein 

kinase A catalytic subunit beta (PRKACB) and Protein kinase A regulatory subunit type II 

alpha (PRKAR2A) were up-regulated in MB relative to CD133+ NSCs.   In contrast, GLI3 

was the only significantly differentially expressed putative miRNA target gene of the SHH 

pathway in MB when compared to CD133- NPCs, consistent with this pathway not 

reaching significance in this comparison (p=0.53).  Hyperactive SHH signalling is 

predominantly associated with sub-type B MB suggesting that the heterogenous differential 

expression of miRNA-targeted SHH pathway components may be due to the relatively few 

sub-type B tumours included in the integration analysis.  To address this possibility, the 

expression of several miRNAs previously reported to target SHH pathway components in 

MB, including miR-326, miR-125b and miR-324-5p [417], were assessed in sub-type B 

MB specimens (M2 and M7) specifically, relative to CD133+ NSCs and CD133- NPCs.  

Down-regulation of miR-326 was observed in sub-type B MB relative to CD133+ NSCs, 

however this did not reach statistical significance (FC= -3.17; p=0.345).  miR-125b and 

miR-324-5p were both up-regulated in sub-type B MB specimens relative to CD133+ 

NSCs, although once again this was not significant (FC=1.36, p=0.827 and FC=1.87, 

p=0.349; respectively).  In addition, expression of the miR-17-92 cluster of miRNAs was 

also assessed in sub-type B MB, given the reported elevated expression of these miRNAs in 

a subset of SHH-actived tumours [419].  All miRNAs of this cluster were down-regulated 

in sub-type B MB (p>0.05, ns), implying that the sub-type B tumours profiled in this 

investigation were not the SHH-activated sub-group with elevated miR-17-92 expression.  

In summary, canonical pathway enrichment analysis focused on embryonic signalling 

pathways suggested a role for aberrant miRNA expression in the down-regulation of both 

the WNT/β-catenin and NOTCH signalling pathways in MB.  While enrichment data 

supports a role for differential miRNA expression in the regulation of SHH signalling, 

larger sample numbers are required to more accurately assess the miRNA-mediated 

regulation of this pathway in MB.  
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5.3.1.7.1 Potential role of down-regulated miR-10a expression in MB 

Integration analysis indicated that several putative target genes of miR-10a predicted by 

Targetscan were up-regulated in MB.  Among these were genes with established roles in 

neural cell differentiation, cell motility and invasion, including Nuclear receptor co-

repressor 2 (NCOR2), and Formin binding protein 1-like (FNBP1L) [542, 543].  To gain 

insight into the potential role of miR-10a in MB pathogenesis, up-regulated putative miR-

10a target genes were ranked on the basis of Targetscan context score.  To assess whether 

putative miRNA target genes were inversely correlated in expression to miR-10a in MB, 

correlation analysis was performed for miR-10a expression with 26 candidate up-regulated 

miR-10a target genes (Appendix A, Table S11) for the subset of primary MB specimens 

included in MMIA analysis (Table 2.1).  A range of correlation values was obtained from 

moderately positive (r =0.5) to moderate-strong negative (r>-0.5) (Appendix A, Table S11).  

The identification of negatively correlated candidate miR-10a target genes indicated that a 

subset of these genes was potentially regulated by miR-10a at the mRNA level in MB.  To 

address this further, predicted target genes of miR-10a with a Pearson’s correlation 

coefficient (r) equal to or greater than -0.5 were selected for functional testing (Figure 5.6).   

 

  



 

 

 

 

Figure 5.6: 

inversely cor

SCARB2 (H)

Primary MB 

Analysis of 

rrelated to (A

) ZFAND5.  M

specimens us

miR-10a exp

A) ANKRD12 

Moderate to st

sed for correla

pression in p

(B) ESRRG

trong negative

ation analysis 

primary MB

(C) FNBP1L

e Pearson’s va

are listed in T

 specimens. 

L (D) H3F3B

alues (r) for ea

Table 2.1. 

 Expression 

(E) MTMR3

ach correlation

1

of miR-10a w

(F) MYT1L 

n were observ

150 

was 

(G) 

ved.  



 

 

Transient 

decreased 

miR-10a r

10a (~40 

compared 

 

 

Figure 5.7: 

expression l

miRNA gen

control leve

three indepe

 

Expression

regulation

including 

and FNBP

Expression

gamma (E

like (MYT

mRNA lev

over-expre

levels of m

regulates pr

000 fold) w

to scramble

Over-expres

levels in PER

ne expression 

ls.  The p-val

endent experim

n analysis o

n of three 

H3 Histone

P1L, altho

n levels of 

ESRRG), My

T1L) and Zin

vel followin

ssion of mi

miR-10a rela

redicted tar

was confirm

ed negative

ssion of miR-

R-547 cells 24

levels in pre

lue was obtain

ments.  

of candidat

of the eigh

e family B3 

ough none 

f Ankryrin r

yotubularin

nc finger, A

ng transfecti

iR-10a in th

ative to CD

rget genes i

med by qRT

 control cel

10a in PER-5

4h post-transf

-miR-10a-tran

ned from an u

te miR-10a 

ht predicte

(H3F3B), S

of these 

repeat dom

 related pro

AN1-type do

ion (Figure 

he MB cell

D133+ NSC

in MB cells

T-PCR in p

lls (Figure 5

547 MB cells

fection with s

nsfected samp

unpaired t-tes

target gene

d miR-10a

Scavenger r

reached st

main 12 (AN

otein 3 (MT

omain 5 (Z

5.8). 

l line, PER

s, was perfo

s.  Significa

pre-miR-10

5.7).   

.  Quantitative

scrambled neg

ples were nor

t.  Error bars 

es in PER-

a target gen

receptor cla

tatistical si

NKRD12), E

TMR3), Mye

ZFAND5) re

R-547, which

formed to ad

ant up-regu

a transfecte

e RT-PCR an

gative control

rmalised to sc

represent me

547 cells r

nes at the 

ass B membe

ignificance 

Estrogen-re

elin transcri

emained un

h has 125 f

ddress whet

ulation of m

ed cells at 2

alysis of miR

l or pre-miR-

crambled nega

ean +/- SEM f

evealed dow

mRNA le

er 2 (SCAR

(Figure 5

elated recep

iption factor

changed at 

151 

fold 

ther 

miR-

24h 

-10a 

-10a.  

ative 

from 

wn-

vel, 

B2) 

5.8).  

ptor 

r 1-

the 



 

 

 

 

 

Figure 5.8: V

ANKRD12 (

expression le

Target gene 

levels. p-valu

miR-935 tran

 

Validation of

(B) ESSRG (

evels in PER-

expression in

ues were obtai

nsfected samp

f putative miR

C) FNBP1L 

-547 cells 24h

n pre-miR-10

ined from unp

ples.  Error bar

R-10a targets

(D) H3F3B

h after transfe

a-transfected 

paired t-tests a

rs represent m

s in PER-547

(E) MTMR3

fection with sc

samples was

and represent 

mean +/- SEM 

7 cells. Quanti

3 (F) MYT1L

crambled neg

 normalised t

log fold diffe

from three in

tative RT-PCR

L (G) SCARB

gative control 

to scrambled 

rences betwee

ndependent exp

1

R analysis of 

B2 (H) ZFAN

or pre-miR-1

negative con

en scrambled 

periments. 

152 

(A) 

ND5 

10a.   

ntrol 

and 



 

 

Following

over-repre

over-expre

with level

However, 

24h befor

5.9).  A si

utilising a

reduction 

A, Figure 

24h remai

72h in bot

A, Figure 

cellular gr

feed back

required t

experimen

 

 

Figure 5.9:

miR-10a.  

PIK3CA an

analysis of 

ImageJ softw

30nM.  The 

g this, the po

esentation o

ession of m

ls remainin

PIK3CA p

e dropping 

imilar patter

an increased

in PIK3CA

S5).  While

ins to be de

th experime

S5B).  In 

rowth repon

k loops invo

o elucidate 

ntal context

 Regulation 

(A) PER-547

nd actin levels

PI3KCA prot

ware with nor

30 nM result 

otential reg

of this gene 

miR-10a in 

ng constant 

rotein level

to 80% of 

rn of PIK3C

d pre-miR-

A protein lev

e the mecha

etermined, r

ents, when c

summary, 

nses, may b

olving othe

the role of

.    

of PIK3CA

7 cells were t

s were determ

tein levels wa

rmalisation to 

is presented a

ulation of P

in the majo

PER-547 c

at both 10

ls were foun

f scrambled 

CA expressi

10a concen

vels by 72h 

anism under

reduced PIK

compared to

the express

be controlle

er importan

f miR-10a i

protein expr

transfected w

mined by west

as performed 

Actin.  The e

above.  

PIK3CA by 

ority of enri

cells did no

0h and 24h 

nd to fluctu

control lev

ion was obs

ntration of 3

following a

rlying the ob

K3CA expr

o scrambled

sion of PIK

ed by a com

nt signalling

in the regu

ression in PE

with scrambled

tern blot analy

following m

experiment wa

miR-10a w

iched signal

ot alter PIK

post-transf

uate, with in

vels by 72h

served follo

30 nM, wit

an initial in

bserved inc

ression was

d control (F

K3CA, a cri

mplex interp

g cascades.

lation of PI

ER-547 cells

d negative co

ysis at 24h, 4

miR-10a transf

as performed t

was investig

lling pathw

K3CA mRN

fection (dat

ncreased lev

h post-transf

owing a repe

th an appro

nduction at 2

rease in PIK

 consistentl

Figure 5.9B 

itical regula

play of miR

 Further in

IK3CA exp

following ov

ontrol (-) or m

48h and 72h. 

fection in PER

twice, once at

ated, given 

ways.  Transi

NA expressi

ta not show

vels apparen

fection (Fig

eat transfect

oximately 5

24h (Appen

K3CA level

ly observed

and Appen

ator of vari

RNAs, TFs 

nvestigation

pression in 

 

ver-expressio

miR-10a (+),

 (B) Quantita

R-547 cells u

t 5nM and onc

153 

the 

ient 

ion, 

wn).  

nt at 

gure 

tion 

50% 

ndix 

ls at 

d by 

ndix 

ious 

and 

n is 

this 

n of 

and 

ative 

using 

ce at 



154 

 

 

5.3.1.7.2 Potential role of down-regulated miR-935 expression in MB 

Integration analysis indicated that several putative target genes of miR-935 predicted by 

Targetscan were up-regulated in MB.  Among these were genes with established roles in 

neuronal migration, cell adhesion and the development of the CNS, including RELN and 

Myelin transcription factor 1 (MYT1).  To gain insight into the potential role of miR-935 in 

MB, up-regulated putative miR-935 target genes were ranked on the basis of Targetscan 

context score.  Previous to this, the selection of candidate miR-10a target genes for 

functional validation was based upon correlation analysis, with candidate target genes with 

a moderate to strong inverse correlation coefficient selected for validation.  Given the 

expression of the majority of these transcripts remained constant following miR-10a over-

expression, the selection of target genes on the basis of context score was considered a 

potentially more accurate predictor for a “true” target gene.  Therefore, the top six 

candidate miR-935 target genes on the basis of context score were selected for functional 

testing, in addition to APC due to its presence in multiple enriched pathways (Appendix A, 

Table S12).  To assess whether putative miRNA target genes were inversely correlated with 

miR-935 expression in MB cells, correlation analysis was performed for miR-935 

expression and the seven candidate up-regulated miR-935 target genes (Appendix A, Table 

S12).  Both positive and negative correlation values were obtained, indicating that some of 

these candidate miR-935 genes were potentially regulated by miR-935 at the mRNA level 

in MB (Figure 5.10).  
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role of miR-935 in the regulation of RELN expression.  Therefore, the results indicated that 

the integration of miRNA and mRNA expression data was a useful approach for the 

identification of putative miRNA-regulated genes in MB. 
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5.4 Discussion 

5.4.1 miRNA-regulated networks in the TICHR MB cohort are similar to those linked 

to the pathogenesis of sub-types C and DE MB  

The identification of potential miRNA-regulated networks and pathways in primary MB 

cells compared to NSCs implied roles for deregulated miRNAs in the perturbation of 

pathways associated with neuronal development, neuronal differentiation and cell 

migration.  Putative miRNA target genes of these pathways were previously identified as 

being characteristic of MB sub-types C and DE [55], which is consistent with the 

classification of the majority of the TICHR cohort tumours as sub-types C and DE on the 

basis of mRNA expression profiles (Bertram et al, manuscript in preparation).  Down-

regulated expression of cell cycle-related genes in miRNA-regulated networks identified in 

this study is also indicative of sub-type D tumours, with previous reports suggesting that 

cell cycle-related genes are weakly expressed in C and D sub-types compared to sub-types 

A, B and E [55].  However, it is important to bear in mind that neurospheres maintained in 

vitro are cultured under conditions designed to drive the cell cycle [544, 545].  Hence, high 

expression of cell cycle related genes is characteristic of CD133+ NSCs and CD133-NPCs 

grown in vitro.  Although the down-regulation of the WNT/β-catenin, SHH and NOTCH 

signalling pathways in MB is consistent with sub-type C, D and E MB [54, 55], there are 

various interpretations of these data.  Robust WNT/β-catenin and NOTCH signalling is 

characteristic of sub-type A MB and normal NSCs [546, 547].  However, previous 

microarray expression data from this laboratory indicated that WNT signalling is even more 

active in sub-type A MB, but not all other sub-types, compared to CD133+ NSCs (Bertram 

et al., manuscript in preparation). Hence, apparent down-regulation of these pathways in 

MB relative to CD133+ NSCs and CD133- NPCs may reflect the majority of profiled 

tumours being of sub-type C and DE.  Over-active SHH signalling is characteristic of sub-

type B MB [54, 55], with over-representation of genes of this pathway identified in the 

present study relative to CD133+ NSCs.  In a similar manner to WNT signalling and sub-

type A MB, SHH signalling is even more active in sub-type B MB despite high activity in 

NSCs (Bertram et al., manuscript in preparation).  Integration of deregulated miRNAs 
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specific to sub-type B MB with mRNA gene expression data may more accurately depict 

the role of miRNAs in targeting the SHH pathway components, however the present study 

contains too few sub-type B tumours to allow a statistically valid interpretation of the role 

of SHH signalling in MB pathogenesis.   

 

Several studies have suggested a potential link between SHH signalling and BMI1 

expression [126, 548, 549], and Gli1 was recently demonstrated to transcriptionally activate 

BMI1 expression in MB cell lines [549].  In this investigation, up-regulation of BMI1 

expression was observed in primary MB specimens relative to CD133+ NSCs and CD133- 

NPCs.  Over-expression of BMI1 has been previously reported in primary MB specimens 

[124], consistent with previous microarray studies performed in this laboratory indicating 

BMI1 over-expression in primary MB specimens irrespective of sub-type (Bertram et al., 

manuscript in preparation).  More recently, BMI1 expression was identified as a predictor 

of poor clinical outcome for children with MB [550], and several other cancer types 

including breast cancer [551], oligodendroglial tumours [552] and B-cell lymphoma [553].  

BMI1 over-expression has been shown to regulate the proliferation of GNPCs [124, 548] in 

addition to the expansion and self-renewal of NSCs [554-556] in vitro, consistent with 

increased NSC self-renewal and proliferation observed in the SVZ of BMI1 over-

expressing mice [556].  Furthermore, elevated BMI1 expression was identified in CD133-

expressing cells isolated from the DAOY MB cell line [557].  Together, these data are 

consistent with deregulated self-renewal and the proliferation of NSCs mediated by BMI1 

over-expression, contributing in the transformation of NSCs to BTSCs. 

 

5.4.1.1 The predicted target gene profile of differentially expressed miRNAs in MB is 

characterised by aberrant neuronal developmental signalling, including neuronal 

differentiation and cell migration 

5.4.1.1.1 Loss of Ephrin signalling in MB  

Members of the Ephrin gene family are pivotal regulators of various developmental 

processes including cell migration, cell adhesion and positioning, synapse formation, 
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vascular development and axon guidance [558-560].  At present, eight Ephrin (Efn) ligands 

and 15 Ephrin (Eph) receptors have been identified [561], each comprising two classes 

based on sequence homology and binding specificity [562].  EphA receptors bind Efn-A 

ligands and EphB receptors bind Efn-B ligands, with a broad overlap of binding 

specificities within each sub-class observed in addition to interclass binding [562, 563].  As 

Efns and Eph receptors are membrane bound proteins, interactions occur only at sites of 

cell-cell contact [564].   

 

The characterisation of ephrin signalling in stem cells has uncovered variable effects on 

apoptosis, proliferation and differentiation depending on the type of ephrin and stem cell 

involved.  Ephrin signalling is involved in the regulation of the neural stem and progenitor 

cell (NSPC) niche of the subventricular zone in both neonatal and adult brain [565-569].  

Transgenic mouse studies have identified several ephrin signalling components with roles 

in the regulation of stem and progenitor cell proliferation.  Disruption of normal EphB/Efn-

B interactions in the lateral ventricle of mice affected both proliferation and migration of 

NSPCs in the SVZ, with increased proliferation followed by distorted migration [565].  

Further studies defined an anti-proliferative role for Efn-B3, with increased proliferation 

observed in the SVZ of adult EfnB3-/- mice which reverted to wild type levels following 

restoration of EfnB3/EphB3 signalling [568].  Investigation of the role of EphB3 in NSPCs 

of the developing SVZ produced similar findings, with NSPCs derived from EphB3-/- mice 

displaying increased proliferation in vitro and in vivo compared to NSPCs from wild type 

mice [569].  Efn-A2 knockout studies revealed an increased progenitor cell population in 

the lateral ventricle compared to wild type mice [567], whilst EphA7 homozygous knockout 

mice displayed reduced apoptosis in forebrain neural progenitors and a resultant increase in 

cortical size [566]. Taken together, these data suggest a role for Ephrin signalling in the 

regulation of NSPC proliferation and apoptosis in both the developing and adult SVZ.   

 

The molecular mechanisms underpinning ephrin-mediated regulation of NSPC proliferation 

are gradually being unravelled.  Further analysis of EphB3-/- knockout mice identified a role 

for p53 signalling in mediating the anti-proliferative effect of EphB3 on NSPCs [570].  

Thus, the identification of anti-proliferative roles for both Ephrin class A and B in NSPCs 
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of the adult and developing SVZ illustrates a pivotal role of these molecules in NSPC 

maintenance.  The observed down-regulation of various Eph receptors in the present study, 

including EPHB3 when compared to CD133- NPCs, suggests that reduced ephrin 

signalling may contribute to the development of MB via up-regulated NSPC proliferation 

and expansion of the NSPC pool.   

 

The role of Ephrin signalling in cancer is clearly complex, and up-regulated and down-

regulated expression of family members has been linked to cancer progression (reviewed in 

[571, 572]).  In the present study, down-regulation of various Ephrin family members, 

including in particular ephrin B class members EPHB2 and EFNB3, was observed in 

primary MB specimens relative to both CD133+ NSCs and CD133- NPCs.  A role for Eph 

receptors acting as both TS’s and oncogenes has been established in various cellular 

contexts, with EPHB2 possessing one of the most well characterised TS roles.  EphB2 is 

expressed at high levels in normal intestinal stem cells (ISC), with enhanced long-term self-

renewal and tumour-initiating capacity of EphB2-positive ISC-like tumour cells in 

immunodeficient mice implying an oncogenic role for this family member [573].  In 

contrast, the loss of EPHB2 expression was demonstrated during each critical step of colon 

carcinogenesis, including the initiation of invasive growth, dedifferentiation and metastasis 

[574, 575], with high EPHB2 expression correlated to increased survival [576].  The 

mechanism underlying the TS function of EphB2 is related to its capacity to regulate cell 

migration. EphB2 has been found to restrict the capacity of cancer cells to expand into 

adjacent areas by inducing adherens junction formation and therefore promoting 

compartmentalisation of the cells [577].  As a consequence, cancer progression is 

suppressed through the inhibition of invasive growth.  Additionally, EFNB2 expression, 

also identified as down-regulated in MB, was also found to trigger compartmentalisation in 

EphB2-expressing cells [577].   

 

In addition to colorectal cancer, the down-regulation of Eph family members has been 

observed in several other human cancer types including prostate cancer [578], glioblastoma 

[579], nonmelanoma skin cancer [580] and lung cancer [581].  However, increased 

expression of EPHA8 was characteristic of sub-type C, D and E MB relative to the A and B 
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sub-types [55].  Previous studies have demonstrated that activated EphA8 signalling 

resulted in increased migration of mouse fibroblast (NIH3T3) and HEK293 cells [582, 

583], consistent with the functional consequences following the loss of EphB signalling 

[577].   Therefore, whilst the expression of Eph family members in this study was inverse 

to that reported by Kool and co-workers [55] in MB, previous studies indicate a similar 

functional effect upon the migratory capacity of cells.  The anti-proliferative and migratory 

properties of some ephrin members are dependent upon PI3K signalling activity [583, 584].  

This is of particular interest in the context of this investigation, with the cellular effects of 

down-regulated ephrin signalling potentially linked to the up-regulation of PI3K signalling. 

Therefore, differentially expressed miRNAs in MB may regulate the ephrin signalling 

pathway that has been implicated previously in the pathogenesis of MB sub-types C, D and 

E [55].  Furthermore, the metastatic nature of a subset of the tumours profiled in this study 

in addition to the functional role of EPHB2 in regulating cell migration and invasion, 

suggests that down-regulated EPHB2 expression may contribute to the initiation of MB 

invasive growth and the development of tumour metastases. 

 

In summary, the data suggest that down-regulation of ephrin signalling in NSCs may 

promote unrestricted proliferation and subsequent expansion of this pool of cells.  

Furthermore, the loss of ephrin signalling may also be involved in the progression of MB to 

an invasive, metastatic state.  Further functional studies are required address these 

hypotheses.   

 

5.4.1.1.2 Up-regulated Reelin signalling in MB  

Reelin is a large (>400kDa) secreted extracellular matrix (ECM) glycoprotein that binds to 

two receptors of the lipoprotein family, the very low-density lipoprotein receptor (VLDLR) 

and Apolipoprotein E receptor 2 (APOER2) [585-587].  Cadherin-related neuronal 

receptors (CNR) have also been proposed as additional RELN receptor or co-receptors, 

however the evidence for this is conflicting [588-590].  Ligand-receptor binding triggers 

tyrosine phosphorylation by the SRC family of kinases (SFKs) and subsequent activation of 

the intracellular adaptor Disabled-1 (DAB1), resulting in activation of various downstream 
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pathway components [591-594] (Figure 5.13).  Recently, ephrin B signalling molecules 

have been demonstrated to be required for Reelin-induced phosphorylation of Dab1, with 

Reelin binding to the extracellular domains of EFNB2 and EFNB3 [595].  Therefore, a new 

model of Reelin signalling has been proposed whereby Reelin binds to receptors VLDLR 

and APOER2 and to ephrin B signalling molecules, with ephrin Bs recruiting and 

activating SFKs which in turn phosphorylate Dab1 [595].   

 

Whilst the proximal end of the Reelin signalling pathway is well characterised, the signal 

transduction components responsible for the ultimate effect of Reelin activation on target 

cells are less well understood.  Previous studies have demonstrated recruitment of the p85α 

subunit of PI3K by phosphorylated DAB1, resulting in the activation of the PI3K pathway 

[596, 597].  Furthermore, the role of Reelin in normal cortical development is dependent on 

PI3K signalling, in particular the growth and branching of dendrites in hippocampal 

neurons [598].  Several components of the PI3K signalling pathway were up-regulated in 

the present study, suggesting a coordinate role for Reelin-mediated PI3K activation in the 

development of MB.  In addition to the PI3K pathway, Reelin signalling has been recently 

shown to activate RAS-related protein 1 (Rap1) (Figure 5.5), which subsequently regulates 

plasma membrane localisation of neural cadherin (CDH2) [599].  It has been proposed that 

regulation of CDH2 localisation at the cell surface is mediated by Rap1-mediated activation 

Rho family members Rac1, RalA/B and Cdc42, discussed later, resulting in orientation of 

neuronal migration [599]. 
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Figure 5.13: Reelin signalling pathway.  Reelin binds to lipoprotein receptors VLDLR and APOER2 to 

activate DAB1, which further activates PI3K and subsequently PKB, resulting in the phosphorylation of the 

microtubule-stabilising protein TAU (referred to as τ).  In addition to PI3K, DAB1 activates various other 

signalling components linked to the regulation of actin cytoskeleton rearrangement, synaptic plasticity and 

axonal growth.  (Image from Herz and Chen, 2006 [600], APOER = apolipoprotein E receptor type 2, 

DAB1= disabled homolog 1, PI3K = phosphatidylinositol-3-kinase, PKB= proteinkinase B, VLDLR = ver 

low density lipoprotein receptor) 

 

 

Reelin signalling plays a pivotal role in embryonic brain development, regulating the 

lamination of the cerebral cortex and cerebellum by directing the positioning and migration 

of neurons (Reviewed in detail in [601]).  RELN function in the developing cortex is best 

depicted by the ‘detach and stop’ model, whereby Reelin induces the detachment of 

neurons from radial glia in the marginal zone, blocking migration and inducing 

differentiation [602].  The loss of RELN expression leads to the disruption of migration and 

positioning of neurons, due to the failure of detachment and continued neuronal migration 
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and stacking of neurons in the marginal zone [602-605].  During cerebellar development, 

Reelin signalling is essential for the migration and alignment of the Purkinje cells into a 

single cortical cell layer [606].  The alignment of Purkinje cells is necessary for the 

secretion of SHH and subsequent expansion of the granule cell population in the external 

germinal layer (EGL) [607].  Additionally, mouse models of RELN deficiency (Reeler 

mice) exhibit a poorly organised Purkinje cell plate (PP) at E15.5, giving rise to cerebellar 

malformation that is also observed in human subjects with RELN mutations [608, 609].  In 

a recent study, EfnB2-/- mice displayed severe defects in the organisation of Purkinje cells 

of the cerebellum similar to that of Reeler mice, with a more severe phenotype observed in 

compound Reln+/-/EfnB2-/- mice [595].  This implies that the function of Reln in Purkinje 

cells of the cerebellum of mice is dependent on Ephrin signalling molecules, which is of 

particular interest given the observed coordinate deregulation of these pathways in the 

present investigation.       

 

Subsequent studies have further defined a role for Reelin in the migration of neural stem 

and progenitor cells [610-614].  The addition of recombinant Reelin to NSCs differentiating 

in vitro induced the retraction of neurons and glial cells back to the spheroid [611].  The 

detachment function of Reelin in this context was consistent with findings that over-

expression of Reelin in HEK293T cells impairs their ability to adhere to a fibronectin-

coated surface [615].  Additional studies have shown that the absence of Reelin negatively 

affects the migration, proliferation and neurosphere-forming ability of mouse NSCs, and 

these effects were partially rescued by Reelin supplementation [614].  These data support a 

role for Reelin in the regulation of proliferation, self-renewal and migration of NSCs, all .  

pivotal aspects of NSC biology.   

 

Up-regulated RELN expression has been reported in different human cancer types 

including oesophageal carcinoma [616], retinoblastoma [617] and MB [618].  In the present 

study, up-regulation of various Reelin pathway components was observed including RELN, 

PI3K components PIK3CA and PI3KR1, and the ARHGEF family of genes.  This is 

consistent with reports of activated neuronal migration and photoreceptor differentiation 

programs in MB subgroups C and DE [54, 55].  Currently, the precise significance of up-
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regulated RELN expression in various cancer types is not clear, however the functional role 

for Reelin signalling in cell migration suggests up-regulated RELN may contribute to the 

development of metastasis.  Recent studies support this hypothesis, with RELN expression 

identified as a positive marker for prostate carcinoma aggressiveness [619], while miR-128 

targeting of RELN and DCX was found to reduce neuroblastoma cell proliferation, motility 

and invasiveness [620].  A subset of MB specimens profiled in this study was from 

metastatic tumours, further implying a role for RELN over-expression in the development 

of metastases.   

 

5.4.1.2 miRNA regulation of putative target genes encoding components of the actin 

cytoskeleton  

The regulation of the actin cytoskeleton encompasses a group of tightly orchestrated 

processes responsible for a range of different cellular functions in response to various 

stimuli.  Cell migration is a highly integrated multi-step process during which the actin 

cytoskeleton is in a dynamic state of remodelling [621].  The process is triggered by 

chemoattractants or migration-promoting agents such as growth factors, binding to surface 

receptors and activating intracellular signalling pathways.  Consequently, the cell is 

polarised and the migration cycle commences with the formation of cell membrane 

protrusions, which extend in the direction of migration and are stabilised by adhering to the 

ECM or adjacent cells [622].  Cell protrusions formed by migrating cells are termed 

lamellipodia or filipodia depending on their structural characteristics and are usually driven 

by actin polymerisation at the leading edge of polarised cells [623].  Aberrant regulation of 

cell migration drives the progression of many diseases and promotes cancer invasion and 

metastasis [624-626], with increased expression of cell motility genes observed in invasive 

cancer cells that have acquired a migratory phenotype [627, 628].   

 

In the present study, various components associated with the regulation of the actin 

cytoskeleton were up- or down-regulated in MB, including the up-regulation of Wiskott-

Aldrich syndrome-like (WASL) or neural Wiskott-Aldrich syndrome protein (NWASP), 

PI3K components PI3KCA and PI3KR1 and the associated ARHGEF genes.  Upon 
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assessment of the established role of these genes in cell migration, each was found to be a 

component of the growth factor signalling pathway leading to the formation of cell 

protrusions in both migrating and invading cells (Figure 5.14). In the initial stages of cell 

migration, localised activation of PI3K is required for the establishment of a polarised cell 

morphology with a leading edge [629, 630].  Chemoattractant binding to G-protein coupled 

cell surface receptors gives rise to the localised accumulation and activation of PI3K in the 

membrane closest to the chemoattractant source, subsequently stimulating the production of 

phosphoinositide-3,4,5-trisphosphate (PIP3) [631].  The external chemoattractant gradient 

is amplified internally by positive feedback of PIP3 production at the leading edge and by 

dephosphorylation of PIP3 at the trailing edge via Phosphatase and tensin homolog (PTEN) 

[632].  Several studies have demonstrated the importance of PI3K for cell migration and 

polarisation, with reduced polarity and motility observed in almost all eukaryotic cell types 

studied following the administration of pharmacological PI3K inhibitors [633-635].  Given 

that loss of PI3K activity results in reduced cell migration, it is possible that the over-

expression of these pathway components may confer an invasive phenotype to cancer cells 

and may therefore contribute to MB oncogenesis.   
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Figure 5.14: Growth factor stimulated pathways leading to the formation of cell protrusions in 

migrating and invading cells.  Growth factor receptor binding leads to the activation of PI3K and subsequent 

synthesis of PIP3.  PIP3 activates a network of positive feedback loops that function to initiate and maintain 

the polarity of migrating cells.  This includes the activation of the WASP family of proteins, which integrate 

various upstream signals to induce actin polymerisation on existing actin branches via their action on the 

Arp2/3 complex [636].  PIP3 also activates the Rho GTPase family, leading to the remodelling of the actin 

cytoskeleton to allow cell protrusions to form at the leading edge [632]  (Image from Yamaguchi and 

Condeelis,(2007) [637], Arp2/3 = actin related protein 2/3 complex, PIP3 = phosphatidylinositol-3,4,5-

trisphosphate, PI3K= phosphoinositide-3-kinase, WASP = Wiskott-Aldrich syndrome proteins). 
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Hyperactivation of PI3K signalling has been reported in several types of human cancers 

including MB [638, 639].  The resulting increased activity of the downstream effector Akt 

[640] promotes cancer growth [641, 642], apoptosis resistance [643, 644] and altered cell 

migration and invasion [645-648], making PI3K and Akt key targets for the development of 

novel anti-cancer therapeutics [649, 650].  In the present study, over-expression of PI3K 

pathway components PIK3CA and PIK3R1 was observed in primary MB relative to 

CD133+ NSCs.  Over-expression of PIK3CA has been identified in many human cancer 

types [651-655], including both primary MB specimens and MB cell lines [656, 657].  

PI3K signalling is critical to normal GNPC and MB cell proliferation [639, 658], and the 

inhibition of PI3K signalling also decreased proliferation and increased differentiation of 

mouse NSPCs [659].  Furthermore, siRNA-mediated knockdown of PIK3CA impaired the 

growth of DAOY MB cells and decreased the migratory capacity of these cells [657].  

Taken together, this suggests that the miRNA-mediated deregulation of PIK3CA activity 

may be contributing to increased proliferation and migration of MB cells.  Additionally, 

activation of PI3K signalling is essential for the proliferation of MB BTSCs residing in the 

perivascular niche following irradiation [660], suggesting that targeted PI3K inhibition 

might abrogate tumour resistance to radiation therapy.  Consistent with this, 

pharmacological blockade of the PI3K pathway resulted in decreased sphere formation and 

expression of NSC markers, CD133+ and Nestin, in the A172 glioblastoma cell line [661].  

These findings suggest that the aberrant expression of miRNAs in MB may be involved in 

the regulation of cell proliferation and migration pathways, such as PI3K, that have been 

previously linked to MB pathogenesis.  More recently, heterozygosity for Pten in a SmoA1 

transgenic mouse model (SmoA1+/-; Pten+/-) accelerated MB tumourigenesis resulting in 

decreased survival [662].  Gene expression analysis of Pten deficient tumours revealed 

increased signalling through the PI3K pathway, including the up-regulation of Pik3r3 and 

Pik3cb.  In addition, several genes linked to neuronal differentiation were up-regulated in 

Pten+/- MB, concomitant with the down-regulation of cell-cycle related genes also 

observed.  Combined, the gene signature of Pten+/- MB was highly similar to the predicted 

target gene profile of differentially expressed miRNAs identified in this study.  Given a 

subset of the primary MB specimens utilised in this investigation were of a neuronal 

differentiation or mixed neuronal/photoreceptor differentiation signature, these findings 
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suggest that activated PI3K signalling may be pivotal to the development of tumours 

specifically of this sub-type.   

 

The Rho family of small guanosine triphosphate (GTP)-binding proteins (GTPases) lie 

downstream of PI3K and PIP3 and are best characterised for their role in actin organisation, 

adhesion assembly and cell motility in response to receptor binding [663].  Over 20 Rho 

GTPases have been identified which can be divided into six groups, including the Rho 

proteins (RhoA, RhoB, RhoC), Rac proteins (Rac1, Rac2, Rac3, RhoG) and the Cdc42-like 

proteins (Cdc42, TC10, TCL, Wrch1, Chp) [664].  The best studied members of these 

groups RhoA, Rac1 and Cdc42, each have distinct roles in actin organisation and assembly 

of integrin complexes [665].  RhoA has been described as the central regulator of cell 

protrusion, controlling the formation of contractile actin filament bundles (stress fibres) and 

focal adhesions [666].  Similarly, Cdc42 is a master regulator of cell polarity, restricting the 

location of lamellipodia protrusions to the leading edge of the cell [667].  Maintenance of 

the cell protrusion appears to be regulated by the presence of active Rac1, which stabilises 

protrusions via the recruitment and clustering of activated integrins to the site of 

lamellipodia [668, 669].  Given the pivotal role of these proteins in the regulation of actin 

cytoskeleton organisation and cell migration, alteration in their levels or activity is 

anticipated to result in aberrant cell types.   

 

The activity of Rho-GTPases is tightly regulated, cycling between the active GTP-bound 

state and the inactive GDP-bound state [670].  One class of proteins responsible for 

regulating these processes are the Rho guanine nucleotide exchange factors (RhoGEFs), 

which consist of over 70 family members [671].  Upon receptor stimulation, RhoGEFs 

catalyse the release of bound GDP for GTP leading to activation of Rho GTPases and 

binding of various effector proteins responsible for their respective downstream responses 

[670].  Up-regulation of three RhoGEFs was observed in the present study, including RhoA 

activating GEFs ARHGEF3 (RHOGEF3) and ARHGEF12 (RHOGEF12) [672, 673].  

Several studies have proposed a role for both RhoGEFs and RhoA in tumourigenesis.  The 

over-expression of either ARHGEF3 or ARHGEF12 in cooperation with Raf induced the 

transformation of NIH3T3 fibroblast cells by sustained activation of RhoA [673, 674].   



172 

 

 

Over-expression of RhoA has been observed in various human cancer types including 

breast, colon, lung, gastric, bladder and testicular cancer [675-679], with increased RhoA 

and Rho-associated coiled-coil-containing protein kinase (ROCK) effector protein levels 

correlated to metastatic progression and shortened survival [680].  Furthermore, specific 

ROCK inhibitors reduced the migration of rat HCC cells partly due to impaired formation 

of focal adhesions and actin bundles [681].  Stable expression of RhoA inhibitory proteins 

in a lung metastasis model resulted in a complete reduction of detectable metastatic foci, in 

comparison to widespread metastasis in RhoA-positive cells [682].  A role for RhoA in MB 

was recently demonstrated, with Secreted Protein Acidic and Rich in Cytoseine (SPARC)-

induced RhoA activation resulting in increased migration of DAOY MB cells in vitro and 

in vivo [683].  Although RhoA expression was not up-regulated in the MB cohort profiled 

in this investigation, the activation of RhoA function by ARHGEF3 and ARHGEF12 is 

mediated by the release of GDP for GTP, and not via increased expression.  In light of this, 

it is possible that the up-regulation of the ARHGEF3 and ARHGEF12 has a similar effect to 

increased RhoA expression.  This is supported by the finding that a similar degree of 

transformation is induced by either ARHGEF3 or ARHGEF12 over-expression when 

compared to that of activated RhoA alone [673, 674].   

 

The WASP family of proteins are regulated by both Cdc42 and PIP3, and function to 

integrate multiple upstream signals to induce actin polymerisation through the activation of 

the Actin related protein (Arp) 2/3 complex [636].  In mammalian cells, the WASP family 

consists of five members, including N-WASP, which is abundantly expressed in the brain 

[684].  Several studies have implicated these proteins in cell migration and invasion 

associated with the development of metastasis [685-688].  N-WASP has been shown to 

play a pivotal role in the formation of matrix-degrading membrane protrusions known as 

invadopodia [689, 690], with the activation of N-WASP identified at sites of invadopodia 

actively degrading ECM [691].  Furthermore, siRNA-mediated knockdown of N-WASP 

was shown to suppress invadopodium formation and matrix degradation activity in a 

metastatic rat mammary adenocarcinoma cell line [690].  This suggests that N-WASP 

function is necessary for invadopodium formation in cancer cells and the over-expression 

of N-WASP may potentially promote cancer cell invasion and metastasis.  The observed 
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up-regulation of WASL or N-WASP in the present study relative to CD133+ NSCs points to 

a role of this protein in MB tumourigenesis and progression to metastasis.  

 

In summary, several studies have illustrated that components of the actin cytoskeleton with 

key roles in the cell migration process are up-regulated in invasive and metastatic cancer 

cells.  The identification of up-regulated expression of various actin-remodelling 

components in MB points to their role in the progression to metastatic disease.  Consistent 

with findings obtained in this study, up-regulation of actin cytoskeleton genes has been 

observed in metastatic MB tumours of the C and D sub-type [55].  It is likely that the role 

of these components in MB is similar to that in normal cell migration, with over-expression 

contributing to invasion of MB cells and the development of metastasis.  Further studies are 

required to address these possibilities. 

 

5.4.2 Integration analysis to identify novel targets of differentially expressed miRNAs 

in MB 

Integrative analysis of miRNA and mRNA gene expression is a robust approach for the 

refinement of computationally predicted target genes in MB.  Computational prediction of 

“true” miRNA targets is challenging, largely due to the context-dependent nature of post-

transcriptional regulation resulting in a significant proportion of false-positive predicted 

miRNA-mRNA interactions [440, 692].  The approach taken in this study aimed to reduce 

the proportion of false-positives, by integrating target gene predictions with gene 

expression profiles to select for inversely-correlated, functional miRNA-mRNA 

relationships.  In this study, the miR-10a target genes selected for validation were not 

significantly altered at the mRNA level following miR-10a over-expression.  Although the 

majority of miRNA/ mRNA target interactions are expected to feature some degree of 

mRNA destabilisation [248], the potential of these genes to be regulated by miR-10a at the 

level of translational repression cannot be ruled out, and it is possible that PIK3CA is 

regulated in this manner.  Additionally, the initial induction of PIK3CA levels following 

the over-expression of miR-10a suggests that miR-10a may in fact be acting indirectly to 
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increase PIK3CA levels, perhaps through targeting a negative regulator of PIK3CA and 

therefore alleviating repression at the translational level.  In contrast to the miR-10a 

findings, five of the seven candidate miR-935 target genes were validated as true targets of 

miR-935.  While little is known about the role of miR-935-regulated target genes 

KIAA0232, TBC1D9 and ZFAND6, SLC5A3 has been shown to play an important role in 

mammalian osmoregulation [693].  SLC5A3 is a widely expressed sodium/myo-inositol 

(MI) co-transporter, functioning to maintain intracellular MI levels [694].  Alterations in 

MI levels have been suggested to affect phosphatidylinositol synthesis [695], with altered 

levels of Phosphatidylinositol 3-phosphate (PI3P) and Phosphatidylinositol-4,5-

bisphosphate (PIP2) possibly linked to aberrant PI3K signalling [696].  Another candidate 

miR-935 target gene validated in this study was APC, a well-known antagonist and TS of 

the WNT signalling pathway (reviewed in [697]).  Given its role as an antagonist of the 

WNT pathway, the up-regulation of APC is consistent with the observed down-regulation 

of WNT signalling, particularly given the absence of WNT-driven (sub-type A) MB 

specimens in the cohort assessed in this investigation. Taken together, experimental 

validation of several miR-935 regulated target genes in MB cells confirmed the validity of 

the integration method used in this investigation, suggesting that predicted miRNA-mRNA 

interactions obtained in this study may represent functional miRNA-mRNA networks in 

MB.  A potential drawback of the approach described here was that it was dependent upon 

altered expression of miRNA target genes at the mRNA level, via miRNA-directed mRNA 

degradation.  Therefore, miRNA target genes down-regulated via translational repression 

would be overlooked.  However, increasing experimental evidence indicates that 

mammalian miRNAs act predominantly to decrease target mRNA levels via mRNA 

destabilisation [251], suggesting that the integration approach outlined in this investigation 

will be generally applicable.  In summary, using an integrative approach we have identified 

aberrant miRNA-regulated networks of genes and signalling pathways that may be 

involved in the transformation of normal NSCs to BTSCs.  These data provide a platform 

for future investigations aimed at characterising the functional role of specific miRNAs and 

networks of their target mRNAs in MB pathogenesis.   
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5.4.3 Conclusions 

This study provides the first integrated analysis of miRNA and mRNA expression in the 

same primary MB specimens.  The identification of miRNA-regulated pathways through 

the integration of miRNA and mRNA expression data identified several pathways with 

possible roles in MB tumourigenesis.  In particular, signalling pathways critical to the 

regulation of neural stem and progenitor cell activity in the SVZ of the developing and 

adult brain were identified.  miRNA regulated pathways were also linked to cell migration 

and other neural development processes, consistent with the predicted function of these 

differentially expressed miRNAs.  Altered expression of these pathways, in particular the 

Ephrin signalling pathway and genes linked to the regulation of actin cytoskeleton, has 

been reported in various human cancer types and is characteristic of MB sub-types C and 

DE.  Other differentially expressed pathways such as Reelin signalling, provide novel 

insights into MB pathogenesis, and further studies are being required to fully elucidate the 

functional role of these pathways in both normal NSCs and MB.  The majority of the 

differentially expressed signalling cascades identified in this study have been linked to the 

invasive capacity of cancer cells.  In addition, genes implicated in several pathways linked 

to NSC self-renewal and proliferation were differentially expressed in MB, indicating that 

aberrant miRNA expression may also be responsible for the deregulation of NSC 

homeostasis.  In light of this, differentially expressed miRNAs in MB may contribute to 

pathogenesis through the aberrant regulation of NSC maintenance and cell migration, 

resulting in the transformation of NSCs to BTSCs and, ultimately, progression to an 

invasive, metastatic phenotype.   
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Chapter 6  

miRNA-mediated regulation of FOXO1A expression in 

MB 

6.1 Abstract 

Introduction:  MB is the most common malignant brain tumour in children and a leading 

cause of cancer-related mortality and morbidity.  The development of improved treatment 

options is dependent on a more comprehensive understanding of the molecular 

pathogenesis of MB.  Human and murine studies have strongly implicated CD133+ NSCs 

as a putative cell of origin for at least some MB sub-types.  However, the molecular 

mechanisms driving the transformation of NSCs and the initiation of MB pathogenesis 

remain poorly understood.  The FOXO family of proteins regulate several pathways that 

govern various processes central to NSC biology, including self-renewal, proliferation and 

homeostasis.  The down-regulation of FOXO family members in various cancer types 

indicates that loss of function may be a critical event in tumourigenesis in various contexts.  

qRT-PCR analysis performed in this laboratory indicated that FOXO1A expression was low 

in human primary MB specimens and MB cell lines relative to normal brain tissues and 

NSCs, suggesting that FOXO1A might act as a MB TSG.  The regulation of FOXO1A 

expression is complex, involving a network of mechanisms operating at multiple levels, 

including miRNA-mediated post-transcriptional regulation. To address this hypothesis, the 

role of deregulated miRNAs in the regulation of FOXO1A expression was assessed in MB.    

Methods: Several computational miRNA target prediction databases including TargetScan, 

PicTar, PITA and RNA hybrid were queried to identify putative miRNA binding sites in 

the FOXO1A 3’UTR.  Expression levels of selected miRNAs were assessed in primary MB 

specimens and cell lines using TaqMan qRT-PCR LDA cards and correlated to FOXO1A 

levels using Pearson’s correlation.  Cell lines were transfected with miRNA precursor 

molecules to validate functional miRNA targeting of FOXO1A.  miRNA over-expression 
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and FOXO1A mRNA expression was assessed by qRT-PCR, and FOXO1A protein levels 

were analysed by western blotting at 48, 72 and 96 hours post-transfection. 

Results: Several potential binding sites for miR-96/-182/-183 were identified in the 

FOXO1A 3’ UTR.  There was a significant inverse correlation between up-regulated miR-

96/-182/-183 expression and down-regulated FOXO1A mRNA levels in primary MB 

specimens.  Transient over-expression of miR-96, miR-182 and miR-183 decreased 

FOXO1A protein levels in the human embryonic kidney cell line, HEK293, and induced 

changes in morphology and altered growth.  Similarly, over-expression of miR-96/-182/-

183 in the MB cell line, DAOY, resulted in decreased FOXO1A mRNA expression.   

Conclusions: These data support the hypothesis that FOXO1A is regulated by miR-96/-

182/-183 in MB cells.  Further studies are required to elucidate the functional significance 

of deregulated expression of miR-96/-182/-183 and FOXO1A in MB pathogenesis.   
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6.2 Introduction 

The FOXO (forkhead box, O subclass) family of transcription factors has been implicated 

in the regulation of numerous important cellular processes including stress resistance, 

differentiation, stem cell proliferation, apoptosis, cell cycle arrest and atrophy (reviewed in 

[698]).  In mammals, the FOXO family consists of four members: FOXO1 [699], FOXO3 

[700, 701], FOXO4 [702, 703] and FOXO6 [704].  The activity of FOXO proteins is 

largely determined by several post-translational modifications, including phosphorylation 

and ubiquitylation, which control subcellular localisation and therefore transcriptional 

activity [705].  FOXO proteins exist in multi-protein complexes that integrate multiple 

signalling pathways, including PI3K [706, 707] and TGF-β signalling [708], to regulate a 

broad array of target genes which vary depending upon cell/tissue type and context [709].   

 

FOXO transcription factors are widely expressed in the developing and adult mammalian 

brain [710, 711].  In particular, FoxO1 and FoxO3 are highly expressed in the NSC-rich 

ventricular zone of the mouse embryonic brain and in NSC-containing neurospheres 

generated from this region [712].  Conditional deletion of FoxO alleles in murine GFAP-

expressing neural stem and progenitor cells resulted in increased proliferative capacity of 

NSCs and/or NPCs and subsequent increased overall brain size by 12 weeks of age [712].  

The enlarged brain size was largely attributed to combined FoxO1 and FoxO3 deficiencies, 

with more subtle phenotypic effects observed in individual FoxO1 and FoxO3 knockouts 

[712].  Together, these data suggest a regulatory role for FOXO transcription factors in 

NSC and/or NPC homeostasis in the developing brain.  Several mammalian cell culture 

studies have established a role for FOXO proteins in the regulation of neuronal cell survival 

[710, 713, 714].  More recently, a requirement for FOXO transcription factors in the 

establishment of neuronal polarity in various regions of the developing mammalian brain 

was identified, defining a novel role for FOXO transcription factors in neuronal 

development [715].  Taken together, FOXO transcription factors have been implicated in 

the regulation of various processes during mammalian neurogenesis including the 

proliferation and expansion of NSCs, neuronal polarity and cell survival.  
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There is increasing evidence suggesting a TS role for the FOXO gene family in a variety of 

cancers, which may reflect the important regulatory role of FOXO proteins in stem cell 

maintenance and homeostasis (reviewed in [716]).  Early clues to the role of FOXOs in 

tumourigenesis included their involvement in chromosomal translocations in various 

human cancers [701, 717, 718], in particular, chromosomal translocation of the FOXO1A 

gene observed in rhabdomyosarcomas (RMS) [699, 703].  Several studies have 

demonstrated that FOXO1A was capable of inducing cell cycle arrest by promoting the 

repression of cell cycle activators, such as the cyclin D family [719, 720], and enhanced 

expression of the cell cycle inhibitor p27 [721, 722].  Murine studies provide further 

support for a TS role for FOXO proteins, with conditional deletion of FoxO1, FoxO3 and 

FoxO4 shown to induce spontaneous formation of lymphomas and haemangiomas [723].  

Interestingly, genetic inactivation of FOXOs is rarely observed in human cancers.  Instead, 

FOXO inactivation is thought to occur via post-translational protein modification as a result 

of deregulated signalling pathways, such as TGF-β in glioblastoma [708], and 

hyperactivation of the PI3K/Akt pathway in prostate and renal carcinoma cell lines [719, 

724, 725].  Taken together, the importance of these pathways to several human cancer 

types, including MB [638, 639], combined with the role of FOXO in the regulation of NSC 

proliferation suggests a potential TS role for FOXO proteins in MB. 
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6.3 Results 

6.3.1 FOXO1A expression levels in primary paediatric brain tumours and brain 

tumour cell lines 

Previous microarray studies indicated that FOXO1A expression is generally low in primary 

MB specimens, relative to normal human cerebellum [83].  Consistent with these data, 

previous qRT-PCR analyses performed in our laboratory indicated that FOXO1A 

expression in MB primary specimens and cell lines was low relative to various normal 

brain tissue cells, including human whole foetal brain, foetal germinal matrix and NSCs 

[726].  In addition, FOXO1A expression was undetectable by northern blotting and qRT-

PCR in the MB cell lines PER-547 and PER-568 (Table 6.1).   

 

 

Table 6.1: Assessment of FOXO1A expression by qRT-PCR in a panel of primary human BT specimens 

and cell lines, neural stem cells (NSCs), whole foetal brain (FB) and foetal germinal matrix (GM).  

Mean FOXO1A expression levels are shown for all BT cell lines excluding PER-453 and primary BTs.  

Adapted from [726].   

 

 

 

 

Specimens FOXO1A (relative to B-actin) FOXO1A (relative to NSCs)
Primary brain tumours (n=17) Mean = 0.55 0.283 
Brain tumour cell lines (n=5) Mean = 0.16 0.077 

PER-452 0.57 0.294 
PER-453 19.89 10.25 
PER-480 0.009 0.005 
PER-547 0.006 0.003 
PER-568 0.005 0.003 
DAOY 0.21 0.108 

Foetal brain (FB) 0.87 0.448 
Foetal germinal matrix (GM) 5.9 3.04 

Whole neurospheres 
(NSCs/NPCs) 1.94 - 
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In silico analysis was employed to identify candidate miRNA binding sites within the 

spliced region of FOXOA-2 and FOXOA-3.  Predicted miRNA binding sites were mapped 

to the spliced out region of the FOXO1A 3’UTR using the TargetScan 5.1 database 

(http://www.targetscan.org/), restricted to miRNAs that were highly conserved among most 

vertebrates.  Putative binding sites were identified for 17 miRNAs (Figure 6.2), with 

several of these miRNAs including miR-96, miR-27a, miR-27b and miR-183 among the 

highest ranked to target FOXO1A on the basis of context score (Appendix A, Table S8).  

Interestingly, three of the 17 miRNAs, miR-96, miR-182 and miR-183, mapped to a single 

chromosomal region 7q32.2 (Table 3.15).  The presence of predicted binding sites for miR-

96, miR-182 and miR-183 in the FOXO1A 3’UTR was consistent across additional target 

prediction algorithms including miRanda, PicTar, PITA and RNA hybrid [731] (Appendix 

A, Table S9).  Furthermore, these findings suggested that the observed over-expression of 

FOXO1A in the PER-453 cell line could be associated with the loss of miRNA-mediated 

regulation of the alternatively spliced transcripts.    
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6.3.2 Up-regulation of miR-96, miR-182 and miR-183 in MB 

The assessment of miRNAs responsible for the deregulation of FOXO1A expression in MB 

cell lines and primary paediatric BT specimens focused on miR-96, miR-182 and miR-183, 

because (1) the 7q32.2 miRNAs, miR-183 and miR-182, were found to be significantly up-

regulated in MB cell lines relative to CD133+ NSCs (Chapter 4, Table 4.7) and (2) putative 

7q32.2 miRNA binding sites were contained within the spliced out region of FOXO1A in 

the PER-453 cell line described in Section 6.3.1.  Further analysis demonstrated that miR-

96, miR-182 and miR-183 were up-regulated in MB cell lines PER-547, PER-568 and 

PER-621 relative to both CD133+ NSCs (Figure 6.3) and CD133- NPCs (Appendix A, 

Figure S1).  The magnitude of differential expression was at least 80 fold for all three 

miRNAs relative to CD133+ NSCs, with over-expression of all three miRNAs highest in 

the PER-621 cell line.  Expression of miR-96 was >80 to >300-fold greater in MB cell lines 

relative to CD133+ NSCs, whilst expression levels of miR-182 were up-regulated >200 to 

>1000-fold.  Of particular note, miR-183 expression varied from >200 fold up-regulation in 

the PER-547 and PER-568 cell lines to >1800 fold up-regulation in the PER-621 cell line.  

Thus, in addition to being predicted to target the FOXO1A 3’UTR, the up-regulation of 

miR-96, miR-182 and miR-183 was inversely associated with reduced FOXO1A expression 

in MB cell lines, consistent with a potential role in the regulation of the FOXO1A 

transcript. 
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four revealed miR-183 as the most significantly differentially expressed miRNA relative to 

CD133+ NSCs (FC=102.04; p<0.001).  Significant up-regulation of miR-182 (FC=79.18; 

p=0.002) was also observed, with up-regulation of miR-96 approaching statistical 

significance (FC=50.01; p=0.076).  Although these miRNAs were expressed at higher 

levels relative to CD133- NPCs, the differential expression did not reach significance 

(p>0.05).  In contrast, significant down-regulation of these miRNAs was observed in sub-

type B MB specimens (M2 and M7) of cluster three, including miR-183 (FC=-7.94; 

p=0.030), with miR-182 approaching statistical significance (FC=-6.49; p=0.0617).  Down-

regulation of miR-96 was also observed, however this failed to reach statistical significance 

(FC=-6.50; p=0.216).  Combined, these findings suggest that the up-regulation of miRNAs 

mapping to 7q32.2 is specific to primary MB specimens of cluster four or sub-types C and 

DE, and down-regulation is associated with tumours of sub-type B.   

   

To evaluate the potential role of miR-96, miR-182 and miR-183 mediated regulation of 

FOXO1A expression in our cohort of primary MB specimens, correlation analysis was 

performed between miRNA levels and FOXO1A expression levels for all samples including 

primary primary MB specimens and normal neurosphere (NS) cells.  A strong negative 

relationship was observed for all three miRNAs and FOXO1A expression (Figure 6.4), 

supporting the previous bioinformatic predictions.  The degree of correlation for each 

miRNA reflected the ranking of predicted efficacy of FOXO1A targeting, as determined by 

context scores generated using the TargetScan algorithm (Appendix A, Table S10). The 

strongest degree of negative correlation was observed for miR-96 (r=-0.88), closely 

followed by miR-183 (r=-0.80) and miR-182 (r=-0.67).  Furthermore, removal of NS cells 

from the correlation analysis produced an even stronger correlation for miR-96 (r=-0.87), 

miR-182 (r=-0.86) and miR-183 (r=-0.84).  The inverse relationship between miRNA and 

FOXO1A expression levels in primary MB specimens and NS cells is consistent with a role 

for miR-96, miR-182 and miR-183 in the regulation of FOXO1A expression in primary MB 

specimens.   
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6.3.3 Experimental validation of FOXO1A as a target of miR-96 and miR-183  

Expression analysis and computational prediction implicated miR-96, miR-182 and miR-

183 in the regulation of FOXO1A expression in primary MB specimens and cell lines.  To 

verify whether FOXO1A is a bona fide target of miR-96, miR-182 and miR-183, individual 

over-expression of these miRNAs was performed in the human embryonic kidney cell line 

model, HEK293, using transfection of synthetic miRNA precursor molecules.  The 

HEK293 cell line model was initially selected for proof of principle validation studies to 

assess miR-96/-182/-183 targeting of FOXO1A due to its moderate levels of of miR-96/-

182/-183 and FOXO1A expression, which would enable detection by western blot analysis.  

The principle underlying this experiment was that if FOXO1A is a genuine target of these 

miRNAs, reduced FOXO1A expression would be observed in cells transfected with pre-

miRs in comparison to scrambled negative control.  Following transfection, over-

expression of miRNAs was verified by qRT-PCR at both 24h and 48h (Figure 6.5).  Similar 

levels of miRNA over-expression (>2000-3000 fold) were observed for all three miRNAs 

at 24h after transfection.  While miR-96 and miR-182 levels increased to >1000 fold over-

expression by 48h, miR-183 levels increased to >4000 fold.     
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6.3.3.1 Over-expression of miR-96 and miR-183 in HEK293 cells decreases FOXO1A 

mRNA and FOXO1A protein expression 

Transient over-expression of miRNAs was performed to determine whether increased 

miRNA levels repressed endogenous FOXO1A expression at the post-transcriptional level.  

qRT-PCR analysis indicated that over-expression of miR-96 and miR-183 resulted in 

similar levels of FOXO1A mRNA knockdown (35% and 40%, respectively) at both 24h 

and 48h post-transfection (Figure 6.6).  However, over-expression of miR-182 did not alter 

FOXO1A expression, with levels remaining constant at both 24h and 48h (Figure 6.5).   
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To assess the effect of miR-96, miR-182 and miR-183 over-expression on endogenous 

FOXO1A protein levels, western blot analysis was performed on protein lysates prepared 

from HEK293 cells harvested at 48h, 72h and 96h post-transfection.  Reduced FOXO1A 

protein expression was observed after over-expression of miR-96 and miR-183, with a 

similar degree of FOXO1A knockdown observed for both miRNAs at 72h and 96h (Figure 

6.7). Densitometry analysis revealed a relatively constant level of FOXO1A protein 

knockdown (34% - 55%) following over-expression of miR-96 over the duration of the 

experiment (Figure 6.7B).  Similar levels of knockdown were obtained following miR-183 

over-expression, with a 40%-60% reduction in FOXO1A levels maintained for 48 – 96 h 

(Figure 6.7D).  The effect of miR-182 over-expression upon FOXO1A levels differed from 

that of miR-96 and miR-183.  FOXO1A expression levels did not decrease at 48h and 72 h, 

with reduced expression observed at 96h post-transfection relative to scrambled negative 

control (Figure 6.7F), indicating the regulation of FOXO1A expression occurred later in the 

time course than with miR-96 and miR-183.  However, expression of FOXO1A in the miR-

182-transfected cells at 96 h was still greater than that of the normal media control, 

suggesting that miR-182 may not function to down-regulate FOXO1A expression in this 

cell line (Appendix A, Figure S2).  Results obtained in a repeat experiment identified a 

20% reduction of FOXO1A levels 48h post-transfection (Appendix A, Figure S3), however 

by 72h FOXO1A levels in miR-182 transfected cells were again above those of each 

control.  Consistent with previous observations, miR-182 did not alter FOXO1A expression 

at the mRNA level.  These results suggest that miR-182 does not regulate FOXO1A by 

mRNA degradation, however its effect on translational repression of FOXO1A requires 

further investigation.  Interestingly, these findings were consistent with the predicted 

efficacy of FOXO1A targeting, with miR-96 and miR-183 more highly ranked on the basis 

of TargetScan context score than miR-182 (Appendix A, Table S10). Overall, these data 

confirm that FOXO1A is a bona fide target of miR-96 and miR-183. 
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6.3.3.2 Over-expression of miR-96, miR-182 and miR-183 resulted in altered 

morphology of HEK293 cells 

Over-expression of miR-96, miR-182 and miR-183 in HEK293 altered the morphology and 

growth characteristics of HEK293 cells in culture.  Whilst transfection with the miRNAs 

individually elicited similar alterations in growth characteristics and morphology, these 

effects were more pronounced following miR-96 and miR-183 over-expression compared 

to that of miR-182.  This suggests that the altered cell phenotype observed may be due to a 

greater degree of target gene repression by miR-96 and miR-183 compared to miR-182.  At 

48h, the cell monolayer was close to 100% confluent for all experimental controls.  In 

contrast, cells transfected with either miR-96 or miR-183 pre-miR were less confluent (70-

80%), with a proportion of cells partially detaching from the plate surface and adopting a 

‘rounded’ up appearance (data not shown).  However, 72h after transfection with miRNA 

precursor molecules, there was an increased total cell number to the scrambled negative 

control setup, with a confluent cell monolayer and additional cells with a ‘rounded’ up 

appearance (Figures 6.8A-6.8C).  To determine whether the majority of ‘rounded’ cells 

remained attached to the plate surface for the duration of the experiment, the culture media 

was collected at 96h and manual cell counts performed.  Interestingly, the number of cells 

present within culture media was equivalent to that of normal and scrambled negative 

control (data not shown), suggesting that transfection with the miRNAs was not inducing 

the complete detachment of cells.  The viability of cells within this media was also assessed 

by trypan blue assay, with no detectable differences in the proportion of viable cells 

between different treatment conditions (data not shown).  These results indicated that the 

‘rounded’ up cells remain attached to the culture plate for the duration of the time course.  

From these experiments, altered cell morphology and growth characteristics were more 

pronounced following miR-96 and miR-183 over-expression, with a more subtle phenotype 

observed with miR-182 over-expression.   Given both miR-96 and miR-183 were shown to 

down-regulate FOXO1A, and miR-182- mediated down-regulation of FOXO1A cannot be 

excluded, it is possible the ‘rounded’ up appearance and apparent increase in cell number 

was attributable to the down-regulation of FOXO1A expression.   
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6.3.5 Regulation of FOXO1A expression by miR-96, miR-182 and miR-183 in MB cells 

Following validation of FOXO1A as a bona fide target of miR-96 and miR-183 in the 

HEK293 cell line (Section 6.3.3), the analysis was expanded to investigate the role of these 

miRNAs in the regulation of FOXO1A expression in MB cell lines.  Inhibition of miR-96 

and miR-183 individually was performed in the MB cell line PER-547, previously shown 

to have elevated levels of miR-96, miR-182 and miR-183 (see Section 6.3.2), using locked 

nucleic acid (LNA) miRNA inhibitors.  qRT-PCR analysis indicated that transfection of 

PER-547 cells with the LNA inhibitors to miR-96 and miR-183 had little effect on 

FOXO1A mRNA expression (data not shown), suggesting that targeting of individual 

miRNAs was insufficient to increase FOXO1A expression and/or that miR-96 and miR-183 

do not regulate FOXO1A via mRNA degradation in MB cell lines. Additionally, 

transfection with anti-miRs had no apparent major effects on cell growth.  These findings 

suggest that the down-regulation of FOXO1A expression in the PER-547 MB cell line is 

mediated by mechanisms other than miR-96/-182/-183 over-expression.  To address this 

further, the DAOY MB cell line was utilised as it displayed similar expression of miR-96, 

miR-182 and miR-183 to normal NSCs rather than primary MB specimens (data not 

shown), providing an additional approach to assess miRNA-mediated regulation of 

FOXO1A in MB.   

 

6.3.5.1 FOXO1A was down-regulated by miR-96, miR-182 and miR-183 over-

expression in the DAOY MB cell line 

miRNA-mediated regulation of target gene expression has been demonstrated to occur in a 

combinatorial manner [139], with clustered miRNAs in particular found to regulate a single 

mRNA transcript via binding to multiple sites within the target 3’UTR [390, 496, 732].  To 

assess the combinatorial effect of targeting multiple miRNA sites in the 3’UTR of 

FOXO1A, simultaneous over-expression of miR-96, miR-182 and miR-183 was performed 

in the DAOY cell line.  Increased expression of these miRNAs was confirmed by qRT-

PCR, and significant over-expression of miR-96 (p=0.042), miR-182 (p=0.028) and miR-

183 (p=0.017) was consistently observed (Figure 6.9).   
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6.4.2 miRNA-mediated regulation of FOXO1A expression in MB  

Simultaneous over-expression of miR-96, miR-182 and miR-183 down-regulated FOXO1A 

expression in the DAOY cell line, consistent with a role for these miRNAs in the regulation 

of FOXO1A expression in MB cells.  During the course of these experiments, regulation of 

FOXO1A expression by miRNAs belonging to this cluster was demonstrated in breast and 

endometrial cancer cell lines [735, 736].  Functional target sites for miR-96 and miR-182 in 

the FOXO1A 3’UTR were assessed in breast cancer cells using luciferase reporter gene 

assays, and increased FOXO1A protein levels were observed following knockdown of 

miR-96 and miR-182 expression [735].  Similar results were obtained in a later study, with 

over-expression of miR-96, miR-182 and miR-183 effectively down-regulating FOXO1A 

protein levels in an endometrial cancer cell line, HEC-1B, to levels approaching those of 

normal endometrium [736].  Taken together, these data suggests that the miR-96/-182/-183 

cluster may regulate FOXO1A expression in a range of different contexts.   

 

Individual knockdown of miR-96 and miR-183 did not induce FOXO1A mRNA expression 

in the MB cell line, PER-547, suggesting that FOXO1A expression levels are likely to be 

regulated by alternative mechanisms in this cell line.  In an additional study, transfection of 

miR-182 inhibitors in the Ishikawa endometrial cancer cell line did not induce FOXO1A 

protein levels, whereas miR-96 and miR-183 inhibitors gave rise to only a very minor 

induction of FOXO1A protein levels [736].  Indeed, simultaneous inhibition of miR-9, 

miR-27, miR-96, miR-153, miR-183 and miR-186 was required to efficiently restore 

FOXO1A expression to that of the “normal” FOXO1A expressing HEC-1B cell line [736].  

These data suggest that the lack of FOXO1A induction following individual knockdown of 

miR-96 and miR-183 in PER-547 cells may be due to other FOXO1A-targeting miRNAs 

compensating for the loss of one miRNA species.  However, given that miRNAs function 

to fine tune gene expression [249], the undetectable FOXO1A mRNA expression in the 

PER-547 cell line suggests that alternative mechanisms, possibly epigenetic such as 

methylation and deacetylation, may be responsible for the downregulation of FOXO1A 

expression in this cell line [726].  Indeed, increased FOXO1A expression was observed 

following treatment of the PER-547 MB cell line with both methylase and histone 
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deacetylase (HDAC) inhibitors (Dallas et al., unpublished).  Combined, these data suggest 

that at least in the context of MB cell lines, an interplay of epigenetic regulatory factors 

including miRNAs may be responsible for the regulation of FOXO1A expression.   

 

6.4.3 Over-expression of FOXO1A-targeting miRNAs, miR-96, miR-182 and miR-183, 

in MB  

miRNAs of the miR-96/-182/-183 cluster are expressed in a wide variety of human cancers 

including carcinomas of the colon [737, 738], ovary [739], prostate [740], bladder [741], 

breast [742] and endometrium [736], in addition to various sarcomas [743], melanoma 

[744] and glioblastoma [745].  These data suggest that deregulation of this gene family is 

oncogenic in most contexts.  The majority of these studies reported up-regulation of the 

miR-96/-182/-183 cluster relative to adjacent non-tumour tissue, however the over-

expression of miR-96/-182/-183 was also identified in glioma primary specimens relative to 

neural stem/progenitor cells [746].  This further highlights the significance of deregulated 

miR-96/-182/-183 expression to tumourigenesis, defining a potential role for miR-96/-182/-

183 in the transformation of neural stem/progenitor cells to BTSCs.  A role for the miR-

96/-182/-183 cluster as markers of progression of several cancer types has also been 

illustrated, with increased miR-96/-182/-183 expression observed in advanced stage 

prostate cancer [740], colon cancer [738], glioblastoma [747] and urothelial carcinoma 

[748].  Furthermore, elevated miR-182 expression was associated with poor survival in 

patients with malignant glioma, with cumulative five-year survival rates of 51.54% in a low 

miR-182-expressing patient group compared to 7.23% in the high miR-182-expressing 

group [747].  In addition to markers of cancer progression, a role for miR-96 and miR-183 

as diagnostic biomarkers was established, with significantly lower miR-96 and miR-183 

expression detected in urine collected after surgical removal of urothelial carcinoma [748].   
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6.4.3.1 Over-expression of miRNAs of the miR-96/-182/-183 cluster is characteristic of 

sub-types D and E MB 

A trend towards over-expression of miRNAs of the miR-96/-182/-183 cluster was observed 

for primary MB specimens relative to normal NSCs.  In contrast, significant over-

expression of miRNAs of the miR-96/-182/-183 cluster in primary MB specimens of 

cluster four was identified, which consisted of tumours of neuronal (sub-type C) and mixed 

neuronal and photoreceptor (sub-type DE) sub-types.  These observations are best 

explained by the molecular heterogeneity of primary MB specimens, as hierarchical 

clustering analysis on the basis of miRNA expression identified two main sub-types of 

specimens consistent with the sub-types observed on the basis of mRNA expression (see 

Section 4.3.1).  Previous miRNA expression profiling studies of primary MB specimens 

were consistent with this, with up-regulated expression of the miR-96/-182/-183 cluster of 

miRNAs identified in tumours characterised by photoreceptor [56, 419] (sub-type E, [55]) 

and mixed neuronal and photoreceptor [56] (sub-type D [55]) gene signatures.  

Furthermore, increased expression of miR-96/-182/-183 miRNAs was associated with 

lower rates of event-free and overall survival [56], consistent with findings in malignant 

glioma [747], and the metastatic nature of tumours of cluster four.  In addition to the over-

expression of miR-96/-182/-183 miRNAs in primary MB specimens of sub-type C and DE, 

previous studies reported the down-regulation of miR-182 in SHH-driven sub-type B 

primary MB specimens [419].  Consistent with this, down-regulation of miR-182 and miR-

183 in sub-type B tumours of cluster three was also observed in this study.  Therefore, the 

over-expression of miRNAs of the miR-96/-182/-183 cluster is characteristic of MB sub-

types D and E, and is potentially associated with the development of metastasis and poor 

survival of patients diagnosed with these tumours.   
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6.4.3.2 Role of miR-96, miR-182 and miR-183 in the development of MB 

6.4.3.2.1 miR-96, miR-182 and miR-183 are critical to the development of functional 

neurosensory cell types of the retina and inner ear  

miRNAs of the miR-96/-182/-183 cluster are highly conserved amongst species, with 

homologous miRNAs existing in D. melanogaster (miR-263b) and C. elegans (miR-228) 

[749].  Expression profiling across phyla suggests a “sensory-tissue specific” function of 

these miRNAs [749].  miR-228 expression in C. elegans is specific to chemosensory and 

mechanosensory sensilla, while expression of miR-263b in D. melanogaster has been 

demonstrated in sensory organ precursors of the embryo [350] and in chemosensory 

segments of adult antenna [749].  In zebrafish, in situ hybridisation studies using LNA-

modified probes demonstrated that expression of the miR-96/-182/-183 cluster was 

restricted to sensory cells of olfactory epithelium, cranial ganglia and photoreceptor cells of 

the eye [349, 750].  In mice, spatially and temporally regulated expression of miR-96/-182/-

183 was observed, with very little expression in early embryonic stages, increasing 

postnatally to peak in photoreceptor cells and interneurons of the retina [734].  Consistent 

with this, expression of miR-96/-182/-183 in adult mice was also detected in sensory 

neurons and hair cells throughout vestibular end organs and the organ of corti in the mouse 

inner ear [733].  Therefore, the high degree of conservation across species in addition to the 

specific expression of the miR-96/-182/-183 cluster in neurosensory cells suggests a role 

for these miRNAs in the development of sensory organs.  Studies performed in mice 

utilising models of visual handicap and defective hearing further support a role for the miR-

96/-182/-183 family of miRNAs in neurosensory functioning.  miRNA expression profiling 

of several mouse models of retinitis pigmentosa (RP), a group of inherited retinal 

degenerations characterised by the loss of photoreceptor cells, identified specific down-

regulatation of miR-96, miR-182 and miR-182 expression in retinal cells and photoreceptor 

cells [751, 752].  In addition, mutations in miR-96 that result in abrogated targeting are 

associated with non-syndromic progressive hearing loss in humans [375] and mice [374].  

Recent studies have shown the miR-96/-182/-183 cluster of miRNAs to be required for the 

proliferation and cell fate determination of inner and outer ear hair cells of the mammalian 

cochlea during late embryonic development [376, 377].  The specific function of the miR-
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96/-182/-183 cluster in neurosensory cells and organs suggests a role for these miRNAs in 

NSC biology and neural development.  Future expression profiling studies will 

undoubtedly further characterise the function of these miRNAs in normal physiological 

processes. 

 

6.4.3.2.2 Over-expression of candidate ‘oncomiRs’ miR-96, miR-182 and miR-183 may 

promote the proliferation and migration of MB cells and the progression to a more 

aggressive/ invasive phenotype  

The significance of the deregulated expression of miRNAs mapping to 7q32.2 in MB has 

not yet been elucidated.  As discussed in the previous section, expression of miRNAs of the 

miR-96/-182/-183 cluster was demonstrated as “sensory-tissue specific”, with enrichment 

analysis of predicted targets common to all three miRNAs revealing a high proportion of 

genes linked to the development and/or function of various sensory organs [734].  

Interestingly, MB of sub-type DE are characterised by the enrichment of photoreceptor 

pathways [55, 56], and while the functional significance of these pathways in MB biology 

is not fully understood, these findings are consistent with a role for miR-96/-182/-183 in the 

pathogenesis of sub-type DE MB.  Gene set enrichment analysis of predicted targets 

common to all three miRNAs also identified various growth factor signalling pathways that 

involved the FOXO1A gene product including insulin signalling pathways and, to the 

PTEN-dependent cell cycle arrest and apoptosis pathway [753].  Additionally, enrichment 

analysis of genes positively correlated to miR-183 expression in two cancer cell lines 

identified several pathways associated with both cancer cell migration and invasion [743], 

consistent with the enrichment of cell migration pathways from the predicted targets of 

miR-96/-182/-183 [753].  Therefore, the enrichment of both positively and negatively 

correlated targets of miR-96/-182/-183 suggests a “sensory-tissue specific” role for these 

miRNAs that is also associated with the migration and invasion of cancer cells. 

 

Recent studies investigating the phenotypic effects of miR-96/-182/-183 over-expression in 

various cancer cell models confirmed a functional role of these miRNAs in proliferation, 

migration and anchorage independence.  Over-expression of miR-182 increased the 
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proliferation, anchorage- independent growth and migratory/invasive capacity of both 

melanoma and breast cancer cells in vitro via targeting of FOXO1A, FOXO3A and 

Microphthalmia-associated transcription factor (MITF) [735, 744].  Murine studies further 

defined an oncogenic role for miR-182, with an increased number of macroscopic 

metastases observed following over-expression of miR-182 in melanoma and ovarian 

cancer cell lines [739, 744].  miR-96-mediated down-regulation of FOXO3A and FOXO1A 

was also found to induce the proliferation and anchorage-independent growth of breast 

cancer cells [735, 742].  In addition to miR-182 and miR-96, miR-183 knockdown in over-

expressing sarcoma and colon cancer cell lines decreased tumour cell migration via up-

regulation of Early growth response 1 (EGR1) [743].  Together, the observed phenotypic 

effects following the miR-96- and miR-182-mediated regulation of FOXO1A suggest that 

the aberrant miRNA-mediated regulation of FOXO1A in MB may also be contributing to 

MB tumourigenesis.  Specifically, a role for miR-96/-182/-183 has been implicated in the 

development of a metastatic MB, given the observed phenotypic effects of over-expression 

of these miRNAs [735, 739, 742-744] and their specific up-regulation in metastatic primary 

MB specimens of the C, D and E sub-type. 

 

6.4.3.2.3 miR-96/-182/-183 targeting of RhoGAP expression may be responsible for the 

observed rounding and partial detachment of HEK293 cells 

In the present study, the over-expression of miR-96, miR-182 and miR-183 in HEK293 

cells appeared to increase the cell number and alter the growth characteristics of cells in 

culture.    Although, the observed phenotypic effects, including the rounding up and partial 

detachment of cells, were reminiscent of apoptosis, characteristic membrane blebbing was 

not observed and the cells remained viable for the duration of the time course.  While 

additional studies are required to characterise these changes, these preliminary findings 

were suggestive of increased proliferation and perhaps loss of cell adhesion in culture.  

Similar phenotypic changes in cultured cells, including HEK293, have been reported 

previously [754].  Ephrin-induced receptor activation was shown to promote cell rounding 

and eventual detachment but not apoptosis of HEK293 [754, 755] and melanoma cells in 

culture [754], where this phenotype was shown to be dependent on ephrin-mediated 
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activation of Rho-signalling, resulting in rapid re-organisation of the actin and myosin 

cytoskeleton and retraction of cellular processes [754].  The Rho signalling pathway, 

consisting of over 20 RhoGTPase family members plays an essential role in cytoskeleton 

and adhesion assembly, as previously described (Chapter 5, section 5.4.1.2) [663, 664].  

The activity of RhoGTPases is tightly regulated by both RhoGEFs (previously outlined in 

Chapter 5, section 5.4.1.2) and Rho guanine activating proteins (RhoGAPs) (reviewed in 

[756]).  Over 70 RhoGAPs are encoded in the human genome, functioning to inactivate 

RhoGTPases by accelerating the intrinsic GTPase activity leading to the inactive GDP-

bound form (reviewed in detail by [756]).  A putative TS role has been described for some 

RhoGAPs, with altered expression of these family members observed in a range of human 

cancer types leading to increased RhoGTPase signalling [757, 758].  miRNAs of the miR-

96/-182/-183 cluster are predicted to target several RhoGAPs, a number of which contain 

miR-96/-182/-183 binding sites of a high predicted efficacy as determined by context score 

(Appendix A, Table S13).  Therefore, the over-expression of miR-96, miR-182 and miR-

183 may lead to decreased RhoGAP expression and subsequently increased RhoGTPase 

signalling.  Although the down-regulation of RhoGAPs in response to transient miR-96/-

182/-183 over-expression was not investigated in the present study, it is reasonable to 

suggest that the altered HEK293 morphology may be independent from FOXO1A targeting 

and instead due to increased RhoGTPase signalling.  Moreover, the altered morphological 

phenotype of HEK293 cells in response to miR-182 over-expression further supports the 

indirect up-regulation of the RhoGTPase pathway as the mechanism responsible for this 

phenotype, given that FOXO1A expression remained unchanged in miR-182 transfected 

cells.  Furthermore, a computational screen of mouse signalling pathways targeted by the 

miR-96/-182/-183 identified enriched putative targets belonging to the “Rac1 cell motility 

signalling pathway” [753].  Given that Rac proteins represent one of the six groups 

comprising the RhoGTPase family [664], this serves as further evidence to support the 

miR-96/-182/-183 targeting of RhoGAPs and consequent activation of the Rho signalling 

pathway.  Taken together, the ‘rounding’ and detachment of HEK293 cells in culture 

following the over-expression of miR-96, miR-182 and miR-183 may be due to a loss of 

adhesion mediated via increased Rho pathway signalling.  Indeed, deregulated adhesion, or 

the loss of cell adhesion has been long been suggested as a hallmark of tumour progression 
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and metastasis [759-761], further implying a role for these miRNAs in the progression to a 

more aggressive/ metastatic phenotype.     

 

The absence of any phenotypic effect in the DAOY cell line following miR/-96/-182/-183 

over-expression may be due to the shorter duration of the time course under investigation, 

with future studies to include an extended time course.  Additionally, the stable over-

expression of these miRNAs may also be required in DAOY cells to observe such an effect.  

Expression of a constitutively active form of FOXO1A decreased proliferation of two MB 

cell lines, DAOY and UW228-3[762].  This suggests FOXO1A may be critical to the 

growth suppression of MB cells and thus the over-expression of miRNAs regulating 

FOXO1A expression in MB, such as miR-96/-182/-183, may contribute to increased 

proliferative capacity of these cells.  Taken together, several lines of evidence implicate an 

oncogenic role of miRNAs of the miR-96/-182/-183 cluster in MB pathogenesis, possibly 

via the regulation of growth factor pathway genes such as FOXO1A that have previously 

been identified as deregulated in MB (Figure 6.12).  Further studies are required to 

definitively address this possibility.   

 

6.4.4 Conclusion 

Data from this study is consistent with other published reports demonstrating that the 

expression of FOXO1A is regulated by miRNAs of the miR-96/-182/-183 cluster.  

Expression analyses of primary paediatric MB samples identified a significant inverse 

correlation between expression of miR-96, miR-182 and miR-183 and FOXO1A 

expression. The strong negative correlation values obtained were of particular note given 

the molecular heterogeneity of MB sub-types, with the over-expression of miRNAs of the 

miR-96/-182/-183 cluster specifically observed in sub-type C and DE MB.  miR-96/-182/-

183 have been previously implicated in oncogenesis, where they have may be predictive as 

markers of advanced stage disease and poor survival in various cancers.  Furthermore, miR-

96/-182/-183-mediated regulation of target gene expression, including FOXO1A, resulted 

in altered cell proliferation, migration and enhanced tumourigenicity [735, 739, 742-744].  
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These findings indicate that the targeting and inhibition of putative “oncomiRs” of the miR-

96/-182/-183 cluster may be of therapeutic value in various human cancer types.  Whilst 

these phenotypic effects need to be confirmed in MB, results from this study suggest a 

model of MB tumour progression in which elevated miR-96 and miR-183 expression 

down-regulates FOXO1A expression, resulting in increased proliferation and migration of 

MB cells.   
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Chapter 7  

General Discussion 

Therapeutic stratification of patients with MB is currently defined by clinical parameters, 

segregating patients into two major treatment groups, “average-risk” and “high-risk” [763].  

However, major progress in our understanding of the molecular pathogenesis of MB has 

clearly depicted MB as a heterogeneous disease comprised of at least four distinct 

molecular sub-types [54-57].  Therefore, a revised classification system for MB is urgently 

required, incorporating both clinical and molecular characteristics to more accurately 

reflect the heterogeneity of MB and the diverse clinical outcomes.  The identification of 

several molecular sub-types of MB suggests distinct cell(s) of origin, with the specific gene 

expression signatures indicating sub-type specific models of disease.  Much research is now 

focused upon the identification of the cell(s) of origin for MB sub-types, which will assist 

in the elucidation of the molecular mechanisms underlying the transformation of these cells 

to MB initiating cells and subsequent tumour progression.     

 

7.1 Identification of deregulated miRNA-regulated networks in MB using a 

candidate cell of origin model 

Gene expression profiling has proved to be a powerful tool in the identification of aberrant 

signalling pathways involved in MB pathogenesis.  This approach has been utilised by 

several groups to analyse mRNA and miRNA expression in MB [417-420, 422, 425].   In 

these studies, miRNA profiling identified differentially expressed miRNAs in MB relative 

to normal human adult and foetal cerebellum [418, 419, 422], which represent 

heterogeneous tissues at different developmental stages. Whilst this approach may identify 

miRNAs differentially expressed between “normal” and “tumourigenic” states, it also 

encompasses miRNAs that are differentially expressed due simply to the varied 

differentiation status of MB cells and normal cerebellar cells.   
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The approach taken in this investigation provides an alternative perspective, identifying 

deregulated miRNAs in MB cells in comparison to CD133+ NSCs, a candidate cell of 

origin for at least some MB sub-types, and an appropriate model system for studying the 

involvement of miRNAs in the transformation of normal NSCs to BTSCs.  Indeed, the 

integration of miRNA and mRNA expression profiles (Chapter 5) identified putative 

miRNA-regulated networks of genes belonging to signalling pathways that may be 

involved in the transformation of normal NSCs to BTSCs.  Among these were several 

pathways with roles in the regulation of NSPC proliferation, self-renewal and apoptosis, 

including the Ephrin [565-569] and Reelin signalling pathways [610-614].  Aberrant 

miRNA-mediated regulation of these pathways may therefore contribute to the expansion 

of the NSPC pool and subsequent progression to MB.  Furthermore, altered activity of 

these pathways and others identified in this study, in particular the PI3K signalling 

pathway, has been linked to increased migration and invasive capacity of cancer cells, 

contributing to the development of metastasis [574, 575, 577, 639, 657, 660].  This 

suggests that these pathways may contribute to MB pathogenesis through the aberrant 

regulation of NSC homeostasis, resulting in the transformation of NSCs to BTSCs and, 

ultimately, progression to an invasive metastatic phenotype.  While previous studies have 

explored the role of specific miRNAs in MB pathogenesis, this thesis describes the first 

integrated global analysis of miRNA and mRNA expression in primary MB specimens.  

The integrative approach used in this study is an important step towards defining the 

potential role of deregulated miRNAs in MB pathogenesis, and provides an important 

platform for future investigations.  

 

7.2 The role of deregulated miRNAs in specific MB sub-types  

The well-established role of miRNAs in the initiation and progression of several human 

cancer types (reviewed in [380]) has recently led to the incorporation of miRNA expression 

profiling into integrative approaches used to characterise the molecular sub-types of MB 

[56, 419, 421].  In this study, miRNA expression profiling classified primary MB 

specimens into different molecular sub-groups, consistent with other miRNA profiling 

studies in other human cancer types [764-766], with the majority of specimens defined by 
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neuronal and/or photoreceptor differentiation gene signatures.  Deregulated miRNAs 

identified in this study were consistent with those previously defined in tumours with a 

neuronal differentiation signature, including the up-regulation of miRNAs mapping to 

chromosomal region 14q32 (in particular, miR-376c, miR-495 and miR-539), and down-

regulation of miRNAs mapping to Xq26.2 including two miRNAs of the miR-106/-363 

cluster [419].  Furthermore, miRNAs of the miR-96-182-183 cluster were up-regulated in 

tumours characterised by a photoreceptor and mixed neuronal and photoreceptor gene 

signature (Chapter 6), consistent with previous observations in these sub-types of MB [56].  

Moreover, in the TICHR MB cohort expression of miR-96/-182/-183 was inversely 

correlated with expression of the putative TSG, FOXO1A, suggesting a role for these 

miRNAs in the regulation of FOXO1A.  Further investigation indicated that miR-96/-182/-

183 down-regulated FOXO1 expression in a MB cell line.  miRNA profiling of molecular 

sub-types of MB has been performed in previous studies [56, 419, 421], however the 

functional role of these regulatory molecules has been largely defined in SHH-driven 

models of MB [417, 419, 420].  While the functional significance of the miR-96/miR-183-

mediated regulation of FOXO1A expression in MB pathogenesis is yet to be determined, 

this is the first study to investigate the potential role of deregulated miRNAs in other sub-

types of MB.  

 

7.3 Future directions for miRNA expression profiling – cell of origin models 

for the elucidation of the role of deregulated miRNA function in the 

initiation of MB pathogenesis 

A more comprehensive understanding of MB pathogenesis is dependent upon identifying 

the putative cells of origin for specific sub-types of MB, in addition to further elucidation of 

the signalling pathways responsible for driving the formation of tumours from these cells.  

Specific gene expression signatures are currently utilised to define particular sub-types of 

MB, with the inclusion of miRNA expression profiling into integrative approaches 

representing an additional layer of complexity that may ultimately contribute to an 

improved sub-classification of MB.  miRNA expression signatures for each sub-type of MB 
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are beginning to be uncovered [56, 419, 421], however the establishment of miRNA 

expression profiles relative to the putative cells of origin is anticipated to more accurately 

reflect the molecular mechanisms underlying the initiation of tumours.  Whilst CD133+ 

NSCs represent one candidate cell of origin for MB, both GNPCs and Zic1+ precursor cells 

of the dorsal midbrain have also been demonstrated as potential cell(s) of origin for other 

sub-types of MB [90, 104, 105, 136].  miRNA expression profiles of human GNPCs and 

Zic1+ precursor cells were not available for this study, and the identification of deregulated 

miRNAs in MB relative to these alternative candidate cells of origin is yet to be performed.  

It is anticipated that these data, combined with those obtained in the present study, will 

contribute to a more complete understanding of MB pathogenesis, ultimately leading to 

sub-type specific models of disease.  Furthermore, the direct manipulation of deregulated 

miRNAs in the appropriate cell of origin model would clarify their specific role in the 

initiation of MB (Figure 7.1).  Ultimately, it is envisaged that this understanding will 

improve the diagnosis and treatment of MB. 

 

 7.4 Conclusions 

The significance of miRNA-mediated regulation of gene expression to the development of 

various human cancer types has been widely illustrated (reviewed in [380]).  This study 

addresses the hypothesis that deregulated miRNA expression in NSCs may lead to BTSC 

formation and MB tumourigenesis, utilising a NSC model for the characterisation of 

aberrant miRNA expression in MB.  Using integrative miRNA and mRNA gene expression 

analysis, deregulated miRNA-mediated networks of gene expression were identified in 

human primary MB specimens relative to CD133+ NSCs.  Several miRNA-regulated 

pathways associated with NSC homeostasis, neuronal differentiation and cell migration 

were aberrantly expressed in MB, with a number of pathways also linked to invasion and 

the development of metastases.  The data obtained in this investigation provide novel 

insights into the role of deregulated miRNA expression in MB pathogenesis, further 

defining the possible molecular mechanisms underlying the deregulation of NSC growth 

and progression to MB.   
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Appendix A Supplementary Tables and Figures 

Table S1: List of differentially expressed miRNAs generated on the basis of p-values for each miRNA in 

primary MB tumours compared to CD133+ NSCs.  miRNAs are sorted according to chromosomal 

location. 

 

miRNA Chromosomal location p value Fold Change 
(log2) 

hsa-miR-92b* 1q22 0.005 -4.32 
hsa-miR-302b* 4q25 <0.001 -3.84 
hsa-miR-302d* 4q25 0.005 -4.11 
hsa-miR-143 5q32 <0.001 6.06 
hsa-miR-145 5q32 0.002 3.67 
hsa-miR-146a 5q34 <0.001 7.57 

hsa-miR-219-1-3p 6p21.32 <0.001 -4.86 
hsa-miR-219-5p 6p21.32/ 9q34.11 0.001 -4.93 

hsa-miR-219-2-3p 9q34.11 <0.001 -7.12 
hsa-miR-126 9q34.3 <0.001 6.28 
hsa-miR-126* 9q34.3 <0.001 6.61 

hsa-miR-483-5p 11p15.5 0.009 -4.91 
hsa-miR-127-3p 14q32.2 <0.001 6.33 

hsa-miR-539 14q32.31 <0.001 5.91 
hsa-miR-495 14q32.31 <0.001 6.00 

hsa-miR-409-3p 14q32.31 <0.001 7.10 
hsa-miR-494 14q32.31 0.001 3.80 
hsa-miR-376c 14q32.31 0.001 6.39 
hsa-miR-379 14q32.31 0.002 4.90 
hsa-miR-376a 14q32.31 0.007 5.04 

hsa-miR-323-3p 14q32.31 0.008 3.45 
hsa-miR-203 14q32.33 <0.001 5.96 

hsa-miR-193a-5p 17q11.2 <0.001 3.93 
hsa-miR-144* 17q11.2 0.007 6.12 
hsa-miR-10a 17q21.32 0.001 -5.19 
hsa-miR-21* 17q23.1 0.002 3.67 

hsa-miR-338-3p 17q25.3 0.004 3.36 
hsa-miR-373 19q13.42 <0.001 -3.74 
hsa-miR-935 19q13.42 <0.001 -8.37 
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Table S2: List of differentially expressed miRNAs generated on the basis of p-values for each miRNA in 

primary MB tumours compared to CD133- NPCs.  miRNAs are sorted according to chromosomal location 

 

miRNA Chromosomal 
location p value FDR adjusted 

p value 
Fold Change 

(log2) 

hsa-miR-10b 2q31.1 0.009 0.081 -5.76 
hsa-miR-886-3p 5q31.1 <0.001 <0.001 9.32 
hsa-miR-886-5p 5q31.1 <0.001 0.001 7.64 
hsa-miR-145* 5q32 <0.001 0.005 5.17 
hsa-miR-146a 5q34 <0.001 <0.001 7.79 

hsa-miR-219-1-3p 6p21.32 0.001 0.011 -4.18 
hsa-miR-219-5p 6p21.32/ 9q34.11 <0.001 0.008 -5.91 

hsa-miR-29b 7q32.3 <0.001 0.009 4.41 
hsa-miR-29a* 7q32.3 0.006 0.065 3.72 

hsa-miR-455-5p 9q32 0.001 0.011 3.92 
hsa-miR-219-2-3p 9q34.11 <0.001 0.008 -7.83 

hsa-miR-126 9q34.3 0.007 0.070 5.96 
hsa-miR-126* 9q34.3 0.007 0.071 6.84 
hsa-miR-605 10q21.1 0.009 0.078 3.12 

hsa-miR-615-3p 12q13.13 <0.001 0.006 -5.08 
hsa-miR-15a 13q14.2 <0.001 <0.001 4.40 

hsa-miR-127-3p 14q32.2 <0.001 0.001 6.53 
hsa-miR-370 14q32.2 <0.001 0.001 7.55 

hsa-miR-136* 14q32.2 <0.001 0.004 6.54 
hsa-miR-493 14q32.2 <0.001 0.010 3.51 
hsa-miR-433 14q32.2 0.004 0.045 3.24 

hsa-miR-337-5p 14q32.2 0.005 0.053 3.26 
hsa-miR-432 14q32.2 0.006 0.062 3.75 
hsa-miR-382 14q32.31 <0.001 0.001 8.16 
hsa-miR-379 14q32.31 <0.001 0.004 5.04 
hsa-miR-134 14q32.31 <0.001 0.006 4.77 
hsa-miR-539 14q32.31 <0.001 0.009 4.42 
hsa-miR-494 14q32.31 0.001 0.011 4.22 
hsa-miR-656 14q32.31 0.001 0.012 4.63 
hsa-miR-410 14q32.31 0.002 0.026 3.66 
hsa-miR-889 14q32.31 0.002 0.027 4.02 

hsa-miR-409-3p 14q32.31 0.002 0.030 5.50 
hsa-miR-655 14q32.31 0.006 0.062 4.08 
hsa-miR-758 14q32.31 0.006 0.065 3.57 
hsa-miR-376a 14q32.31 0.008 0.075 4.48 
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Table S2 continued:  

 

miRNA Chromosomal 
location p value FDR adjusted 

p value 
Fold Change 

(log2) 

hsa-miR-543 14q32.31 0.008 0.076 5.48 
hsa-miR-411 14q32.31 0.009 0.078 4.77 
hsa-miR-203 14q32.33 0.001 0.012 5.87 
hsa-miR-195 17p13.1 <0.001 0.004 3.48 
hsa-miR-22 17p13.3 <0.001 0.009 6.65 
hsa-miR-451 17q11.2 <0.001 <0.001 10.60 

hsa-miR-193a-3p 17q11.2 0.002 0.026 4.73 
hsa-miR-10a 17q21.32 0.001 0.011 -5.44 

hsa-miR-142-3p 17q22 <0.001 <0.001 9.44 
hsa-miR-142-5p 17q22 0.002 0.033 3.25 

hsa-miR-21 17q23.1 0.003 0.039 3.57 
hsa-miR-639 19p13.12 <0.001 0.009 3.85 
hsa-miR-27a 19p13.13 0.001 0.012 3.86 
hsa-miR-150 19q13.33 <0.001 0.009 8.85 
hsa-miR-935 19q13.42 <0.001 0.009 -8.76 

hsa-miR-296-3p 20q13.32 <0.001 0.001 3.12 
hsa-miR-18b* Xq26.2 0.004 0.049 -3.75 
hsa-miR-504 Xq26.3 <0.001 0.004 -6.01 
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Table S3: Down-regulated mRNA targets genes of up-regulated miRNAs in primary MB specimens 

relative to CD133+ NSCs.  All target genes listed were included in IPA enrichment analysis. 

 

miRNA Direct target genes 

hsa-miR-145 

ADD3, SOX9, QKI, MEST, SMAD3, NEDD9, DUSP6, AKAP12, GRB10, 
SNX24, GINS3, KLF3, HIC2, ELMO1, PSAT1, SLC7A8, NR4A2, PGD, H2AFX, 

FUT9, CDH2, PSD3, SNX15, MDFIC, CYR61, LMNB2, RBM47, CELSR1, 
MEIS1, P4HA1, ZNF516, TSPAN6, FZD7, SULF1, SLC16A2, MAF, NCALD, 

EFNB3, KLF4, PTPN3

hsa-miR-495 

CTNND2, DDIT4, EVI1, GAS1, MAPK10, ADAMTS3, PLCH1, SOX13, 
CYB5B, COL21A1, RAN, TMEM97, EPB41L4B, ZFHX3, PDLIM5, NMT2, 
MMRN1, SCD, HNRNPUL2, HSDL2, CYP26B1, MSX1, EPHB2, LPHN2, 

NOTCH1, SNRPB, ID1, EMX2, RPGRIP1L, SHMT2, ELAVL1, TOX, NEBL, 
SHANK2

hsa-miR-203 

NUDT21, ADK, HNRNPUL2, CCNG1, D4S234E, SEMA5A, GALNT10, GPC4, 
PPAP2B, RPGRIP1L, RBM47, PSD3, ADAMTS8, PTPN3, CDH10, TOX3, 

SFRP1, BIRC5, GLI3, NMNAT2, ID4, LMNB2, ANP32E, PXDN, GALNT7, 
STON1, SNX24, CTSC, RAN, EN2, HTR2C, SMAD3 

hsa-miR-323-
3p 

PCDH8, LMO3, CDH6, GAD1, ZFHX3, FUT9, SMAD3, NR4A2, ARL4C, 
HSPA4, ZNF516, LIPG, HMGCS1, WNT5A, MAPK1IP1L, NLGN4X, PPAP2B, 

TOX3, EPHA3, ASCL1, GHR, MYH10, PRDM4, KLF3 

hsa-miR-539 
GALNT7, FGF13, RRM2, ELAVL1, RFC3, ABCC4, SOX13, LIPG, DSCC1, 
HS2ST1, MYCL1, FBXL7, PHB2, HIC2, KIF11, DEPDC1, ADM, NR4A2, 

PDLIM5, ZIC3, CDC25A 

hsa-miR-494 
HMGCS1, NMNAT2, ZFHX3, GALNT7, GLI3, GULP1, TACC2, CKS1B, 

FGFR2, SFRS7, EN2, P4HA1, SHANK2, CHN1, ATF3, ERLIN2, MAF, 
CTNND2, HS2ST1, LMNB2 

hsa-miR-
376c 

SASH1, BAZ1A, EN2, GULP1, OPCML, GPM6B, OPN3, CALB1, NR2F2, 
KPNA2, RIMS3, TOX, PPAP2B, MSX1, TIAM1, SHANK2, NR4A2 

hsa-miR-143 SLC7A11, GLI3, ITGA6, HTR2C, ADD3, MAF, FAM60A, ABCC4, PSD3, 
SLC16A2, NUAK2, NFATC1, PDIA6, FLJ10357, SMAD3 

hsa-miR-223 ECT2, SEPT10, FAM46A, CENPN, RRAS2, NUP210, SACS, MYH10, ZFHX3, 
FGFR2, AK2, SC4MOL, FAT, RAB8B, TMEM47 

hsa-miR-409-
3p 

NUDT21, MSH6, SALL1, PPAP2B, STON1, SASH1, NAV2, NR2F2, NR4A2, 
SRI, TCF3, HN1L, SEPHS1 

hsa-miR-338-
3p 

LMO3, PPP1R1A, AKAP12, SALL1, EVI1, MAF, CSDA, FGFR2, MSN, 
BAMBI, RRM1, GRIN1

hsa-miR-
376a 

SLC7A11, TIAM1, PDIA6, RBMS1, EML1, POLQ, PRKD1, SALL1, PLAG1, 
NLGN4X, ZFHX3, EN2

hsa-miR-
146a NRAS, SLC2A3, GALNT10, EDNRB, LIN28 

hsa-miR-361-
3p TMEM2, SOX13, STC2 

hsa-miR-
193a-5p FADS1, NTRK2, HIC2 

hsa-miR-379 CCNB1, YARS 
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Table S4: Up-regulated mRNA targets genes of down-regulated miRNAs in primary MB specimens 

relative to CD133+ NSCs.  All target genes listed were included in IPA enrichment analysis 

 

miRNA Direct target genes 

hsa-miR-373 

TGFBR2, OXR1, MSL-1,  RSBN1,  UBE2B,  GPM6A,  CD44, SNRK, MYT1L, 
GLCE, ARHGEF3, DCX, SPOP, ARID4A, RTN1, NECAP1, FOXO3, TIMP3, 
CMPK1, INTS6, RALGDS, MLL, ZNF148, RAD23B, SS18L1, ZFPM2, RNF6, 

KIAA0240, MTMR3, OSTM1, NHLH2, SMAD2, FBXO11, GNB5, CCND2, 
NFIB, 

hsa-miR-219-
5p 

ZNF238, TSC22D2, KIAA0240, CCDC28A, CC2D1A, TXNDC13, TGFBR2, 
ACOX1, DNAJC6, EYA2, PKNOX1, RNF6, LPGAT1, LAPTM4A, GLCE, 
SNRK, AKAP13, KCNJ2, SCARB2, ZNF148, UBE3A, NECAP1, SATB1, 

KIAA0182, RYBP, PIP5K1C, DMXL1, CBFA2T3, FBXO41, LIN7C, TOB2, 
RAD23B, ARHGEF9

hsa-miR-935 

SLC5A3, RELN, KIAA0232, TBC1D9, MYT1, ZFAND6, LMO2, TMEM1, 
SCARB2, LETMD1, MBNL2, NMT1, ARHGEF3, APC, OSTM1, LBH, FBXO28, 

ZFAND5, FBXO11, NCAM1, CACNA2D2, KHDRBS2, PCTK2, SPOCK2, 
STX6, KIAA0247, CREBZF 

hsa-miR-10a 

ELOVL2, NCOR2, MAP4K4, FNBP1L, RAP2A, PIK3CA, PSCD1, MTMR3, 
MED1, SMAD2, KIAA1462, LANCL1, BAZ2B, H3F3B, STARD13, ZFAND5, 

SCARB2, MYT1L, NFAT5, MTF2, ESRRG, INHBB, UBXD7, BCL2L2, 
ANKRD12, KIAA0247

hsa-miR-219-
2-3p 

RSBN1, SERINC1, TSNAX, SSTR2, GOLGA8A, C7, ENC1, PMEPA1, SOX4, 
ARHGEF9, ATP8A1, FRMD4B, SATB1, BMI1, SCN3B, WASL, NFIB, DCX, 

C14orf101 

hsa-miR-504 CEP170, PRKAR2A, MYT1L, H3F3B, ZFAND5, DCX, PIK3R1, MAPRE2, 
RBM9, TNRC4, PSMD3 

hsa-miR-219-
1-3p PDZD2, GNB5, STAG2, NF1, FN1, ARHGEF9, DCLK1, SOX4 
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Table S5:  Down-regulated mRNA targets genes of up-regulated miRNAs in primary MB specimens 

relative to CD133- NPCs.  All target genes listed were included in IPA enrichment analysis 

 

miRNA Direct target genes 

hsa-miR-27a   

CCNG1, EYA1, FGD6, GALNT7, WSB1, SFRP1, ATP6V1A, CDH11, SEMA6A, 
HOXA10, NR2F6, PALM2, PLCH1, SPRY2, RAPGEF2, GLT25D2, NR2F2, 

QKI, FAM65B, EFNB2, NKAIN1, EN2, FLRT3, NGFR, ISL1, ANK2, LPHN2, 
PEG10, KIF3A, PDPN, C5orf13, MYH10, FOSB, HMGCS1, CNTNAP2, PLAG1, 
LDLR, AK2, NLGN4X, KIAA0644, DCX, CNR1, MAN2A1, ZFHX3, MFHAS1, 

NFASC, MARCKS, HMGCR, PDK1, CBLB, MEIS2, HOXC6, PPAP2B, 
CYP1B1, MN1, EPHB2, ARL4C, ATF3, NAV2, CDC14B, FZD7, SEPT11, 

CDC42, SRGAP3, FLRT2, NCALD, TOX, ZNF516, TFAP2B, BAT2D1, HIC2, 
ACVR2A, HOXA5, SV2A, HIP1, FUT9, BCL11A, DTX4, PTPN3, ACVR2B 

hsa-miR-29b   

NAV3, PXDN, COL4A5, ROBO1, VEGFA, NAV2, GPATCH2, BAT2D1, 
COL2A1, DNMT3B, PDGFC, C5orf13, DCX, CDC42, CSDA, ZFP36L1, 

PRKAB2, BACH2, JARID1B, PRPF40A, CPS1, PLXNA1, BCL11A, COL4A6, 
SNX24, COL11A1, PLAG1, MEST, NOTCH2, KIAA0644, PTX3, HMGCS1, 

PALM2, MLF1, DTX4, ISL1, AGPAT4, CREB5, FAM65B, SLC2A3, ARL4A, 
FOS, DNM3, PLP1, ATP6V1A, MYO16, SCHIP1, KLF4, ARHGEF10, NKAIN1, 
CNR1, INA, MAP2K6, PLSCR3, TGIF2, NEBL, XPNPEP1, EPHB3, FRMD4A, 

CACNG4, FAM131B, MMP2, HIP1 

hsa-miR-195   

PLAG1, NOTCH2, VEGFA, QKI, SALL1, SLC2A3, SLC2A14, EYA1, CHEK1, 
WSB1, AK3L1, ACVR2B, CDC14B, BAT2D1, TLE4, PTPN3, RUNX1T1, 

HOXA10, ACVR2A, FAM65B, PRKAB2, CCND1, PPP2R1B, NEBL, WNT4, 
FAT4, FNDC3B, CCDC6, HMGA2, YAP1, LPHN2, EN2, PPAP2B, FAM60A, 
DCLK1, TCF3, SEPT11, ZFHX3, GALNT7, HAS2, CAPN6, GRB10, BACH2, 

PLAGL1, RIMS3, PAM, ABTB2, IGF2R, PLXNA2, FSD1, SOX5, NLGN1, 
SLC24A3, TGIF2, PLCD1, PAK7, RAPGEF2, NMNAT2, HNRNPA1, MAP1A, 

GRIN1, PAX2 

hsa-miR-15a   

PLAG1, NOTCH2, QKI, VEGFA, SALL1, SLC2A3, EYA1, SLC2A14, CHEK1, 
AK3L1, BAT2D1, ACVR2B, PTPN3, TLE4, CDC14B, ACVR2A, WSB1, 
FAM65B, FAT4, YAP1, PPP2R1B, RUNX1T1, NEBL, CCND1, WNT4, 

PRKAB2, FNDC3B, CCDC6, EN2, HOXA10, DCLK1, HMGA2, LPHN2, 
GALNT7, FAM60A, PPAP2B, IGF2R, SEPT11, ZFHX3, GRB10, PLAGL1, 

CAPN6, PAM, HAS2, PLXNA2, RIMS3, TGIF2, ABTB2, BACH2, FSD1, SOX5, 
RAPGEF2, PLCD1, TCF3, NLGN1, SLC24A3, HNRNPA1, PAX2, MAP1A, 

PAK7, NMNAT2, GRIN1 

hsa-miR-655   

FAM60A, SFRS7, TRPS1, MARCKS, RGS4, TLE4, HES1, CNR1, FRMD4A, 
POU4F2, VEGFA, RNF130, ASCL1, FNDC3B, PTX3, IRX5, PTTG1, ADM, 
PPAP2B, SHANK2, PBX3, RBM9, ODZ3, PAX6, FARP1, SHOX2, CDC42, 

TCF4, GAS1, SNAI2, MID1, PRKD1, CEBPB, FGD6, GPR177, SASH1, 
SEMA5A, BAT2D1, LPHN2, NR2F2, TCF3, ADD3, EPHA4, PLXNA2, ANK2, 

MEIS1, CDH2, PALM2, EN2, WSB1, MDFIC, SC5DL, HBS1L, DDIT4, GRB10, 
NFASC, JUN 
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Table S5 continued: 

miRNA Direct target genes 

hsa-miR-543   

NMT2, MTF2, PBX3, HSPA12A, PLAG1, ARL4A, HS3ST3A1, FNDC3B, 
PCSK1, C5orf30, DCLK1, LMO3, CDC14B, CDH2, ID4, ATP6V1A, BACH2, 
PLP1, PAK7, ACVR2A, SACS, FOS, TWIST1, NPAS3, CREB5, EN2, MEIS2, 

TOX, BNC2, SCHIP1, TRPS1, TGIF2, EYA1, PDE10A, KIF4A, MAB21L2, 
PHOX2B, FGFR2, PALM2-AKAP2, AKAP2, HOXA10, EGR1, M6PR, VEGFA, 

FLRT2, ROR2, MYH10, ACVR2B, FZD10, DCX, HIC2 

hsa-miR-656   

DACT1, BACH2, HS3ST3A1, KLF4, FAM60A, IGF2BP2, NR4A2, SNCA, 
PRRC1, WIF1, EFNB2, SFRS7, BCL11A, FLRT2, ARL4C, NRXN3, SASH1, 

PSD3, CDH11, FNDC3B, RHOBTB3, COLEC12, CCND1, MFHAS1, HOXC4, 
LRP4, PLXNA2, DCX, IGF2R, COL11A1, FZD10, ACVR1B, RUNX1T1, 

PPP3CB, MSX1, CCNA1, ZFP36L1, LIN28, GLT25D2, DDR1, SOX9, SDC1, 
HIC2, BNC2

hsa-miR-203   

SNAI2, HNRNPUL2, TRPS1, TCF4, DAB2, CCNG1, D4S234E, SEMA5A, 
GALNT10, PRKCB1, GPC4, PCSK1, PPAP2B, FLRT2, IGF2R, PSD3, PTPN3, 

CDH10, ACVR2A, TOX3, PALM2, C5orf30, SFRP1, GLI3, NMNAT2, ID4, 
VEGFA, RBM25, PXDN, GALNT7, INA, SNX24, CTSC, DCX, DNMT3B, EN2, 

ACVR2B, FAM13A1, SEMA6A 

hsa-miR-410   

PLXNA2, CREB5, ACVR2B, RAPGEF2, ADM, SASH1, TCF4, BAT2D1, LDLR, 
VEGFA, PTX3, PPAP2B, BNC2, PBX3, FGFR2, BACH2, NR2F2, PRRX1, 

DACT1, ZFHX3, GAD1, C5orf30, SLC2A1, RGL1, FOSB, HEXIM1, MYH10, 
SVIL, LPHN2, SHANK2, ANKRD11, TNFRSF10B, CCDC6, BCL11A, DTX4 

hsa-miR-142-
5p   

IGF2BP3, SACS, FZD7, STC1, PRPF40A, ODZ3, ROBO1, ASCL1, BNIP3, 
PLXNA2, SOX5, ALCAM, ELAVL4, FLJ10357, TCF7L1, TCF4, CCND1, 

HMGCS1, POU3F1, CNTNAP2, CXCR7, BNC2, TFAP2B, RUNX1T1, BCL11A, 
D4S234E, GULP1, BAMBI, PBX3, ARL4A, FLRT2, HOXB2 

hsa-miR-539   

 GALNT7, BACH2, ATP6V1A, FGF13, RRM2, LIPG, TRHDE, MYCL1, SEPT6, 
DCX, BCL11A, RUNX1T1, FBXL7, CNR1, HIC2, ACVR2B, CREB5, PALM2-
AKAP2, KIAA0152, AKAP2, HRC, ODZ4, ADM, SRGAP3, NR4A2, SLC1A1, 

MEIS2, ZIC3, NRP1 

hsa-miR-494   

HMGCS1, CNR1, PHOX2B, NMNAT2, ZFHX3, GALNT7, GLI3, PCSK1, 
GULP1, TACC2, CKS1B, FGFR2, TBL1X, TRPS1, SFRS7, HSPA12A, 

C20orf103, EN2, P4HA1, SHANK2, CHN1, ENC1, ATF3, MEIS2, GREM2, 
PRPF40A, PRKAB2, BNC2 

hsa-miR-22    
FUT9, DDIT4, RGS2, ERBB3, CYR61, ANKRD6, ENO1, APBB2, BAT2D1, 

DNM3, SV2A, RBM9, MEIS2, MYCL1, JMJD1A, MYST4, CTSC, EVI1, 
CDKN1A, SLC2A1, MTF2, ASCL1, FBN2, ACVR1B 

hsa-miR-889   
 PCSK1, FGFR2, GPR56, VEGFA, NOTCH2, WSB1, RPA1, NAV2, TRPS1, 
BNC2, HOXC6, NR4A3, PHOX2B, FLJ10357, ATRNL1, ZFP36L1, RBM25, 

SOX9, WNT5A, SPRY2, ASCL1 

hsa-miR-409-
3p   

MTF2, SALL1, PPAP2B, SCHIP1, TRPS1, SASH1, SHOX2, NAV2, NR2F2, 
EXT1, BNC2, NR4A2, BACH2, TCF3, HEXIM1, MAP1A, ACVR2B, PALM2, 

BCL11A
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Table S5 continued: 

 

miRNA Direct target genes 

hsa-miR-21    
FAM13A1, PLAG1, YAP1, SOX5, JAG1, BCL11A, MEIS1, RASGRP1, SC5DL, 

EPHA4, SPRY2, SOX2, ZFP36L2, ACVR2A, ALX1, N-PAC, BNC2, ODZ4, 
MSX1

hsa-miR-605   
 FLRT2, D4S234E, TCF4, SOX9, JARID1B, GLI3, ZFHX3, CDH2, RPS6KA2, 

SFRS7, SCD, MFHAS1, RUNX1T1, PLAGL1, PRKAB2, ADD3, HBS1L, 
ATP6V1A

hsa-miR-758   
 ZFHX3, MEIS2, FAM13A1, BACH2, PALM2-AKAP2, AKAP2, NOTCH2, JUN, 

RUNX1T1, PLAG1, ADD3, TCF7L1, FZD7, TRPS1, JAG1, SHANK2, HIC2 

hsa-miR-370   
HSPA12A, EN2, KIAA0152, NFASC, BACH2, CDKN1A, PRRX1, ACVR2B, 

QKI, EFNB3, LIN28, DNMT3B, MARCKS, GAP43, LPHN2, HNRNPA1, FOSB 

hsa-miR-
193a-3p  

SLC16A6, PLAG1, ST6GALNAC5, RUNX1T1, EN2, CCND1, ARHGAP19, 
CALB1, FAM131B, FLRT3, LRP4, TCF4, SOX5, RGL1, FARP1, LGR4, HIC2 

hsa-miR-142-
3p   

RHOBTB3, ANKRD11, PGM1, ANK3, MARCKS, NR2F6, HMGA2, CCDC6, 
BNC2, MYH10, TBL1X, LMO3, BACH2, ACVR2A, PMAIP1 

hsa-miR-
376a    

 HAS2, EBF2, RBMS1, NRP1, PRKD1, SALL1, PLAG1, BCL11A, NLGN4X, 
ANK2, FAM131B, ZFHX3, SRGAP3, BACH2, EN2 

hsa-miR-
146a    

 KLF7, SLC2A3, CCDC6, GALNT10, RUNX1T1, MMP16, ROBO1, PHOX2B, 
BCL11A, MYO6, LIN28, FAM65B, NFASC, PBX2 

hsa-miR-433   
 TOP1, CTNNA1, NR2F6, HBS1L, NMT2, NOTCH1, CTSC, LPHN2, MN1, 

HOXA5, QKI, PAX6 

hsa-miR-432      EIF4G3, CA12, EMX2, HOXA5, CTSC, PHOX2B, MFHAS1, FBXL7 
hsa-miR-150   EPHB2, NFASC, HMGA2, TRPS1, ACVR1B, SRGAP3, MMP16, RIMBP2 
hsa-miR-455-

5p   ADD3, SFRS7, TRPS1, ZNF516, DLGAP4, NMT2, FBXL7 

hsa-miR-411    CDH2, RAPGEF2, POU4F1, NAV3, KIAA0644, SHANK2 
hsa-miR-382   MMP16, TOP1, SCD, EN2, NR2F2 
hsa-miR-134   PSD3, BNC2, CPS1, AKAP2, PALM2-AKAP2 
hsa-miR-493      NFASC, CAPN6, PPP2R1B, PLXNA2 
hsa-miR-379    PDK1, YARS, RAPGEF5 
hsa-miR-296-

3p   GLI3, BACH2 

 

 

 

  



265 

 

Table S6: Up-regulated mRNA targets genes of down-regulated miRNAs in primary MB specimens 

relative to CD133- NPCs.  All target genes listed were included in IPA enrichment analysis. 

 

miRNA Direct target genes 

hsa-miR-219-5p   
ZNF238, KIAA0240, CCDC28A, SMAD4, TXNDC13, DNAJC6, EYA2, 
PKNOX1, RNF6, LPGAT1, SNRK, SCARB2, KCNJ2, DMXL1, TOB2, 

PODXL, FBXW2, ARHGEF12, LAPTM5 

hsa-miR-10a      ELOVL2, NCOR2, PSCD1, KIAA1462, BAZ2B, STARD13, SCARB2, 
MYT1L, ESRRG, INHBB, BCL2L2, ANKRD12, MBD2 

hsa-miR-10b      ELOVL2, NCOR2, PSCD1, KIAA1462, STARD13, BAZ2B, SCARB2, 
MYT1L, ESRRG, INHBB, BCL2L2, ANKRD12, MBD2 

hsa-miR-935      RELN, TBC1D9, DMD, LMO2, TMEM1, SCARB2, LETMD1, MBNL2, 
GORASP2, ARHGEF3, FBXO11, CREBZF 

hsa-miR-219-2-3p   SERINC1, SSTR2, C7, PMEPA1, FRMD4B, BMI1, NFIB 
hsa-miR-219-1-3p  PDZD2, STAG2, FN1, SLC4A4 

hsa-miR-504      MYT1L, PIK3R1, BAIAP2 
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Table S7:  Pathway enrichment analysis of putative mRNA targets of deregulated miRNAs in primary 

MB specimens versus CD133+ NSCs using IPA pathway curated gene sets.   The top 30 pathways are 

shown. 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Genes 

1 
 Molecular 

Mechanisms of Cancer 
<0.001 

 NF1, PIK3R1, APC, ARHGEF3, WNT5A, PRKAR2A, 
PRKD1, NOTCH1, SMAD3, PIK3CA, TCF3, CCND2, 

SMAD2, RALGDS, FZD7, ARHGEF12, TGFBR2, 
RRAS2, RAP2A, PRKACB, NRAS, CDC25A, MAPK10 

2 
 Colorectal Cancer 

Metastasis Signaling 
<0.001 

 PIK3R1, APC, WNT5A, PRKAR2A, SMAD3, PIK3CA, 
TCF3, SMAD2, RALGDS, MSH6, FZD7, TGFBR2, 
RRAS2, PRKACB, NRAS, GNB5, BIRC5, MAPK10 

3 
 Ovarian Cancer 

Signaling 
<0.001 

 PIK3R1, APC, FZD7, RRAS2, WNT5A, PRKAR2A, 
TCF3, PIK3CA, NRAS, PRKACB, CD44, MSH6 

4 
 Reelin Signaling in 

Neurons 
<0.001 

 PIK3R1, ARHGEF12, ARHGEF3, ITGA6, PIK3CA, 
RELN, DCX, ARHGEF9, MAPK10 

5 
 Axonal Guidance 

Signaling 
<0.001 

 PIK3R1, GLI3, WNT5A, PRKAR2A, PRKD1, PIK3CA, 
WASL (includes EG:8976), EPHA3, SEMA5A, NFATC1, 

FZD7, EFNB3, ARHGEF12, RRAS2, NFAT5, EPHB2, 
PRKACB, NRAS, GNB5, NTRK2, SHANK2 

6  IGF-1 Signaling <0.001 
 PIK3R1, RRAS2, PRKAR2A, PIK3CA, GRB10, NRAS, 

PRKACB, FOXO3, CYR61 

7 
 Human Embryonic 

Stem Cell Pluripotency 
<0.001 

 PIK3R1, APC, FZD7, FGFR2, TGFBR2, WNT5A, 
SMAD3, TCF3, PIK3CA, SMAD2, NTRK2 

8 
 PPARα/RXRα 

Activation 
<0.001 

 NCOR2, RRAS2, TGFBR2, PRKAR2A, MED1, SMAD3, 
NRAS, PRKACB, MAP4K4, SMAD2, ACOX1, GHR 

9 

 Regulation of IL-2 
Expression in 

Activated and Anergic 
T Lymphocytes 

<0.001 
 NFATC1, RRAS2, TGFBR2, NFAT5, SMAD3, NRAS, 

SMAD2, MAPK10 

10  PTEN Signaling 0.001 
 PIK3R1, FGFR2, RRAS2, TGFBR2, PIK3CA, NRAS, 

FOXO3, NTRK2, GHR 

11 
 Pancreatic 

Adenocarcinoma 
Signaling 

0.001 
 PIK3R1, TGFBR2, NOTCH1, SMAD3, PIK3CA, 

SMAD2, BIRC5, RALGDS, MAPK10 

12 
 Germ Cell-Sertoli Cell 

Junction Signaling 
0.001 

 PIK3R1, RRAS2, TGFBR2, ITGA6, PIK3CA, RAB8B, 
NRAS, WASL (includes EG:8976), PPAP2B, MAPK10, 

CDH2 

13 
 Actin Cytoskeleton 

Signaling 
0.001 

 MSN, MYH10, PIK3R1, APC, PIK3CA, FGF13, WASL 
(includes EG:8976), ARHGEF12, RRAS2, FN1, TIAM1, 

NRAS, PIP5K1C 

14 
 Protein Kinase A 

Signaling 
0.001 

 PPP1R10, MYH10, GLI3, PRKAR2A, PRKD1, SMAD3, 
ADD3, AKAP12, TCF3, H3F3B, NFATC1, AKAP13, 

TGFBR2, NFAT5, PRKACB, GNB5 

15  RAR Activation 0.001 
 NCOR2, PIK3R1, PRKAR2A, MED1, PRKD1, SMAD3, 

PIK3CA, PRKACB, SMAD2, NR2F2, MAPK10 
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Table S7 continued: 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Genes 

16 
 Breast Cancer 
Regulation by 

Stathmin1 
0.001 

 PPP1R10, PIK3R1, ARHGEF12, RRAS2, ARHGEF3, 
PRKAR2A, PRKD1, PIK3CA, NRAS, PRKACB, GNB5, 

RB1CC1 

17 
 Wnt/β-catenin 

Signaling 
0.001 

 APC, FZD7, TGFBR2, SOX9, WNT5A, SOX4, TCF3, 
SFRP1, SOX13, CD44, CDH2 

18 
 Glucocorticoid 

Receptor Signaling 
0.001 

 PIK3R1, MED1, SMAD3, PIK3CA, SMAD2, NFATC1, 
NCOR2, HSPA4, TGFBR2, RRAS2, NFAT5, PRKACB, 

NRAS, MAPK10 

19 
 Glioma Invasiveness 

Signaling 
0.001  PIK3R1, TIMP3, RRAS2, PIK3CA, NRAS, CD44 

20 
 FcγRIIB Signaling in 

B Lymphocytes 
0.002  PIK3R1, RRAS2, PIK3CA, NRAS, MAPK10 

21 
 Synaptic Long Term 

Potentiation 
0.002 

 PPP1R10, PPP1R1A, RRAS2, GRIN1, PRKAR2A, 
PRKD1, NRAS, PRKACB 

22 
 Insulin Receptor 

Signaling 
0.002 

 PPP1R10, PIK3R1, RRAS2, PRKAR2A, PIK3CA, 
GRB10, NRAS, PRKACB, FOXO3 

23 
 Renin-Angiotensin 

Signaling 
0.002 

 PIK3R1, RRAS2, PRKAR2A, PRKD1, PIK3CA, NRAS, 
PRKACB, MAPK10 

24 
 fMLP Signaling in 

Neutrophils 
0.002 

 NFATC1, PIK3R1, RRAS2, NFAT5, PRKD1, PIK3CA, 
NRAS, GNB5 

25  CDK5 Signaling 0.003 
 PPP1R10, RRAS2, ITGA6, PRKAR2A, NRAS, PRKACB, 

NTRK2 

26  PAK Signaling 0.003 
 PIK3R1, RRAS2, PIK3CA, NRAS, EPHA3, WASL 

(includes EG:8976), MAPK10 

27 
 Sonic Hedgehog 

Signaling 
0.003  GLI3, PRKAR2A, PRKACB, CCNB1 

28  NF-κB Signaling 0.003 
 PIK3R1, FGFR2, RRAS2, TGFBR2, PIK3CA, NRAS, 

PRKACB, MAP4K4, NTRK2, GHR 

29  SAPK/JNK Signaling 0.004 
 NFATC1, PIK3R1, RRAS2, PIK3CA, NRAS, MAP4K4, 

MAPK10 

30  Gα12/13 Signaling 0.004 
 PIK3R1, CDH10, RRAS2, PIK3CA, NRAS, CDH6, 

MAPK10, CDH2 
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Table S8:  Pathway enrichment analysis of putative mRNA targets of deregulated miRNAs in primary 

MB specimens versus CD133- NPCs using IPA pathway curated gene sets.   The top 30 pathways are 

shown 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Molecules 

1 
 Wnt/β-catenin 

Signaling 
<0.001 

 PPP2R1B, WIF1, WNT5A, ACVR2A, WNT4, TCF3, 
CCND1, SOX5 (includes EG:6660), SFRP1, ACVR2B, 

CDH2, TCF4, TCF7L1, FZD7, FZD10, SOX9, JUN, TLE4, 
SOX2, ACVR1B 

2 
 Axonal Guidance 

Signaling 
<0.001 

 PIK3R1, WNT5A, WNT4, PRKD1, PAK7, ROBO1, 
FZD7, CDC42, FZD10, EFNB3, ARHGEF12, EFNB2, 
BAIAP2, NGFR, SRGAP3, PRKCB, VEGFA, NRP1, 

GLI3, PPP3CB, SEMA5A, PLXNA2, PDGFC, EPHA4, 
EPHB2, SEMA6A, PLXNA1, SHANK2, EPHB3 

3 

 Role of Macrophages, 
Fibroblasts and 

Endothelial Cells in 
Rheumatoid Arthritis 

<0.001 

 PIK3R1, WIF1, WNT5A, WNT4, PRKD1, FZD10, FZD7, 
FOS, CREB5, NGFR, PRKCB, VEGFA, PPP3CB, TCF3, 

MAP2K6, CCND1, CEBPB, SFRP1, ROR2, TCF4, 
TCF7L1, FN1, JUN, PDGFC, PLCD1 

4 
 Molecular 

Mechanisms of Cancer 
<0.001 

 PRKCB, PMAIP1, PIK3R1, ARHGEF3, WNT5A, 
PRKD1, NOTCH1, SMAD4, TCF3, MAP2K6, RASGRP1, 
CCND1, ARHGEF10, CDKN1A, PAK7, TCF4, CTNNA1, 
FZD7, FZD10, ARHGEF12, CDC42, FOS, JUN, CHEK1 

5 
 Factors Promoting 
Cardiogenesis in 

Vertebrates 
<0.001 

 PRKCB, TCF4, TCF7L1, FZD7, FZD10, ACVR2A, 
PRKD1, SMAD4, TCF3, ACVR1B, ACVR2B 

6  VDR/RXR Activation <0.001 
 PRKCB, NCOR2, PRKD1, HOXA10, KLF4, CEBPB, 

CDKN1A, CALB1, HES1 

7  p53 Signaling <0.001 
 TNFRSF10B, PMAIP1, PIK3R1, CCNG1, SNAI2, JUN, 

CCND1, CHEK1, CDKN1A, PLAGL1 

8 
 Human Embryonic 

Stem Cell Pluripotency 
<0.001 

 PIK3R1, TCF4, TCF7L1, FZD7, FGFR2, FZD10, 
WNT5A, WNT4, SMAD4, PDGFC, TCF3, SOX2 

9 
 Ovarian Cancer 

Signaling 
<0.001 

 PIK3R1, TCF4, TCF7L1, FZD7, FZD10, VEGFA, 
WNT5A, WNT4, PDGFC, TCF3, CCND1, MMP2 

10 

 Role of Osteoblasts, 
Osteoclasts and 
Chondrocytes in 

Rheumatoid Arthritis 

<0.001 
 PIK3R1, WIF1, PPP3CB, WNT5A, WNT4, SMAD4, 

TCF3, MAP2K6, SFRP1, TCF4, TCF7L1, FZD7, FZD10, 
FOS, JUN, NGFR 

11  ILK Signaling <0.001 
 MYH10, PIK3R1, VEGFA, SNAI2, PPP2R1B, MAP2K6, 

CCND1, CDC42, FN1, FOS, JUN, PDGFC, CREB5, 
PPAP2B 

12 
 Basal Cell Carcinoma 

Signaling 
<0.001 

 TCF4, TCF7L1, FZD7, FZD10, GLI3, WNT5A, WNT4, 
TCF3 

13 
 Neurotrophin/TRK 

Signaling 
<0.001 

 PIK3R1, CDC42, FOS, SPRY2, JUN, MAP2K6, CREB5, 
NGFR 

14 
 Colorectal Cancer 

Metastasis Signaling 
<0.001 

 PIK3R1, VEGFA, WNT5A, SMAD4, WNT4, TCF3, 
MMP2, CCND1, MMP16, TCF4, TCF7L1, FZD7, FZD10, 

FOS, JUN, PDGFC 

15 
 Clathrin-mediated 

Endocytosis Signaling 
0.001 

 PIK3R1, CDC42, VEGFA, PPP3CB, HIP1, PDGFC, 
DNM3, EPHB2, MYO6, FGF13, DAB2, LDLR 
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Table S8 continued: 

 

Rank 
Ingenuity Canonical 

Pathways 
p value Molecules 

16 
 HER-2 Signaling in 

Breast Cancer 
0.001 

 PRKCB, PIK3R1, CDC42, PRKD1, ERBB3, CCND1, 
MMP2, CDKN1A 

17  GNRH Signaling 0.001 
 PAK7, PRKCB, CDC42, FOS, JUN, PRKD1, DNM3, 

MAP2K6, CREB5, EGR1 

18 
 Glioblastoma 

Multiforme Signaling 
0.001 

 PIK3R1, FZD7, CDC42, FZD10, WNT5A, WNT4, 
PDGFC, TCF3, CCND1, PLCD1, CDKN1A 

19 
 Renal Cell Carcinoma 

Signaling 
0.002  PAK7, PIK3R1, CDC42, SLC2A1, VEGFA, FOS, JUN 

20 
 LPS-stimulated 

MAPK Signaling 
0.002  PRKCB, PIK3R1, CDC42, FOS, JUN, PRKD1, MAP2K6 

21  Notch Signaling 0.003  NOTCH1, JAG1, NOTCH2, DTX4, HES1 

22  TGF-β Signaling 0.003 
 FOS, JUN, ACVR2A, SMAD4, ACVR1B, INHBB, 

ACVR2B 

23 
 Reelin Signaling in 

Neurons 
0.004 

 PIK3R1, ARHGEF12, ARHGEF3, ARHGEF10, RELN, 
DCX, CNR1 

24  mTOR Signaling 0.004 
 PRKCB, PIK3R1, VEGFA, PPP2R1B, PRKD1, PDGFC, 

EIF4G3, RPS6KA2, PRKAB2, DDIT4 

25  HGF Signaling 0.004 
 PRKCB, PIK3R1, CDC42, FOS, JUN, PRKD1, CCND1, 

CDKN1A 

26 
 Acute Myeloid 

Leukemia Signaling 
0.004 

 PIK3R1, TCF4, TCF7L1, CCNA1, TCF3, MAP2K6, 
CCND1 

27 

 Role of Wnt/GSK-3β 
Signaling in the 
Pathogenesis of 

Influenza 

0.004  TCF4, TCF7L1, FZD7, FZD10, WNT5A, WNT4, TCF3 

28 
 Ephrin Receptor 

Signaling 
0.004 

 PAK7, EFNB3, CDC42, GRIN1, VEGFA, EFNB2, 
PDGFC, EPHA4, EPHB2, CREB5, EPHB3 

29 

 Role of Oct4 in 
Mammalian 

Embryonic Stem Cell 
Pluripotency 

0.005  KDM5B, SOX2, NR2F6, BMI1, NR2F2 

30  HIF1α Signaling 0.006 
 PIK3R1, SLC2A1, VEGFA, JUN, PDGFC, SLC2A3, 

MMP2, MMP16 
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Table S9:  Predicted binding sites for miRNAs in the 3’ UTR of FOXO1A mRNA transcript as 

obtained from miRecords [731].  Various prediction algorithms were utilised with the top ten miRNAs are 

shown.  

  

miRNA ID Refseq Symbol miranda mirtarget2 pictar pita rnahybrid Targetscan 

hsa-miR-96 NM_002015 FOXO1 1 1 1 1 1 1 
hsa-miR-
369-3p 

NM_002015 FOXO1 1 1 1 1 1 1 

hsa-miR-144 NM_002015 FOXO1 1 1 1 1 1 1 
hsa-miR-183 NM_002015 FOXO1 1 1 1 1 1 1 

hsa-miR-
135a 

NM_002015 FOXO1 1 1 1 1 1 1 

hsa-miR-
135b 

NM_002015 FOXO1 1 1 1 1 1 1 

hsa-miR-
582-5p 

NM_002015 FOXO1 1 1 0 1 1 1 

hsa-miR-581 NM_002015 FOXO1 1 1 0 1 1 1 
hsa-miR-182 NM_002015 FOXO1 1 0 1 1 1 1 
hsa-miR-599 NM_002015 FOXO1 1 1 0 1 1 1 
hsa-miR-600 NM_002015 FOXO1 1 1 0 1 1 1 

hsa-miR-
486-5p 

NM_002015 FOXO1 1 1 0 1 1 1 

hsa-miR-381 NM_002015 FOXO1 1 1 0 1 1 1 

hsa-miR-641 NM_002015 FOXO1 1 1 0 1 1 1 
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 Table S10: List of miRNAs predicted to target FOXO1A 3’UTR as predicted by TargetScan 5.1 [300, 

311, 440].  All miRNA families broadly conserved amongst vertebrates were included. 

 

miRNA 
conserved sites poorly conserved sites Total 

Context 
score 8mer 7mer-m8 7mer-1A 8mer 7mer-m8 7mer-1A

miR-223 1 0 0 1 1 0 -0.66 
miR-96 1 0 0 1 0 0 -0.6 
miR-135 1 0 0 0 0 0 -0.54 
miR-101 0 1 0 0 1 0 -0.37 
miR-128 0 0 1 1 1 0 -0.36 
miR-27ab 0 1 0 0 1 0 -0.31 

miR-21/590-5p 0 0 0 0 1 0 -0.31 
miR-183 0 1 0 0 1 0 -0.29 

miR-132/212 0 0 1 0 0 1 -0.29 
miR-26ab/1297 0 0 0 0 1 0 -0.29 

miR-145 0 1 0 0 0 0 -0.24 
miR-216/216a 0 0 0 1 0 0 -0.22 

miR-15/16/195/424/497 0 1 0 0 0 0 -0.21 
miR-196ab 0 0 0 0 1 0 -0.2 

miR-129/129-5p 0 0 0 0 0 1 -0.2 
miR-144 0 1 0 0 0 0 -0.2 
miR-143 0 0 0 1 0 0 -0.2 
miR-182 0 0 1 0 0 1 -0.19 

miR-200bc/429 0 0 0 0 1 0 -0.18 
miR-338/338-3p 0 0 0 0 0 1 -0.17 

miR-142-3p 0 0 1 0 0 0 -0.15 
miR-204/211 0 0 0 0 1 0 -0.13 

miR-194 0 0 1 0 0 0 -0.13 
miR-139-5p 0 0 1 0 0 0 -0.13 

miR-490/490-3p 0 0 1 0 0 0 -0.1 
miR-9 0 0 1 0 0 0 -0.1 

miR-216/216b 0 0 0 0 0 1 -0.09 
miR-221/222 0 0 0 0 0 1 -0.09 

miR-153 0 1 0 0 0 0 -0.08 
miR-133 0 0 0 0 0 1 -0.08 
miR-218 0 0 0 0 1 0 -0.07 
miR-365 0 0 0 0 0 1 -0.03 
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Table S11: List of candidate miR-10a predicted target genes identified as up-regulated in MMIA 

analysis.  Candidate target genes are ranked on the basis of TargetScan 5.1 [300, 311, 440] context score with 

Pearson’s correlation value (r) based upon analysis of miR-10a relative expression levels and expression 

levels of candidate target gene.  Candidate target genes highlighted in yellow represent those selected for 

functional testing with an r value equal to or greater than -0.5. 

 

Target Gene Context Score Pearsons correlation value (r) 

ELOVL2 -0.499 -0.35
NCOR2 -0.474 -0.23

MAP4K4 -0.362 -0.24
FNBP1L -0.305 -0.65
RAP2A -0.302 0.64
PIK3CA -0.288 -0.47
PSCD1 -0.272 -0.60

MTMR3 -0.226 -0.51
MED1 -0.22 -0.45

SMAD2 -0.2152 -0.02
KIAA1462 -0.195 -0.03
LANCL1 -0.194 0.44
BAZ2B -0.192 -0.35
H3F3B -0.185 -0.82

STARD13 -0.177 -0.45
ZFAND5 -0.1675 -0.80
SCARB2 -0.164 -0.70
MYT1L -0.161 -0.71
NFAT5 -0.157 0.02
MTF2 -0.151 -0.43

ESRRG -0.138 -0.63
INHBB -0.12 -0.40
UBXD7 -0.117 0.53
BCL2L2 -0.092 0.56

ANKRD12 -0.012 -0.90
KIAA0247 -0.005 -0.01
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Table S12: List of candidate miR-935 predicted target genes identified as up-regulated in MMIA 

analysis.  Candidate target genes are ranked on the basis of TargetScan 5.1 [300, 311, 440] context score with 

Pearson’s correlation value (r) based upon analysis of miR-935 relative expression levels and expression 

levels of candidate target gene.  Candidate target genes highlighted in yellow represent those selected for 

functional testing with an r value equal to or greater than -0.5. 

 

Target Gene Context Score Pearsons coefficient correlation 
value (r) 

SLC5A3 -0.713 -0.66 
RELN -0.637 -0.39 

KIAA0232 -0.557 -0.23 
TBC1D9 -0.488 -0.35 
MYT1 -0.475 0.84 

ZFAND6 -0.424 -0.55 
LMO2 -0.4 0.47 

TMEM1 -0.36 -0.67 
LETMD1 -0.31 -0.30 

MBNL2 -0.29 0.01 

NMT1 -0.26 -0.25 
ARHGEF3 -0.25 -0.52 

APC -0.24 0.04 
OSTM1 -0.22 0.46 

LBH -0.2 0.75 
FBXO28 -0.2 -0.39 
FBXO11 -0.18 -0.72 
NCAM1 -0.17 -0.29 

CACNA2D2 -0.16 -0.34 
KHDRBS2 -0.14 -0.22 

PCTK2 -0.13 -0.35 
SPOCK2 -0.09 0.61 

STX6 -0.08 -0.32 
KIAA0247 -0.07 0.09 
CREBZF 0.02 -0.32 
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Table S13: List of Rho GTPase activating protein genes predicted to be target by miRNAs of the miR-

96/-182/-183 cluster.  The TargetScan 5.1 [300, 311, 440] context scores for each miRNA-target gene 

interaction are listed underneath the corresponding miRNA.  A (-) below the miRNA indicates that the 

miRNA is not predicted to target that particular target gene.     

 

Target gene miR-96 miR-182 miR-183 
ARHGAP5 - -0.14 - 
ARHGAP6 -0.59 -0.57 -0.48 

ARHGAP11A -0.14 -0.29 -0.32 
ARHGAP12 -0.41 -0.17 - 
ARHGAP17 -0.15 -0.14 - 
ARHGAP18 - - -0.24 
ARHGAP19 -0.12 - - 
ARHGAP20 - -0.05 - 
ARHGAP21 - - -0.37 
ARHGAP24 -0.29 - - 
ARHGAP26 -0.03 -0.02 -0.4 
ARHGAP27 - -0.08 - 
ARHGAP28 -0.24 -0.19 - 
ARHGAP29 -0.28 -0.34 - 
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Abstract

Medulloblastoma (MB) is the most common malignant brain tumor in children and a leading cause of cancer-related
mortality and morbidity. Several molecular sub-types of MB have been identified, suggesting they may arise from distinct
cells of origin. Data from animal models indicate that some MB sub-types arise from multipotent cerebellar neural stem cells
(NSCs). Hence, microRNA (miRNA) expression profiles of primary MB samples were compared to CD133+ NSCs, aiming to
identify deregulated miRNAs involved in MB pathogenesis. Expression profiling of 662 miRNAs in primary MB specimens, MB
cell lines, and human CD133+ NSCs and CD1332 neural progenitor cells was performed by qRT-PCR. Clustering analysis
identified two distinct sub-types of MB primary specimens, reminiscent of sub-types obtained from their mRNA profiles. 21
significantly up-regulated and 12 significantly down-regulated miRNAs were identified in MB primary specimens relative to
CD133+ NSCs (p,0.01). The majority of up-regulated miRNAs mapped to chromosomal regions 14q32 and 17q. Integration
of the predicted targets of deregulated miRNAs with mRNA expression data from the same specimens revealed enrichment
of pathways regulating neuronal migration, nervous system development and cell proliferation. Transient over-expression
of a down-regulated miRNA, miR-935, resulted in significant down-regulation of three of the seven predicted miR-935 target
genes at the mRNA level in a MB cell line, confirming the validity of this approach. This study represents the first integrated
analysis of MB miRNA and mRNA expression profiles and is the first to compare MB miRNA expression profiles to those of
CD133+ NSCs. We identified several differentially expressed miRNAs that potentially target networks of genes and signaling
pathways that may be involved in the transformation of normal NSCs to brain tumor stem cells. Based on this integrative
approach, our data provide an important platform for future investigations aimed at characterizing the role of specific
miRNAs in MB pathogenesis.
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Introduction

Medulloblastoma (MB) is the most common malignant pediatric

brain tumor, with an incidence of approximately 0.5 per 100 000

children less than 15 years of age [1]. Current multi-modal

treatment consists of surgery, radiation and adjuvant chemother-

apy [2,3]. Although recent advances in therapy have lifted five-

year survival rates for average-risk MB to 80%, the outcome for

high-risk patients remains poor [4,5]. Additionally, the long term

consequences of existing treatment protocols can be profound and

include both intellectual and developmental impairment [6].

Clearly, less invasive and more effective treatment strategies for

MB are urgently required.

MB is a heterogeneous disease and current risk stratification

strategies often fail to accurately predict disease outcome.

Recent microarray gene expression studies and genomic analyses

have contributed to the improved sub-classification of MB,

incorporating clinical and demographic characteristics to identify

at least four distinct sub-types according to their specific gene

expression signatures [7–10]. Sub-types A and B are characterized

by over-active Wingless-type MMTV integration site family (Wnt)

and Hedgehog (Hh) signaling respectively, while sub-types C and

E exhibit enriched expression of genes associated with neuronal

differentiation and photoreceptor differentiation, respectively [8].

A fifth sub-type (D) was also identified, characterized by a mixed

signature of both neuronal and photoreceptor differentiation. Sub-

type specific gene expression signatures may ultimately prove

critical for the development of new targeted therapeutic agents as

well as the identification of subsets of patients responsive to specific

targeted therapies.

The identification of several molecular sub-types of MB suggests

that different sub-groups may arise from distinct cells of origin. Indeed,

accumulating evidence from animal models suggests that some MB

sub-types arise from cerebellar granule cell precursors (GCPs),
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multipotent cerebellar neural stem cells (NSCs) [11–13], or Zic1+
precursor cells of the dorsal brainstem [14]. In human MB,

a subpopulation of CD133-expressing cells was identified that

displayed similar properties to normal NSCs, including self-renewal

and multipotency [15,16]. Additional studies demonstrated that these

putative brain tumour stem cells (BTSCs) were capable of initiating

tumor formation in immunodeficient mice [17]. Engraftment of as few

as 100 CD133+ cells was sufficient for tumor formation, while as

many as 100 000 CD1332 cells failed to produce tumors. Taken

together, these findings in both humans and mice strongly implicate

normal CD133+ NSCs as candidate cells of origin for MB. While

mRNA expression profiling studies suggest that specific MB sub-types

may be derived from normal NSCs (Bertram et al, manuscript in

preparation); the analysis of non-coding RNA expression represents

another approach to test this hypothesis. Integrated expression

profiling of both coding and non-coding RNAs will further

characterize the molecular sub-types of MB, and may give further

insight into MB pathogenesis and putative cells of origin.

microRNAs (miRNAs) are a class of short, non-coding RNAs

that post-transcriptionally down-regulate gene expression by

binding to the 39-untranslated region (UTR) of protein coding

transcripts, resulting in either mRNA cleavage or translational

repression [18,19]. At the time of writing, more than 1,000 human

miRNA genes have been identified (miRBase Release 16) [20] and

recent studies investigating miRNA target site conservation within

human 39UTRs suggest that expression of .60% of human

protein coding genes may be regulated by miRNAs [21]. An

individual miRNA may potentially bind and regulate many

different mRNA targets with related function, such as those

belonging to a single cell signaling pathway [22], whilst a given

mRNA target may be regulated by several different miRNAs,

creating a highly complex combinatorial network of gene

regulation [23]. miRNAs have important roles in the regulation

of diverse cellular processes including development, cell prolifer-

ation, apoptosis, differentiation and metabolism [24–28]. Not

surprisingly, abnormalities in miRNA expression and function

have been shown to affect these normal physiological processes,

with increasing evidence supporting a critical role for deregulated

miRNA expression in cancer initiation and progression [29,30].

We hypothesized that the identification of miRNA-regulated

networks of gene expression in human primary MB specimens,

relative to CD133+ NSCs, will improve our understanding of MB

pathogenesis. To date, several research groups have investigated

deregulated miRNA expression in MB [31–36], including

comparisons to normal human adult and fetal cerebellum

[33,34,36] which represent heterogeneous tissues at different

developmental stages. Our approach is distinct but complemen-

tary to these reports, and is the first to assess miRNA expression

levels in primary human MB specimens and MB cell lines in

comparison to human CD133+ NSCs and CD1332 neural

progenitor cells (NPCs). To identify candidate miRNA-regulated

networks of gene expression that may be involved in MB

pathogenesis, we then integrated these miRNA expression profiles

with mRNA gene expression data we obtained from the same

samples. Furthermore, we validated the regulation of a set of

predicted target genes by specific miRNAs in vitro. In summary,

our findings suggest that these miRNAs may have potential as

both therapeutic targets and clinical biomarkers of MB.

Methods

Ethics statement
Written approval to undertake this study was obtained from the

Princess Margaret Hospital (PMH) human ethics committee.

Written consent to use tumor material for research purposes was

obtained from the parents of patients according to PMH ethics

committee guidelines. All tumor material was de-identified to

ensure patient anonymity.

Patient samples
Primary brain tumors were collected at PMH, embedded in

optimal cutting temperature compound (OCT) and snap-frozen.

Ten MB specimens were analyzed. The age of patients ranged

from seven months to 13 years, with a mean age of 4.5 years.

Gender distribution was seven males to three females (2.3:1)

(Table 1).

Cell lines and neurosphere maintenance
The desmoplastic MB cell line PER547 and classic MB cell lines

PER 568 and PER 621 were established from primary specimens

[37] and cultured in RPMI supplemented with 20% fetal calf

serum at 37uC with 5% CO2. Primary MB specimens from which

these cell lines were derived were not included in the primary MB

cohort profiled in this study. Human NSCs propagated as

neurospheres were derived from human ESC lines hES3 (WiCell

Research Institute, Madison, WI, USA) and MEL1 (Australian

Stem Cell Centre, Melbourne, Australia) using protocols described

previously [38,39]. Neurospheres were maintained in neural basal

medium, supplemented with N2 (Gibco, Mt Waverley, Australia),

Penicillin/Streptomycin (Gibco, Mt Waverly, Australia), L-Gluta-

mine (Sigma, Castle Hill, Australia), Interferrin-Transferrin-

Selenium (Gibco, Mt Waverley, Australia), EGF (20 ng/ml,

Sigma, Castle Hill, Australia) and bFGF (20 ng/ml, Chemicon,

Melbourne, Australia). Neurosphere cultures were propagated by

mechanical splitting 1:2–1:4 [40] and cultured in ultra-low

adherent 96 well plates (Corning, Melbourne, Australia) with

growth factor supplementation every 2–3 days.

Neurosphere dissociation and CD133+ NSC isolation
Neurospheres were dissociated using the trypsin-neural dissoci-

ation kit (Miltenyi Biotec, North Ryde, Australia) as described

previously [41]. Dissociated NSC suspensions were washed and re-

suspended in FACS buffer (1xPBS supplemented with 0.5% BSA

(Sigma, Castle Hill, Australia) and 2 mM EDTA (Sigma, Castle

Table 1. Clinical data and methods used to profile miRNA
and mRNA expression.

Sample Gender Age M Status
miRNA
array

mRNA
gene array

M1 Female 9 M0 Yes No

M2 Female 3 Unknown Yes Yes

M6 Male 7 M+ Yes Yes

M7 Male 1.5 M0 Yes Yes

M9 Male 2 Unknown Yes No

M11 Male 5 M+ Yes Yes

M14 Female 3 M0 Yes Yes

M15 Male 3 M+ Yes Yes

M17 Male 4 M+ Yes Yes

M22 Male 1 Unknown Yes No

Metastatic status was defined as M0 (no metastasis) and M+ (distant
metastases).
doi:10.1371/journal.pone.0023935.t001
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Hill, Australia). Cells were blocked in Fc block (Miltenyi Biotec,

North Ryde, Australia) for three min at room temperature and

CD133+ NSCs were isolated as described [41]. FACs enrichment

of CD1332 NPCs was 100% for both hES3 and MEL1 ESC lines,

with the enrichment of CD133+ NSCs 81.1% and 97% for the

hES3 and MEL1 ESC lines, respectively.

Small RNA isolation and enrichment
RNA enriched for small RNAs was isolated from primary

specimens, cell lines and NSC/NPCs using the miRNeasy mini kit

(Qiagen, Melbourne Australia), according to the manufacturer’s

protocol. Briefly, OCT compound was mechanically removed

from embedded frozen primary tumor specimens and tumor tissue

was placed in pre-weighed 1.5 ml eppendorf tubes containing

QIAzol reagent. For MB cell lines, up to 16107 cells were

harvested and pelleted by centrifugation for 5 min at 8000 rpm,

prior to RNA extraction. On-column DNase digestion was utilized

for all samples with RNase-free DNase (Qiagen, Melbourne,

Australia), according to manufacturer’s recommendations. RNA

quality was assessed by 1.5% agarose gel electrophoresis and

quantified on a Nanodrop 1000 (Biolab, Scoresby, Australia).

RNA quantity and purity was estimated by the ratio of absorbance

at 260 nm and 280 nm (OD260:OD280), with ratios between 1.8

and 2.0 being considered optimal.

miRNA expression profiling
miRNA profiling was performed using quantitative real-time

RT-PCR utilizing pre-printed Taqman low density assay (TLDA)

microfluidic cards (Human miR v2.0, Applied Biosystems,

Melbourne, Australia). Each TLDA card set contained MGB-

labeled probes specific to 762 mature miRNAs plus six

endogenous small nucleolar RNAs (MammU6, RNU44,

RNU48, RNU24, RNU43, RNU6B) for data normalization

and relative quantification. Briefly, reverse transcription was

performed with 30 ng small RNA enriched RNA using Megaplex

RT stem loop primer pools (Life Technologies, Melbourne),

Multiscribe Reverse Transcriptase (Life Technologies, Mel-

bourne), RNase inhibitor and100 nM deoxynucleotide triphos-

phates (dNTP). Two multiplex pools were used per sample, each

pool containing reagents and primers for 384 mature miRNAs

and small nucleolar RNAs. The multiplexed RT and Megaplex

pre-amplification reactions were performed according to manu-

facturer’s instructions. Pre-processing of raw TLDA data files

consisted of threshold and baseline corrections for each sample,

with each amplification plot assessed to confirm that the

threshold cycle (Ct) value corresponded with the midpoint of

logarithmic amplification (SDS 2.3, Life Technologies, Mel-

bourne). Ct values greater than 32 were imputed to 32 according

to the technical recommendation. Raw miRNA expression data is

available from the Telethon Institute for Child Health Research

(TICHR) webserver: http://bioinformatics.childhealthresearch.

org.au/datasets/.

Endogenous control (EC) gene normalization for miRNA
gene expression analysis
To determine the most appropriate combinations of genes for

data normalization, the expression stability and abundance of

candidate endogenous control genes were assessed using the

BestKeeper software program [42]. To assess the range of

expression levels of candidate EC genes, threshold cycle (Ct)

values for each were plotted across all samples (Figure S1).

Subsequently, Bestkeeper was employed to evaluate the expression

stability of several candidate EC genes, whilst simultaneously

assessing the best possible combination of EC gene pairs for

relative quantification of miRNA expression (Table S1). Ranking

of the candidates was performed based upon deviation of gene

expression, displayed as correlation of coefficient (r) to the

Bestkeeper Index (BI), defined as the geometric mean of all

candidate EC genes. Based on the abundance and stability of

candidate EC genes, MammU6 and RNU48 were selected for the

normalization of miRNA expression data, using the equation

22DCt, where DCt= (CtmiR2Ctmean endogenous control).

Statistics and Bioinformatics
All analyses were performed utilizing log2(2

2DCt) transformed

normalized miRNA expression data. Unsupervised agglomerative

hierarchical clustering of miRNA expression profiles was performed

using Euclidean distance and pairwise Pearson correlations with

complete linkage. Results were visualized using dendrograms and

heatmaps. All statistical analyses were performed in R statistical

environment version 2.9.2 [43]. Visualization of clustering analyses

was carried out using gplots R package (http://cran.r-project.org/

web/packages/gplots/index.html). Principle component analysis

(PCA) was performed using companion to applied regression (CAR)

package in R (http://cran.r-project.org/web/packages/car/index.

html). To identify specific miRNAs that were differentially

expressed between MB primary specimens, MB cell lines and

normal NSC/NPC samples, a two sample t-test was performed

utilizing the normalized means (log2(2
2DCt) of expression levels for

each miRNA in MB primary specimens, cell lines, CD133+ NSCs

and CD1332 NPCs. For CD133+ NSCs and CD1332 NPCs,

normalized means (log2(2
2DCt) of expression levels were obtained by

averaging the expression of individual miRNAs from both hES3

and MEL1, therefore representing a pool of two ESC lines.

Significantly deregulated miRNAs were defined as those having

a p,0.01 and a differential expression value.log2 fold change (FC)

of three (eight Cts). False discovery rate (FDR) corrected p-values

were also calculated. For comparison analyses, venn diagrams were

generated in R using limma package.

Integration of miRNA and mRNA expression data
The integration of miRNA and mRNA expression data was

performed using the online tool microRNA and mRNA integrated

analysis (MMIA) [44]. Multiple integration analyses were

performed, utilizing input lists including both significantly up-

and down-regulated miRNAs identified in primary MB specimens

from miRNA profiling analysis (Table S2). The miRNA target

prediction algorithm TargetScan 5.1 was employed for all analyses

[21,45,46], with miRNA and mRNA combined analysis per-

formed as previously described [47]. To refine miRNA-mRNA

target interactions, mRNA expression data were log2 transformed

and a mean two-fold cut-off (fch ,22, .2) for each target gene in

primary MB specimens was employed for mRNA data analysis.

Due to a limited sample size, we were unable to perform FDR

testing on the integration itself (as provided by MMIA). To limit

potential false positive findings, we utilized a strict t-test p-value

cutoff of ,0.01 in combination with a log2 differential expression

FC of greater than three for the deregulated miRNAs (when

compared to CD133+ NSCs). Only a subset of MB primary

specimens for which both miRNA and mRNA profiles were

available was included in these analyses (Table 1). Ingenuity

pathway analysis (IPA; Ingenuity Systems) was employed to assign

biological function to putative target genes of miRNAs with

significantly altered expression, utilizing candidate miRNA-

mRNA target gene pairs for which upon integration an inverse

correlation of expression was observed. IPA output was focused
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upon canonical pathway genesets and ranked based on statistical

significance.

Validation of miR-935 and miR-10a target gene
regulation in MB
Candidate miR-935 target genes obtained from MMIA

analyses, where miRNA and mRNA expression was inversely-

correlated, were ranked according to TargetScan context score,

with a context score greater than or equal to 20.4 subsequently

selected as the cut-off for validation in the laboratory. miR-935

expression levels were obtained using Taqman qRT-PCR miRNA

assay (Life Technologies) and correlated to selected putative target

gene levels using Pearson’s correlation. To validate selected

mRNAs as targets of a given miRNA, miRNAs were over-

expressed by transient transfection of synthetic precursor miRNAs

(pre-miRs) at 5 nmol/L (Life Technologies) in PER-547 cells and

30 nmol/L (Life Technologies) in PER-568 cells using Ribofect

transfection reagent (Bioline). Following small RNA-enriched

RNA extraction, significant up-regulation of miR-935 and miR-

10a was confirmed by qRT-PCR using two way analysis of

variance (ANOVA) and an unpaired t-test, respectively. Following

total RNA extraction (Qiazol), target mRNA gene expression

levels were measured by reverse transcriptase quantitative PCR

(qRT-PCR) at 24 hours post-transfection using Quantifast SYBR

Green Master Mix (Qiagen) with the primers: ACTB (59-CAT
GTA CGT TGC TAT CCA GGC -39 (forward) and 59- CTC
CTT AAT GTC ACG CAC GAT -39 (reverse); APC (59- CCT
CAT CCA GCT TTT ACA TGG C-39 (forward) and 59- CGC

CTG CCT CTC TTG TCA T-39 (reverse); KIAA0232 (59- CTG
CTG TCC AGT GTC TTC GAT-39 (forward) and 59- GGG

AGA CCC CTC TAA CTT TTT GT-39 (reverse); MYT1 (59-
GGA CGC CTC TGT TTC GGA TG-39 (forward) and 59- ATC
CAA AAT GGG ACT TGA CGG-39 (reverse); RELN (59- TCC
GGG ACA AGA ATA CCA TGT-39 (forward) and 59- CCA

AAT CCG AAA GCA CTG GAA-39 (reverse); SLC5A3 (59- CCC
AAT TTA CAT CCG GTC AGG-39 (forward) and 59- ATA

CAG ATC CAC CGA GAG CTT-39 (reverse); TBC1D9
(59- CCG TCA GGG TTG GAT GTA CC-39 (forward) and

59- GAA GAA ATG CTC ACT GGA CCG-39 (reverse) and

ZFAND6 (59- ACA GCC AAG TGC CTA TGC TTT-39
(forward) and 59- CAG ACA GAC TAC TGA CAG AGG T-39
(reverse). PIK3CA mRNA levels were normalized to b-actin
mRNA using Taqman assays on demand (Life Technologies),

according to manufacturer’s recommendations.

PIK3CA protein levels were analyzed by Western blotting at 48,

72 and 96 h post-transfection. The anti-pan actin and PI3 Kinase

p110a monoclonal antibodies were purchased from NeoMarkers

and Cell Signaling, respectively.

mRNA gene expression profiling
Total RNA was extracted from primary MB specimens, MB cell

lines, CD133+NSCs and CD1332 NPCs and subsequently

labelled and hybridized to Affymetrix HG-U133A arrays as

described previously [48]. Unsupervised hierarchical clustering

analysis was performed on the primary MB specimens, MB cell

lines, CD133+ NSCs, and CD1332 NPCs using the expression

levels of 20 of the 24 genes (LEF1, RUNX2, DCX, MAB21L1,

PTCH1, PDLIM3, NEUROG1, DLL3, PDGFA, FOXG1B,

GRM1, VAMP4, CDKN1C, SERPINF1, NRL, CRX,

NMNAT2, SMARCD3, GABRA5 and DCC) that classify MB

molecular subgroups A–E as defined by Kool et al [8]. The genes

OTX2, LEMD1, PTPN5 and ZNF179 were omitted from the

analysis because they are not represented on the Affymetrix

HG-U133A array.

Results

Global miRNA expression analyses of primary MB
specimens, MB cell lines and normal NSCs revealed four
distinct clusters
miRNA profiles were generated for primary MB specimens, MB

cell lines, CD133+ NSCs and CD1332 NPCs using qRT-PCR.

Unsupervised hierarchical clustering analysis of the 663 miRNAs

revealed distinctive expression patterns for MB primary speci-

mens, NSCs, NPCs and MB cell lines. The dendrogram included

two main branches representing four clusters of samples

(Figure 1A). Cluster one consisted of CD133+ NSC and

CD1332 NPC samples, which were distinct from both primary

specimens and MB cell lines. MB cell lines comprised cluster two,

with PER-547 separate to PER-568 and PER-621. Interestingly,

primary MB samples segregated into two distinct clusters (cluster

three and cluster four), suggesting two sub-types of primary MB

specimens based upon their miRNA profiles. Principal component

analysis (PCA) was applied to provide an additional method of

unsupervised visualization of miRNA expression profiles. This

revealed the same four clusters identified in the initial hierarchical

clustering (Figure 1B). Spatial separation of CD133+ NSCs and

CD1332 NPCs from MB primary specimens and cell lines was

evident. MB cell lines appeared as a separate cluster, with MB

primary samples segregated into two distinct groups. Additional

clustering analysis based on the 50 most significantly differentially

expressed miRNAs in both MB primary specimens and cell lines

compared to CD133+NSCs was consistent with these findings

(Figure 2) (For miRNA list see Table S2).

Up-regulation of miRNAs mapping to chromosomal
region 14q32 in MB
Paired t-tests were employed to identify differences in individual

miRNA expression levels between primary MB specimens and

normal CD133+ NSCs and CD1332 NPCs. Of the 663 miRNAs

included in the analysis, we identified 33 miRNAs (p,0.01) that

were significantly differentially expressed in primary MB samples

in comparison to CD133+ NSCs, including 21 of 33 (63.6%) that

were up-regulated and 12 of 33 (36.3%) that were down-regulated.

Lists of significantly up- and down- expressed miRNAs in MB

were generated on the basis of p-values for each miRNA (Table 2).

Interestingly, many of the up-regulated miRNAs mapped to

identical chromosomal regions. In particular, 10 of the 21 (47.6%)

up-regulated miRNAs mapped to chromosomal region 14q32

(Table 2). miRBase (Release 16) reported 58 miRNAs located at

14q32, thus 33.3% of miRNAs we have identified as deregulated

in MB map to this region (Fisher’s exact test, p,0.001). In

addition, four of the 21 (19%) up-regulated miRNAs were located

at chromosomal region 17q. A similar analysis was performed to

identify 53 differentially expressed miRNAs in MB versus

CD1332 NPCs, the majority of which were up-regulated in

MB (Table S3). Of these, 16/53 (30%) were also found to be

differentially expressed when compared to CD133+ NSCs

(Figure S2).

Integrative analysis of miRNA/mRNA expression identifies
several putative regulatory networks in MB
We performed MMIA to identify putative miRNA-regulated

networks in MB. Interestingly, these integrative analyses revealed

several miRNA mapping to 14q32 that were predicted to have

identical target genes. Of particular interest, up-regulated

miRNAs miR-494 and miR-495 were predicted to target

CTNND2, while up-regulated miR-376c and miR-409-3p were
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predicted to target NR2F2, which were both down-regulated in

primary MB specimens relative to CD133+ NSCs (Table S4).

To address the functional significance of the putative targets of

differentially expressed miRNAs, IPA enrichment analysis was

performed focusing on dysregulated mRNA targets of both the up-

and down-regulated miRNAs identified as differentially expressed

in MB (Table S4 and Table S5, respectively). The top 30 enriched

pathways in primary MB specimens relative to CD133+ NSCs and

CD1332 NPCs are listed in Table S6 and Table S7, respectively.

Functional enrichment analyses of negatively-correlated targets of

both up- and down-regulated miRNAs revealed 106 significant

pathways (Fisher’s exact test, p,0.05). This included over-

representation of pathways associated with neuronal migration

and nervous system development, such as Axonal Guidance

(p,0.0001) and Reelin Signaling in Neurons (p,0.0001) (Table 3),

and pathways related to cell proliferation and programmed cell

death including the Insulin growth factor 1 (IGF1) (p = 0.0002)

and Phosphatase and tensin homolog (PTEN) pathways

(p = 0.0005) (Table 3). Common miRNA target genes of these

over-represented pathways included both Phosphoinositide-3-

kinase, catalytic alpha polypeptide (PIK3CA) and the related

Phosphoinositide-3-kinase, regulatory subunit 1 (PIK3R1) featuring

in 77 of the 106 (72.6%) significant pathways. Similarly,

Adenomatosis polyposis coli (APC) featured in 12 of the 106

(11.3%) signaling pathways. Thus, pathway analysis suggested

deregulated miRNA-regulated networks of gene expression in MB

affect both developmental signaling and the regulation of cell

proliferation.

Validation of putative miR-935 and miR-10a targets in MB
To evaluate the robustness of miRNA/mRNA predictions

identified by the integration of miRNA and mRNA expression

data and to gain insight into the potential role of differentially

expressed miRNAs in MB, we first focused on the most

Figure 1. Clustering analysis of primary MB, MB cell lines and CD133+ NSCs and CD1332 NPCs. (A) Unsupervised hierarchical
clustering and (B) PCA. The analyses were based on normalized expression data for 662 miRNAs in ten primary MB specimens, three MB cell lines
(PER-547, PER-568 and PER-621), two CD133+ NSC and two CD1332 NPC samples. Sample numbers refer to those in Table 1. The similarity metric
utilized for unsupervised hierarchical clustering was Pearson’s correlation (r). MB sub-typing determined from mRNA gene expression analysis is
indicated. Sub-type B is characterized by over-active SHH signaling, whilst sub-type C is characterized by the enriched expression of genes associated
with neuronal differentiation. Sub-type E is characterized by enriched expression of photoreceptor genes, whilst sub-type D is characterized by mixed
neuronal and photoreceptor genes. Primary MB specimens defined as ‘‘NA’’ were not available for sub-typing analysis. The M1 primary sample failed
on the Pool B TLDA card and was therefore excluded from PCA, as this type of analysis cannot be performed on incomplete datasets. Primary MB
sample, M15, grouped with cluster three, as compared to cluster four in Figure 1A.
doi:10.1371/journal.pone.0023935.g001
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significantly down-regulated miRNA, miR-935. Several putative

miR-935 targets predicted by TargetScan were up-regulated in

MB compared to CD133+ NSCs (Table S5). Among these were

genes with established roles in neuronal migration, cell adhesion

and the development of the CNS including Reelin (RELN) and

Myelin transcription factor 1 (MYT1). We ranked up-regulated

predicted target genes on the basis of Targetscan context score and

selected the top six candidates for functional testing, in addition to

APC due to its presence in multiple enriched pathways. To assess

whether putative miRNA target genes had inverse expression to

miR-935 levels in MB, we correlated expression levels of miR-935

with selected target genes in MB primary specimens. A moderate

to strong negative correlation was observed for the majority of

miR-935 target genes, supporting prediction and integration

analyses (Table 4).

To address whether miR-935 regulates predicted target genes

in MB, transient over-expression of miR-935 in the MB cell line,

PER-547, which has 7000 fold decreased levels of miR-935

relative to normal CD133+ NSCs, was performed. Significant up-

regulation of miR-935 was confirmed by qRT-PCR, with

,11 000 fold up-regulation of miR-935 in pre-miR-935

transfected cells at 24 h compared to scrambled negative control

cells (p,0.01). Significant down-regulation of three of the seven

predicted miR-935 target genes was observed at the mRNA level

Figure 2. Heatmap analysis based on deregulated miRNAs in MB primary specimens and cell lines compared to CD133++ NSCs.
Sample numbers refer to those in Table 1. The similarity metric utilized for this analysis was log2(2

2DCt) transformed miRNA values obtained from
qRT-PCR profiling analysis. miRNA expression in normal CD133+ NSCs was determined from averaging log2(2

2DCt) transformed miRNA values of
CD133+ NSCs from both hES3 and MEL1 ESC lines. A red to green color scale (220 to +2) depicts normalized miRNA expression on a log scale, with
median expression across all samples represented as black. White spaces in the heatmap are due to M1 primary sample failing on Pool B TLDA card.
doi:10.1371/journal.pone.0023935.g002
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(Figure 3A–D): Solute carrier family 5 member 3 (SLC5A3)

(p = 0.0251), Hypothetical protein LOC9778 (KIAA0232)

(p = 0.0004) and Zinc Finger AN1-type domain 6 (ZFAND6)

(p = 0.0037). Furthermore, down-regulation of TBC domain

family member 9 (TBC1D9) approached statistical significance

(p = 0.064). Expression levels of APC, RELN and MYT1 remained

unchanged at the mRNA level following transfection (data not

shown), although it is possible that miR-935 could regulate

expression of APC, RELN and MYT1 at the translational level.

Following this, we investigated the potential regulation of PIK3CA

by miR-10a, given the over-representation of this gene in the

majority of enriched signaling pathways. Transient over-expres-

sion of miR-10a in the MB cell lines, PER-547 and PER-568 was

performed, which has 125 fold and 2200 fold decreased levels of

miR-10a relative to normal CD133+ NSCs, respectively.

Significant up-regulation of miR-10a was confirmed by qRT-

PCR, with ,40 000 fold (p = 0.005) up-regulation of miR-10a in

pre-miR-10a transfected PER-547 and ,200 000 fold up-

regulation in PER-568 cells at 24 h, compared to scrambled

negative control cells. However, transient over-expression of

miR-10a in both MB cell lines, PER-547 and PER-568, did not

affect PIK3CA mRNA or protein levels (data not shown).

Nevertheless, our results with mir-935 target genes indicated that

the integration of miRNA and mRNA expression data was

a useful approach for the identification of putative miRNA-

regulated genes in MB.

Table 2. Significantly up- and down-regulated miRNAs in primary MB specimens relative to CD133+ NSCs.

miRNA Chromosomal location p value FDR adjusted p value Fold Change (log2)

UP-REGULATED

hsa-miR-127-3p 14q32.2 0.0001 0.0071 6.33

hsa-miR-539 14q32.31 ,0.0001 0.0031 5.91

hsa-miR-495 14q32.31 ,0.0001 0.0031 6.00

hsa-miR-409-3p 14q32.31 0.0001 0.0058 7.10

hsa-miR-494 14q32.31 0.0012 0.0316 3.80

hsa-miR-376c 14q32.31 0.0014 0.0341 6.39

hsa-miR-379 14q32.31 0.0019 0.0400 4.90

hsa-miR-376a 14q32.31 0.0073 0.1209 5.04

hsa-miR-323-3p 14q32.31 0.0077 0.1248 3.45

hsa-miR-203 14q32.33 0.0004 0.0132 5.96

hsa-miR-193a-5p 17q11.2 0.0001 0.0048 3.93

hsa-miR-144* 17q11.2 0.0069 0.1167 6.12

hsa-miR-21* 17q23.1 0.0025 0.0509 3.67

hsa-miR-338-3p 17q25.3 0.0043 0.0807 3.36

hsa-miR-143 5q32 ,0.0001 0.0010 6.06

hsa-miR-145 5q32 0.0016 0.0359 3.67

hsa-miR-146a 5q34 ,0.0001 0.0010 7.57

hsa-miR-126 9q34.3 ,0.0001 0.0005 6.28

hsa-miR-126* 9q34.3 ,0.0001 0.0005 6.61

hsa-miR-223 Xq12 0.0052 0.0906 11.16

hsa-miR-361-3p Xq21.2 0.0009 0.0236 3.06

DOWN-REGULATED

hsa-miR-483-5p 11p15.5 0.0091 0.1408 24.91

hsa-miR-10a 17q21.32 0.0007 0.0219 25.19

hsa-miR-373 19q13.42 ,0.0001 0.0031 23.74

hsa-miR-935 19q13.42 0.0002 0.0082 28.37

hsa-miR-92b* 1q22 0.0050 0.0888 24.32

hsa-miR-302b* 4q25 0.0005 0.0153 23.84

hsa-miR-302d* 4q25 0.0049 0.0888 24.11

hsa-miR-219-1-3p 6p21.32 0.0002 0.0082 24.86

hsa-miR-219-5p 6p21.32/9q34.11 0.0008 0.0236 24.93

hsa-miR-219-2-3p 9q34.11 0.0003 0.0127 27.12

hsa-miR-106a* Xq26.2 0.0100 0.1507 23.98

hsa-miR-504 Xq26.3 0.0003 0.0106 25.02

miRNAs are sorted according to their chromosomal location. miRNA expression in normal CD133+ NSCs was determined from averaging log2(2
2DCt) transformed miRNA

values of CD133+ NSCs from both hES3 and MEL1 ESC lines.
doi:10.1371/journal.pone.0023935.t002
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Discussion

The precise cell of origin for MB remains to be determined,

however data from both human and mice studies suggest that some

MB sub-types arise from NSCs [11–13,15–17]. Several research

groups have investigated deregulated miRNA expression in MB

pathogenesis and have evaluated miRNA expression levels relative

to normal human cerebellum. However, normal cerebellum consists

of a heterogenous population of cell types and may not represent the

optimal normal control tissue [33,34,36]. This is the first study to

perform global miRNA profiling of human MB primary specimens

relative to a putative cell of origin, CD133+ NSCs.

miRNA profiling has been used previously to classify tumors

according to their molecular and histological sub-type [49–51]. In

this study, clustering analysis based on miRNA expression

profiling identified two distinct sub-groups of primary MB

specimens, a finding reminiscent of sub-types identified on the

basis of mRNA expression profiles. Primary MB specimens in

cluster three represented Shh-driven sub-type B, whilst specimens

in cluster four represented sub-types C, D and E (Bertram et al.,

manuscript in preparation and [8]). Additionally, our clustering

analysis based on miRNA expression profiling revealed MB cell

lines clustering as a distinct subgroup from primary MB

specimens. This is consistent with previous reports in bladder

cancer [52], cholangiocarcinoma [53] and germ cell tumors [54]

highlighting underlying differences in miRNA expression between

immortalized cell lines grown in culture and primary tumor

specimens, in addition to sample heterogeneity due to the absence

of stroma in cell lines. Although based on small sample sizes, our

findings suggest that miRNA expression profiling is capable of

classifying primary MB specimens into different tumor sub-groups.

Larger sample numbers are required to further characterize these

sub-groups at the miRNA level.

The majority of differentially expressed miRNAs in MB were

up-regulated in comparison to normal CD133+ NSCs. This is in

contrast to previous reports of general down-regulation of miRNA

gene expression in primary human MB compared to normal adult

and fetal cerebellum [33,34,36]. A possible explanation for this

discrepancy lies with the varying differentiation status of each of

the normal populations used for comparison. Accumulating

evidence indicates that miRNA expression profiles reflect the

state of cellular differentiation, due to the critical role of miRNAs

in the regulation of the terminal differentiation of numerous cell

types [24,30,55,56]. Consistent with this, miRNA profiling studies

performed in embryonic stem cells, embryoid bodies and day 11

mouse embryos indicated that both miRNA expression levels and

the number of different miRNAs expressed increased as the

maturation process progressed towards terminal differentiation

[57]. Furthermore, recent studies have indicated that normal

human adult cerebellum has higher expression levels of miRNAs

when compared to pediatric cerebellum, consistent with develop-

mentally regulated temporal expression of miRNAs in the brain

[36]. Therefore, we suggest that the over-expression of miRNAs in

MB observed in this study reflects our comparison of miRNA

levels in MB to multipotent NSCs.

Table 3. Pathway enrichment analysis of putative mRNA targets of deregulated miRNAs in primary MB specimens versus CD133+
NSCs using IPA pathway curated gene sets.

Ingenuity Canonical Pathways p value Genes

Molecular Mechanisms of Cancer ,0.0001 NF1, PIK3R1, APC, ARHGEF3, WNT5A, PRKAR2A, PRKD1, NOTCH1, SMAD3,
PIK3CA, TCF3, CCND2, SMAD2, RALGDS, FZD7, ARHGEF12, TGFBR2, RRAS2,
RAP2A, PRKACB, NRAS, CDC25A, MAPK10

Colorectal Cancer Metastasis Signaling ,0.0001 PIK3R1, APC, WNT5A, PRKAR2A, SMAD3, PIK3CA, TCF3, SMAD2, RALGDS, MSH6,
FZD7, TGFBR2, RRAS2, PRKACB, NRAS, GNB5, BIRC5, MAPK10

Ovarian Cancer Signaling ,0.0001 PIK3R1, APC, FZD7, RRAS2, WNT5A, PRKAR2A, TCF3, PIK3CA, NRAS, PRKACB, CD44, MSH6

Reelin Signaling in Neurons ,0.0001 PIK3R1, ARHGEF12, ARHGEF3, ITGA6, PIK3CA, RELN, DCX, ARHGEF9, MAPK10

Axonal Guidance Signaling ,0.0001 PIK3R1, GLI3, WNT5A, PRKAR2A, PRKD1, PIK3CA, WASL (includes EG:8976), EPHA3,
SEMA5A, NFATC1, FZD7, EFNB3, ARHGEF12, RRAS2, NFAT5, EPHB2, PRKACB, NRAS,
GNB5, NTRK2, SHANK2

IGF-1 Signaling 0.0002 PIK3R1, RRAS2, PRKAR2A, PIK3CA, GRB10, NRAS, PRKACB, FOXO3, CYR61

Human Embryonic Stem Cell Pluripotency 0.0002 PIK3R1, APC, FZD7, FGFR2, TGFBR2, WNT5A, SMAD3, TCF3, PIK3CA, SMAD2, NTRK2

PPARa/RXRa Activation 0.0003 NCOR2, RRAS2, TGFBR2, PRKAR2A, MED1, SMAD3, NRAS, PRKACB, MAP4K4, SMAD2,
ACOX1, GHR

Regulation of IL-2 Expression in Activated
and Anergic T Lymphocytes

0.0003 NFATC1, RRAS2, TGFBR2, NFAT5, SMAD3, NRAS, SMAD2, MAPK10

PTEN Signaling 0.0005 PIK3R1, FGFR2, RRAS2, TGFBR2, PIK3CA, NRAS, FOXO3, NTRK2, GHR

The top ten enrichment terms are listed and were sorted based on statistical significance.
doi:10.1371/journal.pone.0023935.t003

Table 4. Pearson’s correlation analysis between miR-935
relative expression levels and expression levels of selected
target genes.

Target Gene Pearson’s value (r) p-value

APC 0.04 0.4597

KIAA0232 20.23 0.3196

MYT1 0.84 0.0096

RELN 20.39 0.1886

SLC5A3 20.66 0.0527

TBC1D9 20.35 0.2219

ZFAND6 20.55 0.0985

Pearson’s correlation (r) indicates a moderate to strong negative correlation
value for majority of target genes.
doi:10.1371/journal.pone.0023935.t004
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Clustering of human miRNA genes is common, with 38% of

known miRNA genes residing in clusters of two or more separated

by less than 5000 nucleotides [58,59]. We found multiple miRNAs

with significantly altered expression in MB mapped to identical

chromosomal regions, including 14q32, which contains one of the

largest known bipartite miRNA clusters in vertebrates, consisting

of 47 miRNA genes in total [20,60]. Previous studies reported that

miRNAs mapping to this region are transcribed as a long

polycistronic transcript, spanning approximately 210 kb of the

mouse genome [60,61]. Evolutionary conservation of clustered

miRNA genes suggests an important common biological function,

with clustered miRNAs shown to co-regulate identical targets or

other components of the same pathway [62,63]. Consistent with

this, we identified several miRNAs mapping to 14q32 that were

predicted to target the same down-regulated target genes. Thus,

the identification of aberrantly expressed miRNA genes clustered

in identical chromosomal locations suggests they may have

a critical role in the coordinate regulation of target gene expression

in MB.

Up-regulation of miRNAs mapping to 14q32 has been reported

in other cancers including acute myeloid leukemia [64] and

gastrointestinal stromal tumors [65]. Additionally, findings ob-

tained in this study are consistent with those described by

Northcott et al (2009) [33], where the up-regulation of several

miRNAs mapping to 14q32 was observed in metastatic MB

specimens with a neuronal differentiation signature. Given that

a subset of primary MB specimens utilized in this study shared this

signature, this suggests that the up-regulation of miRNAs mapping

to 14q32 may be representative of metastatic disease. Despite this,

the precise function of miRNAs mapping to 14q32 has not been

elucidated. Expression of several miRNAs mapping to this region

has been demonstrated throughout embryonic development in

mice, progressively decreasing during postnatal development and

ultimately becoming restricted to the adult brain [60,61]. Gene

ontology (GO) enrichment analysis performed on predicted targets

of these miRNAs pointed to their roles in neurogenesis, cell

motility and nervous system development [66]. Moreover, several

genes of the MAPK signaling pathway predicted to be targeted by

miRNAs mapping to 14q32 have been previously shown to be

aberrantly expressed in Group C and D MB primary specimens

[8]; for instance, the MAPK signaling genes, FGF13, MAPK10 and

FGFR2, were down-regulated in primary MB specimens. Thus,

our findings suggest that the up-regulation of miRNAs mapping to

14q32 in MB may regulate signaling pathways that have

previously implicated in MB pathogenesis.

Enrichment analysis of predicted mRNA targets of the miRNAs

that were aberrantly expressed in MB identified several pathways

of interest in MB pathogenesis including neuronal development

Figure 3. Validation of putative miR-935 targets in PER-547 cells. Quantitative RT-PCR analysis of (A) KIAA0232 (B) SLC5A3 (C) TBC1D9 and (D)
ZFAND6 expression levels in PER-547 cells 24 h after transfection with scrambled negative control or pre-miR-935. Target gene expression levels in
pre-miR-935-transfected samples were normalized to scrambled control levels. p values were obtained from a two way ANOVA on log transformed
expression data. Error bars represent mean +/2 SEM from six independent experiments.
doi:10.1371/journal.pone.0023935.g003
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pathways, axonal guidance and Reelin signaling in neurons.

Axonal guidance signaling has been shown to regulate both

neuronal migration and survival [67], with several studies

identifying aberrant expression of this signaling pathway in

a variety of different human tumor types (Reviewed in [68]).

Similarly, Reelin signaling has been shown to play a critical role

during embryonic brain development in the positioning and

migration of Purkinje cells and subsequent expansion of granule

cell precursors (GCPs) during early cerebellum development

[69,70]. Transgenic mouse studies have also indicated a role for

Reelin in NSC proliferation, where an absence of RELN

expression results in decreased NSC proliferation [71] and

migration [71,72]. IPA highlighted several putative miRNA-

regulated signaling pathways containing the genes PIK3CA and

PIK3R1 as prominent in MB. Hyperactivation of Phosphoinositide

3-kinase (PI3K) signaling in several types of human cancers

including MB is widely reported [73,74], resulting in increased

activity of the downstream effector Akt [75]. In turn, this promotes

cancer cell growth [76,77], invasion [78] and apoptosis resistance

[79,80] and thus PI3K and Akt have emerged as key targets for the

development of novel anti-cancer therapeutics [81,82]. PIK3CA

expression is reportedly up-regulated in primary MB [83], and

PI3K signaling is critical to normal GCP and MB cell proliferation

[74,83,84]. Moreover, activation of PI3K signaling is essential for

the proliferation of MB BTSCs residing in the perivascular niche

following irradiation [85], suggesting that its targeted inhibition

might impair the tumor resistance to radiation therapy. Thus, our

findings suggest that the aberrant expression of miRNAs in MB

may be involved in the regulation of critical pathways involved in

embryonic and neuronal development, in addition to cell

proliferation pathways previously linked to MB pathogenesis.

Integrative analysis of miRNA and mRNA gene expression is

a robust and valuable approach for the identification of

computationally predicted target genes in MB. Computational

prediction of ‘‘true’’ miRNA targets is challenging, largely due to

the context-dependent nature of post-transcriptional regulation

resulting in a significant proportion of false-positive predicted

miRNA/mRNA interactions [45,86]. The approach taken in our

study aimed to reduce the proportion of false-positive predictions,

by integrating target gene predictions with gene expression profiles

to select for inversely-correlated, functional miRNA/mRNA

relationships. Whilst little is known about the role of miR-935-

regulated target genes KIAA0232 and ZFAND6, SLC5A3 plays an

important role in mammalian osmoregulation [87]. SLC5A3 is

a widely expressed sodium/myo-inositol (MI) co-transporter,

functioning to maintain intracellular MI levels [88]. Alterations in

MI levels have been suggested to affect phosphatidylinositol synthesis

[89], with altered levels of Phosphatidylinositol 3-phosphate (PI3P)
and Phosphatidylinositol-4,5-bisphosphate (PIP2) possibly linked to

aberrant PI3K signaling [90]. Taken together, experimental

validation of several miR-935 regulated target genes in MB cells

confirmed the validity of this approach, suggesting that predicted

miRNA/mRNA interactions obtained in our study may represent

functional miRNA/mRNA networks in MB.

A comparison of previously published MB miRNA expression

datasets reveals significant differences with respect to expression

patterns of individual miRNAs. Previous studies compared

miRNA expression in primary MB specimens to both adult and

fetal normal human cerebellum, with discrepancies likely due to

varied source and age of the cerebellum used for comparison as

previously discussed [36]. Not surprisingly, deregulated miRNAs

identified in our study differ from those previously identified as

deregulated in MB, likely due to our comparison to normal control

reference CD133+ NSCs. More specifically, comparison of the

available miRNA data sets relative to adult and fetal human

cerebellum with our data identified no significantly deregulated

miRNAs as overlapping between the three studies (Figure S3).

Additionally, miRNA expression levels in different studies were

obtained using varied profiling platforms, previously identified as

a source of miRNA expression variation in other reports [91].

Despite this, the identification of deregulated miRNAs specific to

individual MB sub-types, as performed by Northcott et al (2009)
[33], revealed comparable findings to those obtained in this study.

In particular, several miRNAs mapping to 14q32, including miR-

376c, miR-495 and miR-539, were identified as up-regulated in

MB specimens defined by a neuronal differentiation signature

(sub-type C as per [8]) [33]. This is consistent with our findings in

which the majority of MB specimens were also characterized by

either the neuronal differentiation (sub-type C) or mixed neuronal

and photoreceptor gene signatures (sub-type DE). In addition, two

miRNAs of the miR-106/-363 cluster mapping to chromosomal

region Xq26.2 were specifically down-regulated in tumours

characterized by a neuronal differentiation signature [33],

consistent with the down-regulation of Xq26.2 miRNA, miR-

106a* observed in this study. Therefore, future MB miRNA

profiling studies should take into account potential inconsistencies

between dataset comparisons due to both the platforms used and

the source of normal reference RNA.

In summary, using an integrative approach we have identified

aberrant miRNA-regulated networks that may be involved in the

transformation of normal NSCs to BTSCs. These data provide

a platform for future investigations aimed at characterizing the

functional significance of these networks in MB pathogenesis.

Supporting Information

Figure S1 Range of Ct values of EC reference genes
across all samples. MammU6 and RNU48 are the most

abundantly expressed EC reference genes. All samples were

included in this analysis except for one primary MB sample, due to

this sample failing with Pool B TLDA card.

(EPS)

Figure S2 Overlap of deregulated miRNAs in primary
MB specimens when compared to both CD133+ NSCs
and CD1332 NPCs. miRNA expression in normal CD133+
NSCs/CD1332 NPCs was determined from averaging

log2(2
2DCt) transformed miRNA values of CD133+ NSCs/

CD1332 NPCs from both hES3 and MEL1 ESC lines.

(EPS)

Figure S3 Comparison analyses of deregulated miRNAs
identified in primary MB specimens relative to previ-
ously published studies of Ferretti et al., (2009) and
Northcott et al. (2009). Venn diagrams were constructed

containing significantly differentially expressed miRNAs identified

in primary specimens relative to CD133+ NSCs from this study

and all deregulated miRNAs (p,0.05) in primary MB specimens

relative to (A) both adult and fetal human cerebellum and (B)
human fetal cerebellum alone.

(EPS)

Table S1 Repeated pair-wise correlation analysis be-
tween Endogenous control (EC) genes and Bestkeeper
Index (BI). Highest ranked correlations for RNU6B (r = 0.897),

MammU6 (r = 0.866), RNU43 (r = 0.792) and RNU48 (r = 0.723).

Three candidate pairs of EC genes were identified with similar

levels of correlation to each other and to BI, including RNU6B/
RNU43, MammU6/RNU48 and RNU48/RNU24.

(DOC)
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Table S2 Significantly up- and down-regulated miRNAs
in primary MB specimens and/or MB cell lines relative
to CD133+ NSCs. miRNAs sorted according to their chromo-

somal location. miRNA expression in normal CD133+ NSCs was

determined from averaging log2(2
2DCt) transformed miRNA

values of CD133+ NSCs from both hES3 and MEL1 ESC lines.

(DOC)

Table S3 Significantly up- and down-regulated miRNAs in

primary MB specimens relative to CD1332 NPCs. miRNAs

are sorted according to their chromosomal location. miRNA expres-

sion in normal CD133+ NSCs was determined from averaging

log2(2
2DCt) transformed miRNA values of CD133+ NSCs from both

hES3 and MEL1 ESC lines.

(DOC)

Table S4 Down-regulated putative mRNA target genes
of up-regulated miRNAs in MB. All predicted miRNA target

genes listed in the table were down-regulated in primary MB

specimens, relative to CD133+ NSCs. All target genes listed were

included in IPA pathway enrichment analysis.

(DOC)

Table S5 Up-regulated putative mRNA target genes of
down-regulated miRNAs in MB. All predicted miRNA target

genes listed in the table were up-regulated in primary MB

specimens, relative to CD133+ NSCs. All target genes listed were

included in IPA pathway enrichment analysis.

(DOC)

Table S6 Enrichment analysis of the top 30 IPA pathway
curated gene sets using putative mRNA target genes of
up-regulated and down-regulated miRNAs in primary
MB specimens relative to CD133+ NSCs.
(DOC)

Table S7 Enrichment analysis of the top 30 IPA pathway
curated gene sets using putative mRNA target genes of
up-regulated and down-regulated miRNAs in primary
MB specimens relative to CD1332 NPCs.
(DOC)
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