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ABSTRACT 

Medulloblastoma (MB) is an invasive embryonal tumor of the cerebellum, 

accounting for � 2 0 % of all primary pediatric brain tumors. The overall survival rate is 60— 

70% in standard-risk MB patients, but merely � 3 0 % in high-risk group. Patients who 

survive often suffer from long-term neurologic and cognitive deficits. New therapy is 

needed to reduce the mortality rate and to improve the quality of life of survivors. 

Understanding the molecular pathogenesis of MB is critical to the development of 

efficacious therapeutic treatment. 

MicroRNAs (miRNAs) are short non-protein-coding RNAs that function in diverse 

biological processes through negative regulation on gene expression at the post-

transcriptional level. Accumulative evidence indicates that miRNAs play an important role 

in the development of human cancers, with their deregulation resulting in altered activity of 

downstream tumor suppressors, oncogenes and other signaling molecules. 

The aim of my project is to identify and characterize deregulated miRNAs located 

on chromosome 8p in MB. Our group has previously identified a minimally deleted region 

on 8p22-23.1 and partial or interstitial deletions at 8p22-23.2 in MBs. Despite extensive 

investigation, no promising candidate genes were identified in these. I questioned if 

miRNAs (miR-124, miR-383 and miR-320) were the targets on chromosome 8p. 

Quantitative expression analysis of 29 MBs revealed that miR-124 and miR-383 were 

downregulated in 72% and 79% of tumors, respectively, compared to normal cerebella. In 

contrast miR-320 expression was variable. Ectopic expression of miR-124 and miR-383 in 

MB cell lines (DAOY and ONS-76) showed significant growth inhibition. Cell cycle 
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profiling revealed miR-124 and miR-383 inhibited cell cycle progression and induced 

apoptosis. These results suggest that miR-124 and miR-383 are potential growth 

suppressors. 

To identify gene targets of miR-124, computational analysis was carried out. 

Twelve candidate genes predicted as miR124 target were selected for analysis. One 

candidate gene, SLC16A1, showed downregulation at transcript and protein levels after 

miR-124 transfection. Luciferase reporter assay demonstrated that miR-124 interacted at 

the 3' untranslated region of SLC16A1. These results suggest that miR-124 negatively 

regulates SLC16A1. Expression analysis further revealed that overexpression of SLC16A1 

was common in MBs. 

To identify miR-383 targets, global gene expression analysis and computational 

approach were applied. Two genes (PRDX3 and RBMS1) showed downregulation upon 

miR-383 transfection. Reporter assay confirmed that miR-383 interacted at 3' untranslated 

regions of these genes, suggesting that PRDX3 and RBMS1 are targets of miR-383. 

In conclusion, downregulation of miR-124 and miR-383 is a frequent event in MB. 

Restoration of miR-124 and miR-383 inhibited cell growth and cell cycle progression in 

MB, suggesting these miRNAs harbor growth suppressor function. In addition, this study 

demonstrates SLC16A1 and PRDX3 are the direct targets of miR-124 and miR-383, 

respectively. Together, these data shed new light on miR-124 and miR-383 in MB 

pathogenesis, and suggest that miR-124/SLC16Al and miR-383/PRDX3 pathways are 

potential therapeutic targets for treatment of MB. 
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摘要 

髓母細胞瘤是一種侵襲性的小腦胚胎性腫瘤，占兒童腦腫瘤大約20%。其平 

均生存率在標準危險群是60-70%，但在高危險群大約是30%�病人經過治療後常 

伴有長期的神經和認知的障礙。新的治療目標是減少死亡率，改善生存品質。闡明 

髓母細胞瘤的分子病理機制是開發有效治療方法的關鍵。 

微小RNA是RNA中非編碼蛋白的短小片段，但在轉錄後水平通過抑制調節 

基因表達來實現對多種生物功能的調控。大量的證據已經證明微小RNA在人類腫瘤 

的發展中起重要的作用，他們抑制調節改變了下游腫瘤抑制基因，腫瘤基因和其它 

的信號分子的活性。 

本硏究的目的是鑒定位於8號染色體短臂的微小RNA的抑制調節對髓母細胞 

瘤的作用。本硏究組以前已經鑒定了髓母細胞瘤8號染色體短臂8p22-23.2的最小丟 

失片段和多間斷的丟失片段。儘管已經有廣泛的硏究，但是在這個區域還沒有候選 

基因的表達異常被發現°爲了探討微小RNA (miR-124, miR-383 and miR-320)靶點是 

否在8號染色體，本硏究對29伊If髓母細胞瘤進行了定量表達的分析。結果顯示，與 

正常小腦相比’ miR-124和miR-383在髓母細胞瘤表達下調比例分別72%和79% ° 

微小RNA miR-124和miR-383在髓母細胞瘤細胞株(DAOY and ONS-76)異位表達異 

常顯著抑制了細胞生長。這些結果提示miR-124和miR-383是潛在的生長抑制因 

子。 

爲了尋找和鑒定miR-124的靶點，本硏究挑選了 12個候選基因進行了電腦分 

析。當miR-124被轉染到細胞內之後，其中一個候選基因SLC16A1顯示了 RNA轉 

錄和蛋白表達水平的下調。螢光素報告基因檢測證實了 miR-124作用在SLC16A1的 
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非編碼區（3，untranslated region) ° 這 些 結 果 提 示 m i R - l 2 4 是 基 因 的 抑 制 

調節因子。蛋白表達分析進一步證實了 SLC16A1在髓母細胞瘤是過度表達的。 

本硏究也使用電腦分析技術鑒定了 miR-383的靶點。當miR-383被轉染到細 

胞內之後，PRDX3和RBMS1這兩個基因表達受到了抑制。螢光素報告基因檢測證實 

了 miR-383作用在這兩個基因的非編碼區，提示PRDX3和RBMS1是miR-383的靶 

綜上所述，miR-124和miR-383在髓母細胞瘤的表達下調是常見的。恢復 

miR-124和miR-383表達可以抑制髓母細胞瘤的細胞生長和細胞循環，提示這些微小 

RNA有生長抑制的功能。本硏究也證實了 miR-124和miR-383的直接靶點分別是 

SLC16A1和PRDX3基因。這些結果揭示了 miR-124和miR-383在髓母細胞瘤的病理 

機制，提示miR-124/SLC16Al和miR-383/PRDX3是未來靶向治療的通路，給髓母細 

胞瘤治療帶來了曙光。 

VI 



LIST OF PUBLICATIONS 

Publication directly related to this thesis 

1. Li KK, Pang JC, Ching AK, Wong CK, Kong X, Wang Y, Zhou L, Chen Z, Ng HK. 

miR-124 is frequently down-regulated in medulloblastoma and is a negative regulator of 

SLC16A1. Hum Pathol 2009; 40(9): 1234-43. 

Publications indirectly related to this thesis 

1. Lau KM, Chan QK, Pang JC, Li KK, Yeung WW, Chung NY，Lui PC, Tam YS, Li HM, 

Zhou L, Wang Y, Mao Y, Ng HK. Minichromosome maintenance proteins 2, 3 and 7 in 

medulloblastoma: overexpression and involvement in regulation of cell migration and 

invasion. Oncogene 2010; 29(40), 5475-89. 

2. Pang JC, LiKK, Lau KM, Ng YL, Wong J, Chung NY, Li HM, Chui YL, Lui VW, Chen 

ZP, Chan DT, Poon WS, Wang Y, Mao Y, Zhou L，Ng HK. KIAA0495/PDAM is 

frequently downregulated in oligodendroglial tumors and its knockdown by siRNA induces 

cisplatin resistance in glioma cells. Brain Pathol 2010; 20(6), 1021-32, 

3. Li KK. Pang JC, Chung NY, Ng YL, Chan NH, Zhou L, Poon WS, Ng HK. EMP3 

overexpression is associated with oligodendroglial tumors retaining chromosome arms Ip 

and 19q. Int J Cancer 2007; 120(4), 947-50. 

4. Chang Q, Pang JC, Li KK, Poon WS, Zhou L, Ng HK. Promoter hypermethylation 

profile of RASSF1A, FHIT, and sFRPl in intracranial primitive neuroectodermal tumors. 

Hum Pathol 2005; 36(12), 1265-72. 



Presentations related to this thesis 

1. Pang JC, Li KKW, Wang Y, Ellison D, Ng H. Identification of candidate tumor 

suppressor genes on chromosome 8p in medulloblastomas by expression profiling. EANO 

Congress 2007. 

2. Li K, Pang J, Kong X, and Ng HK. miR-124a and miR-383 on chromosome 8p are 

candidate tumor suppressors in medulloblastoma. 98th AACR Annual Meeting 2007. 

3. Li KKW, Pang JCS, Chung NYF，Poon WS, and Ng HK. miR-124a and miR-383 on 

chromosome 8p are candidate tumor suppressors in medulloblastoma. Cancer 2007. 



TABLE OF CONTENT 

AUTHORIZATION i 

ACKNOWLEDGEMENTS ii 

ABSTRACT iii 

ABSTRACT IN CHINESE v 

LIST OF PUBLICIATION vii 

TABLE OF CONTENTS ix 

LIST OF TABLES xviii 

LIST OF FIGURES xx 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW OF MY STUDY 

1.1 Introduction to medulloblastoma (MB) 1 

1.1.1 Overview of MB 1 

1.1.2 Incidence 1 

1.1.3 Age and sex disturbution 1 

1.1.4 Classification 2 

1.1.5 Risk stratification 5 

1.1.6 Current treatment after risk stratification 6 

1.1.7 Side effects 7 

1.1.8 Prognosis factors 8 

1.2 Genetic aberrations 10 

1.2.1 Chromosomal aberrations 10 

1.2.2 Chromosome 17 abnormality 10 



1.2.3 Loss of chromosome lOq 13 

1.2.4 Loss of chromosome 8p 14 

1.2.5 Gain of chromosomes 2p 15 

1.2.6 Gain of chromosome 8q 16 

1.2.7 Gain of chromosome 1 q 17 

1.2.8 Gain of chromosome 7 18 

1.2.9 Loss of chromosome 6 18 

1.2.10 Other chromosome abnormalities 19 

1.3 Essential signaling pathways altered in MB 19 

1.3.1 Sonic hedgehog (SHH) pathway 19 

1.3.2 Wingless (WNT) signaling pathway 22 

1.3.3 The Notch pathway 25 

1.4 Cancer stem cells in MB 27 

1.5 Molecular subtyping in MB 29 

1.5.1 MB with activated SHH signaling 30 

1.5.2 MBs with activated WNT signaling 32 

1.5.3 Non-WNT/SHH subgroups 32 

CHAPTER 2 

INTRODUCTION TO MICRORNAS (miRNAs) 34 

2.1 Properties of miRNAs 34 

2.2 Discovery of miRNAs 34 

2.3 miRNA registry 35 

2.4 Nomenclature of miRNAs 35 

2.5 Approaches to miRNAs identification 35 



2.6 Biogenesis of miRNAs 36 

2.7 Mechanisms of miRNA-mediated gene expression 37 

2.7.1 Interactions between miRNA and target gene 37 

2.7.2 miRNA-mediated translational repression 38 

2.7.3 miRNA-mediated mRNA cleavage 40 

2.8 Identification of miRNA targets 40 

2.8.1 Computational prediction 40 

2.8.2 Experimental strategies 44 

2.9 Expression pattern of miRNAs in normal tissues 45 

2.10 miRNAs in cancers 46 

2.10.1 Deregulation of miRNAs in cancers 46 

2.10.2 MiRNAs with oncogene- or 

tumor suppressor gene-like functions 47 

2.10.3 Mechanisms of miRNA deregulation 48 

2.10.4 Clinical significance of miRNAs 50 

2.11 miRNAs in brain tumors 52 

2.12 miRNAs in MB 56 

CHAPTER 3 

OBJECTIVES OF THE STUDY 61 

CHAPTER 4 

MATERIALS AND METHODS 63 

4.1 Tumor specimens 63 

4.2 Cell lines 63 

4.3 DNA extraction 65 

xi 



4.4 RNA extraction 67 

4.5 Quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) 68 

4.5.1 Reverse transcription 68 

4.5.2 TaqMan®-based real-time PCR 68 

4.5.3 SYBR® Green-based real-time PCR 69 

4.5.4 TaqMan® miRNA assay 70 

4.6 Comprehensive gene expression profiling 75 

4.7 DNA methylation analysis 76 

4.7.1 Sodium bisulfite modification of genomic DNA 76 

4.7.2 Bisulfite sequencing analysis 77 

4.7.3 Methylation-specific PCR (MSP) analysis of EFHA2 78 

4.8 Transfection of miRNAs 80 

4.9 Gene knockdown by RNA interference 81 

4.10 Determination of cell growth by cell count assay 83 

4.11 Determination of cell growth by MTT assay 83 

4.12 Cell cycle profiling by flow cytometry 84 

4.13 Evaluation of miRNA-target gene interaction 

by luciferase reporter assay 85 

4.13.1 Construction of reporter plasmids 85 

4.13.2 Luciferase reporter assay 87 

4.14 Cell death assay 88 

4.15 Western blot analysis 89 

xii 



4.16 Determination of allelic status by FISH analysis 91 

4.16.1 Preparation of DNA probes 91 

4.16.2 Preparation of slide for hybridization 92 

4.16.3 Hybridization and signal detection 92 

4.17 Induced neuronal differentiation of P19 cells 93 

CHAPTER 5 

RESULTS 95 

5.1 Identification of TSGs on chromosome 8p 95 

5.1.1 Previous data on chromosome 8p 95 

5.1.2 Search for TSG on chromosome 8p 96 

5.1.3 Expression analysis of LZTS1 in MB 97 

5.1.4 Transcript expression and epigenetic study 

of TUSC3 in MB 97 

5.1.5 Global expression profiling to identify 

candidate TSG on chromosome 8p 100 

5.1.6 Validation of global expression profiling 102 

5.1.7 Identification of potential TSGs 104 

5.1.8 Expression analysis of EFHA2 105 

5.1.9 Expression analysis of DKFZp761P0423 110 

5.1.10 Expression analysis of 49 genes 

located on chromosome 8p 113 

5.2 Identification of deregulated miRNAs on chromosome 8p 113 

5.3 Correlation of miR-124 and allelic status on chromosome 8p23.1... 117 



5.4 Functional characterization of miR-124 120 

5.4.1 Effects of ectopic expression of miR-124 

on cell growth by MTT assay 120 

5.4.2 Effects of ectopic expression of miR-124 

on cell growth by cell counting 121 

5.4.3 Effects of ectopic expression of miR-124 

on cell cycle distribution 124 

5.4.4 Identification of miR-124 targets 126 

5.4.5 Bioinformatic analysis of miR-124 binding site 

in3’UTRof5XC7447 127 

5.4.6 Validation of SLC16A1 as miR-124 target 

by luciferase reporter assay 131 

5.4.7 Determination of SLC16A1 transcript level in primary MB.. 132 

5.4.8 Depletion of SLC16A1 suppressed cell growth 134 

5.4.9 Depletion of SLC16A1 induced cell death 136 

5.4.10 Overexpression of PTBP1 expression 138 

5.5 Functional characterization of miR-3 83 140 

5.5.1 Optimization of transfection conditions 

for miR-383 mimic 140 

5.5.2 Effects of ectopic expression of miR-383 

on cell growth by MTT assay 141 

5.5.3 Effects of ectopic expression of miR-383 

xiv 



on cell growth by cell counting 143 

5.5.4 Effect of ectopic expression of miR-383 

on cell cycle distribution 145 

5.5.4.1 miR-383 induced G1 arrest in ONS-76 145 

5.5.4.2 miR-383 enhanced sub-Gl fraction 

and triggered apoptosis in D283 147 

5.5.4.3 miR-383 enhanced subGl 

and G1 fractions in D458 147 

5.5.4.4 miR-383 affected cell cycle disturbution 

in DAOY to a less extent 149 

5.5.5 Activation ofPARP cleavage by miR-383 152 

5.5.6 Induction of p21 protein expression in ONS-76 154 

5.5.7 Finding miR-383 targets 157 

5.5.7.1 Global gene expression profiling in 

miR-383 expressed ONS-76 157 

5.5.7.2 Validation of microarray analysis 158 

5.5.8 Computational prediction for miR-383 160 

5.5.9 Regulation of PRDX3 and RBMS1 transcript by miR-383.... 162 

5.5.10 Regulation of PRDX3 and RBMS1 

protein expression by miR-383 165 

5.5.11 Validation of PRDX3 as miR-383 target 

by luciferase reporter assay 166 

5.5.12 Validation of RBMS 1 as miR-383 target 

by luciferase reporter assay 167 

xv 



5.5.13 Expression of PRDX3 in 

gene specific siRNAs transfected cells 167 

5.5.14 Effect of PRDX3 depletion on cell growth by MTT assay.…168 

5.5.15 Effect of PRDX3 depletion on cell growth by cell counting... 172 

5.5.16 PARP cleavage induction by 

suppression of PRDX3 gene expression 175 

5.5.17 Effects of RBMS1 depletion on cell growth by MTT assay....177 

5.6 miR-124 and miR-383 in neuronal differentiation 179 

5.6.1 Selection of PI 9 subclones for 

RA-induced neuronal differentiation 179 

5.6.2 Morphology change in RA-treated cells 182 

5.6.3 Expression of neuronal marker TUBB3 

in RA-treated PI9 subclones 182 

5.6.4 Induced neuronal differentiation in P19 subclones 187 

5.6.5 miR-383 expression in RA induced neuronal 

differentiated P19C12 and P19 C22 cells 188 

5.6.6 Sgcz expression in RA induced 

neuronal differentiated P19C12 and P19C22 189 

5.6.7 Expression features of miR-383 and its host gene Sgcz 191 

CHAPTER 6 

DISCUSSION 192 

6.1 Analysis of potential tumor-related genes on chromosome 8p 192 

6.2 Identification and functional characterization of 

downregulated miRNAs in MB 



6.3 miRNAs expression in RA treated PI9 cells 225 

CHAPTER 7 

CONCLUSION AND PROPOSED FUTURE STUDIES 230 

REFERENCES 236 

xvii 



LIST OF TABLES 

Table 1. Clinicopathological and genetic features 

of molecular subtypes in MB 31 

Table 2. Dysregulated miRNAs found in gliomas 53 

Table 3. Dysregulated miRNAs found in MB 59 

Table 4. Clinicopathological features and gene/miRNA 

expression profiles of 29 MBs studied 64 

Table 5. Primers used in SYBR® Green-based qRT-PCR analysis 71 

Table 6. Primers used in methylation analyses 79 

Table 7. siRNAs used in gene silencing studies 82 

Table 8. Primers used in preparation of luciferase reporter constructs 86 

Table 9. Summary of EFHA2 transcript expression, chromosome 8p 

status and DNA methylation status of 20 MBs 109 

Table 10. Summary of DKFZp761P0423 transcript expression and 

chromosome 8p status of 20 MBs 112 

Table 11. Chromosome 8p status determined by FISH 118 

Table 12, Correlation between miR-124 expression and 

chromosome 8p status in MB 119 

Table 13. Cell cycle profiling of MB cells after miR-124 transfection 125 

Table 14. Candidate genes downregulated upon miR-124 transfection 128 

Table 15. Cell cycle profiling of ONS-76 cells after miR-383 transfection 146 

Table 16. Cell cycle profiling of D283 cells after miR-383 transfection 148 

Table 17. Cell cycle profiling of D458 cells after miR-383 transfection 150 

xviii 



Table 18. Cell cycle profiling of DAOY cells transfected with miRNAs 

Table 19. Candidate genes down-regulated upon miR-383 transfection. 

xix 



LIST OF FIGURES 

Figure 1. Relative expressions of LZTS1 and TUSC3 in MB by qRT-PCR 98 

Figure 2. Bisulfite sequencing analysis of TUSC3 in case 22 101 

Figure 3. Validation of microarray results by qRT-PCR 103 

Figure 4. Relative expression of EFHA2 transcript in MB 

as determined by qRT-PCR 106 

Figure 5. Determination of methylation status of EFHA2 by MSP analysis 108 

Figure 6. Relative expression of DKFZp761P0423 in MB 

as deteminedby qRT-PCR I l l 

Figure 7. Expression profiles of miR-124, miR-383 and miR-320 

in 29 MBs, 3 normal cerebella and 7 cell lines 

as determined by microRNA assay 115 

Figure 8. Effect of miR-124 overexpression 

on cell growth in MB by MTT assay 122 

Figure 9. Effect of miR-124 overexpression on cell growth 

by viable cell counting 123 

Figure 10. SLC16A1 is a direct target of miR-124 129 

Figure 11. Expression profile of SLC16A1 in MB by qRT-PCR 133 

Figure 12. Effect of SLC16A1 knockdown on cell growth in MB 135 

Figure 13. Effect of SLC16A1 knockdown on cell death in MB 137 

Figure 14. Expression profile of PTBP1 in MB as determined by qRT-PCR 139 

Figure 15. Effect of miR-383 overexpression 

on cell growth in MB by MTT assay 142 

xx 



Figure 16. Effect of miR-383 overexpression 

on cell growth in MB by viable cell counting 144 

Figure 17. Effect of miR-383 overexpression on induced apoptosis in MB 153 

Figure 18. Effect of miR-383 overexpression on p21 activation in MB 155 

Figure 19. PRDX3 is a candidate target of miR-383 161 

Figure 20. RBMS1 is a candidate target of miR-383 163 

Figure 21. Effect of miR-383 overexpression on PRDX3 and RBMS1 

expression by Western blot analysis and qRT-PCR 164 

Figure 22. Suppression of PRDX3 by siRNAs in MB 169 

Figure 23. Effect of PRDX3 knockdown 

on cell growth in MB by MTT assay 171 

Figure 24 Effect of PRDX3 knockdown 

on cell growth in MB by viable cell counting 173 

Figure 25. Effect of PRDX3 knockdown on induced apoptosis in MB 176 

Figure 26. Effect of RBMS1 knockdown on cell growth in MB 178 

Figure 27. Expression of the neuronal marker 

(3-tubulin III (TUBB3) in subclones of PI 9 181 

Figure 28. Evaluation of miR-383 expression during 

RA induced neuronal differentiation of P19 subclone C12 183 

Figure 29. Evaluation of miR-383 expression during 

RA induced neuronal differentiation of P19 subclone C22 185 

Figure 30. Expression analysis of Sgcz, the host gene of miR-383, 

during neuronal differentiation in PI9C12 and P19C22 cells 190 

xxi 



CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW OF MY 

STUDY 

1.1 Introduction to medulloblastoma (MB) 

1.1.1 Overview of MB 

MB is an invasive embryonal tumor arising in the cerebellum. It is the most 

common malignant brain tumor in children and accounts for about 20% of all central 

nervous system (CNS) tumors in children (Dhall 2009; Jozwialc et al. 2007; Rickert and 

Paulus 2001). MB was first described by neurosurgeon Harvey Cushing and his 

associate Percival Bailey. They named the tumor after the putative medulloblast, which 

was never found in reality (Kershman 1938). 

1.1.2 Incidence 

In United States, the annual incidence rates of MB in childhood up to 19 years is 

0.48 in girls and 0.75 in boys per 100,000 persons, 0,17 per 100,000 persons in young 

adulthood (age of 20-34 years), and 0.06 per 100,000 persons in the elderly (age of 

55-64 years) (Crawford et al. 2007). 

1.1.3 Age and sex distribution 



The peak incidence of MB is in the seventh year and most MB present in the 

first two decade of age (Gurney and Kadan-Lottick 2001; Pfister et al. 2010; Roberts et 

al. 1991). About 70% of MBs occur before the age of 16. In adults, 80% of MBs occur 

at the age 21-40, but rarely beyond the fifth decade of life. There is a slight male 

predominance over female with a ratio of 1.4:1 (Crawford et al. 2007; Curran et al. 

2009; Das et al. 2009). Recent studies have demonstrated both sex ratio and age 

distribution vary among molecular subgroups (Cho et al. 2010; Kool et al. 2008; 

Northcott et al. 2010; Pfister et al. 2010). Detailed information on these issues is 

described in Chapter 1.5. 

1.1.4 Classification 

The current World Health organization (WHO) classification of MB, which was 

updated in 2007, recognizes five variants: classic MB, desmoplastic/nodular MB, MB 

with extensive nodularity (MBEN), large cell MB, and anaplastic MB. All variants are 

classified as grade IV (Giangaspero et al. 2007). Moreover, two tissue differentiate 

patterns are identified, namely MB with myogenic differentiation 

(medullomyoblastoma) and MB with melanotic differentiation (melanocytic 

medulloblastoma). Recent studies of genetic aberration and expression profiling have 

indicated that specific histopathological subtypes are associated with molecular 

2 



subgroups (Cho et al. 2010; Kool et al. 2008; Northcott et al. 2010; Pfister et al. 2010). 

Furthermore, histopathological subtypes exhibit age group specific patterns (Northcott 

et al. 2010; Pfister et al. 2010). 

Classic MB accounts for 70% of MBs (Min et al. 2005; Northcott et al. 2009). It 

is composed of small round or ellipsoid cells with round-to-oval or carrot-shaped nuclei 

with abundant chromatin and scanty cytoplasm. However, cells with round nuclei in 

which the chromatin is not highly condensed are frequently intermingled with the 

hyperchromatic cells and occasionally form the dominant population. Homer-Wright 

rosettes or pseudorosettes, which consist of tumor cell nuclei arranged in a circular 

fashion around fine tangled cytoplasmic processes, are found in less than 40% of classic 

MBs (Gilbertson and Ellison 2008). Classic MB predominantly arises in the vermis of 

the cerebellum and has the tendency to spread through the cerebrospinal fluid to the 

spinal canal (Haas et al. 2006). Classic MB can be found in all molecular subgroups, 

including wingless (WNT), sonic hedgehog (SHH), and non-WNT/SHH (Kool et al. 

2008; Northcott et al. 2010; Thompson et al. 2006). In addition, 75-84% of MBs in 

adults show classic histologic features (Kool et al. 2008; Korshunov et al. 2010; 

Northcott etal. 2010). 

Desmoplastic/nodular MB accounts for 15% of MBs (Ellison 2002). It is 

characterized by reticulin-free nodular areas, or "pale islands", surrounded by densely 



packed cells along with an intercellular network of reticulin fibers. In contrast to classic 

variant, desmoplastic MB often arises in the hemispheres (Haas et al. 2006). The 

desmoplastic histology has been reported to be an independent and significant 

prognostic factor for favorable outcome in young children compared to classic variant 

(Rutkowsld et al. 2005). Desmoplastic MB is predominantly found in infants (Ellison 

2010). McManamy et al. reported that with up to 57% of cases in patients of ages <3 

years exhibited desmoplastic histology (McManamy et al. 2007). Two recent studies 

have demonstrated that the majority of desmoplastic variant is found in infants or 

children under the age of 16 (Kool et al. 2008; Northcott et al. 2010). Furthermore, 

infants presented with desmoplastic histology have a significant better clinical outcome 

than those with classic or large cell/anaplastic histology (Rutlcowsi et al. 2005; 

Rutkowsi et al. 2009). 

MBEN represents less than 5% of MBs (Jozwialc et al. 2007). It is marked by an 

expanded lobular architecture caused by unusually elongated reticulin-free zones that 

are rich in neuropil-like tissue. Such zones contain a population of small cells with 

round nuclei (Gulino et al. 2008). This histology is primarily found in infants with 

favorable prognosis (Eberhart et al. 2011). 

Large cell MB accounts for 2-5% of MBs (Crawford et al. 2007; Giangaspero et 

al. 1992; McManamy et al. 2003). This type of variant is featured by large, round or 



pleomorphic, molded nuclei with prominent nucleoli and abundant cytoplasm. 

Cell-cell wrapping, large area of necrosis, high mitotic activity and high apoptotic rate 

are commonly found (Verma et al. 2008). Often, metastatic disease is recognized with 

this histological type (Ellison 2010). The tumor is considered highly malignant and 

appears to be associated with shorter survival and poor clinical outcome (Giangaspero 

et al. 1992; Brown et al. 2000; Verma et al. 2008). 

Anaplastic MB constitutes 10-22% of MBs (Ellison 2002; McManamy et al. 

2003). It is marked by large tumor cells, prominent nucleoli, abundant mitotic figures, 

and numerous apoptotic bodies (Brown et al. 2000; Giangaspero et al. 1992). The nuclei 

are pleomorphic and crowded, and show molding frequently (Eberhart and Burger 

2003). Some of the cytological features are overlapped between large cell MB and 

anaplastic variant, and these two subtypes appear to form a continuum. Some large cell 

MBs containing anaplastic regions are frequently found, and a combined large 

cell/anaplastic (LC/A) category has been proposed (Brown et al. 2000; Min et al. 2006; 

von Hoff et al. 2010). Both large cell and anaplastic tumors are observed solely in 

infants or children (Northcott et al. 2010; von Hoff et al. 2010). 

1.1.5 Risk stratification 

At present, the risk stratification in MB is partly based on the Chang's clinical 
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staging systems, which separates MB into high-risk and average-risk groups according 

to age, metastatic stage at diagnosis and extent of surgical resection (Ellison et al. 2003). 

The average-risk patients are those diagnosed at the age greater than three years, have 

non-metastases at presentation, and have manageable residual tumor (<1.5 cm ) 

post-operation. High-risk patients are those which do not fulfill these criteria. Recent 

advances in multimodality therapy have improved the 5-year survival rate to 75-85% in 

average-risk patients (Gajjar et al. 2006; Gottardo and Gajjar 2006; Packer et al. 2006). 

However, the 5-year survival rate for high-risk patients is lower at a frequency of about 

40-70% due to recurrence or dissemination within the CNS (de Haas et al. 2008; Gajjar 

et al. 2006; Gajjar and Pizer 2010; Khalil 2008). 

1.1.6 Current treatment after risk stratification 

Management of MB includes complete or near complete surgical resection, 

craniospinal radiotherapy, and chemotherapy. In average-risk patients, current therapy 

consists of surgical excision followed by radiotherapy and maintenance with 

chemotherapy (Pizer and Clifford 2009). Chemotherapy is used to reduce radiation dose 

for most patients or to work synergistically to improve outcome (Packer et al. 2006). 

Common chemotherapeutic agents for MB treatments include cisplatin, vincristine, 

lomustine, prednisone, and cyclophosphamide (Evans et al. 1990; Zeltzer et al. 1999). 
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Patients presenting with metastatic disease would be treated with a higher dose 

craniospinal radiation (36.0-39.6 Gray) (Gajjar et al. 2006). In patients younger than 

three years, chemotherapy-based treatment is usually used to delay irradiation because 

craniospinal radiation causes significant long-term brain damage in the very young 

children (Geyer et al. 2005; Rutkowski et al. 2005). 

1.1.7 Side effects 

The majority of survivors exhibit long-term neurocognitive and neuroendocrine 

sequelae post therapy (Mulhern et al. 2005; Ribi et al. 2005). It is believed that 

radiotherapy is the major cause of cognitive deficit; however, surgery and chemotherapy 

may also exert adverse effect on cognitive function (Saury and Emanuelson 2011). 

The adverse effects include learning difficulties, attention difficulties, short-term 

memory deficits, social adjustment problems, hearing, speech and language problems, 

and impaired physical growth. The side effects are especially problematic in young 

patients who experience long-term side effects mainly due to radiation therapy to the 

developing brain. Thus, multiple approaches have been undertaken to reduce long-term 

toxicity induced by therapy. These include the reduction of total dose of craniospinal 

radiation reduction in the volume of local boost radiotherapy, and use of less neurotoxic 

chemotherapeutic agents (Kieffer-Renaux et al. 2000). 



1.18 Prognostic factors 

Clinical feature are the major prognostic factors for MB. For instance, 

average-risk patients have better prognosis than high-risk patients. Moreover, the 

presence of residual tumor after operation is a negative prognostic factor in MB 

(Rutkowski et al. 2010). In addition, certain histological subtypes have been associated 

with different prognosis. Desmoplastic and MBEN variants exhibit the most favorable 

survival rate, followed by classic MB, with LC/A variant shows the poorest survival 

(Pfister et al. 2009; Rutkowski et al. 2010). 

Molecular features, such as chromosomal aberration, gene expression, gene 

mutation, and molecular subtyping have been implicated in prognosis. For examples, 

isochromosome 17q, 17q gain, amplification of MYC and MYCN have been associated 

with poor clinical outcome (Ellison et al. 2010; Pan et al. 2005; Pfister et al. 2009， 

Korshunov et al. 2010, Aldosari et al. 2002). Recent study has demonstrated that even 

low level copy number increase in MYCN gene is correlated with poor survival 

(Zitterbart et al. 2010). In contrast, loss of chromosome 6q or monosomy 6 is associated 

with favorable clinical outcome (Clifford et al. 2006; Ellison et al. 2010; Pfister et. al 

2009). 

In addition, several genes are proposed as markers in prediction of outcome. 

These include high expression of cyclin-dependent kinase 6 (CDK6), survivin and MYC 
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as unfavorable prognostic markers (Mendrzyk et al. 2005; Haberler et al. 2006; Herms 

et al. 2000; Grotzer et al. 2001; Eberhart et al. 2004), and low expression of TRKC, a 

receptor of neurotrophins, as a predictor of long survival (Grotzer et al. 2000; 

Rutkowski et al. 2007; Segal et al. 1994). 

Integrated genomic analysis has revealed that MB can be classified into four to 

six molecular subgroups (Cho et al. 2010; Kool et al. 2008; Northcott et al. 2010), 

which have prognostic implication. For instance, activation of WNT pathway is 

associated with favorable prognosis (Clifford et al. 2006). The presence of p-catenin 

(CTNNB1) gene mutation, nuclear staining of CTNNB1 protein, and monosomy 6 are 

good indicators of WNT activation (Clifford et al. 2006; Kool et al. 2008; Northcott et 

al. 2010; Pfaff et al. 2010). In contrast, tumors belonged to non-WNT/SHH subgroups, 

which shows high frequency of recurrence, metastasis, MYC amplification and 

isochromosome (il7q), are associated with adverse outcome (Northcott et al. 2006; 

Kool et al. 2008). 

Mutation of TP53 is a hallmark in cancers. TP53 mutation is found in 

approximately 7-16 % of MB (Lindsey et al. 2011; Pfaff et al. 2010; Tabori et al. 2010). 

Immunostaining of TP5 3 protein is a useful surrogate marker for TP53 mutation (Pfaff 

et al. 2010). Recently, Tabori et al. has shown TP53 mutation is associated with adverse 

outcome in MB (Tabori et al. 2010). However, such association was not seen in the 
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study conducted by Pfaff et al. (Pfaff et al. 2010). The discrepancy of these findings 

might have been due to the low proportion of WNT subgroup in Tabori et al's study 

(Tabori et al. 2010) and the overrepresented TP53 mutation rate in the WNT subgroup 

in Pfaff et al's investigation (Pfaff et al. 2010). 

1.2 Genetic aberrations 

1.2.1 Chromosomal aberrations 

Comparative genomic hybridization (CGH) studies have revealed multiple 

chromosomal aberrations in MB. These include gains of chromosomes lq，2p, 7, 8q， 

17q and 18 and losses of chromosomes 6, 8p, 9q, lOq 11, 16q and 17p (Avet-Loiseau et 

al. 1999; Bayani et al. 2000; Gilhuis et al. 2000; Nicholson et al. 1999; Nishizaki et al. 

1999; Readon et al. 1997; Russo et al. 1999; Schutz et al. 1996; Shlomit et al. 2000). 

1.2.2 Chromosome 17 abnormality 

Isochromsome 17q (il7q), that is the presence of two long arms due to 

duplication and a loss of the short arm, is the most common chromosomal aberration in 

MB. Originally, it was identified in 30-60% MBs by conventional karyotyping 

(Giordana et al. 1998). Other molecular techniques, CGH and fluorescence in situ 

hybridization (FISH) analyses have revealed the presence of il7q in 14% and 15-30% 
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MBs, respectively (Pan et al. 2005; Thompson et al. 2006; Vagner-Capodano 1994). 

Analysis of DNA copy number variants by array CGH and single nucleotide 

polymorphism (SNP) array have shown the presence of il7q in 22-48% MBs (Cho et al. 

2010; Northcott et al. 2010; Pfister et al. 2009). Loss of 17p without gain of 

chromosomal 17q or gain of 17q without loss of 17p is also identified in 9-20% and 

9-18% of MBs, respectively (Avet-Loiseau et al. 1999; Clifford et al. 2006; Gilbertson 

et al. 2001; Gilhuis et al. 2000; Pfister et al. 2009; Pan et al. 2005). The common 

chromosomal breakpoint at 17pll and 17pll.2 and the common deletion region 

atl7pl3.1-17pl3.3 have been identified, and several genes within these loci have been 

suggested to be involved in MB pathogenesis (Aldosari et al. 2000; Batra et al. 1995; 

McCabe et al. 2006; McCabe et al. 2009; Mendrzyk et al. 2006; Rossi et al. 2006). 

Recently, using array CGH, McCabe et al. has identified three discrete breakpoints on 

chromosome 17, namely 17pll.2，17pll.2-17qll.2, and 17q21.31 (McCabe et al. 2010). 

The breakpoints on 17pll.2 and 17pll.2-17qll.2 are the most common aberrations 

(McCabe et al. 2010). 

TP53 is one of the candidate tumor suppressor genes (TSGs) located at the 

common deletion region. Mutation analysis has revealed that 5-10% of MBs harbored 

TP53 mutation (Orellana et al. 1998; Raffel et al, 1993). The importance of TP53 in MB 

pathogenesis has been emphasized by mouse models (Wetmore et al. 2001). Loss of one 
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allele for Ptch in mice resulted in a 14% incidence of MB, but the incidence of MB 

increased to >95% when the mice were heterozygous for Ptch and lacked TP53 

(Wetmore et al. 2001). 

Another candidate gene on chromosome 17p is hypermethylated in cancer gene 

1 (HIC-1), which is a zinc-finger transcriptional factor ubiquitously expressed in normal 

cerebellum (Waha et al. 2003). Aberrant hypermethylation of HIC-1 was demonstrated 

in 85% MBs and the methylation status was correlated with HIC-1 downregulation, 

suggesting that epigenetic silencing of HIC-1 may contribute to MB pathogenesis 

(Waha et al. 2003). 

REN(KCTDll) is mapped to 17pl3.1 and is implicated in cell proliferation and 

differentiation of neural progenitor cell (Gallo et al. 2002). Allelic loss of REN(KCTDU) 

was observed in 39% of MBs and downregulation REN(KCTDll) was found in 70% of 

MB (Marcotullio et al. 2004; Zawlik et al. 2006). Ectopic expression of REN(KCTDU) 

suppressed MB cell growth and inhibited tumorigenicity in MB (Marcotullio et al. 

2004). REN(KCTDll) was implicated in the proliferation of granule cell progenitors 

(Argenti et al. 2005) through negative regulation on GLI1, an effector of the SHH 

pathway (Canettieri et al. 2010). Dysregulation of SHH signaling in granule cell 

progenitors is thought to contribute to MB tumorigenesis. 
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1.2.3 Loss of chromosome lOq 

Loss of lOq was detected in 16-67% of MBs (Avet-Loiseau et al. 1999; Blacker 

et al. 1996; Clifford et al. 2009; Gilhuis et al. 2000; Lo et al. 2007b; Pan et al. 2005; 

Reardon et al. 1997; Scott et al. 2006; Yin et al. 2001). Two TSGs, Phosphatase and 

tensin homolog (PTEN) and deleted in malignant brain tumors 1 (DMBT1), mapped to 

chromosome lOq were examined for potential involvement in MB. PTEN is a protein 

tyrosine phosphatase that functions as an inhibitors of the PI-3 kinase pathway through 

dephosphorylation of phosphatidylinositol-3,4,5-triphosphate (PIP3) (Castellino et al. 

2010). Downstream effectors of PIP3 include v-akt murine thymoma viral oncogene 

homolog 1 (AKT). Micro satellite analysis showed loss of heterogyzsity (LOH) of PTEN 

in 24% of MBs (Yin et al. 2001), whereas FISH analysis demonstrated homozygous 

deletion of PTEN in 32% of MBs (Inda et al. 2004). Furthermore, MB tumors exhibited 

reduced mRNA and protein levels of PTEN compared to normal cerebellum and loss of 

PTEN expression was correlated with poor survival (Castellino et al. 2010; Hartmann et 

al. 2006). Promoter hypermethylation of PTEN was reported in 50% of MBs (Hartmann 

et al. 2006). PTEN gene mutation was found in a small population of MBs (Hartmann et 

al. 2006; Rasheed et al. 1997). The animal study demonstrated that activated 

Smoothened SmoAl(+/+) and Pten(+/~) mice had decreased survival compared to 

SmoAl(+/+)；Pten(+/+) mice. These mice exhibited increased signaling in the PI-3K 
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pathway and showed an increase in angiogenesis (Castellino et al. 2010). Taken together, 

the data reveal a critical role of PTEN in MB pathogenesis. 

Allelic loss of DMBT1 was observed in 33-47% MBs (Inda et al. 2004; Yin et al. 

2001). However, genomic sequencing failed to identify any somatic mutations of 

DMBT1 in MB (Pang et al. 2003). Recently, a detailed deletion study identified a 

minimal deletion region of 21.7 Mb at 10q23.3-10q25.3 in MB (Scott et al. 2006). 

Three genes, beta-transducin repeat containing (BTRC), MAX inter actor 1 (MXI1), and 

suppressor of fused (SUFU) are located within this deletion region. These genes 

function in signaling pathway critical for MB oncogenesis. MXI1 regulates the activity 

of MYC oncogene (Foley and Eisenman 1999), SUFU is a negative regulator of SHH 

pathway, and BTRC negatively regulates the WNT pathway (Taipale and Beachy 2001). 

None of these genes were hypermethylated and no somatic mutations of MXI1 were 

detected in MB (Scott et al. 2006). Nevertheless, SUFU mutation was identified in a 

subset of MB leading to activation of SHH signaling, suggesting that SUFU mutation 

predisposes to MB (Taylor et al. 2002). 

1.2.4 Loss of chromosome 8p 

Loss of chromosome 8p is a recurrent structural abnormalities described in MB. 

Loss of 8p was identified in 6-40% by comparative genomic hybridization (CGH) 



(Avet-Loiseau et al. 1999; Gilluis et al. 2000; Nishizak et al. 1999; Readon et al. 1997; 

Schutz et al. 1996) and 15-48% by array CGH (Coco et al. 2011; Lo et al. 2007b; Rossi 

et al. 2006). My research colleagues had identified interstitial deletions on chromosome 

8p22-23.2 and a homozygously deleted region on 8p22-23.1 (Yin et al. 2002). The 

results suggest that the presence of TSGs on chromosome 8p that are critical for MB 

tumorigenesis. Several genes have been suggested as the TSGs on 8p. One candidate 

TSG, deleted in liver cancer 1 (DLC-1), located on 8p22, was found to have loss of 

expression in 1 of 9 tumors examined (Pang et al. 2005). However, the result indicated 

that loss of expression was detected in 1 out of 9 MBs (Pang et al. 2005). Another 

candidate TSG is PIN2/TERF1 interacting, telomerase inhibitor 1 (PINX1). Depletion 

of this gene increase tumorigenicity in nude mice (Zhou and Lu 2001). Loss of PINX1 

was associated with short survival in ovarian cancer (Cai et al. 2010). However, the 

study carried by my research colleagues did not detect the downregulation of PINX1 in 

MBs and the result of the study did not suggest PINX1 as the TSG in MB (Chang et al. 

2004). Thus, further investigation is needed to elucidate the TSG on 8p in MB. 

1.2.5 Gain of chromosome 2p 

Chromosomal 2p gain was detected in 6-50% of MBs (Avet-Loiseau et al. 1999; 
Nishizaki et al. 1999; Shlomit et al. 2000). The proto-oncogene MYCN, located at 
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2p24.1, was found amplified in 4-15% of MBs (Aldosari et al. 2002; Eberhart et al. 

2002; Korshunor et al. 2008; Larront et al. 2004; Massimiliano De Bortoli et al. 2006; 

Pfister et al. 2009). Recent study using genetically engineered mouse model 

demonstrated that MYCN contributed to the initiation, progression, and maintenance of 

MB, and downregulation of MYCN led to apoptosis and senescence. These findings 

suggest that dysregulation of MYCN may contribute to MB pathogenesis (Swartling et 

al. 2010). MYCN amplification was found in classic, desmoplastic and LC/A variants 

(Northcott et al. 2010; Pfaff et al. 2010) and was not associated with clinical outcome 

(Ellison et al. 2010). A recent study demonstrated that TP53 mutation was associated 

with MYCN amplification (Pfaff et al. 2010). 

1.2.6 Gain of chromosome 8q 

Gain of 8q was observed in 6-38% of MBs (Avet-Loiseau et al. 1999; Nishizaki 

et al. 1999; Shlomit et al. 2000). The proto-oncogene MYC, located on 8q24.41, is 

implicated in MB oncogenesis. MYC is a key regulator of cell proliferation, 

differentiation and apoptosis (Amati et al. 1998; Henrilcsson and Luscher 1996; 

Packham and Cleveland 1995). It forms heterodimer complex with MAX to bind DNA 

in a sequence specific manner, leading to cell cycle progression and triggering 

transcriptional activations of its downstream genes such as FBJ murine osteosarcoma 
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viral oncogene homolog (C-FOS) and B-cell CLL/lymphoma 2 (BCL2) (Miyazaki et al. 

1995; Smith et al. 2004). MYC amplification was reported in about 5% of MBs with 

mixed histology (Eberhart et al. 2002; Ellison et al. 2010; Gilberton et al. 2001; 

Korshunov et al. 2008; Larront et al. 2004). However, up to 36% of the LC/A tumors 

exhibited MYC amplification (Brown et al. 2000). High-level of MYC amplification 

(>10 copy number gain) was detectable in LC/A MB, whereas copy number gain <10 

was observed in other histology variants (Takei et al. 2009). A correlation existed 

between LC/A histology and MYC amplification (Eberhart et al. 2002; Leonard et al. 

2001). Moreover, among the patients with LC/A histology, MYC amplification was 

associated with metastases and younger age (Takei et al. 2009). Molecular subtyping of 

MB revealed that MYC amplification was exclusively found in the non-WNT/SHH 

subgroups (Cho et al. 2010; Northcott et al. 2010). 

1.2.7 Gain of chromosome 1 q 

Gain of lq was reported in 10-30% of MBs (Avet-Loiseau et al. 1999; Gilhuis et 

al. 2000; Readon et al. 1997). The study conducted by Lo et al. indicated a correlation 

between lq gain and poor survival (Lo et al. 2007a), but such association was not found 

in an independent study (Clifford et al. 2009). The significance of lq gain in survival 

prediction remains unclear. Gain of lq gain was predominantly found in the 
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non-WNT/SHH subgroups, but absent in the WNT subgroup (Northcott et al. 2010). 

1.2.8 Gain of chromosome 7 

CGH and array CGH studies have revealed gain of chromosome 7 in 20%-50% 

of MBs (Nishizaki et al. 1999; Reardon et al. 1997; Tong et al. 2004, Clifford et al. 2006; 

Lo et al. 2007a; Mendrzyk et al. 2005). Chromosome 7 gain was predominantly 

observed in pediatric MB (Korshunov et al. 2010). A novel DNA amplicon was 

identified at 7q21.2, where cyclin-dependent kinase 6 (CDK6) is mapped. This gene 

plays an important role in proliferation and differentiation by phosphorylation of 

retinoblastoma 1 (RBI). Overexpression of CDK6 was common in MB and was 

associated poor survival (Mendrzyk et al. 2005). 

1.2.9 Loss of chromosome 6 

By CGH and array CGH analysis, loss of chromosome 6 was described in 

6-18% of MBs (Nicholson et al. 1999; Reardon et al. 1997; Korshunov et al. 2010; Lo 

et al. 2007a) and was associated with the WNT subgroup (Kool et al. 2008; Northcott et 

al. 2010; Thompson et al. 2006). Despite similarity in incidence rate among adult and 

pediatric MB, the pattern of chromosome 6 loss was different between these age groups 

(Korshunov et al. 2010). Pediatric MBs showed complete loss of chromosome 6, 

18 



whereas most adult MBs exhibited partial chromosome 6. In addition, chromosome 6 

loss was frequently detected in concomitant with chromosome 17 abnormality in adult 

MBs. In contrast, none of the pediatric MBs showed concurrent chromosome 6 and 

chromosome 17 aberrations (Korshunov et al. 2010). More importantly, monosomy 6 

has been associated with favorable survival (Clifford et al. 2006). 

1.2.10 Other chromosome abnormalities 

Other recurrent abnormality in MB included losses of 16q which were seen in 

4%-37% of MBs, respectively (Avet-Loiseau et al. 1999; Eberhart et al. 2002; 

Nicholson et al. 1999; Reardon et al, 1997). The minimal deletion region for loss of 

chromosome 16q was marked at 16q22.2-qter (Lo et al. 2007a). Chromosomal 16q 

aberration was predominantly found in the non-WNT/SHH subgroups and absent in the 

WNT subgroup (Northcott et al. 2010). Study involving a large cohort of MBs indicated 

that 16q loss was over-represented in pediatric MBs (Korshunov et al. 2010). 

1.3 Essential signaling pathways altered in MB 

1.3.1 Sonic hedgehog (SHH) pathway 

SHH is a major developmental pathway in many organisms (Lee et al. 2010). 

It plays a pivotal role in patterning, proliferation, and differentiation in a variety of 
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tissues. In addition, it is proposed that SHH participates in the establishment and 

maintenance of adult neurogenic niches and regulates the proliferation of neuronal or 

glial precursors in several brain areas (Traiffort et al. 2010). 

PATCHED 1 (PTCH1) is a major player in the SHH pathway, which regulates 

the expansion and proliferation of cerebellar granule neuron precursor cells (GNPs) in 

the external granular layer (EGL) of the cerebellum during postnatal development 

(Wechsler-Reya and Scott 2001). During postnatal development, GNPs receive 

mitogenic SHH signals from Purldnje cells and become proliferating and expanding 

cells. Ultimately, they migrate from the EGL, pass the Purkinje cell layer, and arrive at 

the final destination in the internal germinal layer where they exit the cell cycle and 

differentiate into mature granule cells and become the most abundant neuronal cells in 

the cerebellum (Wechsler-Reya and Scott 2001). 

Gorlin's syndrome, or nevoid basal cell carcinoma (NBCCS), is an autosomal 

dominant disease characterized by multiple developmental defects such as skeletal 

anomalies, jaw cysts, and macrocephaly. Affected individuals are also predisposed to 

develop multiple tumors, especially basal cell carcinoma, rhabdomyosarcoma and MB 

(Cowan et al. 1997; de Bont et al. 2008; Evan et al. 1991; Gorlin 1987). About 3-5% of 

patients with Gorlin's syndrome develop MBs (Cowan et al. 1997; Evan et al. 1991; 

Dhall 2009). 
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It was identified that NBCCS patients harbor PTCH mutations (Hahn et al. 

1996). PTCH is a transmembrane receptor with 12 membrane-spanning domains and 

two extracellular loops (Hahn et al. 1996; Hooper and Scott 1989; Nakano et al. 1989). 

In the absence of ligand, PTCH represses the SHH pathway by repressing the activity of 

SMO, a seven transmembrane G coupled protein (Carpenter et al. 1998). Upon 

activation, PTCH relieves the inhibition of SMO receptor on the membrane. SMO is 

then translocated into the cytoplasm where transcription factor GLI family zinc finger 1 

(GLI1) activity is repressed by the antagonist suppressor of fused (SUFU) through an 

unidentified mechanism (Gilbertson and Ellison 2008). In return, GLI1 is modified and 

translocated from cytoplasm to nucleus (Stecca et al. 2002). The presence of GLI1 in 

nucleus would activate transcription of SHH targets, including MYCN and cyclin D1 

(CCND1), and cyclin D2 (CCND2) (Epstein et al. 1996; Kenney and Rowitch 2000; 

Kenney et al.2003), and drives GNP proliferation in cerebellum. Dysregulation of SHH 

pathway has been implicated in MB. 

Activation of the SHH pathway is found in about 25% of MBs (Zurawel et al. 

2000) and can occur through inactivation of PTCH, SMO or SUFU. Inactivation of 

PTCH by deletion or mutation has been found in about 10% of MBs (Raffel 2004). 

Mutations of SMO and SUFU have been described in less than 5% and about 10% of 

MBs, respectively (Reifenberger et al. 1998; Taylor et al. 2002). No mutations were 
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detected in other genes involved in SHH pathways, including engrailed homeobox 1 

(EN-1), engrailed homeobox 2 (EN-2), SMAD family members 1-7 (SMAD1-7), 

cAMP-dependent protein kinase (PKA) subunits RIa, Rip, RIIp, Ca, and Cp (Zurawel et 

al. 2000). The importance of PTCH in MB development is supported by animal studies. 

Although mice homozygous for Ptch^) died at embryonic stage, hemizygous mice 

survived (Goodrich et al. 1997). About 19% of these hemizygous mice developed 

tumors closely resembled human MB within the first 25 weeks after birth (Goodrich et 

al. 1997). Further analysis showed that tumor cells expressed Ptch from the remaining 

wild-type allele, suggesting haploinsufficiency of Ptch would lead to MB in the mouse 

cerebellum (Zurawel et al. 2000). In fact, haploinsufficiency of PTCH may occur in 

human MB. Mutation of PTCH has been reported in tumors that do not harbor LOH of 

PTCH loci (Pietsch et al. 1997; Vorechovsky et al. 1997; Zurawel et al. 1999). 

Similarly, LOH of the 9q22 loci has been reported in tumors without harboring PTCH 

mutation in the remaining allele (Xie et al., 1997; Raffel et al., 1997; Zurawel et al. 

2000). The important role of SHH signaling pathway in cerebellar tumor development 

was further emphasized by the observation that 58% of Sufu(+/~) and p53(-/-) mice 

developed MB (Lee et al. 2007). 

1.3.2 Wingless (WNT) signaling pathway 
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WNT signaling is essential for development processes such as cell fate 

specification, cell proliferation, cell polarity, cell migration and organogenesis 

(Boras-Granic and Wysolmerski 2008; Itoh et al. 1998; Lee et al. 1999; Miller et al. 

1999; Tsuda et al. 1999; Widelitz 2008). This pathway is activated when the ligand 

Wingless (WNT) binds to a receptor complex composed of a seven transmembrane 

Frizzled (FZ), serpentine receptor and low density lipoprotein receptor-related protein 

(LRP). This leads to phosphorylation of dishevelled (DVL)，association with the AXIN, 

and prevention of CTNNB1 phosphorylation by glycogen synthase kinase-3|3 (GSK-3p) 

(Jozwialc et al. 2007). The stabilized CTNNB1 is then translocated to the nucleus where 

it interacts with transcription factors T-cell factor (TCF) and lymphoid enhancer factor 

(LEF) (Behrens et al. 1996; Molenaar et al. 1996), and triggers transcription of genes 

such as MYC, JUN, FRA and CCND1 (Gordon and Nusse 2006; He et al. 1998; Tetsu 

and McCormick 1999). 

The role of WNT signaling in CNS development has been investigated by 

mouse model. Knockout of Wnt-1 in mice led to failure in midbrain and cerebellum 

development (McMahon and Bradley 1990; Thomas and Capecchi 1990). In addition, 

mice lacking the Fz receptor showed loss of cerebellar granule and Purkinje cells in 

cerebellum (Wang et al. 2001). Wnt-3 is expressed in cerebellum from embryonic to 

adult stages, (Salinas and Nusse 1992; Salinas et al. 1994). In adult, Wnt-3 is found in 
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Purkinje cells and white matter of cerebellum (Salinas et al. 1994). These data suggest 

that the WNT signaling pathway is required for development and maintenance of 

cerebellum. 

The other familial tumor syndrome associated with MB is the Turcot syndrome. 

It is characterized by the increased risk of colon cancer, glioblastoma and MB (de Bont 

et al. 2008). Patients with Turcot syndrome have a 92-fold higher relative risk of 

developing MB than the general population (Hamilton et al. 1995). Turcot syndrome 

patients carry germ-line mutations of the adenomatous polyposis coli (APC) gene in the 

WNT pathway (Hamilton et al. 1995). 

APC acts as a negative regulator in the WNT pathway. It forms a multiprotein 

complex with other proteins, such as glycogen synthase kinase 3 (GSK-3P), axin 1 

(AXIN), P-catenin (CTNNB1), casein kinase I (CKI), and protein phosphatase 2A 

(PP2A) in the cytoplasm. Phosphorylation of CTNNB1 by GSK-3|3 leads to inactivation 

of CTNNB1 through ubiquitin-mediated degradation (Orford et al. 1997). 

In MB, activation of the WNT pathway was observed in 20-25% of cases 

(Clifford et al. 2006; Jozwiak et al. 2007). Aberrations in this pathway occur mainly 

through mutations of the APC, CTNNB1, AXIN and GSK-3P genes. Mutation of 

CTNNB1 was observed in 2%-9% of MBs (Eberhart et al. 2000; Eberhart et al. 2004; 

Huang et al. 2000; Koch et al. 2001), and occurred at the GSK-3J3 phosphorylation sites 
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in exon 3 (Zurawel et al. 1998). This exon contains four potential GSK-3p 

phosphorylation sites. The affected GSK-3p phosphorylation sites reduce 

ubiquitin-mediated degradation resulting in nuclear CTNNB1 protein accumulation 

(Huang et al. 2000; Clifford et al. 2006; Koch et al. 2001 Zurawel et al. 1998). The APC 

mutations detected in MBs occurred in domains that interact with CTNNB1 or AXIN 

(Huang et al. 2000). These mutations may impair the APC protein to bind CTNNB1 or 

AXIN (Huang et al. 2000). Further investigation revealed that APC and CTNNB1 

mutations are mutually exclusive in MB, indicating that one of these aberrations is 

enough to activate the WNT pathway (Huang et al. 2000). Mutation analysis of GSK-3j3 

gene has been investigated in a panel of 32 sporadic MBs. However, mutation was not 

detected in any of the cases, suggesting that GSK-3J3 gene mutation is not the major 

mechanism for WNT activation in MB (Zurawel et al. 1998). Mutation of AXIN, 

another negative regulator of the WNT signaling pathway, has been detected in 5% 

MBs (Baeza et al. 2003). The mutations were located at the amino acid responsible for 

binding to APC. This may decrease the ability of AXIN to bind APC and alter the 

downregulation ofCTNNBl (Baeza et al. 2003; Dahmen et al. 2001). 

1.3.3 The Notch pathway 

The Notch signaling pathway is important in determination of cell fate, cell 
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differentiation, cell proliferation and cell survival (Ehebauer et al. 2006). The Notch 

family consists of four receptors (NOTCH-1, -2, -3, and -4). Each of them is a 

single-pass transmembrane protein with an epidermal growth factor-like repeats within 

the extracellular domain and an intracellular domain containing RAM23 domain, 

anlcyrin repeats, and PEST sequences (Guessous et al. 2008). The ligands known to bind 

Notch receptors include Delta-like proteins 1, 3 and 4 (DLL-1, -3, and -4) and Jagged 

proteins 1 and 2 (JAG-1 and -2) (Guessous et al. 2008). Upon the binding of ligands to 

Notch receptors, the alpha-secretases (ADAM-10 and ADAM-17) and 

gamma-secretase/presenilin complex cleave the extracellular domain and intracellular 

domain, respectively. The cleaved intracellular domain of NOTCH then translocates to 

nucleus, where it displaces the transcription repressor CBF-1 and recruit a coactivator 

complex, including histone acetyl-transferase p300 (p300), mastermind-like protein 

(MAML1-3) and other chromatin-modifying enzymes (Guessous et al. 2008; Pannuti et 

al. 2010). This in return activates the transcription of target genes included hairy and 

enhancer of split 1 (HES1), hairy/enhancer-of-split related with YRPW motif 1 (HEY1), 

MYC, and cyclin-dependent kinase inhibitor 1A (p21). 

Accumulative data have indicated the importance of Notch signaling in MB. 

First, increase in copy number of NOTCH2 gene was detected in 15% of MBs (Fan et al. 

2004). Upregulation of Notch components, such as NOTCH2 and HESS, was reported 
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in MB (Hallahan et al. 2004). Furthermore, the expression of HES1, a target gene of 

Notch signaling, was associated with shorter survival rate in MB (Fan et al. 2004). In 

addition, y-secretase inhibitors (GSIs), which inhibit Notch signaling by preventing 

transmembrane NOTCH proteins from cleavage, decrease viable cell number in MB 

cells (Hallahan et al. 2004). More recently, it is of interest to reveal that blockage of 

Notch pathway caused viable populations of rapidly growing cells to continue to grow 

but these cells were unable to form soft-agar colonies or tumor xenografts efficiently 

(Fan et al. 2006). Further analysis of the stem cell marker CD 133 in this population 

revealed that cell population for CD 133 positive was reduced upon the inhibition of 

Notch pathway. These data suggest that the decrease in tumor-forming capacity could 

be due to the depletion of stem-like cells and maintenance of MB stem cells might 

require Notch signaling pathway (Fan et al. 2006). 

1.4 Cancer stem cells in MB 

With accumulative data showing that a subset of cancer cells may be responsible 

for tumor growth and resistance to therapy (Jorden et al. 2006), the hypothesis of cancer 

stem cells (CSCs) has been proposed. CSCs are a subset of cells within a tumor that 

exhibit significant proliferation capacity and the power to generate new tumor 

(Hadipansyis and Van Meir 2009). These CSCs are believed to arise from 
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transformation of proliferating neural stem cells (NSCs), which are found in different 

areas of the brain, including subventricular zone, dentate gyrus, hippocampus, and 

subcortical white matter. Similar to NSCs, CSCs are mulitpotent and have self-renewal 

and tumor-initiating capacity (Lapidot et al. 1994; Ignatova et al. 2002; Singh et al. 

2004). Currently, CSCs have been successfully isolated from various brain tumors, 

including glioblastoma (GBM), MB and ependymoma (Galli et al. 2004; Hemmati et al. 

2003; Singh et al. 2004; Taylor et al. 2005). 

CSCs originally from MB specimens were isolated by culture conditions that 

favor the growth of stem cells (Singh et al. 2003). The conditions allowed the 

development of tumor sphere, which was characterized by clusters of neurosphere-like 

cells. Specifically, the conditions included the use of serum-free neural stem cell 

medium to maintain cells in undifferentiated state and the use of basic fibroblast growth 

factor (bFGF) and epidermal growth factor (EGF) to induce proliferation of multipotent, 

self-renewing stem cells. Frequency of stem cell isolated from MB primary tumors was 

ranged from 13.8-25.1% (Singh et al. 2003). These CSCs showed positive for CD133 

(cluster of differentiation 133) marker (Singh et al. 2003). CD133 or Prominin-1，is a 

cell surface transmembrane glycoprotein with a molecular weight of 120 kilodalton 

(kDa). CD 133-positive MB cells exhibited increased proliferation capacity and grew as 

nonadherent tumor sphere. In contrast, the CD133-negative cells neither showed 
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proliferation nor form tumor sphere (Singh et al. 2003). 

Subsequent study demonstrated that CD133-positive cells had acquired the 

capability for tumor initiation. CD133-positive cell was contributed 6-21% of MB 

population (Singh et al. 2004). Injection of as few as 1000 CD133-positive cells could 

form MB tumors in severe combined immunodeficiency mice, whereas 10-fold excess 

CD133-negative cells did not form tumors (Calabrese et al. 2007; Singh et al. 2004). 

The results provide an insight that by modulating the fraction of CSCs in MB, the 

clinical outcome could be improved. 

1.5 Molecular subtyping of MB 

Integrative genomic studies using gene expression profiling, aCGH, miRNA 

microarray and SNP micro arrays have identified several molecular subgroups (Kool et 

al. 2008; Northcott et al. 2010; Thompson et al. 2006; Cho et al. 2010). This finding 

highlights the heterogeneous property of MB. Using unsupervised hierarchical 

clustering methods, Kool et al. and Thompson et al. suggested the presence of five 

subgroups in MB, whereas Northcott et al. argued for the presence of four subgroups. 

The discrepancy among these studies can be explained by difference in the microarray 

platforms and the number of genes used for clustering. Nevertheless, all of these studies 

have identified the subgroups as WNT, SHH, and the non-WNT/SHH. The WNT and 
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SHH subgroups account for 15% and 25% of MBs, respectively, whereas the 

non-WNT/SHH subgroups constitute 60% of MBs (Ellison 2010). In addition, each of 

these subgroups exhibits distinct expression signature, specific genetic defects, and 

some of these subgroups exhibit activation of distinct pathways. The clinical, 

histological characteristic and outcomes are also different among these subgroups. 

Table 1 summarizes the clinicopathological features and genetic aberration associated 

with these molecular subgroups in MB. 

1.5.1 MB with activated SHH signaling 

A subgroup of MB is marked by the activation of SHH signaling. The genes 

involved in this signaling pathway such as PTCH, secreted frizzled-related protein 1 

(SFRPl), GLI1 and GLI family zinc finger 2 (GLI2) were overexpressed. Mutations of 

PTCH and SUFU were found in this subgroup, confirming the activation of SHH 

pathway. Loss of chromosomal 9q is a frequent event in this subgroup. SHH subgroup 

tumors are common in infants with age under three years old and adulthood with age 

over 16 years old (Kool et al. 2008; Northcott et al. 2010). Both Kool et al. and 

Northcott et al. studies demonstrated that 40-60% and 20-30% of SHH subgroup were 

infants and adult, respectively. In addition, most of the tumors present with classic or 

desmoplastic histology (Kool et al. 2008; Northcott et al. 2010). Occassionally, LC/A 
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Table 1. Clinicopathological and genetic features of molecular subtypes in MB 

Subtypes WNT SHH non-WNT/SHH 

Expression 
characteristic 

WNT/TGF 
signaling 

NOTCH/PDGF 
signaling 

SHH 
signaling 

NOTCH/PDGF 
signaling 

Neuronal and/ or 
photoreceptor 

markers 

Chromosomal 
characteristic 

monosomy 6 
CTNNB1 
mutation 

loss of 9q 
PTCH/SMO/SUFU 

mutation 

il7q 
loss of X 
gain of 18 

Pathological variants classic desmoplastic/ classic classic/ LC/A 

Metastasis 
at presentation 

rarely metastatic rarely metastatic frequently metastatic 

Age groups older children mainly infants and 
adults 

mainly children 

Prognosis good infant good 
other intermediate 

poor 

References: Cho et al. 2010; Kool et al. 2008; Northcott et al. 2010; Thompson et al. 2006 
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tumors were seen (Ellison 2010). 

1.5.2 MBs with activated WNT signaling 

One of the major molecular subgroups is the WNT subgroup which shows 

activation of WNT signaling. Overexpression of genes that are involved in this pathway 

includes lymphoid enhancer-binding factor 1 (LEF1), WNT inhibitory factor 1 (WIF1), 

dickkopf homolog 1 (DKK1), dickkopf homolog 2 (DKK2), and dickkopf homolog 4 

(DKK4) (Kool et al. 2008; Northcott et al. 2010; Thompson et al. 2006). In agreement 

with the involvement of CTNNB1 in WNT signaling, only this subgroup showed 

CTNNB1 mutation as revealed by direct sequencing (Kool et al. 2008; Thompson et al. 

2006). Monosomy of chromosome 6 was a distinctive feature in this subgroup. Loss of 

9q, il7q and MYCN/MYC amplification were absent in WNT subgroup (Kool et al. 

2008). Moreover, classic histology and distributed age presentation ranging from 

infancy to adult were prevalent (Cho et al. 2010; Kool et al. 2008; Northcott et al. 2010). 

The prognosis of this subgroup was good if high-risk features were not presented. 

1.5.3 Non-WNT/SHH subgroups 

Kool et al. and Northcott et al. showed that about 85% of cases in 

non-WNT/SHH subgroups were children greater than three years old (Kool et al. 2008; 
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Northcott et al. 2010). These subgroups were characterized by the activation of 

phototransduction pathway (Pfister et al. 2010). Furthermore, these subgroups displayed 

similar chromosomal defects. For examples, il7q was strongly associated with these 

subgroups (Kool et al. 2008; Northcott et al. 2010; Thompson et al. 2006). Moreover, 

about one-third of tumors in these subgroups displayed loss of chromosome 18, which 

was not found in any of the tumors in WNT and SHH subtypes. This indicates that loss 

of chromosome 18 is a common event in non-WNT/SHH subtypes (Kool et al. 2008). 

Other overlapped chromosomal abnormalities in these subtypes include loss of 

chromosome 8 and gain of chromosome 17q (Kool et al. 2008 and Northcott et al. 

2010). Similar to the WNT subtype, most of the tumors showed classic histology. 

However, tumors in this subtype showed poor clinical outcome. This may be attributed 

to a high prevalence of metastatic tumors in these subtypes. 
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CHAPTER 2 

INTRODUCTION TO MICRORNAS (miRNAs) 

2.1 Properties of miRNAs 

MiRNAs are a group of small noncoding RNAs of 22-25 nucleotides (nts) that 

function to regulate gene expression at the post-transcriptional level. They have been 

implicated in diverse biological functions including development (Moss et al. 1997), 

differentiation (Chen et al. 2004), cell fate determination (Tiscornia and Izpisua 

Belmonte 2010), cell patterning (Sehm et al. 2009), cell morphogenesis (Giraldez et al. 

2005), and fat metabolism. (Xu et al. 2003). MiRNAs are found in the exonic and 

intronic regions of protein-coding and noncoding genes of all chromosomes except the 

Y chromosome in human. 

2.2 Discovery of miRNAs 

In 1993, Lee and his coworkers discovered the first miRNA, lin-4, through 

genetic screen for mutant phenotype of timing development in Caenorhabditis elegans 

(Lee et al. 1993; Wightman et al. 1993). It was not until seven years later that the 

second miRNA, let-7, was identified (Reinhart et al. 2000). Both lin-4 and let-7 were 

evolutionarily conserved from flies to humans, implicating a universal role for these 

genes across species (Lagos-Quintana et al., 2002; Pasquinelli et al., 2000). 
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2.3 miRNA registry 

The human genome is predicted to encode as many as 1000 miRNAs, which 

account for 1-4 % of expressed genes (Bentwich et al. 2005; Griffiths-Jones et al. 2004). 

Currently, the miRBase registry (http://www,mirbase.org/； version 16, September 2010) 

contains 14,940 miRNAs from 122 species, in which 1,048 of them are of human. 

Computational algorithm predicts that a miRNA can modulate about 200 

transcripts and each gene can be regulated by many miRNAs (Krek et al. 2005). It is 

estimated that miRNAs potentially regulate between 10-30% of the human genes (John 

et al. 2004; Lewis et al. 2003). 

2.4 Nomenclature of miRNAs 

MicroRNAs are named with the "miR" prefix followed by a number (Ambros et 

al. 2003). Mature miRNAs of nearly identical sequences, usually differ by 1-3 nts, are 

designated with a letter. Examples are let-7b and let-7c. MiRNAs that are located on 

different chromosomes but have identical mature sequences are designated with a 

number. Examples are let-7a-l and let-7a-2. 

2.5 Approaches for miRNA identification 

The major approaches for miRNA identification include forward genetics, 
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directional cloning and in silico predictions. For example, bantam, which is involved in 

growth control during development of Drosophila melanogaster, was identified by 

forward genetics. Directional cloning of miRNAs involves size-fractionation of RNAs 

in a denaturing polyacrylamide gel, cloning them into vectors, and sequencing the RNA 

library (Lagos-Quintana et al. 2001; Lagos-Quintana et al. 2002). Another method for 

miRNA identification is computational prediction. Most algorithms rely on the 

distinctive properties of miRNAs, including hairpin folding, thermodynamic stability of 

the hairpins, and phylogenetic conservation. 

2.6 Biogenesis of miRNAs 

The biogenesis of miRNAs is tightly regulated. Most miRNA genes are 

transcribed by RNA polymerase II into primary miRNAs (pri-miRNAs) of hundreds 

bases to kilobases in length (Cai et al. 2004; Lee et al. 2004). The pri-miRNAs, 

resembling protein-coding transcripts, contain 7 -methyl guano sine cap and poly-A tail 

(Cai et al. 2004; Lee et al. 2004). The pri-miRNAs are cleaved by type III ribonuclease 

DROSHA to generate precursor miRNAs (pre-miRNAs) of about 70 nts in the nucleus 

(Lee et al. 2003; Zeng et al. 2006). The pre-miRNAs are characterized by a hairpin 

structure with a 2-nt overhang at the 3' ends (Lee et al. 2003). The pre-miRNAs are 

transported to the cytoplasm by exportin-5 through GTP hydrolysis (Bohnsack et al. 
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2004; Yi et al. 2005). In the cytoplasm, a type III ribonuclease, DICER, cleaves 

pre-miRNA near the terminal loop to generate the �22-n t miRNA duplexes (Bernstein et 

al. 2001; Grishok et al. 2001; Hutvagner et al. 2001; Ketting et al. 2001). The miRNA 

duplex is then loaded onto the RNA-induced silencing (RISC) complex (Gregory et al. 

2005). This process requires ATP hydrolysis (Kwak et al. 2010). After loading onto 

RISC, the two strands of the duplex are unwound (Kwak et al, 2010; Salzman et al. 

2007). Usually, one strand becomes the mature miRNA, whereas the other strand is 

subjected to degradation. The relative thermodynamic stability of two strands 

determines which strand remains the RISC. This miRNA containing complex functions 

to modulate the expression of target genes by translational repression and/or mRNA 

degradation of target mRNA. 

2.7 Mechanisms of miRNA-mediated gene expression 

2.7.1 Interactions between miRNA and target gene 

MiRNAs negatively regulate gene expression by complementary base-pairing 

interactions between the miRNAs and usually the 3' UTRs of their target mRNAs 

(Bartel 2009; Lai 2002). The 5' regions of miRNAs (nts 2-8) are thought to be a major 

determinant for miRNA targeting (Lewis et al. 2005). This region is referred to the 

'seed region' (Brennecke et al. 2005). As few as 4 continuous base-pairings in nts 2-5 at 
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the 5'end can confer efficient target recognition (Brennecke et al. 2005). However, other 

features on the 3'UTR are important for target recognition (Lewis et al. 2005; Grimson 

et al. 2007). These include the presence of A (first nt) prior to the seed region on the 

target, base-pairing to miRNA nts 13-16, the target position within the 3'UTR at least 

15 nts from the stop codon and away from the centre of long UTRs, and target position 

near both ends of the 3'UTR (Lewis et al. 2005; Grimson et al. 2007). The mechanisms 

by which miRNAs regulate gene expression include mRNA cleavage and translational 

repression, depending on the extent of base pairing between miRNAs and target 

mRNAs (Ambro 2004; Cullen 2004). 

2.7.2 miRNA-mediated translational repression 

Accumulative evidence shows that miRNAs can downregulate protein 

expression without altering mRNA abundance. For example，miR-155 regulates 

angiotensin II type 1 receptor (AT1R) at the protein level (Card et al. 2008; Martin et al. 

2006). 

The mechanism of translational repression is largely unknown. 

MiRNA-mediated translational repression may occur at the initiation phase of protein 

synthesis and at the stage of post-initiation elongation (Baek et al. 2008; Bhattacharyya 

et al. 2006; Humphreys et al. 2005, Mathonnet et al. 2007; Nottrott et al. 2006; Olsen et 
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al. 1999; Petersen et al. 2006; Pillai et al. 2005; Wakiyama et al. 2007; Wang et al. 

2006). Several lines of evidence support translational repression at the translational 

initiation phase. First, miRNA-repressed mRNAs are sedimented in the subpolysomal 

fractions suggesting they are translationally inactive (Bhattacharyya et al. 2006; Pillai et 

al. 2005). Second, a sequence similar to eukaryotic initiation factor 4E (EIF4E) was 

identified within the human Argonaute2 (AG02) and it was proposed that AG02 

competes with eIF4E for the 7-methyl guanosine (m7G) cap of mRNA through the 

EIF4E-like motif and thus represses the formation of the translation initiation complex 

(Kiriakidou et al. 2007). Moreover, miRNAs have been shown to inhibit translation 

initiation by suppression of ribosome assembly (Chendrimada et al. 2007). 

Moreover, evidence also points to miRNA-silenced gene expression through 

blockage of protein synthesis after the initiation of translation. First, the amount of 

lin-14 mRNA in polyribosomes remains unaltered in the presence of lin-4 RNA binding, 

suggesting that post-translational inhibition occurs at a point downstream of translation 

initiation (Olsen and Ambros 1999). Moreover, two independent studies have 

demonstrated that miRNA-repressed mRNAs remain associated with actively 

translating polyribosomes, leading to the hypothesis that miRNAs may cause elongation 

retardation leading to premature translation termination or induction of degradation of 

nascent polypeptides during the translational process (Nottrott et al. 2006; Petersen et al. 
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2006). 

2.7.3 miRNA-mediated mRNA cleavage 

Studies have indicated that miRNAs could reduce the levels of their target 

transcripts by mRNA degradation. Perfect matching of the seed region was thought to 

be necessary for mRNA cleavage, but subsequent studies revealed that imperfect 

base-pairing could also induce transcript degradation (Goswami et al. 2010). 

It has been suggested that deadenylation and the removal of the 3' poly(A) tail 

initiate mRNA degradation (Wu et al. 2006). The processing bodies (P-bodies) are 

believed to be the final site for mRNA turnover (Sen and Blau 2005). They are discrete 

cytoplasmic domains where untranslated mRNA is stored and contain the enzymes 

needed for mRNA degradation (Dijk et al. 2002). 

2.8 Identification of miRNA targets 

2.8.1 Computational prediction 

Comparative phylo genetic studies reveal conserved miRNA-binding sequences 

in more then one-third of all genes. However, only a small number of predicted targets 

have actually been validated (Lewis et al. 2003). In the absence of high-throughput 

experimental techniques to identify miRNA targets, several computational algorithms 
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have been developed to predict miRNA targets. These algorithms aim to predict targets 

with high degree of specificity (few false-positive) and sensitivity (few false negative). 

To my knowledge, a total of 11 algorithms are available for miRNA target prediction. 

Here, four of them are described, namely, miRanda (http://www.microrna.org) (Enright 

et al. 2003), Targets can (http://www.targetscan.org/archives.html) (Lewis et al. 2003), 

Targets canS (http://www.targetscan.org/) (Lewis et al. 2005), and PicTar 

(http://www.pictar.bio.nyu.edu) (Krek et al. 2005). In each of these programs, a scoring 

system is established based on various degrees of consideration in the following issues: 

the degree of complementary between target and miRNA pairing, thermodynamic 

stability analysis and the conservation of the target sequence across species. 

miRanda is a position-weighted scoring system that has been established based 

on emphasizing the degree of complementary in the seed region (Enright et al. 2003; 

Stark et al. 2003). The complementary base-pairing at the 5' end of the miRNA is 

rewarded more than that that the 3' end. The complementary base-pairing at 3' end is 

considered less important (Brennecke et al. 2005; Kiriakidou et al. 2004; Stark et al. 

2003). Nevertheless, strong binding at the 3' end may compensate for the weak binding 

in the 5' end (Brennecke et al. 2005; Doench and Sharp 2004). Hence, potential targets 

without perfect matching at the seed region can still be predicted. The binding sites are 

then evaluated thermodynamically using the Vienna RNA folding package (Wuchty et 

41 

http://www.microrna.org
http://www.targetscan.org/archives.html
http://www.targetscan.org/
http://www.pictar.bio.nyu.edu


al. 1999) which estimates free energy and secondary structure of the miRNA-target 

interaction. Cross-species conservation of the binding sites is also considered. This 

algorithm has correctly identified 9 out of 10 validated miRNA targets and has an 

estimated 24%-39% false positive rate (Enright et al. 2003). A new version of miRanda 

has tightened the binding requirement to almost-perfect complementarily in the seed 

region and allows only a single wobble pairing (John et al. 2004). The G:U wobble base 

pairing is considered weak base pairing that could reduce silencing efficiency (Doench 

and Sharp 2004). 

TargetScan and TargetscanS algorithms were developed by Lewis and 

colleagues to identify potential miRNA targets in mammals. In contrast to other 

prediction alogorithms including miRanda, and PicTar, TargetScan requires 7-nt perfect 

Watson-Crick matching in the seed region starting from the second nucleotide to the 5' 

end of miRNAs (Lewis et al. 2003). In addition, the program accounts complementarily 

outside the region, extending until encountered a mistmatch with allowance for G:U 

pairs. This aims to filter as many false positive as possible from the beginning of 

prediction. The predicted binding sites are then tested for thermodynamic free energy 

(AG) using the Vienna RNA folding package and for conservation across mouse, rat and 

pufferfish genomes. This ranking system has an estimated false-positive rate of 31% for 

mammalian miRNA targets. Targets canS is a modified version algorithm that requires a 
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6-nt match in the seed region preceded by an adenosine (Lewis et al. 2005). 

Calculation of the free energy is no longer required, but it requires target-site 

conservation across all five genomes (human, mouse, rat, dog, and chicken). The 

definition of conservation in TargetscanS is that the seed region required at the same 

corresponding positions in multiple species UTR alignment. These changes reduce the 

estimated false-positive rate to 22% in mammals (Lewis et al. 2005). 

PicTar was developed by Krek and co-workers (Krelc et al. 2005). It relies fully 

on comparative data from several species to identify common targets of miRNAs. Its 

input is a group of miRNAs and a group of orthologous 3'UTRs from multiple species 

(human, chimpanzee, mouse, rat, dog, chicken, pufferfish and zebrafish). The algorithm 

then scans for alignments of 3'UTRs for those miRNAs have base pairing in the seed 

region. In contrast to Targets canS, PicTar only requires the complementary found in 

overlapping positions in the 3'UTRs of multiple species. In addition, perfect 

complementary is not definitely required in the seed region given that it is 

thermodynamic stable. The scoring system also considers the co-expression of miRNAs 

and their targets in spatially and temporally manners. PicTar has been tested on 13 

predicted targets of two miRNAs using western blotting analysis or luciferase reporter 

assay. Validation was shown in seven out of these 13 predicted miRNA targets (Krek et 

al. 2005). 
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One of the pitfalls of these algorithms is that they only predict potential targets 

that are conserved across species. Nonconserved miRNA-target interactions may not be 

predicted by these programs. MirTarget2 (http://mirdb.org) is an algorithm allowed for 

prediction of non-conserved miRNA-target interactions in five species (Wang and El 

Naqa 2008). In addition, the miRNA database TarBase fhttp://microrna.gr/tarbase) 

collects experimentally validated miRNA-target pairs, of which some are nonconserved 

miRNA-target interactions. Examples are miR-124/RELA and miR-375/ClQBP. 

2.8.2 Experimental strategies 

Besides bioinformatic analysis to identify miRNA targets, several experimental 

methods have been applied to search for miRNA target genes. One approach is to use 

microarray to profile the global expression changes upon overexpression or knockdown 

of miRNAs (Nicolas et al. 2008; Ziegelbauer et al. 2009). This method is based on the 

observation that miRNAs would downregulate mRNA levels of their target genes. The 

reduced mRNAs are then searched for base-pairing in the seed region of miRNAs to 

filter out downregulated genes without miRNA-mRNA interaction. Potential miRNA 

targets can be further confirmed by luciferase reporter assay, in which the 3'UTRs of 

target genes are cloned into luciferase reporter plasmids (Lim et al. 2005) or by western 

blotting analysis to examine the change in protein level (Pais et al. 2010). Another 
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experimental method is the application of co-immunoprecipitation assay to isolate 

miRNA targets (Beitzinger et al. 2007; Easow et al. 2007). This method is based on the 

observation that AGO proteins or RISC bind to both miRNAs and mRNAs. Using 

antibodies against AGO proteins, the AGO-bound mRNA can be isolated. A cDNA 

library is then generated. Validation of miRNA-mRNA interaction can be carried by 

luciferase reporter assay. This method has an advantage to isolate tissue specific 

miRNA-mRNA interaction. Recently, a new strategy to identify the target genes of 

miRNAs has been established. It is based on the incorporation of an isotope-labeled 

amino acid in cell culture followed by quantitative-mass-spectrometry-based study to 

examine the effect of miRNAs in the abundance of many proteins (Baek et al. 2008; 

Selbach et al. 2008). In conclusion, multiple approaches have been developed for 

accurate identification of miRNA targets. Combination of these strategies may enhance 

the efficiency and increase sensitivity and specificity of target identification. 

2.9 Expression pattern of miRNAs in normal tissues 

Systematic analysis of the spatial expression of miRNAs indicates that many 

miRNAs are expressed in a tissue-specific manner (Lagos-Quintana et al. 2002; 

Wienholds et al. 2005). The term tissue specific has been defined recently as a mature 

miRNA that is expressed at >20-fold higher level in a specific tissue as compared to the 
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mean expression in all other tissues (Lee et al. 2008). For examples, expression of 

mature miR-1 is reported to be expressed only in the human heart but not in the brain, 

kidney, liver，lung, and HeLa cells (Lee et al. 2001; Lagos-Quintana et al. 2001; Lim et 

al. 2005; Chen et al 2006), whereas the miR-18/19a, miR-122 and miR-9/miR-124 are 

specifically found in lung, liver, and brain respectively (Sempere et al. 2004). 

Evidence has been provided to demonstrate that the processing of precursor to mature 

miRNAs is not in a stoichiometric manner (Jiang et al. 2005). Moreover, many miRNAs 

display dynamic temporal expression patterns. For instance, miR-124 shows increasing 

expression during the embryonic development in forebrain and its expression remains 

stable postnatal. MiR-19b exhibits strong expression in prenatal forebrain and is 

undetectable at adult stage (Krichevsky et al. 2003). These findings suggest that 

miRNAs possess unique functions in the establishment and maintenance of tissues types. 

More important, inappropriate regulation in miRNA expression either in a spatial or 

temporal manner may be responsible for disease pathogenesis. 

2.10 MiRNAs in cancers 

2.10.1 Deregulation of miRNAs in cancers 

The first evidence for miRNA involvement in tumorigenesis was the 

identification of loss of miR-15a and miR-16a, residing on a commonly deleted interval 
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on chromosome 13ql4, in chronic lymphocytic leukaemia (CLL). Expression analysis 

demonstrated that deregulation of these miRNAs occurred in approximately 70% of 

CLL (Calin et al. 2002). Downregulation of miR-15a and miR-16a was also found in 

pituitary adenomas and prostate cancer, in which loss of chromosomal 13ql4 is a 

common event (Bond et al. 2008; Bottoni et al. 2005; Fan et al. 2001). Moreover, about 

half of the miRNAs are located within the cancer-associated genomic regions or fragile 

sites, including regions of allelic loss, amplification and common breakpoint regions 

(Calin et al. 2004). 

Aberrant expressions of miRNAs are common in human cancers. 

MiR-143/145 cluster and miR-7 were downregulated in pancreatic tumors and 

schwannoma, respectively (Kent et al. 2010; Saydam et al. 2010). MiR-92a and 

miR-183 were overexpressed in esophageal squamous cell carcinoma and colon cancer, 

respectively (Chen et al. 2010; Sarver et al. 2010). 

2.10.2 MiRNAs with oncogene- or tumor suppressor gene-like functions 

Tumor formation is the result of abnormalities in the control of cell growth or in 

the loss of apoptosis. MiRNAs involved in cell growth, apoptosis or differentiation can 

be deregulated in tumors and may function as oncogenes or tumor suppressors. 

MiRNAs that promote tumor development are called "oncomirs", whose 
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expressions are increased in tumors. Oncomirs can repress TSGs or genes involved in 

apoptosis. For example, the first validated oncomir was the miR-17-92 cluster, which 

targets TSGs PTEN and retinoblastoma-like 2 (RB2) (He et al, 2005; Hammond, 2006; 

Voorhoeve et al. 2006). 

The tumor suppressor-like miRNAs prevent tumor formation by inhibiting 

oncogenes or genes controlling apoptosis. Their expressions are reduced in tumors. 

For example, lung tumors showed downregulation of let-7 and overexpression of RAS 

protein. It was demonstrated that let-60/RAS was the target of let-7 in lung tumors 

(Johnson et al., 2005). 

2.10.3 Mechanisms of miRNA deregulation 

Several mechanisms have been identified for miRNA deregulation in tumors. 

The most common one is alteration of genomic copy number, including deletion and 

amplification. An example of miRNA inactivation through genomic deletion is miR-15a 

and miR-16-a in CLL mentioned above. The miR-17-92 cluster is an example of 

upregulated miRNA in B-cell lymphoma through copy number gain at 13q31.3 where 

the cluster is resided (He et al. 2005; Tagawa et al. 2005). 

Other mechanisms for the abnormally expressed miRNAs in tumors are 

mutation, SNP, disruption of miRNA processing machinery players, CpG island 
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hypermethylation and activation of transcription factors. For example, substitution 

mutation in the pri-miR-16-1 sequence was identified in CLL patient, leading to 

reduced expression in vivo (Calin et al. 2005). Mutation is not limited to pri-miRNA; 

recently, mutation in the mature miRNAs (miR-125a) has been found in 8.3% of breast 

cancer (Li et al. 2009). 

In addition, a SNP in the pre-miR-146a sequence was identified in papillary 

thyroid carcinoma, and this common polymorphism decreased the amount of mature 

miRNA, and was a predisposing factor for papillary thyroid carcinoma (Jazdzewski et 

al. 2008). Aberration of miRNA processing machinery players, such as DICER1 and 

DROSHA has been identified in multiple cancers (Merritt et al. 2008; Pampalakis et al. 

2010; Sand et al. 2010). The expression level of DICER 1 was significantly associated 

with clinical parameters, such as tumor stage in ovarian cancer and poor prognosis in 

lung cancer (Karube et al. 2005; Merritt et al. 2008). Functional analysis of DICER 1 

indicated that monoallelic loss of DICER1 promoted tumorigenesis in vivo (Lambertz et 

al. 2010). 

The fact that most miRNAs are transcribed by the same RNA polymerase II as 

protein-coding genes, it is likely that the epigenetic mechanisms which modulate the 

expression of protein-coding genes also apply to miRNAs. Such epigenetic mechanisms 

commonly refer to the methylation of cytosines in the CpG islands located in miRNA 
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promoters and this alteration results in a suppression of gene expression (Taby and Issa 

2010). Saito et al. demonstrated the expression miR-127 was under the control of 

promoter methylation and its expression was decreased in bladder and prostate cancers. 

Expression of miR-127 could be restored by the demethylating agent 

5-aza-2'-deoxycytidine (5-aza-dC) and the histone deacetylase inhibitor phenylbutyrate 

(Saito et al. 2006). A number of other studies have also reported DNA hypermethylation 

of miR-34b, -137，-148a, -181c, -193a, and -203 in multiple cancers (Hashimoto et al. 

2010; Kozaki et al. 2008; Lujambio et al. 2008; Toyota et al. 2008). 

Recent DNA structure analysis has revealed features in protein-coding gene 

promoters can be found in miRNA promoters (Corcoran et al. 2009). This suggests the 

mechanisms such as transcription factors that govern the expression of protein coding 

genes can be exerted on miRNAs. An example is the well characterized helix-loop-helix 

leucine zipper transcription factor, MYC. This gene not only regulates � 1 0 to 15% of 

human gene expression (Eilers and Eisenman 2008), but also positively and negatively 

modulates miRNA expression. It promotes the expression of miRNAs in miR-17-92 

cluster through interaction with the promoter (O'Donnell et al. 2005; Chang et al. 2008). 

2.10.4 Clinical significance of miRNAs 

MiRNAs have been implicated in multiple clinical applications. MiRNA profile 
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has been shown to be more accurate than transcript pattern in classifying some tumor 

types (Lu et al. 2005). MiRNA signatures were possibly more effective diagnostic 

biomarkers for tracing back the origin of cancers with unknown primary origin 

(Rosenfeld et al. 2008). Moreover, miRNAs could be a potential marker for disease 

progression. miR-196a showed increasing expression from low grade lesion to 

esophageal adenocarcinoma (Maru et al. 2009). Besides serving as diagnostic and 

disease progression markers, miRNA expression would be a potential biomarker for 

treatment response. For instance, miR-34a was associated with impaired DNA damage 

response, apoptosis resistance in response to 丫-irradiation and chemotherapy resistance 

(Zenz et al. 2009). High expression of miR-21 was associated with poor fluorouracil 

based treatment in colon adenocarcinoma (Schetter et al. 2008). Lastly, miRNAs have 

been suggested as a potential survival marker. High expression of miR-21, miR-155, 

and miR-196a-2 was associated with poor survival in colon, lung and pancreatic cancers 

respectively (Bloomston et al. 2007; Schetter et al. 2008; Yanaihara et al. 2006). 

Combination of low let-7d and miR-205 expression was associated with poor survival 

in head and neck squamous cell cancer (Childs et al. 2009). Taken together, miRNA 

expression may serve as potential markers for diagnosis, disease progression, treatment 

prediction and prognosis. 
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2.11 MiRNAs in brain tumors 

Accumulative evidence indicates that miRNAs are aberrantly expressed in CNS 

tumors. For instance, in gliomas, upregulation of miR-10b, miR-21, and miR-221 and 

downregulation of miR-128, miR-124, miR-137, miR-139, miR-218 and miR-323 have 

been identified using global expression profiling and quantitative RT-PCR (Chan et al, 

2005; Ciafre et al. 2005; Silber et al. 2008). Table 2 summarizes the aberrantly 

expressed miRNAs observed in gliomas. 

Increased miR-21 expression was observed in high-grade gliomas (Chan et al. 

2005; Ciafre et al. 2005; Silber et al. 2008). In vitro, inhibition of miR-21 reduced cell 

proliferation by inducing apoptosis (Chan et al. 2005). Suppression of miR-21 also 

reduced tumor migration, invasion，and tumorigenicity through regulation of 

reversion-inducing-cysteine-rich protein with kazal motifs (RECK) and 

metalloproteinase inhibitor 3 (TIMP3), which are inhibitors of matrix 

metalloproteinases essential for invasiveness and metastasis of various cancers (Correa 

et al. 2006; Gabriely et al. 2008; Oh et al. 2001). Other targets of miR-21 are 

heterogeneous nuclear ribonucleoprotein K (HNRPK), tumor protein p63 (TP73L) and 

programmed cell death 4 (PDCD4), all of which have been implicated in tumorigenesis 

(Papagiannakopoulos et al. 2008). Together, these data suggest an oncogenic role of 

miR-21. 
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Table 2. Dysregulated miRNAs found in gliomas 

Overexpressed miRNAs References Uriderexpressed miRNAs References 

miR-9-2 81 miR-7 449 
miR-10b 81, 167，449 miR-29b 449 
miR-16 153 miR-31 449 
miR-21 449 miR-101 449 
miR-25 81 miR-107 449 

miR-26a 167 miR-124 167,449 
miR-107 153 miR-124-2 449 
miR-123 81 miR-128-1 81，167’ 449 

miR-125b-1 81 miR-128-2 167 
miR-125b-2 81 miR-129 449 

miR-130 81 miR-132 449 
miR-155 449 miR-133a 449 
miR-185 153 miR-133b 449 
miR-210 449 miR-137 167，449 
miR-221 81 miR-138 449 
miR-383 167 miR-139 449 
miR-425 153 miR-149 449 
miR-451 153’ 167 miR-153 449 
miR-486 153， 167 miR-154 449 

miR-516-3p 167 miR-181a 81 
miR-519d 167 miR-181b 81 

miR-181c 81 
miR-185 449 
miR-187 449 
miR-190 167 
miR-203 449 
miR-218 167,449 
miR-299 167 
miR-323 167’ 449 
miR-328 449 
miR-3 30 449 
miR-483 167 

miR-511-1 167 
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Overexpression of miR-17-92 cluster has been reported in glioblastoma 

multiforme (GBM) (Ernst et al. 2010). Copy number gain was one of the mechanisms 

for miR-17-92 upregulation (Ernst et al. 2010). Knockdown of the miR-17-92 cluster 

led to inhibited cell proliferation and induced apoptosis (Ernst et al. 2010). These data 

suggest a role of miR-17-92 cluster in GBM oncogenesis. 

Downregulation of miR-128 has been reported in gliomas (Ciafre et al. 2005; 

Godlewski et al. 2008; Gaur et al. 2007). MiR-128 inhibited cell proliferation through 

targeting E2F transcription factor 3 (E2F3) (Zhang et al. 2009). It also downregulated 

BMI1 polycomb ring finger oncogene (BMI-1), a member of polycomb group complex 

1 that is involved in stem cell renewal (Godlewski et al. 2008). Forced expression of 

miR-128 inhibited glioma cell growth in vitro and glioma xenograft growth in vivo, 

indicating the involvement of miR-128 in oncogenesis (Godlewski et al. 2008). 

miR-124 and miR-137 were found to have reduced expression in high-grade 

gliomas including GBM and anaplastic astrocytoma (Siber et al, 2008). In GBM cells 

lines, treatment with a combination of 5-aza-dC and histone deacetylase inhibitor, 

trichostatin A (TSA) enhanced 2-fold and 8-fold expression in miR-124 and miR-137, 

respectively. This result suggests epigenetic modification may contribute to 

underexpression of miR-124 and miR-137 in GBM. Furthermore, overexpression of 

miR-124 and miR-137 induced G0/G1 arrest, reduced both CDK6 expression and 
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phosphorylated retinoblastoma (RB) expression. Thus, aberrant expression of miR-124 

and miR-137 may contribute to gliomagenesis through modulating cell cycle 

progression by targeting important cell cycle regulator. 

Aside from gliomas, miRNAs are associated with a number of other CNS 

tumors. For example, dysregulation of miR-200a was found in meningioma (Saydam et 

al. 2009). MiR-200a conferred a growth inhibition effect in meningioma, through 

targeting CTNNB1 and inhibiting WNT signaling pathway. Moreover, miR-222 and 

miR-222 were upregulated in atypical teratoid/rhabdoid tumors and these miRNAs 

modulated the expression cell cycle inhibitor p27 (KIP1) (Sredni et al. 2009). 

Other studies have been taken to investigate the relationship between miRNAs 

expression and clinicpathological features or clinical outcome. MiR-21 expression was 

correlated with glioma grade, and its expression increased during progression from low 

to high grade (Gabriely et al. 2008). Members of the miR-17-92 cluster showed 

increased expression during tumor progression in glioma (Ernst et al. 2010). These 

results are in line with the data shown by Malzkorn et al (Malzkorn et al. 2010). 

The value of miRNA in predicting treatment outcome has been recently 

determined by Slaby and his colleagues. They demonstrated that miR-18 lb and 

miR-181c expression were significantly downregulated in GBM patients who 

responded to concomitant chemoradiotherapy with temozolomide (Slaby et al. 2010). 
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Together, these studies provide implication that miRNAs expression may have 

diagnostic, predictive and prognostic values. 

2.12 MiRNAs in MB 

Accumulative data have indicated that miRNAs are involved in MB 

tumorigenesis. The first miRNA study in MB was reported by Pierson and his 

colleagues who demonstrated that miR-124 expression was reduced in all primary MB 

and cell lines, and this miRNA modulated the expression of CDK6, a critical cell cycle 

regulator (Pierson et al. 2006). Tumors with low miR-124 showed an increased CDK6 

expression. Furthermore, ectopic expression of miR-124 inhibited cell growth in MB. 

Recently, miR-129 was shown to downregulate CDK6, and its expression was reduced 

in MB (Wu et al. 2010). Taken together, these results provide the first link between 

miRNAs and MB tumorigenesis. 

Ferretti and his colleagues identified specific miRNAs that were involved in a 

subset of MBs with activated SHH pathway (Ferretti et al. 2008). They compared the 

miRNA profiles of 250 miRNAs between two groups of MBs with either high or low 

level of GLI1, an effector of SHH pathway, and identified 30 differential expressed 

miRNAs, with downregulation of miR-125b, miR-326, and miR-324-5p detected in 

GUI-high expressed cases. These miRNAs were able to suppress the activator SMO 
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through direct binding to the 3'UTR of SMO. Overexpression of these miRNAs reduced 

expressions of SMO, GLI1 and PTCH. In addition, re-expression of these miRNAs 

inhibited cell proliferation and reduced the number and size of colony formation in vitro’ 

whereas depletion of these miRNAs enhanced cell proliferation. These results suggest 

that deregulation of miRNAs involved in SHH pathway plays a role in MB formation. 

Besides, miR-125b, miR-326, and miR-324-5p were upregulated during 

differentiation of granule progenitor cells (GPCs) when growth rate was reduced 

(Ferretti et al. 2008). When these miRNAs were repressed during the course of GPC 

differentiation, cell proliferation increased (Ferretti et al. 2008). Transfection of these 

miRNAs suppressed GPC proliferation induced by SHH. Together, these results 

demonstrated that dysregulation of miRNAs in MB would lead to activation of SHH 

signaling, disruption in GCP differentiation and promotion of MB development. 

To elucidate the role of miRNAs in MB development, Uziel and his colleagues 

applied comparative expression analysis and identified upregulation of miR-92, 

miR-19a, and miR-20, all of which resided in the miR-17/92 cluster, in mouse and 

human MB with constitutively active SHH pathway (Uziel et al. 2009). Enforced 

expression of these miRNAs in proliferating GNPs derived from Ink4c-/-;Ptch +/- mice 

caused MB formation with complete penetrance. In contrast, enforced expression of 

these miRNAs in GNPs in Ink4c(-/-);Tp53(+/-) mice never gave rise to MB. These 
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results underline a collaboration between miR-17/92 cluster and the SHH pathway in 

MB pathogenesis. 

In line with upregulation of miR-17/92 cluster in MB, Northcott et al. identified 

a recurrent focal amplification of chromosome 13q31.3 in MB, where the miR-17/92 

cluster is mapped (Northcott et al. 2009). Upregulation of miR-17/92 cluster was found 

in MB with activated SHH signaling and those with high MYC and MYCN expression. 

The results further illustrate the aberrant expression of miR-17/92 cluster in a subset of 

MB, and a link between miR-17/92 and SHH signaling pathway that may contribute to 

the MB pathogenesis. 

Ferretti and his colleagues have applied global expression analysis to identify 

differentially expressed miRNAs in MBs (Ferretti et al. 2009). They examined the 

expression pattern of 248 miRNAs in 14 primary MBs and 7 normal adult and fetal 

normal cerebella. The results showed that 78 miRNAs were differentially expressed 

between tumors and either adult or fetal controls. Repressed miRNAs were more 

common than overexpressed miRNAs in MBs. In summary, through global miRNA 

profiling, a series of altered expressed miRNAs in MB has been identified. This 

approach may help to identify upregulated miRNAs having oncogenic function and 

those repressed miRNAs having tumor suppressor function in MB development. Table 3 

summarizes the differentially expressed miRNAs in MB. 
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Table 3. Dysregulated miRNAs found in MB 

References Ferretti et al. 2009 Uziel et al. 2009 
Overexpressed miR-17-5p miR-9* miR-106b 

miRNAs miR-148a miR-17 miR-130a 
miR-199b miR-17* miR-130b 

miR-18 miR-191 
miR-19a miR-216a 
miR-19b miR-216b 
miR-20a miR-217 

miR-20a* miR-217* 
miR-25 miR-335 
miR-32 miR-423 

miR-34c miR-449 
miR-92 miR-503 
miR-93 miR-672 

Downregulated let-7a miR-149 miR-29a 
miRNAs let-7b mir-150 miR-29b 

let-7d miR-153 miR-124 
let-7e miR-154 miR-125a 
let-7f miR-181b miR-127 
let-7g miR-181c miR-127* 
let-7i miR-190 miR-128-1 

miR-22 miR-191 miR-128-2 
miR-26a miR-192 miR-129 
miR-26b miR-194 miR-136 
miR-29c miR-212 miR-138 
miR-30b miR-219 miR-143 
miR-30c miR-320 miR-150 
miR-31 miR-323 miR-204 
miR-98 miR-324-3p miR-206 

miR-103 miR-324-5p miR-218 
miR-107 miR-326 miR-300 
miR-124 miR-328 miR-338 
miR-125a miR-330 miR-378 
miR-127 miR-331 miR-381 

miR-128-1 miR-346 miR-382 
miR-128-2 miR-370 miR-433 

miR-129 miR-381 miR-434 
miR-132 miR-382 miR-487b 

miR-133b miR-383 
miR-134 miR-425 
miR-138 
miR-143 
miR-145 
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Recently, the functional role of miR-128a in MB tumorigenesis has been 

delineated (Venlcataraman et al. 2010). Expression of miR-128 was reduced in MB 

compared to either adult or pediatric normal cerebella. Restoration of miR-128a 

inhibited cell proliferation, cell viability and colony formation in MB cells. Further 

analysis demonstrated that miR-128a exhibited tumor suppressor function by 

suppressing oncogene BMI-1 at protein level. By targeting BMI-1, miR-128 prevented 

the repression of CDK4，a cell cycle inhibitor. Thus, miR-128a decreased MB cell 

growth through mechanisms involving cell cycle regulator. 
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CHAPTER 3 

OBJECTIVES OF STUDY 

At present, the primary treatment therapy for MB includes surgical resection, 

chemotherapy and radiotherapy. However, the survival rate of MB, especially of 

high-risk patients, remains unsatisfactory. Patients with recurrent disease after primary 

treatment do poorly, with 2-year survival rate of about 9% (Zeltzer et al. 1999). In 

addition, survivors commonly suffer from significant adverse therapeutic effects 

including neurocognitive impairment and neuroendocrine problems. Thus, development 

of novel therapy is urgently needed. Understanding MB pathogenesis would be the first 

step to achieve this goal. 

The ultimate aim of my study is to provide hints on the development of new 

treatment strategy for MB. Understanding the molecular abnormalities in MB may 

enable the development of novel pathway specific drugs that can effectively cure the 

disease with reduced side effects. Furthermore, determination of particular signaling 

pathways affected by the molecular abnormalities may have implication on risk 

stratification. This in return allows tailored design treatment strategy for individual 

patients. Those less aggressive diseases could be prescribed with reduced dose 

treatment to reduce side effects and those aggressive diseases could be treated with 

multiple modalities to improve clinical outcome. Lastly, the identified molecular 
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abnormalities may either help in classification of current molecular subtypes or in 

finding a previously unrecognized molecular subgroup. 

Our research group had previously examined chromosomal abnormalities in MB 

using CGH and microstatellite analyses. The results showed that losses of chromosomes 

8p，16q and 17p, and gains of chromosomes 7q and 17q were frequent genetic changes. 

Finer deletion mapping on chromosome 8p led to delineation of multiple partial or 

interstitial deleted intervals on 8p22-23.2 and a homozygously deleted region of 1.8 cM 

on 8p22-23.1. These results suggested that candidate TSG(s) critical for MB 

development might be located within the deletion regions on 8p. Thus, the objectives of 

my study were: 

1. To conduct a systematic analysis to identify the candidate TGS(s) on chromosome 

8p, 

2. To determine the expression patterns of miRNAs located on chromosome 8p and 

evaluate their candidacy as tumor suppressor-like genes, 

3. To evaluate the functional significance of aberrantly expressed miRNAs in 

relation to tumorigenesis of MB, 

4. To identify and characterize the target genes of deregulated miRNAs, and 

5. To evaluate the clinical significance of deregulated miRNAs. 
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CHAPTER 4 

4.1 Tumor specimens 

A cohort of 29 MBs，collected from Prince of Wales Hospital, Hong Kong and 

Huashan Hospital, Shanghai were examined in this study. All tumors were classified 

according to current WHO criteria (Giangaspero et al. 2007). Part of tumor tissues 

resected at the time of surgery were immersed immediately in the RNALater solution 

(Ambion, Inc.，Austin, TX, USA) and stored at -80°C until use. Histologic examination 

revealed that these RNALater-preserved samples had tumor cell content greater than 

80%. There were 22 pediatric and 7 adult patients and the respective median age for 

each group was 10 years (range 5-17 years) and 32 years (range 20-40 years). The 

male/female ratio was 1.6:1. There were 24 classic, 2 anaplastic and 3 desmoplastic 

variants. A total of 3 normal cerebella were purchased from Ambion, Clontech 

Laboratories Inc. (Palo Alto, CA，USA), and Biochain Institute, Inc. (Hayward, CA, 

USA). Clinicopathological information of the patients is summarized in Table 4. 

4.2 Cell lines 

Seven MB cell lines DAOY, D283, D341, D384, D425, D458 and ONS-76 were 

included in this study. DAOY, D283 and D341 were obtained from American Type 
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Culture Collection (Manassas, VA, USA) and cultured in Minimum Essential Medium 

Alpha Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS). D384, D425 and D458 were generous gifts from Dr. Darrell Bigner 

(Department of Neuro-oncology, University of Durham, North Carolina, USA) and 

were grown in Improved MEM Zinc Option Medium (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% FBS. ONS-76 was purchased from Japanese Cancer Research 

Resources Bank and cultured in RPMI-1640 medium (Sigma-Aldrich Corporation, St. 

Louis, MO, USA) supplemented with 10% FBS. All MB lines grew in suspension 

except DAOY and ONS-76 which grew as a monolayer attached to the substratum. P19 

mouse embryonal carcinoma cells was purchased from American Type Culture 

Collection and cultured in Dulbecco's Modified Eagle's Medium (Invitrogen) 

supplemented with 10% FBS. All cell lines were maintained in a humidified atmosphere 

containing 5% CO2 at 37°C. Adherent cells were passaged at 80% confluence by 

trypsinization, and suspension cells were split every 4 days. Cell culture was ensured 

devoid of mycoplasma contamination by DNA specific Hoechst staining of cell culture 

regularly. 

4.3 DNA extraction 

Genomic DNA was extracted from tumor samples by conventional proteinase K 
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digestion and phenol:chloroform DNA extraction method. Briefly, approximately 10 mg 

of tumor was minced into small pieces and incubated in 2 ml of lysis buffer [50 mM 

Tris-HCl (pH 7.6), 200 mM NaCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 

0.5% sodium dodecyl sulfate (SDS) and 0.5 mg/ml Proteinase K] overnight at 55°C to 

lyse cells and digest proteins. To remove proteins from DNA, an equal volume of 

phenol:chloroform:isoamyl alcohol solution (25:24:1, v/v/v, pH 8.0; Amresco, Solon, 

OH, USA) was added to the lysate, which was mixed gently for 5 minutes and subjected 

to centrifugation at 13,000 g for 15 minutes at room temperature. Centrifugation 

separated the mixture into an upper aqueous phase and a lower organic phase. The 

upper aqueous layer containing DNA was carefully removed and to which was added 

1/10 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes of absolute alcohol. This 

DNA mixture was left at -80oC for 2 hours prior to centrifugation at 13,000 g for 10 

minutes. The DNA pellet was washed with 70% ethanol to remove the salt, air-dried 

completely, and dissolved in IX TE buffer [10 mM Tris-HCl (pH 8.0) and 1 mM 

EDTA]. DNA quantification was determined by spectrophotometry and was calculated 

based on an absorbance reading of 1.0 at 260 nm equivalent to a DNA concentration of 

50 p,g/ml. DNA with an absorbance ratio of 260 nm to 280 nm of 1.8-2.0 was 

considered of good quality. 
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4.4 RNA extraction 

Total RNA was extracted using Trizol reagent according to manufacturer's 

recommendation (Invitrogen). Briefly, about 50 mg of tissue was cut into small pieces 

o « 噌 • 

of about 0.25 cm and subjected to homogenization by a homogenizer in the presence of 

1 ml Trizol on ice. Chloroform (0.2 ml) was added to lysates and the mixture was 

shaken vigorously, sat for 2 minutes at room temperature, and centrifuged at 12,000 g 

for 15 minutes at 40C. The upper aqueous phase containing RNA was transferred to a 

fresh tube, and 0.5 ml isopropanol was added to the solution to precipitate RNA. The 

mixture was incubated for 10 minutes at room temperature before it was centrifuged at 

12000 g for 10 minutes at 4°C. The pellet was washed with 70% ethanol, air-dried 

completely, and dissolved in 0.1% (w/v) diethylpyrocarbonate-treated water. To 

examine the integrity of RNA, total RNA samples were subjected to agarose gel 

electrophoresis. The 28S and 18S ribosomal RNA bands were visualized after 

ethidium bromide staining. RNA with the fluorescence intensity ratio of 28S to 18S 

close to 2 and with no smearing was considered of good quality. RNA concentration 

was determined by spectrophotometry and was calculated based on an absorbance 

reading of 1.0 at 260 nm equivalent to a concentration of 40 jig/ml. 

Total RNA of cell lines were isolated using the same procedures as mentioned 

above with the exception that cells, after washing three times with chilled 
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phosphate-buffered saline (PBS), were directly lysed by addition of 1-2 ml of Trizol. 

4.5 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

4.5.1 Reverse transcription 

RNA was reverse transcribed into complementary DNA (cDNA) prior to PCR. 

The reverse transcription reaction in a final volume of 20 pi contained 1 jig RNA, IX 

reverse transcription buffer, 2.5 (xM random hexamers, 2 mM deoxyribonucleoside 

triphosphates (dNTPs), 50 units of MultiScribe™ reverse transcriptase (Applied 

Biosystems, Foster City, CA, USA), and 4 units of RNase inhibitor. The reaction was 

incubated at 25°C for 10 minutes, 48 °C for 30 minutes and terminated at 95 for 5 

minutes. 

4.5.2 TaqMan®-based real-time PCR 

TaqMan®-based real-time PCR was conducted to evaluate the expression of 

LZTS1, PTBP1, PRDX3, SLC16A1, TUSC3, and GAPDH. Probes and primers were 

purchased from Applied Biosystems: LZTS1 (Hs00232762_ml), PTBP1 

(Hs00738538_gl), PRDX3 (Hs00428953_gl), SLC16A1 (HsO 1560299一ml), TUSC3 

(Hs00185147_ml), and GAPDH (Hs99999905_ml). The PCR reaction was prepared in 

a final volume of 20 jil containing 30 ng cDNA, IX TaqMan Universal PCR master mix 
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(Applied Biosystems), and IX of probes and primers. Amplification was conducted 

under the conditions of 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 

seconds and 60°C for 1 minute in the iCycler real-time PCR detection system (Bio-Rad 

Laboratories, Hercules, CA, USA). To determine gene copy number, PCR product of 

each gene was cloned into the pCR2.1 vector. A serial dilution of the resultant plasmid 

was prepared and included in each PCR run. A graph of copy number versus threshold 

cycle (Ct) was generated and a standard curve was plotted. The gene copy number in a 

given sample was extrapolated from the standard curve using the Ct value obtained. 

The relative gene expression in each sample was determined as a ratio of copy number 

of target gene to copy number of internal control gene {GAPDH), and compared 

between tumors and 3 normal cerebella. A normalized expression value of 2-fold lower 

or higher that the mean expression level of 3 normal cerebella was considered 

downregulation or upregulation, respectively. All PCR reactions were carried out in 

triplicates. 

4.5.3 SYBR® Green-based real-time PCR 

® 

SYBR" Green-based real-time PCR was performed for the following purposes: 

1) validation of expression profiling data, and 2) expression analysis of putative miRNA 

targets and Sgcz, Each PCR reaction in a final volume of 20 |ul contained 30 ng cDNA, 



1 x Power SYBR® Green PCR master mix (Applied Bio systems) and 0.125 îM of each 

forward and reverse primer (Table 5). PCR amplification was performed under the 

conditions of 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C 

for 20 seconds and 72°C for 20 seconds. Standard curves were generated by the 

procedure described in section 4.5.2. The relative gene expression in each sample was 

determined as a ratio of copy number of target gene to copy number of internal control 

gene (GAPDH), and compared between tumors and normal cerebella. The average of 3 

normal cerebella was normalized to 1.0 and the relative gene expression level in tumors 

was calculated with respect to the average normal cerebella. A normalized expression 

value of 2-fold lower or higher that the mean expression level of 3 normal cerebella was 

considered downregulation or upregulation, respectively. PCR was carried out in 

triplicate and the data represented the results of 3 independent experiments. 

4.5.4 TaqMan® miRNA assay 

The expression of mature miR-124 and miR-383 was determined using TaqMan 

miRNA assay (Applied Biosystems). Briefly, the reverse transcription reaction was 

prepared in a final volume of 15 (xl containing 10 ng of total RNA, 50 nM miR-124- or 

miR-383-specific reverse transcription primer, lx reverse transcription buffer, 1 mM 

dNTPs, 50 units of MultiScribe™ reverse transcriptase and 3.8 units of RNase inhibitor. 
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The reaction mix was incubated at 16°C for 30 minutes, 42°C for 30 minutes, and 85°C 

for 5 minutes. Quantitative PCR was performed in a 20-(il volume containing one tenth 

of the reversed transcribed product, lx TaqMan Universal PCR master mix, and lx 

TaqMan miRNA assay reagent. Amplification was conducted under the conditions of 

95�C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, and 60°C for 1 

minute. Similar to other qRT-PCR assays, standard curves for miRNAs and internal 

control gene {GAPDH) were generated for copy number assessment. The relative 

expression of miRNA in each sample was calculated as a ratio of copy number of 

miRNA to copy number of GAPDH, and compared between tumors and 3 normal 

cerebella. A normalized expression value of 2-fold lower or higher that the mean 

expression level of 3 normal cerebella was considered downregulation or upregulation, 

respectively. All PCR reactions were performed in triplicates. 

4.6 Comprehensive gene expression profiling 

Seven MBs (cases 16, 17, 21，23, 24, 25 and 28) and 2 normal cerebella were 

subjected to gene expression profiling using Affymetrix Human Genome U133 Plus 2.0 

Array (Affymetrix, Santa Clara, CA, USA). The microarray experiment was performed 

by Shanghai Institutes of Biological Science (Second Medical University, Shanghai) 

according to manufacturer's recommendation. Global mean normalization was 
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performed to normalize gene expression of array (Quaclcenbush 2002). A logarithmic 

transformation based 2 was then applied for subsequent gene expression comparison 

between tumor samples and normal cerebella. 

Expression profiling was also performed to identify candidate genes modulated 

by miR-383 in MB cells. The 4x44K Whole Human Genome Oligo Microarray (Agilent, 

Diegem, Belgium) was used to assess gene expression. The microarray experiment was 

conducted by Dr. Richard K.W. Choy (Department of Obstetrics and Gynecology, The 

Chinese University of Hong Kong) according to manufacturer's recommendation. The 

spot intensity was normalized using global mean normalization, and log ratios 

compared to negative control transfected cells were determined using linear-fit 

modeling. 

4.7 DNA methylation analysis 

4.7.1 Sodium bisulfite modification of genomic DNA 

To detect DNA methylation, genomic DNA was subjected to sodium bisulfite 

modification prior to PCR with methylation specific primers or PCR followed by DNA 

sequencing. In DNA modification, all unmethylated cytosines are converted to uracil 

while 5' -methylcytosines resistant to modification remain unchanged. Thus methylated 

and unmethylated DNA, after modification, can be discriminated using bisulfite 
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sequencing analysis or methylation specific primers. For each sample, 2 (ig of genomic 

DNA was subjected to bisulfite modification using Methylamp DNA Modification Kit 

(Epigentek, Brooklyn, NY, USA) according to manufacturer's recommendations. 

4.7.2 Bisulfite sequencing analysis 

The methylation status of TUSC3 in MB case 22 was assessed by bisulfite 

sequencing. Modified genomic DNA was amplified by PCR in a 20-jal reaction 

containing IX PCR buffer II, 0.25 mM MgCl2，0.25 |iM of primer pair (Table 6), 0.2 

fiM dNTPs, and 0.5 unit of AmpliTaq Gold® DNA polymerase (Applied Biosystems) 

under the conditions of 95°C for 10 minutes, 35 cycles at 95°C for 15 seconds, 62°C for 

15 seconds, and 72°C for 20 seconds, with a final extension reaction at 72°C for 10 

minutes. The MethPrimer program (http: //www, uro gene .org/methprimer/index 1 .html) 

was applied to design optimal primers for methylation studies. The PCR product of 176 

bp was cloned into pCR2.1 using TOPO-TA cloning kit according to manufacturer's 

recommendation. The pCR2.1 vector carries a reporter gene (3-galactosidase spanning 

the polylinlcer site. The p-galactosidase can cleave 

5-bromo-4-chloro-3-indolyl-p-galactopyranoside (X-gal) to produce a blue product, 

resulting in bacterial colonies that stained blue. However, p-galactosidase activity is 

destroyed when a DNA fragment is inserted at the polylinker site. Thus, recombinant 
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clones containing inserts can be distinguished by blue/white colony selection. Ten white 

bacterial colonies were picked for miniprep DNA preparation. DNA sequencing was 

performed using BigDye Terminator kit v3.1 (Applied. Biosystems), and analyzed by 

ABI 3130 Genetic Analyzer (Applied Biosystems). 

4.7.3 Methylation-specific PCR (MSP) analysis of EFHA2 

The methylation status of EFHA2 was determined by MSP. Two genomic 

regions covering the putative promoter and exon 1 of EFHA2 were interrogated for 

aberrant methylation. Modified DNA was subjected to independent PCR containing 

either methylation- or unmethylation-specific primers. The PCR reaction in a final 

volume of 20 pi contained 2 of modified DNA, IX PCR buffer II，0.25 mM MgCl2, 

0.2 (iM dNTPs, 0.25 |uM of methylation-specific or unmethylation-specific primer pairs 

(Table 6), and 0.5 units of AmpliTaq Gold® DNA polymerase (Applied Biosystems). 

The PCR conditions were 95°C for 10 minutes, 35 cycles at 95°C for 15 seconds, 62°C 

for 15 seconds, and 72°C for 20 seconds, with a final extension at 72°C for 10 minutes. 

The products were resolved by 2.0% (w/v) agarose gel electrophoresis, stained with 

eithidium bromide and visualized under ultraviolet light. The detection of PCR bands 

using methylation-specific primers was considered positive for methylation. The DNA 

methylase Sssl-treated DNA was served as a positive control. DNA was treated with 
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Table 6. Primers used in methylation analyses 

Genes Primer sequence Expected size (bp) 

Bisulfite sequencing 
BS-TUSC3 F: 5' GGATGTTTTGTTAGTTTTTTTT 

R: 5' ACAAAACAATATCTCCTCCAC 
176 

MSP 
M1-EFHA2 F: 5，GAATGTGAGTGTTTTAGACGGGCGT 

R: 5' CATAAAAAAAACGACGAATCCCGAC 
243 

U1-EFHA2 F: 5' GAATGTGAGTGTTTTAGATGGGTGT 243 

M2-EFHA2 F: 5' TCGGTTTGGTATGTTATTAGTTGTACG 
R: 5' AACGAATCCTCGAACTCCGT 

100 

U2-EFHA2 F: 5' TTGGTTTGGTATGTTATTAGTTGTATG 
R: 5' AACAAATCCTCAAACTCCAT 

100 
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SssI methylase (New England Biolabs, Ipswich, MA, USA) at 37°C for 1 hour. 

Normal cerebellum was served as a negative control in PCR. 

4.8 Transfection of miRNAs 

Two types of miRNA mimics were employed in functional studies. The 

miRIDIAN miRNA mimics from Dharmacon (Lafayette, CO, USA) were used in the 

miR-124 study, and the Pre-miR™ miRNAs from Ambion were used in the miR-383 

study. The Pre-miR™ miRNAs were efficacious and used at low concentration in 

transfection. 

Transfection conditions were optimized using fluorescent RNA duplex siGLO or 

FAM™ dye-labeled Pre-miR™ negative control mixed with Lipofectamine™ 2000 

(Invitrogen) in different ratios (w/v) according to manufacturer's recommendation. 

Cells which had taken up the labeled RNA molecules appeared fluorescent when 

observed under a fluorescent microscope. 

The adherent MB cells (0.8-1.2 X 104 cells/well) were seeded onto 24-well 

plates. After incubation for 24 hours, 16.7 nM of miRIDIAN miRNA or 6.25 nM of 

Pre-miR miRNA was mixed with Lipofectamine™ 2000 at pre-determined ratio and 

added to each well. The cells were then incubated for 24 hours followed by replacement 
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with fresh media. For suspension cells, 2.5 X 104 cells were seeded in 24-well plate. 

As control, the respective miRIDIAN miRNA negative control #1 (Dharmacon) or 

Pre-miR miRNA negative control (Ambion) was included in each transfection 

experiment. The controls had no significant sequence similarity to miRNAs in human. 

4.9 Gene knockdown by RNA interference 

Knockdown of SLC16A1 was carried out using two Stealth RNAi™ siRNAs 

(Invitrogen): siSLC16Al-l and siSLC16Al-2 which specifically target exons 4 and 5 of 

SLC16A1, respectively. Each siRNA duplex was composed of two chemically modified 

oligonucleotides annealed to each other (Table 7). Cells (4-6 X 104 cells/well) were 

seeded onto 6-well plate. After 24 hours when cell confluence reached about 20%, 16.7 

nM siRNA was mixed with Lipofectamine™ 2000 and the mixture was added to cells. 

Cells were incubated for 24 hours followed by replacement with fresh media. The 

Stealth RNAi™ siRNA negative control with low GC content (36% GC) was used as a 

negative control. 

Knockdown of PRDX3 was performed using two Silencer® Select Validated 

siRNAs (Ambion): siPRDX3-l and siRPDX3-2 which specifically target exons 4 and 5 

of PRDX3, respectively (Table 7). The transfection protocol was similar to that of 

SLC16A1 knockdown except that the concentration of siRNA used was adjusted to 12.5 
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nM. The Silencer® Select siRNA negative control (Ambion), which showed minimal 

sequence identical to human gene sequence, was used as a control. 

4.10 Determination of cell growth by cell count assay 

Cells transfected with miRNA mimic were harvested by trypsinization every day 

for 4 successive days, stained with 0.4% (w/v) trypan blue, and counted with a 

hemocytometer. Dead cells with damaged membrane were stained up by trypan, while 

viable cells excluded the dye. Three independent experiments were performed. 

4.11 Determination of cell growth by MTT assay 

This assay measures the reduction of yellow 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to purple 

formazan crystals by the mitochrondrial enzyme, succinate dehydrogenase. The amount 

of insoluble purple formazan produced, after dissolution, can be quantified by 

spectrophotometry. Since succinate dehydrogenase is active in living cells, the level of 

enzymatic activity on MTT reduction is a measure of cell viability. 

Cells (1.6-5.0 XI03 cells/wells) seeded onto 96-well plate were transfected with 

miRNA mimic or siRNA. At various time after transfection, MTT (5 mg/ml in PBS; 
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USB Chemicals, Cleveland, OH, USA) was added to cells to a final concentration of 0.5 

mg/ml, followed by incubation at 37°C for 2-4 hours. The medium was removed and the 

purple precipitate was dissolved in 100 |il of dimethyl sulfoxide. The absorbance of the 

colored solution was measured at a wavelength of 570 nm with background subtraction 

at 630 nm by spectrophotometric mean using VICTOR3 plate reader (Perkin-Elmer, 

Waltham, MA, USA). Each experimental condition was done in triplicate wells and at 

least 3 times. 

4.12 Cell cycle profiling by flow cytometry 

一 r 

Cells were plated at a density of 2.4 to 3.6 x 10 on 100-mm dishes a day before 

transfection. At designated time after miRKA transfection, both floating and attached 

cells were collected in centrifuge tubes, washed with PBS, fixed in cold 70% ethanol at 

-20°C overnight, and treated with PBS containing 20 jag/ml propidium iodide 

(Sigma-Aldrich) and 200 jag/ml DNase-free RNase A (Sigma-Aldrich) in the dark for 30 

minutes. After passing through the 40 |_im strainer, cells were subjected to cell cycle 

profiling using FACSCalibur (Becton Dickinson, San Jose, CA, USA). The percentage 

of cells in different phases of cell cycle was determined by Cell Quest version 3.2 

software (Verity 214 Software House, Topsham, ME, USA). 
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4.13 Evaluation of miRNA-target gene interaction by luciferase reporter assay 

The dual-luciferase reporter system is a useful tool to study the regulation of 

gene expression. The potential miRNA binding site is first inserted downstream of a 

firefly luciferase gene. The construct is then co-transfected with miRNA and a renilla 

encoded vector serving as an internal control to which the firefly luciferase reporter is 

normalized. The relative change in the expression of firefly luciferase activity is 

correlated to changes in the transcriptional activity of the gene. In return, this reflects 

the regulation of miRNA on the gene expression. 

4.13.1 Construction of reporter plasmids 

To construct the luciferase reporter plasmid, a partial 3' UTR fragment of 

SLC16A1 (212 bp), containing the putative miR-124 miRNA recognition element (MRE) 

corresponding to +1966 to +2177 of human mRNA sequence (NM—003051.3), was 

amplified with primers containing an Xbal linker (Table 8), and cloned into the 

pCR2.1-TOPO vector. The SLC16A1 fragment was released from the recombinant 

plasmid with Xbal restriction enzyme and subcloned into the unique Xbal site 

downstream of luciferase gene in the pGL3-control vector (Promega Corporation, 

Madison, WI, USA). The resultant plasmid was termed pGL3-WT-SLC16A1. A control 

plasmid (pGL3 -MUT-SLC16A1) carrying a 9-bp substitution mutation at the seed 
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region of the miR-124 MRE of SLC16A1 3'UTR was created using the Gene-Tailor 

site-directed mutagenesis system (Invitrogen) with primers 5'-

TCATAAAGATTATAATATAC AAAGCTTGTTTTAGTCTTTAGAACTC-3' and 

5'-ATATTATAATCTTTATGACACTATTAAAAGCTAAGATT-3'. All constructs were 

sequenced to ensure authenticity. 

To prepare reporter plasmids for PRDX3 and RBMS1, a partial 3' UTR fragment 

of PRDX3 (326 bp), corresponding to +1123 to +1448 of human mRNA sequence 

(NM—006793.2) and a partial 3'UTR fragment of RBMS1, corresponding to +1672 to 

+2403 of human mRNA sequence (NM_016836.3) were amplified with primers 

containing an Xbal linker. The respective 326-bp and 732-bp products of PRDX3 and 

RBMS1 were cloned into the pCR2.1-TOPO vector. The 3'UTR fragment were released 

from the plasmids and subcloned into the unique Xbal site downstream of the firefly 

luciferase gene in pGL3-control. The resultant plasmids were termed 

pGL3 -WT-PRDX3 and pGL3 -WT-RBMS1, respectively. The reverse sequence of the 

seed region (nt 2-8) was served as control plasmids, named pGL3-reverse-PRDX3 and 

pGL3-reverse-RBMSl. 

4.13.2 Luciferase reporter assay 

Cells (7-9 xlO4 cells/well) were seeded on 24-well plates a day before 
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transfection. The next day, cells were cotransfected with 1 of pGL3 plasmid 

containing the wild-type or mutant 3'TJTR fragment of tested gene, 20 pmol of either 

miRNA mimic or miRNA negative control, and 200 ng of pRL-TK (Renilla) using 

Lipofectamine ™ 2000. After incubation for 24 hours, cells were washed with PBS and 

lysed in 100 fil Passive Lysis Buffer (Dual Luciferase Reporter Assay System, Promega, 

Madison, WI, USA). A 20-(al aliquot was then transferred to 96-well black microliter 

plates (Thermo Scientific, San Jose, CA, USA). Luciferase Assay Reagent II (100 pi) 

was added to generate signal for firefly activity measurement and an equal volume of 

Stop & Glo® Reagent was then added sequentially to generate signal for renilla activity 

measurement. Both firefly and renilla luminescent intensities were measured by IVIS 

100 imaging system (Xenogen Corporation, Hopkinto, MA, USA). Transfection 

efficiency was corrected by normalizing the firefly luciferase activity to that of Renilla. 

Data were then normalized to the pGL3-control/miRNA negative control cotransfection. 

Each experiment was performed in triplicate and repeated 3 times. 

4.14 Cell death assay 

The presence of apoptotic cells was evaluated by the Cell Death Detection 

ELISAplus assay (Roche Diagnostics) according to manufacturer's instructions. This is 

an enzyme immunoassay (ELISA) for quantitatively measurement of histone-associated 
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DNA fragments (mono- and oligonucleosomes) in the cytoplasmic fraction of cells. 

The detection of mono- and oligonucleosomes is an indication of DNA degradation, 

resulting from an activation of endonuclease in the apoptotic cells. 

Cells were washed with PBS, and incubated with Lysis Buffer for 30 minutes at 

room temperature. The lysates were then centrifuged at 1500 rpm for 10 minutes. The 

supernatant together with the antibodies-contained Immunoreagent were incubated into 

microplate for 2 hours. The reaction was stopped by adding Stop Solution. The 

absorbance was measured at 405 nm with background substraction at 490 nm by 

VICTOR3 plate reader. All samples were normalized to untreated cells. The enrichment 

factor for cell death was calculated as ratio of absorbance of sample cells to absorbance 

of siRNA negative control cells. The data were derived from 3 experiments performed 

in triplicate. 

4.15 Western blot analysis 

Cells were lysed in RIPA buffer containing 50 mM Tris-HCl pH 7.4, 150 mM 

NaCl，1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and IX protease inhibitor 

mix (GE Healthcare Corporation, Piscataway, New Jersey) and incubated on ice for 15 

minutes. Insoluble material was removed by centrifugation. Protein concentration was 

determined by the Protein Assay (Bio-Rad). Soluble proteins were resolved by 
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SDS-polyacrylamide gel electrophoresis with 8 to 15% gels depending on the size of 

protein under investigation. Resolved proteins were transferred from gel to 

polyvinylidene difluoride membrane by 

Electrophoretic Transfer Cell (Bio-Rad). 

(25 mM Tris-HCl and 192 mM Glycine) 

wet transfer technique with Trans-Blot® 

Transfer was conducted in Transfer buffer 

at 100 V for 1 hour or 20 V for 10 hours. 

The blot was incubated in 5% non-fat milk for 1 hour to block non-specific protein 

binding sites, washed 3 times with TBST buffer (20 mM Tris-HCl pH7.6, 15 mM NaCl， 

and 0.1% Tween 20), and probed with rabbit anti-human SLC16A1 polyclonal antibody 

(Abeam Incorporation, Cambridge, MA, USA) at a concentration of 0.4}ig/ml, rabbit 

anti-human PRDX3 polyclonal antibody 4G10 (Abeam) at a concentration of 0.5 jag/ml, 

rabbit anti-human RBMS1 polyclonal antibody (Abeam) at a concentration of 1 (ig/ml, 

mouse GALC monoclonal antibody clone mGalC (Millipore, Temecula, CA, USA) at a 

concentration of 1 jig/ml, mouse (3-tubulin III (TUBB3) monoclonal antibody TU-20 

(Exbio, Praha, Vestec, Czech Republic) at a concentration of 0.5 (ig/ml, or mouse 

anti-human GAPDH monoclonal antibody (Abeam) at a concentration of 0.2 |ig/ml. The 

blot was washed 3 times with TBST buffer and incubated with appropriate horseradish 

peroxidase-conjugated secondary antibody for 1 hour at room temperature. Protein 

expression was assessed by ECL Plus western blotting reagent (GE Healthcare), or 

Immobilon™ Western Chemiluminescent HRP substrate western blotting reagent 
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(Millipore) according to manufacturer's recommendation. Signals were detected by-

exposing the treated blot to Hyperfilm ECL (GE Healthcare) for 45-60 seconds. 

4.16 Determination of allelic status by FISH analysis 

The dual-color FISH analysis was employed to evaluate the allelic status of 

chromosome 8p in MBs using an established in-house protocol (Dong et al. 2004). 

4.16.1 Preparation of DNA probes 

Nick translation was employed to label DNA isolated from BAC clones. The 

target probe, prepared from BAC clone RP11-403C10 (8p23.1), was labeled with 

Spectrum-Orange-dUTP (Vysis, Downers Grove, Ilinois, U.S.A.), whereas the reference 

probe, prepared from BAC clone RP11-67016 (8ql2.3), was labeled with 

Spectrum-Green-dUTP. The nick translation reaction of 50 pi contained 5 }ig of BAC 

DNA, 100 mM Tris-HCl (pH 7.5)，lOmM MgCl2, 0.01% bovine serum albumin, 0.4 

mM dNTPs, 0.1 nM P-mercaptoethanol, 0.03 unit of DNase I，20 units of DNA 

polymerase I, and 0.85 nM of Spectrum-Orange-dUTP (for target probe) (Enzo Inc. 

Plymouth Meeting, PA, USA) or 1.9 nM of Digoxigenin-11 -dUTP (for reference probe) 

(Roche Diagnostics, Mannheim, Germany). The reaction mix was incubated at 15°C for 

90-120 minutes to achieve labeled DNA fragments with size between 300-1000 bp, and 
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terminated by addition of 1 pi of 0.5M EDTA and 0.5 yd of SDS and incubation at 650C 

for 10 minutes. To prepare the hybridization mixture, both the target probe and 

reference probe were mixed in 1:1 ratio and diluted in Hybrisol containing 50% 

formamide, 2X SSC, pH 7.0 (Oncor Gaithersburg, MD, USA). 

4.16.2 Preparation of slide for hybridization 

The formalin-fixed paraffin-embedded section of 5-(im thickness was dewaxed 

with xylene and rehydrated with serial graded ethanol rinses. To overcome the protein-

DNA crosslinkage and enhance probe penetration, the section was pretreated with 1M 

sodium thiocyanate in distilled water at 80°C for 10 minutes, digested with pepsin (2-8 

mg/ml in 0.2 N HC1) for 30 minutes. The reaction was stopped by washing with PBS. 

The sections were then heated in microwave (600W) in the presence of citrate buffer 

(pH 6.0) for 10 minutes followed by incubation at 80°C for 30 minutes. 

4.16.3 Hybridization and signal detection 

The labeled probes were hybridized to the sections at 37°C overnight. After 

hybridization, sections were washed with 1.5 M urea/IX SSC (150 mM NaCl and 15 

[iM sodium citrate (pH 7.0)) at 45�C for 30 minutes, and 2X SSC at 45°C for 15 

minutes to eliminate non-specific binding. The anti-digoxigenin antibody conjugated 
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with fluorescein (Roche Diagnostics; 2jig/ml) was added to the section and incubated at 

37°C for 1.5 hour. Slides were then washed in PBS, dehydrated in ethanol series, air 

dried, and counterstained with anti-faded 4'6-diamidino-2-phenylindole (DAPI). The 

fluorescent signals were viewed under the fluorescence microscope (Zeiss, Axioplan 2, 

Carl Zeiss Inc., Thornwood, NY, USA) equipped with three single band-pass filters at 

the excited wavelength of 350 nm, 490 nm and 559 nm to detect DAPI, fluorescein 

isothiocyanate (FITC), and Spectrum Orange, respectively. A total of 200 

non-overlapping nuclei were scored on each section. 

4.17 Induced neuronal differentiation of P19 cells 

Single PI9 cells were cloned by limiting dilution in 96-well plates. The clones 

were passage at about 60% confluence to prevent differentiation. Two criteria were used 

for selection of clones for investigation: the morphologic resemblance of subclones to 

parental cells and the ability to undergo induced neuronal differentiation with 

expression of TUBB3 and morphological changes with long processes extending out 

from cells, as described by Jones-Villeneuve (Jones-Villeneuve et al. 1983). 

Exponential growing PI9 cells plated at 105 cells/ml in petri dish were treated 

with 0.5 jiM of all-trans-retinoic acid (RA; prepared at 0.1 M in dimethyl sulfoxide) 

(Sigma-Aldrich). Cells were stimulated to form embryonic bodies (EBs) and grown as 
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aggregates. Fresh RA-containing medium was replaced at 48-hour interval. After 

incubation for 4 days, cells were trypsinized and re-plated in medium without RA on 

poly-L-lysine-coated plate to allow for differentiation. The next day, cytosine 

P-D-arabinofuranoside (Ara-C) (Sigma-Aldrich) was added to cells at a final 

concentration of 5 pg/ml to inhibit cell division. Growth medium was replaced every 48 

hours. Cells were examined for morphological change and harvested for miRNA and 

protein expressions at designated time points. The appearance of polygonal epithelial 

cell-like morphology in RA treated P19 cells after replating was suggestive for neuronal 

differentiation. Subsequently, the cytoplasmic volume of these RA treated cells 

decreased. Long neurite-like processes were appeared and they formed network. 
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CHAPTER 5 

RESULTS 

5.1 Identification of TSGs on chromosome 8p 

5.1.1 Previous data on chromosome 8p 

Using comparative genomic hybridization (CGH), several groups including ours 

have demonstrated that loss of chromosome 8p is a recurrent genetic abnormality in 

12%-50% of MB (Avet-Loiseau et al. 1999; Bayani et al. 2000; Eberhart et al. 2002; 

Gilhuis et al. 2000; Nishizaki et al. 1999). Our group had also performed a detailed 

micro satellite analysis on chromosome 8p and identified multiple partial or interstitial 

deletions on 8p22-23.2 and a homozygously deleted interval of 1.8 cM on 8p22-23.1 

(Yin et al. 2002). Frequent loss of heterozygosity involving a discrete chromosomal 

region is generally considered an indication of the presence of TSGs and whose loss or 

inactivation may contribute to the development of tumor (Murthy et al. 2002). Taken 

together, the results suggest that the deleted regions on chromosome 8p may harbor 

TSG critical for MB development. 

To identify the TSG on chromosome 8p22-23.1 in MB, our group had employed 

the candidate gene approach. One of the candidate TSGs examined was DLC-1 located 

on 8p22. Previous studies demonstrated lost or reduced expression of DLC-1 in liver, 

breast and lung cancers (Ng et al. 2000; Plaumann et al. 2003; Wong et al. 2003; Yuan 
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et al. 2004). Restoration of DLC-1 suppressed cell growth, inhibited colony formation 

and induced apoptosis (Ng et al. 2000; Yuan et al. 2004). When DLC-1 was examined in 

MB, loss of expression was detected in 1 of 9 tumors examined (Pang et al. 2005). 

Neither somatic mutations nor promoter hypermethylation was detected in MB 

including the sample that showed absent DLC-1 expression. These data suggested 

DLC-1 did not play a major role in MB oncogenesis. 

Within the homozygously deleted region on 8p22-23.1 laid a potential TSG, 

PINX1. Functional study indicated that PINX1 encodes for a potent inhibitor of 

telomerase and its depletion increased tumorigenicity in nude mice (Zhou and Lu 2001). 

These findings suggest that PINX1 may act as a TSG However, results from our group 

indicated that PINX1 transcript level was not deregulated and no somatic mutation was 

detected in a series of 52 MB examined (Chang et al. 2004). The results were not 

supportive ofPINXl as TSG in MB. . 

5.1.2 Search for TSG on chromosome 8p 

To continue the search for candidate TSG on chromosome 8p in MB, I had 

employed multiple approaches. The first approach was to review the available literature 

and selected the most probable TSG candidates located within the deletion regions for 

molecular analysis. The two genes that have been suggested to act like TSG in previous 
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studies were selected to analyze. Two genes were worthy of examination, namely 

leucine zipper, putative tumor suppressor 1 (LZTS1) on chromosome 8p21.3 and tumor 

suppressor candidate 3 (TUSC3) on chromosome 8p22. 

5.1.3 Expression analysis of LZTS1 in MB 

Previous studies have demonstrated that LZTS1 was markedly underexpressed in 

gastric, bladder, kidney and lung tumors (Nonaka et al. 2005; Vecchione et al. 2001; 

Vecchione et al. 2002). Introduction of LZTS1 inhibited tumor cell growth and 

suppressed tumorigenicity in nude mice (Ishii et al. 2001; Vecchione et al. 2001). 

These data prompted an evaluation of LZTS1 for its potential involvement in MB. 

With reduced expression in tumors as one of the features of TSGs quantitative 

RT-PCR was taken to examine the transcript levels of LZTS1 and TUSC3 in MB. The 

series contained 20 primary MBs, of which 15 cases were of childhood and 5 were of 

adults, and 3 normal cerebella. Using a value 2-fold lower than the mean expression 

level of 3 normal cerebella as a cutoff for reduced expression, only one (5%) MB 

showed decreased LZTS1 level (Figure 1). The result revealed that downregulation of 

LZTS1 occurred in a small subset of MB. 

5.1.4 Transcript expression and epigenetic study of TUSC3 in MB 
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• Normal cerebella 

or •», Medulloblastomas 

oJ 4 — 

Normal Medulloblastoma 
cerebella n=20 

n=3 

Figure 1 Relative expressions of LZTS1 and TUSC3 in MB by qRT-PCR The 
expression of these genes was normalized to GAPDH A minor fraction 
of MBs show reduced LZTS1 (top) and TUSC3 (bottom) transcript 
expression compared to normal cerebella The dashed lines indicate the 
mean expression level of normal cerebella and MB The red triangle 
represents tumors with reduced expression 
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Loss or reduced expression of TUSC3 was reported in carcinomas of ovary, 

larynx and pharynx (Guervos et al. 2007; Pils et al. 2005). Decreased TUSC3 expression 

was correlated with advanced stage and poor survival of larynx and pharynx carcinomas 

and with advanced stage of ovarian tumor (Guervos et al. 2007; Pils et al. 2005). These 

findings prompted an investigation on TUSC3 status in MB. 

Quantitative RT-PCR analysis revealed that 2 of 20 MBs examined showed 

reduced TUSC3 level (Figure 1), with case 16 exhibiting a 16-fold reduced level and 

case 22 displaying a 3-fold decreased level relative to the mean expression of 3 normal 

cerebella. The allelic status at chromosome 8p23.1 was determined by FISH. Case 16 

harbored a homozygous deletion whereas case 22 carried allelic gain of 3-4 copies at 

8p23.1. In cases exhibited no reduced TUSC3 expression, seven of them displayed 

allelic gain at 8p23.1, three of them showed 8p loss, and the remaining eight cases 

demonstrated 8p retention. For case 16, although the extent of the homozygously 

deleted interval in this tumor was unclear, the extremely low transcript level of TUSC3 

was consistent with chromosomal loss. Alternatively, TUSC3 might have been a 

bystander co-deleted with the target gene in the homozygously deleted region. 

To delineate the mechanism of reduced TUSC3 expression in case 22, the 

involvement of epigenetic change was evaluated. The MethPrimer algorithm indicated 

that the promoter region and exon 1 TUSC3 contained a high G/C content. A single CpG 
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island with a size of 651 bp comprising a total of 67 CpG sites was predicted at the 

promoter region and exon 1 of TUSC3 (NM_006765 and NM—178234; Figure 2) by 

MethyPrimer. Bisulfite sequencing analysis was employed to determine the methylation 

status of TUSC3 in case 22. A set of primers was designed to amplify an interval that 

covered 20 CpG sites of TUSC3. The PCR product was subcloned into pCR2.1 and ten 

randomly picked clones were selected for direct DNA sequencing. Figure 2 summarizes 

the results of bisulfite sequencing. Of 10 clones sequenced, three clones exhibited low 

methylation. Clone #8 showed DNA methylation in 2 of 20 CpG sites examined and 

clones #7 and #9 displayed DNA methylation at the last CpG site examined, with the 

rest of the CpG sites showing unmethylation. No hypermethylation was detected in the 

remaining clones. The infrequent hypermethylation indicated epigenetic mechanism 

was unlikely to explain downregulation of TUSC3 transcript. Other unidentified 

mechanisms might be responsible for regulating TUSC3 expression. 

Collectively, the results indicated that downregulation of TUSC3 expression 

occurred in a small fraction (10%) of MBs, but further study is needed to clarify the 

involvement of TUSC3 in MB oncogenesis. This candidate gene approach was 

time-consuming to elucidate TSG in MB. Thus, the next approach was taken. 

5.1.5 Global expression profiling to identify candidate TSG on chromosome 8p 
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Ime 1 2 3 4 5 6 7 1 U u u u u u u 
2 u u u u u u u 
3 u u u u u u u 
4 u u u u u u u 
5 u u u u u u u 
6 u u u u u u u 
7 u u u u u u u 
8 u u u u u u u 
9 u u u u u u u 
10 u u u u u u u 

Figure 2. Bisulfite sequencing analysis of TUSC3 in case 22. (A) CpG island 
identification by MethPrimer software. The blue area indicates the CpG 
island identified. A CpG island is a genomic region with a GC 
percentage that is > 50% and with an observed/expected CpG ratio >60%. 
The F1 and RI represent the location of forward and reverse primers for 
bisulfite sequencing, respectively. (B) A schematic diagram showing 20 
CpG sites on exon 1 (grey box) of TUSC3. Each vertical line represents a 
CpG dinucleotide. The arrow indicates the PCR primer orientation and 
the number above represents primer location relative to the 
transcriptional start (TS) site set as +1. (C) Result of bisulfite sequencing. 
PCR products were cloned and subjected to sequencing. Each row 
represents the methylation status of 20 CpG sites for each sequenced 
clone. Clones 7，8 and 9 show methylation at 1 or 2 CpG sites. 
Hypermethylation is an infrequent event in this MB case. M，methylation; 
U, unmethylation. 
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A genome-wide profiling approach was undertaken to identify candidate TSG on 

chromosome 8p. Expression microarray was performed on seven MBs (cases 16, 17, 21, 

23, 24, 25 and 28) and 2 normal cerebella, using the Affymetrix Human Genome U133 

Plus 2.0 Array. Each microarray contained 56,000 probes representing 47,000 

transcripts. There was a total of 664 probes on chromosome 8p，and 211 probes of them 

represented 78 transcripts (55 known and 23 unknown genes) in the homozygously 

deleted region on 8p22-23.1. 

5.1.6 Validation of global expression profiling 

To validate the microaray data, qRT-PCR was performed on six differentially 

expressed genes, which showed increase or decrease expression by 2-fold in all the 

seven MBs compared to the normal cerebella. These included three upregulated genes 

EZH2 (7q35-q36), MCM7 (7q21.3-q22.1), NHLH1 (lq22), and three downregulated 

genes AKAP12 (6q24-q25), PK1B (6q22.31), and WFDC1 (16q24.3). The microarray 

and qRT-PCR data are shown in Figure 3. Consistent with the microarray result, an 

upregulation of EZH2, MCM7, and NHLH1 and downregulation of AKAP12, PK1B, and 

WFDC1 in all seven tumors examined as compared to normal cerebella was observed 

by qRT-PCR. Notably, significant correlation between qRT-PCR and microarray data 

was evidenced in all tested genes (p<0.04). The gene expressions from both methods 
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Figure 3. Validation of microarray results by qRT-PCR. A significant correlation is 
observed between expression determined by microarray and qRT-PCR for 
each gene (p<0.05). The x-axis represents log2 of the array-based raw data 
after global median normalization (Quackenbush 2002). The y-axis 
represents log2 of gene expression after normalized with GAPDH. 
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were in excellent agreement with each other, indicating the microarray data were 

reliable and accurate. 

5.1.7 Identification of potential TSGs 

To identify the potential TSG on chromosome 8p, I evaluated gene expression 

using student's t-test. On chromosome 8p, a total of 132 probes representing 49 

transcripts exhibited significant differential expression (p<0.05), with 13 of them being 

unknown genes. Within the homozygously deleted region, 18 genes showed differential 

expression. TUSC3 which were previously studied was found to be differentially 

expressed in one case (14%). The fraction of MBs demonstrated reduced expression 

was in consistent with the qRT-PCR. To narrow down the number of candidate TSGs, 

genes on the homozygously deleted interval were subjected to further statistical 

evaluation. To this end, the data of seven MBs and two normal cerebella on gene 

expression within this region was first taken. And, a comparison between gene 

expression of each tumor and each normal cerebellum was then made. In return, a 

sum of 7 comparisons was obtained by comparing the expression of 7 MBs to a normal 

cerebellum, and a total of 14 comparisons was found for the two normal cerebella. The 

genes were then ranked according to the extent of underexpression. Six genes exhibited 

reduced expressions in all 14 comparisons, including DKFZp761P0423, 
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dihydropyrimidinase-like 2 (DPYSL2), EF-hand domain family, member A2 (EFHA2), 

chromosome 8 open reading frame 79 (C8orf79), lipoprotein lipase (LPL) and 

methionine sulfoxide reductase A {MSRA). Two novel genes DKFZp 761P0423 and 

EFHA2 showed the lowest expression level compared to normal cerebella. An average 

of 12-fold and 5.5-fold underexpression of DKFZp 761P0423 and EFHA2 was observed, 

respectively. These two genes were further investigated by qRT-PCR in a series of 20 

MBs (including the seven cases that were examined by microarray). 

5.1.8 Expression analysis of EFHA2 

As depicted in Figure 4, 17 of 20 (85%) MBs examined showed downregulation 

of EFHA2 transcript. Case 1 showed no detectable EFHA2 transcript, while cases 16 

and 21 exhibited 52- and 61-fold decreased expression compared to normal cerebella, 

respectively. The remaining 14 cases demonstrated a 2- to 29-fold reduced expression 

compared to normal cerebella. FISH analysis showed that case 16 harbored 

homozygous deletion at chromosome 8p23.1 and case 21 carried an allelic loss at 8p22. 

This suggested the chromosome loss attributed in part to EFHA2 downregulation. Case 

1 showed retention for 8p. There was no significant association between reduced 

EFHA2 expression and allelic loss. Nevertheless, the three cases without 

downregulation of EFHA2 displayed 8p gain. 
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Normal MB 
cerebella n=20 

n=3 

Figure 4. Relative expression of EFHA2 transcript in MB as determined by 
qRT-PCR. Using 2-fold as a cutoff, seventeen of 20 (85%) MBs 
exhibit reduced EFHA2 mRNA level compared to normal cerebella. 
EFHA2 expression was normalized to GAPDH. The expression of 
EFHA2 in average normal cerebella was set to 1, and EFHA2 
expression in MB represents the relative expression compared to the 
average normal cerebella. Dashed line represents the mean 
expression level. 
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The presence of CpG islands at the promoter and exon 1 of EFHA2 prompted 

for investigation whether DNA methylation was a mechanism for transcriptional 

silencing. Two sets of MSP primers were designed to interrogate the methylation status 

of EFHA2 in MB. Primer set 1 (Ml) covers about 240 bp in the promoter region and set 

2 spans 100 bp within exon 1 (M2) (Figure 5). The results showed that 

hypermethylation within exon 1 (M2) was detected in eight cases, namely case 6, 7, 8, 9, 

20, 25, 27 and 28 (Figure 5 and Table 9), while no aberrant methylation was found at 

the promoter region (Ml), suggesting region-specific DNA methylation. None of the 

three normal cerebella displayed any methylation in both CpG regions examined. Of the 

eight cases that showed DNA methylation at exon 1，seven of them had >2-fold reduced 

EFHA2 expression. There were 10 cases with reduced expression displaying 

unmethylated alleles. The findings indicate that exon 1 of EFHA2 gene is methylated in 

a fraction of MBs. 

In conclusion, reduced EFHA2 expression occurred in 85% of MB (Table 9). 

Two cases (10%) demonstrated loss of 8p and DNA methylation. Two cases (10%) 

exhibited 8p loss without hypermethylation and five cases showed DNA methylation 

without 8p loss. Loss of chromosome 8p and epigenetic silencing may be the possible 

mechanisms for downregulation of EFHA2 in 10 MB cases. However, other 

mechanisms that have yet to be determined may account for the reduced expression in 
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A 

MSP-l 

-402 -160 

MSP-2 

274 375 

Exon 1 (423 bp) 

Figure 5. Determination of methylation status of EFHA2 by MSP analysis. (A) 
A schematic representation of the two regions of EFHA2 gene subjected to MSP 
analysis. The arrow indicates primer orientation and the number above 
represents primer location relative to the transcriptional start site (TS) set at +1. 
(B) Representative results of MSP within exon 1 of EFHA2. Modified genomic 
DNA was subjected to PCR with methylation (M)- and unmethylation (U)-
specific primers. Aberrant methylation is observed in cases 8 and 9 but not in 
cases 11, 12 and 13. The SssI methylase-treated placental DNA (SssI DNA) and 
normal cerebellum (NC) are used as methylation and unmethylation controls, 
respectively. The sample containing no DNA template (H20) serves as a PCR 
control. 
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the remaining 8 cases. Further investigation is needed to elicit EFHA2 in MB 

development. 

5.1.9 Expression analysis of DKFZp761P0423 

To investigate the role of DKFZp761P0423 in MB, qRT-PCR was performed. 

As shown in Figure 6, expression of DKFZp761P0423 was reduced by more than 2-fold 

in 14 of 20 (70%) MBs examined. Five cases (cases 6, 16, 25, 27, and 28) showed 

> 10-fold decreased DKFZp 761P0423 relative to normal cerebella. Case 27 showed 

monosomy of 8p and case 16 exhibited homozygous deletion at 8p (Table 10). Two 

cases (case 6 and 28) showed 8p retention and the remaining case exhibited a gain of 

chromosome 8p. In contrast, none of the 6 cases displayed no DKFZp761P0423 

downregulation displayed a loss of 8p. Gain of chromosome 8p was observed in five of 

these cases and the remaining one displayed a retained for 8p. The loss or retained 

chromosome 8p was significant correlated with reduced DKFZp761P0423 expression 

(Fisher's exact test; p=0.049). This data suggested loss of 8p might be a mechanism 

for reduced expression of DKFZp761P0423 gene. Other mechanisms, such as DNA 

methylation, leading to downregulation of DKFZp761P0423 are yet to be identified. In 

this study, DKFZp761P0423 gene methylation was not analyzed. Further analysis 

needed to be performed to elucidate DNA methylation of DKFZp 761P0423. 
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-0,41 

Normal MB 
cerebella n=20 

n=3 

Figure 6. Relative expression of DKFZp 76IP0423 in MB as determined by qRT-
PCR. Fourteen of 20 (70%) MBs examined demonstrate reduced 
DKFZp761P0423 transcript level compared to normal cerebella. 
DKFZp 761P0423 expression was normalized to GAPDH. The expression 
of DKFZp 76IP0423 in average normal cerebella was set to 1，and 

DKFZp761P042S expression in MB represents the relative expression 
compared to the average normal cerebella. Dashed line represents the 
mean expression level. 
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5.1.10 Expression analysis of 49 genes located on chromosome 8p 

Microarray analysis revealed 49 downregulated genes that mapped to 

chromosome 8p. To evaluate whether any of 49 genes were potential TSG, a rapid 

screen for lack of expression of these genes in MB cell lines was performed. The 

underlying assumption of this approach was that TSG is likely to have absent 

expression in tumor cell lines. For instance, the TSG pi6 is lost in a number of cell lines 

(Havrilesky et al. 2001). Conventional RT-PCR of 49 genes was performed in seven 

MB lines. The results showed that transcripts of 49 genes were detected in all cell lines 

examined, suggesting that these genes may not be involved in MB. 

5.2 Identification of deregulated miRNAs on chromosome 8p 

In year 2006，the concept of miRNA involvement in tumorigenesis began to 

emerge. A number of studies implicated that miRNAs might function as TSGs. Thus, I 

hypothesized that miRNAs located on chromosome 8p might be involved in MB 

oncogenesis. At that time, only three miRNAs were annotated on chromosome 8p. 

They were miR-124 on 8p23.1, miR-320 on 8p21.3 and miR-383 on 8p22. Both 

miR-124 and miR-383 were mapped to the homozygously deleted region. The potential 

involvement of these miRNAs in the development of MB was investigated. 

Quantitative RT-PCR was performed to determine the expression levels of 
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miR-124, miR-320 and miR-383 in a series of 29 MBs and seven cell lines. As shown in 

Figure 7, 21 (72%) tumors showed significant down-regulation of miR-124 transcript 

by at least 2-fold, with 11 (38%) cases exhibiting reduced expression by > 10-fold (P< 

0.01), compared to mean expression level of 3 normal cerebella. With the exception of 

ONS-76, all MB cell lines displayed reduced miR-124 expression by >30-fold (p<0.01). 

No miR-124 transcript was detectable in ONS-76. Two anaplastic cases (case 1 and 2) 

showed the highest miR-124 expression among all samples examined, with case 1 

displaying 1.6-fold higher level than normal cerebella and case 2 having normal level. 

As depicted in Figure 7, 23 of 29 (79%) tumors showed significant 

downregulation of miR-383 by at least 2-fold (p<0.01), with 10 tumors displaying 

> 10-fold reduced level compared to the mean expression level of three normal cerebella. 

Three tumors exhibited no detectable miR-383 transcripts and all were childhood cases. 

ONS-76 showed extremely low level of miR-383 (reduced by 43-fold compared to 

normal cerebella). The other MB lines did not express miR-383. 

The expression pattern of miR-320 was heterogeneous compared to normal 

cerebella. Both overexpression and underexpression were observed in tumors. As shown 

in Figure 7, overexpression of miR-320 was detected in 6 of 29 (21%) MBs, ranging 

from 2- to 4-fold above normal level, and underexpression was observed in 8 of 29 

(28%) tumors, ranging from 2- to 9-fold below normal level. 
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Statistical analysis showed no significant association between miR-124, 

miR-383 or miR-320 expression level and patient age (childhood versus adult) or 

gender. Taken together, the expression analysis indicated that miR-124 and miR-383 

were significantly downregulated in a majority of tumors examined, suggesting that 

miR-124 and miR-383 might play a role in MB tumorigenesis. These deregulated 

miRNAs were thus investigated further. The diverse expression pattern of miR-320 

suggested that this miRNA was unlikely to act as a TSG. No further work related to 

miR-320 was performed. 

A review of literature revealed that miR-124 has been demonstrated as a 

brain-enriched miRNA (Lagos-Quintana et al. 2002) and was involved in regulation of 

neuronal differentiation (Krichevsky et al. 2006; Makeyev et al. 2007). This gives rise 

to the possibility that aberration in miR-124 may attribute to abnormal neuronal 

differentiation and thus MB tumorigenesis. Regarding miR-383, global miRNA 

expression analysis in 40 normal tissues demonstrated that it was a brain-enriched 

miRNA. The highest expression level of miR-383 expression was found in brain. 

Tissues included colon, thymus, testicle, ovary, prostate and peripheral blood 

mononuclear cell (PBMC) also expressed miR-383. Its expression was not detected in 

32 normal tissues (Liang et al. 2007). 
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5.3 Correlation of miR-124 and allelic status on chromosome 8p23.1 

Given that miR-124 is located on the homozygously deleted region, the 

correlation of miR-124 expression and allelic status of chromosome 8p was evaluated. 

Chromosome 8p allelic status was determined on paraffin sections of 29 MBs by 

two-color FISH analysis. The BAC clone RP11 -403C10 served as the target clone to 

specifically mark chromosome 8p23.1 (miR-124 location), and the BAC clone 

RP11-67016 detected chromosome 8q was designed as reference probe. In each case, a 

total of 200 interphase nuclei were analyzed. The result is summarized in Table 11. 

Loss of 8p23.1 was demonstrated in 6 cases (21%). One case (case# 16) 

demonstrated homozygous deletion for chromosome 8p23.1 and 2 cases (case# 20 and 

27) showed monosomy for chromosome 8. The remaining 3 cases (case# 5, 18, and 21) 

showed loss of 8p23.1 in >40% cell population. Gain of 8p23.1 was observed in 10 

cases (case# 3, 7, 11, 12, 13’ 15, 17，19，22, and 25) (34%). All of them displayed gain 

of 3-5 copies. The remaining cases (case# 1, 2, 4, 6, 8, 9，10, 14, 23, 24, 26, 28, and 29) 

exhibited balanced 8p23.1. Interestingly, all cases exhibited chromosome 8p23.1 loss 

were children although the association did not reach statistical significance. Gain of 8p 

was observed in 2 adult and 8 childhood MBs. Two anaplastic cases (case 1 and 2) had 

chromosome 8p23.1 retention. Statistical analysis revealed no correlation between 

miR-124 expression and chromosome 8p status as illustrated in Table 12 (p=0.4926). 
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Table 11. Chromosome 8p status determined by FISH 

Case No. Chromosome 8p status 
16 Homozygous deletion 
21 Loss 
18 Loss 
5 Loss 

20 Monosomy 
27 Monosomy 
15 Gain 
3 Gain 
12 Gain 
13 Gain 
7 Gain 
11 Gain 
17 Gain 
22 Gain 
19 Gain 
25 Gain 
6 Retention 

28 Retention 
9 Retention 

24 Retention 
23 Retention 
8 Retention 
4 Retention 

26 Retention 
2 Retention 

29 Retention 
10 Retention 
1 Retention 
14 Retention 

Loss is defined as the presence of single target probe and reference probe signals 
(indicating monosomy) or fewer target probe signals than reference probe signals in 

>50% of the tumor cells. 
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Table 12. Correlation between miR-124 expression and chromosome 8p status in MB 

Chromosome 8p status 
Number of cases with reduced 

expression > 2-fold 
Number of cases with reduced or 

increased expression < 2-fold 

Homozygous deletion/ Loss/ Monosomy 5(17%) 1 (3%) 

Retention 8 (28%) 5 (17%) 

Gain 8 (28%) 2 (7%) 
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However, 5 of 6 cases with 8p loss had reduced miR-124 with one case (case# 27) 

demonstrated a 288-fold downregulation of miR-124. The two anaplastic cases showed 

highest miR-124 expression were balanced at 8p23.1. Taken together, 8p23.1 loss may 

be one of the mechanisms responsible for reduced miR-124 expression in MB. Other 

regulatory mechanisms yet to be determined contributed to abnormality in miR-124 

expression. Further analysis may need to be taken to determine the underlied 

mechanism for reduced miR-124 expression. 

Statistical analysis showed that no association was found between chromosome 

8p23.1 status and age, sex, and histological type. 

5.4 Functional characterization of miR-124 

5.4.1 Effects of ectopic expression of miR-124 on cell growth by MTT assay 

To evaluate the effects of miR-124 overexpression on cell growth in MB, 

miR-124 mimic was transfected transiently into DAOY and ONS-76 cells followed by 

assessment of cell viability for four consecutive days by MTT assay. DAOY expressed 

barely detectable miR-124 transcript (4800-fold below normal cerebellar level) while 

ONS-76 showed no detectable miR-124 (Figure 7). 

Optimization of transfection condition was performed using a fluorescent 

labeled miRNA negative control. DAOY and ONS-76 were transfected with varying 
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ratios of miRNA control and Lipofectamine 2000. Transfection efficiency was 

determined by examining the fraction of green fluorescent cells at 24 hours 

post-transfection. Transfection condition leading to 80%-90% of cells being 

fluorescently labeled was employed in subsequent experiment. The transfection 

condition is stated in Chapter 4.8. 

As depicted in Figure 8, transfection of miRNA negative control into either cell 

lines showed no effect on cell growth over a period of 96 hours compared to mock. 

Notably, transfection of miR-124 mimic inhibited the growth of DAOY cells in a 

time-dependent manner (p<0.05). Cell growth was suppressed by 23% at 24 hours and 

by 72% at 96 hours post-transfection compared to mock. In ONS-76, restoration of 

miR-124 inhibited cell growth by 40% at 48 hours and by 70% at 96 hours 

post-transfection. 

5.4.2 Effects of ectopic expression of miR-124 on cell growth by cell counting 

To support the growth inhibitory effect of miR-124, viable cell counting was 

performed in DAOY and ONS-76 for 4 consecutive days after miR-124 transfection. As 

illustrated in Figure 9, restoration of miR-124 significantly reduced the viable cell 

number of DAOY at all time points examined (p<0.05). At 24 hours and 96 hours after 

transfection, cell number was reduced by 52% and 86% respectively compared to mock. 
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Table 13. Cell cycle profiling of MB cells after miR-124 transfection 

Proportion of cells (%) 
sub-Gl G1 S G2/M 

DAOY 
Negative 0.5 士 0.4 ** 59.6±1.7** 16.1 士 1.8** 24.3 ±1.8** 
control 
miR-124 4.5 ± 1.9 69.8 士 4.8 9.3 ± 0.8 16.5 ±2.7 

ONS-76 
Negative 0.3 士 0.31 61.4 士 1.8** 17.4 士 0.5** 21.5 士 2.4** 

control 

miR-124 0.3 ±0.05 91,7 ±0.2 2.6 ± 0.6 5.3 ±0.4 

** p<0.01 
DNA content was analysis by flow cytometry in DAOY and ONS-76 cells 
upon transfection of miR-124. The data represent the average percentage 
of cells in three individual experiments. 
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Figure 8. Effect of miR-124 overexpression on cell growth in MB by MTT assay. 
DAOY and ONS-76 cells (1.6-2.4 X 103 cells in 96-well plate) 
transfected with miRNAs were assayed for cell growth for 4 consecutive 
days. Ectopic expression of miR-124 in MB cells leads to a significant 
suppression of cell growth compared to mock. At 96 hr post-
transfection, cell growth is suppressed by 72% and 70% in DAOY and 
ONS-76, respectively. The data are expressed as mean 士 SD from 3 

separate experiments. p<0.01. 
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DAOY and ONS-76 (0 8-1,2 X 104 cells in 24-well plate) transfected 
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leads to a significant decrease in viable cell number compared to cells 
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No apparent difference in viable cell number was observed between cells transfected 

with miRNA negative control and mock. In ONS-76, significant growth inhibition was 

observed 48 hours after transfection and onwards. Viable cell number was decreased by 

30% and 86% at 48 hours and 96 hours post-transfection compared to mock. Taken 

together, the MTT and cell count assays indicated that miR-124 had a growth 

suppressive effect in MB. 

5.4.3 Effects of ectopic expression of miR-124 on cell cycle distribution 

To determine the mechanism underlying growth inhibition by miR-124 in MB, 

cell cycle distribution was analyzed after miR-124 transfection. At 48 hours 

post-transfection, DAOY and ONS-76 were fixed, stained with propidium iodide and 

analyzed for DNA content by flow cytometry. The results are summarized in Table 13. 

In DAOY cells transfected with miR-124, a significant increase in G\ fraction by 10% 

compared to control cells was observed. In addition, a 5-fold increase in the sub-Gj 

fraction was observed, an indication of apoptosis. These changes were accompanied by 

a significant reduction in the S and G2/M phases. Ectopic expression of miR-124 in 

ONS-76 resulted in a 30% increase in the percentage of cells in Gi fraction. 

Concurrently, a decrease in the percentage of S-phase cells from 17% to 3% and of 

G2/M-phase cells from 22% to 5% was detected in miR-124-transfected cells compared 
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Table 13. Cell cycle profiling of MB cells after miR-124 transfection 

Proportion of cells (%) 
sub-Gl G1 S G2/M 

DAOY 
Negative OA 5 士 0.4 ** 59.6 士 1.7 ** 16.1 ± 1.8 “ 24. 3 士 1.8 ** 

control 

miR-124 4. 5士 1.9 69.8 土 4,8 9.3 ±0.8 16. 5 士 2.7 

ONS-76 
Negative 0.3 ±0.31 61.4 土 1.8 ** 17.4 ±0.5 ** 21. 5 ±2.4** 
control 
miR-124 0.： 3 ±0.05 91.7 ±0.2 2.6 ±0.6 5.3 ±0.4 

** p<0.01 
DNA content was analysis by flow cytometry in DAOY and ONS-76 cells 
upon transfection of miR-124. The data represent the average percentage 
of cells in three individual experiments. 
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to control cells. Taken together, the results suggested that miR-124 inhibited cell growth 

by blocking cell cycle progression at Gi. 

5.4.4 Identification of miR-124 targets 

The study by Lim et al. reported global miRNA expression pattern in HeLa cells 

after miR-124 transfection. They showed that the transcript levels of 174 genes were 

downregulated at 12 and 24 hours after miR-124 transfection and the 3'UTR of these 

downregulated transcripts had a significant propensity to pair to the seed region of 

miR-124, suggesting that these transcripts might be targets of miR-124. To identify 

potential miR-124 targets in MB, I employed a computational approach to predict 

miR-124 targets from the dataset generated by Lim et al. (Lim et al. 2005). The 174 

downregulated genes from Lim et al's study were subjected to computational analysis 

using three miRNA target prediction algorthims, miRanda, PicTar, and TargetScan to 

determine if any of these genes was predicted as miR-124 targets. Such analysis 

returned a list of 35 potential targets predicted by at least two of the algorithms. Genes 

that were unknown and not implicated in tumorigenesis were filtered out. The candidate 

target list came down to 12 genes, including CD 164, CDK6, CTDSP2, IQGAP1, 

LAMC1, LASS2, MAPK14, PGRMC2, PTBP1, PTPN12, PTTG1IP, and SLC16A1. 

To evaluate whether miR-124 could modulate these genes in MB as in HeLa 
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cells, qRT-PCR was performed to determine the expression of these genes at 4 and 24 

hours after miR-124 transfection in DAOY and ONS-76. As shown in Table 14, two 

genes, SLC16A1 and PTBP1, showed markedly reduced expression at 4 to 24 hours 

post-transfection in both cell lines. SLC16A1 expression was significantly decreased by 

2.5-fold (p=0.0025) and 5.5-fold (p=0.0012) at 4 and 24 hours, respectively, after 

miR-124 transfection into DAOY, and decreased by 2.1-fold (p=0.01) and 5.9-fold 

(p=0.018) in ONS-76 over the same time points. PTBP1 expression was reduced by 

5.5-fold (p=0.002) and 4.3-fold in DAOY and ONS-76 (P=0.0069), respectively, at 24 

hours after miR-124 transfection. 

To test whether miR-124 expression would exert a negative regulation on 

SLC16A1 protein level, Western blot analysis was performed on five MB cell lines 

transfected with miR-124 mimic to determine SLC16A1 protein. The results showed 

that SLC16A1 protein level was reduced by 3.3-fold in DAOY and by more than 

10-fold in ONS-76, D384, D458, D283, and D341 at 24 hours post miR-124 

transfection (Figure 10) as compared to cells transfected with miRNA negative control. 

Taken together, these data suggested that miR-124 negatively regulated SLC16A1 at 

both transcript and protein levels in MBs. 

5.4.5 Bioinformatic analysis of miR-124 binding site in 3 ’UTR of SLC16A1 
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Figure 10. SLC16A1 is a direct target of miR-124. (A) A schematic diagram of miR-
124 MRE on 3'UTR of SLC16A1. The miR-124 MRE is conserved in 
human, rat and mouse Perfect complementary base pairing is observed 
between the seed region of miR-124 (nucleotides 2-8) and miR-124 
MRE. (B) Effects of miR-124 overexpression on SLC16A1 protein 
expression in MB. Cells transfected with miRNA were subjected to 
Western blot analysis at 48 hours post-transfection. Ectopic expression of 
miR-124 results in decreased levels of SLC16A1 by 3.2-fold in DAOY, 
8.3-fold in D458, and >10-fold in ONS-76, D283, D341 and D384 
compared to cells transfected with miRNA negative control (Neg). The 
number above the protein band represents relative intensity of SLC16A1 
compared to control cells after normalization to GAPDH. The 
experiment was repeated three times. (C) Determination of interaction 
between miR-124 and MRE of SLC16A1 by dual luciferase reporter 
assay. A 3'UTR fragment of SLC16A1 containing MRE was cloned 
downstream of the firefly luciferase gene in pGL3-control vector (pGL3-
SLC16A1). MB cells were co-transfected with the reporter construct, 
miR-124 or miRNA negative control and a renilla luciferase plasmid 
(pRL-TK for normalization of transfection efficiency). After 48 hr, 
transfected cells were evaluated for luciferase activity. The results show 
that luciferase activity is significantly suppressed by 50% and 40% 
respectively in DAOY and ONS-76 cotransfected with pGL3-SLC16Al 
and miR-124 compared to cells cotransfected with pGL3-SLC16Al and 
miRNA negative control. No decrease in luciferase activity is detected in 
cells cotransfected with mutant construct (pGL3-MUT-SLC16A1 in 
which a 9-bp substitution was created at the seed region of MRE) and 
miR-124 These results provide evidence that miR-124 interacts 
specifically with miR-124 MRE of SLC16A1. Three independent 
experiments were performed. p<0.01. 
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The nucleotide and protein sequences of SLC16A1 are well conserved among 

human, mouse, and rat. The rodents share 85%-87% and 75% homology, respectively, 

in protein and coding sequences to human. Such high nucleotide sequence homology 

extends further to the first 600 bp of the 3'UTR, which contains a putative miR-124 

miRNA response element (MRE). This binding site shows perfect complementarity at 

the seed region (positions 2-8) in miR-124 (Figure 10). The seed region is believed to 

be essential in target recognition (Doench et al. 2004; Lewis et al. 2003). The 

hybridization between SLC16A1 and miR-124 is observed with a AG value of -13.4 

kcal/mol, which is well within the range of a true miRNA target site (Zuker 2003). 

Moreover, of all candidate targets examined, SLC16A1 is the only gene that was 

predicted as miR-124 target by all three algorithms employed. 

5.4.6 Validation oiSLC16Al as miR-124 target by luciferase reporter assay 

To validate that SLC16A1 is a miR-124 target, luciferase reporter assay was 

carried out to evaluate the interaction between MRE of SLC16A1 and miR-124. The 2.0 

kb-long 3' UTR of SLC16A1 contains two Xbal sites. In order to clone the 3' UTR of 

SLC16A1 downstream of a luciferase reporter vector, only the partial 3'UTR of 

SLC16A1 contained the putative MRE and without the Xbal site was amplified and 

inserted downstream of a luciferase gene in the pGL3-control vector, and was 
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designated as pGL3-WT-SLC16Al. A mutant plasmid, named pGL3-MUT-SLC16Al, 

was also constructed by introducing a 9-bp substitution mutation in the 3'UTR. This 

mutation was designed to disrupt the putative base pairings between the seed region of 

miR-124 and the MRE of SLC16A1. These plasmids were then co-transfected into 

DAOY and ONS-76 with miR-124 mimic or miRNA negative control, together with a 

control plasmid encoding Renilla luciferase for correction of transfection efficiency. At 

48 hours post-transfection, luciferase activity was determined. The results revealed a 

significant suppression of luciferase activity by 50% and 40%, respectively, in DAOY 

and ONS-76 cells co-transfected with construct bearing pGL3-WT-SLC16Al and 

miR-124, when compared to cells cotransfected with pGL3-WT-SLC16Al and miRNA 

control (Figure 10). More important, cells cotransfected with pGL3-MUT-SLC16Al 

and miR-124 showed no inhibition of luciferase activity. These results indicated that 

miR-124 could specifically interact with the MRE of SLC16A1 and thus negatively 

modulated the latter. 

5.4.7 Determination of SLC16A1 transcript level in primary MB 

The SLC16A1 transcript level in 29 MBs was assessed by qRT-PCR. Figure 11 

illustrates that the SLC16A1 transcript level was significantly enhanced in MB and cell 

lines (p<0.01). Enhanced SLC16A1 expression was detected in 26 of 29 (90%) MBs, 
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Figure 11. Express ion profi le of SLC16A1 in M B by qRT-PCR. (A) The 
SLC16A1 transcript level is significantly elevated in 26 of 29 MBs 
and all 7 cell lines examined compared to normal cerebella (p<0.01). 
The number below the figure represents case number with bold 
indicates adult case. Small letter indicates cell line: a, D425; b, 
D458; c, D283; d, D384; e, D341; f, DAOY; g, ONS-76. The 
dashed line represents 2-fold cutoff for overexpression relative to 
normal cerebella. The expression was normalized to GAPDH. The 
SLC16A1 expression in normal cerebella was set to 1, and the 
expression of SLC16A1 in MB represents the relative SLC16A1 
expression compared to normal cerebella. The data represent the 
average of three experiments 士 SD. (B) A plot of SLC16A1 133 

expression versus miR-124 expression. No correlation is found 
between expressions of miR-124 and SLC16A1. 
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ranging from 2- to 56-fold above the mean expression level of three normal cerebella. 

Upregulation of SLC16A1 mRNA was also observed in all 7 cell lines with a range 

between 3- and 12-fold above normal level. No correlation between miR-124 and 

SLC16A1 levels was found in the series. Also, the SLC16A1 level was not correlated 

with age or gender. The result suggests that SLC16A1 transcript and miR-124 

expression was not inversely correlated. 

5.4.8 Depletion of SLC16A1 suppressed cell growth 

To delineate the biological significance of SLC16A1, expression of SLC16A1 

was depleted in DAOY and ONS-76 by two gene specific siRNAs independently. The 

siRNAs targeted exon 4 and exon 5 of SLC16A1 were named siSLC16Al-l and 

siSLC16Al-2, respectively. Cell viability was determined by MTT assay over a period 

of 96 hours. A negative siRNA with no sequence homology to any known human 

transcript was served as a control. The results revealed that cell viability was 

significantly impaired in siSLC 16Al -transfected MB cells in a time-dependent manner. 

As showed in Figure 12，siSLC 16A1-1 and siSLC 16A1-2 decreased cell growth by 

38% and 35% in DAOY, respectively, compared to the mock at 48 hours post 

transfection. Such suppression of cell growth was further enhanced to 50% at 96 

hours. In ONS-76, knockdown of SLC16A1 led to reduction in cell growth by 28-44% 

134 



24 

120 

48 72 
Time (hr) 

ONS-76 

96 

120 DAOY 丨 siSLC16Al-l 

I I siSLC16Al-2 

i ^ h slRNA negative control 

E E H Mock 

24 48 72 96 
Time (hr) 

Figure 12, Effect of SLC16A1 knockdown on cell growth in MB Cells were 
transfected with 2 siRNAs against SLC16A1 independently (siSLC16Al-
1 and SLC16A1-2), a siRNA negative control or no siRNA (mock) Cell 
growth was monitored for 4 consecutive days post-transfection by MTT 
assay. Both SLCJ6AJ-specific siRNAs significantly reduce cell growth 
in DAOY by 35-40% at 48 hr and by 50% at 96 hr, and in ONS-76 by 
28% and 44% at 48 hr and 53% and 78% at 96 hr post-transfection 
compared to the mock. The data represent the average of survival 
fraction 土 SD from 3 individual experiments p<0 05; **, p<0 01 
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compared to mock at 48 hours post-transfection. Cell viability was further reduced by 

78% and 53% at 96 hours by siSLC16Al-l and siSLC16Al-2, respectively. In both cell 

lines, no growth inhibition was observed in cells transfected with siRNA negative 

control. These data suggested that siRNAs against SLC16A1 retarded cell growth in 

MB. 

5.4.9 Depletion of SLC16A1 induced cell death 

To delineate the mechanism of cell growth inhibition in SLC1 (5̂ 47 -depleted cells, 

an ELISA-based cell death assay was performed. This assay allows measurement of 

histone complexed DNA fragmentation (mono- and oligonucleosomes), a biochemical 

hallmark of apoptosis. After SLC16A1 knockdown in DAOY and ONS-76 using 

siSLC16Al, the presence of mono- and oligonucleosomes was measured and then 

compared to cells transfected with siRNA negative control. The result revealed siRNAs 

against SLC16A1 led to significant enhancement of cell death in DAOY and ONS-76 as 

illustrated in Figure 13. The increase in cell death, as indicated by enrichment factor, 

was observed as early as 24 hours post-transfection in both cell lines. In DAOY, 

siSLC16Al-l led to an increase in enrichment factor from 3.0-fold at 24 hours to 

4.1-fold at 96 hours. The other siRNA against SLC16A1 (siSLC16Al-2) increased 

enrichment factor from 2.8-fold at 24 hours to 3.6-fold at 96 hours. Similarly, 
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Figure 13, Effect oiSLCl6Al knockdown on cell death in MB. Cells were transfected 
with 2 siRNAs against SLC16A1 independently (siSLC16Al-l and 
SLC16A1-2) or a siRNA negative control. Cell lysates were harvested for 4 
consecutive days post-transfection and quantified for the relative DNA 
fragmentation using a colorimetric assay. At 96 hr post transfection, the 
cell death enrichment factor increases by 3- to 6-fold and 2- to 10-fold in 
SLC16A1 depleted DAOY and ONS-76, respectively, compared to negative 
control cells. The data represent the mean level of cell death 士 SD from 3 

individual experiments. 
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siSLC16Al-l in ONS-76 showed an increased of enrichment factor from 2.8-fold at 24 

hours to 9.8-fold at 96 hours. The siSLC16Al-2 enhanced the enrichment factor from 

1.8-fold at 24 hours to 10.0-fold at 96 hours. Taken together, the data indicated that 

siRNAs against SLC16A1 reduced cell growth by inducing cell death. 

5.4.10 Overexpression of PTBP1 expression 

Previous study has shown that PTBP1 is a target of miR-124 (Makeyev et al. 

2007). Consistent with such finding, I have also demonstrated that PTBP1 transcript 

level was reduced after miR-124 transfection in DAOY and ONS-76. It was of 

interested to investigate if a correlation existed between miR-124 and PTBP1 

expressions. To this end, qRT-PCR was performed to determine the PTBP1 mRNA level 

in the same cohort of 29 MBs. The result revealed that PTBP1 expression level was 

significantly overexpressed in MB (p=0.033) (Figure 14). Compared to normal 

cerebella, 18 (62%) MB showed 2- to 11-fold elevated level of PTBP1 transcript. 

However, no correlation was found between the expression of miR-124 and that of 

PTBP1 mRNA. The function of PTBP1 did not investigated in this study. It has been 

demonstrated that miR-124 regulates PTBP1 expression in the development of the 

nervous system (Makeyev et al. 2007). This suggested that multiple mechanisms 

including miR-124 might be involved in regulation of PTBP1 transcript in MB. 
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Figure 14. Expression profile of PTBPI in MB as determined by qRT-PCR. 
(A) The PTBPI transcript level is significantly elevated in 18 of 
29 (62%) MBs and 3 of 7 cell lines examined compared to normal 
cerebella (p<0.05). The dashed line represents 2-fold cutoff for 
overexpression relative to normal cerebella. The number below 
the figure represents case number with bold indicates adult case. 
Small letter indicates cell line: a, D425; b, D458; c, D283; d, 
D384; e, D341; f, DAOY; g, ONS-76. The expression was 
normalized to GAPDH. The data represent the average of three 
experiments 士 SD. (B) A plot of PTBPI expression versus miR-

124 expression. No correlation is found between expressions of 
miR-124 and PTBPI. 139 
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Functional characterization of miR-383 

5.5.1 Optimization of transfection conditions for miR-383 mimic 

To explore the biological functions of miR-383 in MB, Pre-miR™ miRNA 

Precursor miR-383 was transfected into four MB cell lines (DAOY, ONS-76, D283 and 

D458). The transfection efficiency was optimized using a FAM-labeled negative control. 

In negative control transfected cell, the appearance of green dot at the perinucleus was 

observed. The transfection condition in DAOY and ONS-76 was the same as in the 

transfection of miR-124 mimic. The condition for two suspension cell lines, D283 and 

D458 was determined by transfecting the negative control with Lipofectamine 2000 at 

various ratios. At 24 hours post-transfection, transfection efficiency was monitored by 

confocal microscopy, and green fluorescence labeled cells were considered positive for 

uptake of the molecules. The percentage of positive cells was determined by counting 

the green labeled cells at three different fields with 200 cells per field. Transfection at 

16.7 nM revealed the highest transfection efficiency in both cell lines. D283 showed a 

74% positive cells and D458 showed a 70% positive cells. Increasing the concentration 

to 33.3 nM did not significant alter the transfection efficiency. Moreover, compared to 

16.7 nM, transfection efficiency was significant decreased in both cell lines when the 

concentration was reduced to 4.2 nM. The result suggested 16.7 nM would be the most 

optimized transfection condition and this condition would be applied in the subsequent 
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studies. The same concentration was applied in miR-124 transfection in DAOY and 

ONS-76 cells. 

5.5.2 Effects of ectopic expression of miR-383 on cell growth by MTT assay 

DAOY, ONS-76, D283 and D458 were transfected with miR-383 and the effect 

on cell growth was measured by MTT assay at 24, 48，72, and 96 hours 

post-transfection. DAOY, D283 and D458 did not express detectable miR-383, and 

ONS-76 expressed minimum level of miR-383, at a level 43-fold less than normal 

cerebella (Figure 7). The result revealed that ectopic expression of miR-383 inhibited 

cell growth in a time-dependent manner in four MB cell lines examined (Figure 15). 

Moreover, the miRNA negative control exerted no significant growth effect in these cell 

lines. Compared to the mock, cell growth in DAOY was inhibited by 13%, 16%, 32% 

and 44% at 24, 48, 72 and 96 hours respectively. In ONS-76, miR-383 suppressed cell 

growth by 15%, 43%，60% and 74% at 24, 48, 72 and 96 hours respectively. In both 

cell lines, statistical significance was observed in miR-383 transfected cells at all time 

points (p<0.05). Transfection of miR-383 in D283 showed reduced cell growth by 16% 

at 48 hours and 25% at 96h (p<0.05). In D458, cell growth was significantly decreased 

by 19% and 40% at 48 and 96 hours post-transfection (p<0.05). 
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Figure 15. Effect of miR-383 overexpression on cell growth in MB. Cells 
transfected with miR-383 mimic, miRNA negative control or no miRNA 
(mock) were subjected to MTT assays for 4 consecutive days. Ectopic 
expression of miR-383 leads to suppression of cell growth as early as 24 
hr post-transfection in DAOY and ONS-76. At 96 hr after transfection, 
cell growth is reduced by 44% in DAOY, 74% in ONS-76, 25% in D2B3 
and 40% in D458 compared to mock. The experiment was performed in 
triplicate and repeated 3 times. *, p<0.05; p<0.01. 
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5.5.3 Effects of ectopic expression of miR-383 on cell growth by cell counting 

To strengthen the growth suppressive role of miR-383 in MB, cell counting was 

carried out The four MB lines were transfected with miR-383 or negative control, and 

cell number was determined at the same time interval as in MTT assay. Figure 16 

illustrated transient transfection of miR-383 inhibited cell growth in DAOY. 

Compared to the negative control, cell number was reduced by 39%, 42%, and 66% at 

48, 72, and 96 hours respectively (p<0.05). This growth suppression by miR-383 was 

also observed in ONS-76, D283, and D458 cells. In ONS-76, significant suppression of 

cell growth was observed at 48, 72, and 96 hours (p<0.05). At 48 hours, cell number 

was reduced by 53% compared to the negative control, and this reduction was increased 

to 76% at 96 hours. In the suspension lines, D283 and D458, significant growth 

retardation by miR-383 was found at 48, 72 and 96 hours (p<0 05). The cell number of 

D283 and D458 was decreased by 46% at 96h post-transfection. The cell number 

between the negative control and mock was not significant different among these four 

cell lines. Taken together, results from both MTT and cell count assays demonstrated 

that ectopic expression of miR-383 decreased cell viability by suppressing cell growth 

in MB. 
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Figure 16. Effect of miR-383 overexpression on cell growth in MB by viable cell 
counting. Cells transfected with miR-383 mimic, miRNA negative 
control or no miRNA were subjected to viable cell counting using 
trypan blue exclusion assay for 4 consecutive days Ectopic expression 
of miR-383 results in a significant decrease in viable cell numbers from 
48 hr to 96 hr in all 4 MB lines examined compared to mock 
transfection. The data are expressed as mean cell number 士 SD from 3 

separate experiments. p<0.05; **, p<0.01. 
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5.5.4 Effect of ectopic expression of miR-383 on cell cycle distribution 

5.5.4.1 miR-383 induced G] arrest in ONS-76 

To evaluate the effects of ectopic expression of miR-383 on cell cycle 

progression, flow cytometry analysis was performed in miR-383- and negative control-

transfected cells. 

ONS-76 transfected with miR-383 displayed significantly difference in the cell 

cycle distribution when compared to control cells. The proportion of miR-383 

transfected ONS-76 cells in G1 phase was markedly increased, whereas the fraction of 

cells in the S and G2/M phases was significantly reduced as indicated in Table 15. 

This trend was evidenced as early as 24 hours post-transfection and persistently 

continued in the remaining study period. At 24 hours, 80.9% of miR-3 83-transfected 

cells was in the G1 phase compared to 57.6% in the control cells (p<0.05). MiR-383 

enhanced the fraction of cells in G1 phase by 40%. This indicated that miR-383 

overexpression induced G1 arrest. At the same time, the proportion of cells in S phase 

was reduced from 16.8% in the control cells to 4.8% in the miR-383-expressing cells, 

with a reduction of 71%. The fraction of G2/M was decreased from 25.4% in the 

control cells to 14.0% in the miR-383 expressed cells, with a decrease of 45%. At 72 

hours, the proportion of G1 phase was enhanced from 56.0% in the control cells to 

84.3% in the miR-383-transfected cells. Concurrently the fraction of S phase decreased 
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Table 15. Cell cycle profiling of ONS-76 cells 
after miR-383 transfection 

sub-Gl 
Time (h) miR-383 Negative p value 

24 0.9% 土 0.8% 0.2% 土 0.1% 0.107622 

48 0.8%±0.6% 0.1% 士0.1% 0.051694 

72 0.4%±0.7% 0.4% 士 0.0% 0.371666 

96 0.3% 土 0.3% 0.4% 土 0.1% 0.642676 

Gl 

Time (h) miR-383 Negative p value 
24 80.9% 士 1.4% 57.6% 士 1.4% 0.000036 

48 86.0% 士 1.6% 60.4% 士 5.7% 0.011082 

72 84.3% 士 0.6% 56.0% 士 0.5% 0.000001 

96 83.4% 士 1.8% 64.1%土 1.9% 0.000216 

S 

Time (h) miR-383 Negative p value 
24 4.8%±4.0% 16.8%±0.2% 0.000025 
48 6.8%±4.6% 16.8%±2.7% 0.006132 
72 4.7%±4.4% 16.0% 士 0.3% 0.006263 

96 6.2% 士 5.4% 13.1% 士 1.7% 0.012936 

G2/M 

Time (h) miR-383 Negative p value 
24 14.0% 士 1.2% 25.4% 士 1.3% 0.000343 

48 8.3%±0.3% 22.7% 土 3.1% 0.014933 

72 9.7% 士 0.9% 27.6% 士 0.1% 0.000721 

96 10.5% 士 1.6% 22.4%±0.4% 0.004383 

The data represent the average of fraction of cells in cell cycle 士 
SD from three individual experiments. 



from 16.0% to 4.7%, whereas the cells at G2/M phase diminished from 27.6% in the 

control cells to 9.7% in the miR-383-expressing cells. 

5.5.4.2 miR-383 enhanced sub-Gl fraction and triggered apoptosis in D283 

The cell cycle profiling analysis was only carried out at 48 and 96 hours 

post-transfection. It revealed that enforced miR-383 expression in D283 significantly 

elevated sub-Gl peak with a decrease in G2/M phase as shown in Table 16. At 48 hours, 

the proportion of sub-Gl phase was increased by 1.9-fold. A 14.3% of miR-383 

expressed cells was in the sub-Gl phase as compared to a 7.5% in the control cells 

(p<0.05). The fraction of G2/M cells at this time was reduced by 25%, as 28.0% 

miR-383 expressed cells fell into G2/M phased compared to 37.4% control cells. The 

fraction of cells in sub-Gl and G2/M phases remained fairly constant at 96 hours. A 

15.6% of miR-383 expressed cells was in sub-Gl, and 22.8% of cells was in G2/M 

phase. This study highlighted that miR-383 transfected D283 cells were accumulated in 

the sub-Gl phase, and the appearance of sub-Gl population is a potential indication of 

apoptosis. 

5.5.4.3 miR-383 enhanced subGl and Gl fractions in D458 

The present data suggested that alteration in cell cycle progression was slightly 
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Table 16. Cell cycle profiling of D283 cells 
after miR-383 transfection 

sub-Gl 
Time (h) miR-383 Negative p value 

48 1 4 . 3 % ± 1 . 9 % 7.5%±0.3% 0.023705 
96 15.6%±3.5% 5.9%±0.7% 0.035215 

G1 
Time (h) miR-383 Negative p value 

48 48.7%±2.1% 46.9% 士 0.7% 0.264807 

96 50.1%±1.3% 55.5%±1.5% 0.009055 
S 

Time (h) miR-383 Negative p value 
48 8.9%±0.8% 8.3%±2.3% 0.667760 
96 11.6%±0.9% 11.7% 土 0.7% 0.778027 

G2/M 

Time (h) miR-383 Negative p value 
48 28.0%±0.5% 3 7.4% 士 2.6% 0.021131 

96 22.8% 土 1.8% 26.8% 士 1.4% 0.038534 

The data represent the average of fraction of cells in cell cycle 土 

SD from three individual experiments. 



different among cell lines. It was necessary to determine the cell cycle distribution 

D458 and DAOY upon miR-383 transfection. Table 17 illustrated significant alteration 

in cell cycle distribution as early as 24 hours post-transfection in D458 compared to the 

control. The fractions of cells in the sub-Gl and G1 phases were elevated, and at the 

same time, a reduction in cells in the S and G2/M phases was evidenced. At 24 hours, 

3.8% of miR-383 transfected cells was in the sub-Gl phase as compared to 2.6% in the 

control cells, with a difference of 1.4-fold. At the same time, compared to the control, 

the fraction of cells in G1 phase was increased by 18% in the miR-383 transfected cells, 

whereas the fraction of cells in the S phase and G2/M phase was decreased by 10% and 

30% respectively. The increase of sub-Gl phase was more apparent at 72 hours when 

the proportion of cell in the sub-Gl phase was further enhanced to 18.1%, a 4.8-fold 

increase compared to 24 hours. At the same time, significant blockage at the G1 phase 

was maintained. Additionally, the fraction of cells in S and G2/M phases was markedly 

reduced. Compared to 24 hours, the fraction of cells in the S and G2/M phase was 

reduced by 34% and 39% respectively. This result demonstrated miR-383 altered the 

cell cycle distribution by inducing G1 arrest and apoptosis. 

5.5.4.4 miR-383 affected cell cycle disturbution in DAOY to a less extent 

As illustrated in Table 18, DAOY did not exhibit a dramatic alteration in cell 
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Table 17. Cell cycle profiling of D458 cells 
after miR-383 transfection 

su >G1 
Time (h) miR-383 Negative p value 

24 3.8%±0.1% 2.6%±0.3% 0.015233 
48 12.2%±1.2% 3.5% 土 0.3% 0.003833 

72 18.1%±2.0% 2.3% 士 0.1% 0.004986 

96 13.9%±0.6% 4.0% 士 0.2% 0.000293 

G1 

Time (h) miR-383 Negative p value 
24 62.6% 士 0.4% 53.0% 土 0.9% 0.000762 

48 62.9% 士 1.0% 53.2% 士 0.5% 0.000669 

72 60.7%±1.8% 56.1% 士 0.4% 0.038957 

96 63.9% 士 0.4% 57.3% 士 0.6% 0.000263 

S 

Time (h) miR-383 Negative p value 
24 12.5%±0.3% 13.8%土0.1% 0.014853 

48 9.8% 士 0.5% 14.5% 土 0.2% 0.001156 

72 8.3%±0.2% 13.6% 士 0.1% 0.000027 

96 7.8% 土 0.2% 14.1%±0.3% 0.000035 
G2/M 

Time (h) miR-383 Negative p value 
24 21.2% 士 0.8% 30.6%±1.3% 0.001092 
48 15.1%士 0.4% 28.8% 土 0.7% 0.000037 

72 12.9% 士 0.5% 28.0%±0.4% 0.000004 
96 14.5% 土 0.8% 24.6% 土 1.0% 0.000281 

The data represent the average of fraction of cells in cell cycle 土 

SD from three individual experiments. 
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Table 18. Cell cycle profiling of DAOY cells 
after miR-383 transfection 

sub-Gl 
Time (h) miR-383 Negative p value 

24 0.2% 土 0.1% 0.3% 土 0.1% 0.6762764 

48 0.1% 士 0.0% 0.1%士 0.1% 0.4701011 

72 0.4% 土 0.4% 0.2% 士 0.0% 0.3447141 

96 0.8% 士 0.7% 0.1%士 0.0% 0.243891 

G1 

Time (h) miR-383 Negative p value 
24 59.6%±1.3% 56.7%±1.9% 0.106261 
48 62.3% 士 0.7% 56.8%± 1.0% 0.0024626 
72 66.1%±1,6% 62.1% 士 1.5% 0.0372318 

96 64.0% 士 0.7% 60.3% 士 3.0% 0.1643685 

S 

Time (h) miR-383 Negative p value 
24 10.7% 士 0.6% 12.6% 士 0.3% 0.013189 

48 11.8% 土 0.1% 15.7%±0.4% 0.002093 
72 15.2% 士 0.7% 13.7% 士 0.9% 0.0917176 

96 13.0%±1.3% 13.7%±0.9% 0.5207434 
G2/M 

Time (h) miR-383 Negative p value 
24 29.5%±0.8% 30.4%士2.1% 0.5391874 

48 25.9% 士 0.6% 27.4%±1.2% 0.1552308 
72 18.3%±1.8% 24.0% 土 0.8% 0.0187431 

96 22.2% 士 1.9% 25.8% 士 2.2% 0.0994471 

The data represent the average of fraction of cells in cell cycle 土 

SD from three individual experiments. 
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cycle profiling via overexpression of miR-383 as compared to ONS-76, D283 and D384. 

Nevertheless, compared to negative control, miR-383 led to a significant increase in G1 

population at 48 and 72 hours, but this enhancement was not observed at 24 and 96 

hours. At 48 hours, an increase in G1 phase was accomplished with a 4% decrease in S 

phase, whereas the G1 population accumulation was accomplished with a 6% decrease 

in G2/M phase at 72 hours. The result illustrated miR-383 blocked the cell cycle 

progression in DAOY cells. 

5.5.5 Activation of PARP cleavage by miR-383 

The fact that an accumulation of sub-Gl was evidenced in D283 and D458 upon 

restoration of miR-383 suggested that the growth inhibitory effect of miR-383 was 

possibly due to the induction of apoptosis. Thus, the level of poly(ADP-ribose) 

polymerase (PARP) cleavage was examined by immunoblotting. The cleavage of PARP 

protein by caspase-3 is known as an evidence for apoptosis (Simbulan-Rosenthal et al. 

1998). The four MB cell lines were transfected with miR-383 or negative control. Cell 

lysates were harvested at different time points. As shown in Figures 17, induction of 

PARP cleavage was evidenced as early as 24 hours post-transfection in D283 and D458. 

After normalization with the loading control, PARP cleavage was increased by 3.2-fold 

at 24 hours compared to the negative control in D283. The PARP cleavage was further 
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24 hr 48 hr 72 hr 96 hr 

Neg miR- Neg miR- Neg miR- Neg miR-
^ 383 383 383 383 

1.00 0.75 100 4.31 1.00 10.61 1.00 7.92 

1.00 3.20 1.00 6.78 1.00 3.60 1.00 7.52 

PARP 
D283 

睡 GAPDH 

1.00 5.94 1.00 13.69 1.00 7.08 1.00 3.12 
• ‘ 

PARP 

D458 

GAPDH 

Figure 17. Effect of miR-383 overexpression on induced apoptosis in MB. Cells 

transfected with miR-383 mimic or miRNA negative control (Neg) 
were subjected to Western blot analysis using antibody specific for 
cleaved PARP, a marker of apopotsis. Ectopic expression of miR-383 
leads to activation of PARP cleavage as early as 24 hr post-
transfection. The cleaved PARP abundance attains maximal level at 
72 hr after transfection in DAOY and ONS-76 and at 48 h post 
transfection in D283 and D458, and decreases thereafter The decline 
in cleaved PARP level may be explained by the increased proportion 
of untransfected growing cells The number above the protein band 
represents relative intensity of cleaved PARP compared to control 
cells after normalization to GAPDH. Each lane is loaded with 50 |iig of 
cell lysates 
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enhanced to 6.8-fold at 48 hours. In D458, PARP cleavage was upregulated from 

5.9-fold at 24 hours to 13.7-fold at 48 hours. Although the cell cycle profiling did not 

reveal a significant change in sub-Gl phase, PARP cleavage was observed in DAOY 

and ONS-76. Compared to D283 and D458, activation ofPARP cleavage in DAOY and 

ONS-76 occurred at a later time. In DAOY, activation of PARP cleavage was first 

detected at 48h and the induction maintained throughout the remaining study period. In 

ONS-76, accumulation of PARP cleavage was not found until 72 hours after 

transfection, and the level showed slightly decrease at 96h. Thus, the data demonstrated 

the growth inhibitory effect of miR-383 was partly due to the activation of PARP 

cleavage. 

5.5.6 Induction of p21 protein expression in ONS-76 

As shown previously by flow cytometry analysis, an accumulation of cell in the 

G1 phase was observed in ONS-76, indication for G1 arrest. To strengthen this finding, 

immunoblotting was employed to evaluate p21 protein expression. Increased p21 

protein level would be indicative of G1 arrest (Waldman et al. 1995). All four MB cell 

lines were overexpressed with miR-383 and cell lysates were collected at different time 

points. As depicted in Figure 18，elevation of p21 protein was evidenced in ONS-76 

upon restoration of miR-383 as early as 24 hours and further elevation in p21 protein 
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24 hr 48 hr 72 hr 96 hr 
5mM 
VPA Neg miR- Neg miR- Neg miR-

� 383 383 383 

Neg miR-
383 

p21 
DAOY 

GAPDH 

1.00 1.25 1.00 2.55 00 2 .85 1 00 3.00 

P21 

GAPDH 
ONS-76 

p21 

GAPDH GAPDH 
D283 

1.00 0.64 1.00 1.58 1.00 1.77 100 1.10 
p21 

D458 

GAPDH 

Figure 18. Effect of miR-383 overexpression on p21 activation in MB. Cells 
transfected with miR-383 mimic or miRNA negative control (Neg) 
were subjected to Western blot analysis using antibody specific for p21. 
Ectopic expression of miR-383 leads to enhanced p21 expression in 
ONS-76 and D458, but not in DAOY compared to control cells, D283 
cells do not express p21 The number above the protein band represents 
relative intensity of p21 compared to control cells after normalization 
to GAPDH. Cells treated with 5 mM valproic acid (VPA) serve as 
positive control for p21 activation. Each lane is loaded with 50 jig of 
cell lysates. Three individual experiments were performed. 
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was observed at 48, 72, and 96 hours. Using GAPDH for normalization, compared to 

negative control, a 2.6-fold increase in p21 protein was observed in miR-383 expressed 

ONS-76 at 48 hours after post-transfection. At 96 hours, miR-383 expressed ONS-76 

had a 3-fold elevation in p21 expression compared to negative control. This suggested 

that induction of p21 was one of the possible mechanisms for miR-383-induced cell 

growth inhibition and G1 arrest in ONS-76. 

In D458, restoration of miR-383 slightly enhanced p21 protein level compared 

to negative control as illustrated in Figure 18. Increased p21 protein level was not 

observed until 48 hours post-transfection. At this time, p21 protein level was increased 

1.6-fold in miR-383 expressed D458 cells compared to negative control. This p21 

increased expression was also observed at 72 hours post-transfection when a 1.8-fold 

increase p21 expression was reported. However, further increase in p21 protein level as 

observed in ONS-76 was not detected in D458 at 96 hours post-transfection. 

Although upregulation of p21 protein expression was reported in ONS-76 and 

D458 cells upon miR-383 restoration, this observation was not observed in DAOY and 

D283 cells as indicated in Figure 18. Throughout a period of 96 hours post-transfection, 

the protein level of p21 remained similar between miR-383 and negative control 

transfected Daoy cells. This result was not in agreement with the cell cycle analysis 

showing an increase in the percentage of G1 DAOY cells upon miR-383 restoration at 

6
 

5
 

1
1
 



48 and 72 hours. Such discrepancy may be technical, as the western blotting may not be 

sensitive enough to detect a mild change. In D283, p21 protein was absence either in 

miR-383 or negative control transfected cells in all examined time points. These results 

indicated that the growth inhibition effect of miR-383 in D283 was not mainly a result 

of G1 arrest. And, this further illustrated multiple mechanisms were involved to 

suppress the cell growth in miR-383 expressed MB cells. 

5.5.7 Finding miR-383 targets 

5.5.7.1 Global gene expression profiling in miR-383 expressed ONS-76 

To identify the potential target genes of miR-383, a systemic analysis based on 

combination of computational target prediction and comprehensive gene expression 

analysis was carried out. First, bioinformatics analysis was applied. The targets of 

miR-383 predicted by three miRNA prediction softwares, namely PicTar 

(http://pictar.bio.nyu.edu/), Targets can (http://genes.mit.edu/tscan/targetscanS.html), 

and Human microRNA Targets (http://www.microrna.org/) were retrieved. Genes that 

were predicted by at least two of these softwares were extracted. A total of 210 genes 

were found as the candidate targets of miR-383. To narrow down the number of target 

genes, expression profiling was carried out to identify downregulated genes based on 

the assumption that transcript of miR-383 target genes would be suppressed upon 
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restoration of miR-383 expression. Thus, the gene expression between miR-383 

transfected cells and negative cells at 4 and 12 hours post-transfection in ONS-76 was 

compared using Agilent 4 x 44k Whole Human Genome Oligo Microarrays. A total of 

979 genes showed downregulation greater than 1.5-fold at 12 hour. However, only 23 of 

them were on the list of 210 refined putative targets of miR-383. These 23 genes were 

further assessed. To reduce the list of candidate targets, the unknown genes were not 

further studied, and 19 known genes were focused. Genes that are not implicated in 

tumorigenesis, anti-apoptosis and differentiation were excluded from further analysis. 

This was based on the assumption that a function of miR-383 target gene would relate 

to tumor development. Nevertheless, this approach was not to say other less well 

characterized genes or genes have not showed roles in tumorigenesis, anti-apoptosis and 

differentiation are not importance. Taking this approach hoped to enhance the 

probability of finding genes critical for MB development. A final list of 12 candidate 

genes obtained was subjected to validation by qRT-PCR. 

5.5.7.2 Validation of microarray analysis 

To confirm the microarray experiment, 12 potential miR-383 genes were 

analyzed for their expression by qRT-PCR. As shown in Table 19, all 12 genes showed 

significant downregulation at 12 and 24 hours post-transfection. This result is in 
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agreement with the microarray data. Out of these genes, PRDX3 gene expression 

showed the most prominent reduction. In DAOY, PRDX3 expression was decreased by 

6.5-fold at 12 hour compared to the negative control. Its expression was further 

suppressed at 24 hours. Upon restoration of miR-383 in ONS-76, PRDX3 transcript was 

repressed by 11.3-fold and 19.7-fold at 12 and 24 hours respectively. Besides, qRT-PCR 

also confirmed the repression of RBMS1 transcript in DAOY and ONS-76. The 

introduction of miR-383 significant reduced RBMS1 transcript by 4.6- and 5.7-fold in 

DAOY and ONS76, respectively. The facts that PRDX3 and RBMS1 were implicated in 

tumorigenesis and their transcript levels showed repression after ectopic expression, of 

miR-383 prompted further experiments to confirm whether these two genes were the 

direct targets of miR-383. 

5.5.8 Computational prediction for miR-383 

Based on computational algorithms, PRDX3 and RBMS1 were potential targets 

of miR-383. The seed region of PRDX3 forms perfect complementary base pairing to 

miR-383 and is highly conserved across human, mouse and rat. The schematic diagram 

in Figure 19 illustrates that a perfect complementarity exists between the 3'UTR of 

PRDX3 and nucleotides 2-10 of the mature miR-383, which included the seed region (nt 

2-8). Besides, the nucleotide and protein sequences of PRDX3 are well conserved 
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A 
PRDX3 

• • miR-383 

\ ] miRNA negative 

control 

pGL3-control pGL3-PRDX3 pGL3-MUT PRDX3 

ONS-76 

pGL3-control pGL3-PRDX3 pGL3-MUT PRDX3 
Figure 19. PRDX3 is a candidate target of miR-383. (A) A schematic diagram of 

miR-383 MRE on 3'UTR ofPRDX3. The miR-383 MRE is conserved 
in human, rat and mouse. Perfect complementary base pairing is 
observed between the seed region of miR-383 and MRE ofPRDX3. (B) 
Evaluation of interaction between miR383 and MRE of PRDX3 by dual 
luciferase reporter assay. MB cells were co-transfected with the 
reporter construct, miR-383 or miRNA negative control and a renilla 
luciferase plasmid (pRL-TK for normalization of transfection 
efficiency). After 48 hr, transfected cells were evaluated for luciferase 
activity. The results reveal that luciferase activity is significantly 
suppressed by 71% and 45% respectively in DAOY and ONS-76 
cotransfected with pGL3-PRDX3 and miR-383 compared to cells 
cotransfected with pGL3-PRDX3 and miRNA negative control. No 
decrease in luciferase activity is detected in cells cotransfected with 
mutant construct. These results strongly indicate that miR-383 interacts 
specifically with miR-383 MRE of PRDXS. Three independent 
experiments were performed. **, p<0.01. 
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among human, mouse, and rat. The rodents share 74-76% and 85-86% homology, 

respectively, in nucleotide and protein sequences to human. 

Figure 20 also illustrates that the complementary base pairing between 3'UTR 

of RBMS1 and miR-383 at the seed region is perfect. The seed regions of RBMS1 forms 

perfect complementary base pairing to miR-383 and is highly conserved across human, 

mouse and rat. The rodents share 90-91 % and 96-97% homology, respectively, in 

nucleotide and protein sequences to human. 

5.5.9 Regulation of PRDX3 and RBMS1 transcript by miR-383 

To investigate the regulatory role of miR-383 in PRDX3 and RBMS1 gene 

expression, seven MB cell lines (DAOY, ONS-76, D283, D341, D384, D425 and D458), 

were transfected with either miR-383 or negative control, and at 48 hours 

post-transfection PRDX3 and RBMS1 transcript levels were studied by qRT-PCR. 

Figure 21 illustrates that PRDX3 mRNA level was significantly decreased in all MB cell 

lines upon miR-383 restoration as compared to negative control (p<0.05). Upon 

miR-383 transfection, expression of PRDX3 was suppressed by 7-fold in D458 by 

5-fold in DAOY, ONS-76 and D425, and by 1.4- to 2.0-fold in D283，D341 and D384. 

qRT-PCR showed that all MB lines, except D341, exhibited a significant 

downregulation of RBMS1 transcript level at 48 hours after miR-383 transfection 
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pGL3-control pGL3-RBMSl 

ONS-76 

pGL3-MUTRBMSl 

^ m miR-383 

i. J Negative control 

pGL3-control pGL3-RBMSl pGL3-MUT RBMS1 

Figure 20. RBMS1 is a candidate target of miR-383. (A) A schematic diagram of 
miR-383 MRE on 3'UTR of RBMS1. Perfect complementary base 
pairing is observed between MRE of RBMS1 and 15 of 22 nucleotides 
(including the seed region) of mature miR-383. (B) Evaluation of 
interaction between miR-383 and MRE of RBMS1 by dual luciferase 
reporter assay. Cells cotransfected with pGL3-RBMSl and miR-383 
shows significantly reduced luciferase activity compared to cells 
cotransfected with pGL3-RBMSl and miRNA negative control. No 
decrease in luciferase activity is detected in cells cotransfected with 
mutant construct (pGL3-MUT RBMS1). These results strongly indicate 
that miR-383 interacts specifically with miR-383 MRE ofRBMSJ. Three 
independent experiments were conducted. **, p<0.01. 
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A 

1.25 

1.00 

0.75. 

0.50 

0.25-

** 

• • Negative control 
• miR-383 

0.00. 
DAOY ONS-76 D283 D341 D384 D425 D458 DAOY ONS-76 D283 D341 D384 D425 D458 

Figure 21. Effect of miR-383 overexpression on PRDX3 and RBMS1 expression by 
Western blot analysis (A) and qRT-PCR (B, C). Ectopic expression of 
miR-383 leads to decreased levels of PRDX3 protein (A) and transcript 
(B) in all 7 cell lines examined compared to cells transfected with 
mLRNA negative control. Transfection of miR-383 results in reduced 
expression of RBMS1 protein (A) and mRNA (C) in 6 of 7 cell lines 
studied compared to control cells. Results of Western blotting and qRT-
PCR are concordant. The value above protein band represents the 
relative protein level compared to the negative control after 
normalization to GAPDH. The relative transcript expression represents 
the relative mRNA level compared to the negative control transfected 
cells. Three independent experiments were performed. p<0.05; 
p<0.01. 
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(p<0.05). Compared to negative control, introduction of miR-383 repressed RBMS1 

transcript level in D283 and D458 by 2.5-fold and 2.6-fold respectively. MiR-383 

modulated RBMS1 mRNA level in DAOY, ONS-76, D384, and D425 at reduced level 

between 1.2- to 1.9- fold. Taken together, ectopic expression of miR-383 decreased 

transcript levels of PRDX3 and RBMS1, suggesting that these genes are miR-383 

targets. 

5.5.10 Regulation of PRDX3 and RBMS1 protein expression by miR-383 

The PRDX3 and RBMS1 protein expressions were also examined in MB cell 

lines after miR-383 transfection. Cell lysates collected at 48 hours post-transfection 

were subjected to Western blot analysis for evaluation of PRDX3 and RBMS1 

expression. As depicted in Figure 21, PRDX3 protein level was markedly reduced in all 

seven MB lines examined upon restoration of miR-383. The strongest protein inhibition, 

was found in D283, D341 and D458. MiR-383 almost abolished PRDX3 expression in 

these cell lines. Moreover, strong protein suppression was demonstrated in DAOY, 

D384, and D425. By measuring the intensity of the protein bands, PRDX3 expression 

was reduced by 5.5-, 4.3- and 6.2-fold in DAOY, D384 and D425, respectively, 

compared to their respective negative controls. Such reduced expression was in line 

with the finding of decreased transcript level after miR-383 transfection, suggesting that 
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miR-383 can modulate PRDX3 at both translational and post-transcriptional levels. 

Furthermore, western blotting revealed that expression of miR-383 almost 

completely abolished RBMS1 expression in D283, and suppressed RBMS1 protein 

expression in DAOY and D458 by 4.5-fold and 2-fold，respectively. MiR-383 

modulated RBMS1 in DAOY, ONS-76, D384, and D425 at reduced levels between 1 . 1 -

to 1.6- fold. Such reduced expression was in line with the finding of decreased 

transcript level after miR-383 transfection. These data suggest that miR-383 regulated 

RBMS1 expression in MB cell lines. 

5.5.11 Validation of PRDX3 as miR-383 target by luciferase reporter assay 

To evaluate whether miR-383 would interact with MRE in 3'UTR of PRDX3, a 

luciferase reporter plasmid containing the 3'UTR of PRDX3 was prepared 

(pGL3-PRDX3). In addition, a mutant reporter plasmid, which was identical to 

pGL3-PRDX3 with the exception of the reverse order of seed region, was constructed 

(pGL3-MUT PRDX3). After normalization with renilla activity, luciferase activity was 

significantly downregulated in cells co-transfected with pGL3-PRDX3 and miR-383. In 

DAOY, a 71% reduction was observed, whereas 45% inhibition was seen in ONS-76 as 

illustrated in Figure 19. However, such reduction was not established in cells 

co-transfected with pGL3-PRDX3 and negative control or in cells co-transfected with 
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pGL3-MUT PRDX3 and miR-383. These results demonstrated a specific interaction 

between miR-383 and 3'UTR in PRDX3 transcript to mediate gene repression. 

5.5.12 Validation of RBMS1 as miR-383 target by luciferase reporter assay 

To show interaction between miR-383 and RBMS1, the 3'UTR of the RBMS1 gene 

was cloned downstream of the luciferase reporter constructs (pGL3-RBMSl and 

pGL3-MUT RBMS1). As depicted in Figure 20, co-transfection of the miR-383 and 

pGL3-RBMSl markedly suppressed the normalized luciferase activity (p<0.01), 

whereas no such inhibitory effect was observed in the negative control. At 48 hours 

post-co-transfection, the luciferase activity was reduced in DAOY and ONS-76 by 45% 

and 36%, respectively. Furthermore, the luciferase activity reduction was abrogated 

when co-transfection of a mutated luciferase vector containing the seed region in a 

reverse orientation and miR-383. Thus, this finding suggested that miR-383 interacted 

specifically with the 3'UTR of RBMS1 and inhibited RBMS1 expression. 

5.5.13 Expression of PRDX3 in gene specific siRNAs transfected cells 

After confirming PRDX3 as target gene of miR-383, the next question was 

whether these genes would mediate miR-383 effects on cellular processes. To this end, 

the knockdown effects of PRDX3 on cell growth were evaluated in MB cells. 

167 



The knockdown effects of PRDX3 on cell proliferation were examined. Two 

siRNAs specific for PRDX3 (named siPRDX3-l and siPRDX3-3) were employed to 

silence PRDX3 gene expression in four cell lines and the subsequent biological effect 

was then assessed. Cells were transfected with two siRNAs against PRDX3 or a 

negative control, and cell lysates were collected at 48 hours post-transfection. As shown 

in Figure 22, the two independent siRNAs almost completely abolished PRDX3 

transcript expression in DAOY, ONS-76, D283, and D458 compared to their respective 

negative controls. At 48 hours, compared to negative controls, siPRDX3-l suppressed 

PRDX3 mRNA level by 204-, 341-，84-, and 117-fold in DAOY, ONS-76, D283, and 

D458, respectively. The siPRDX3-3 also downregulated PRDX3 expression in these 

four cell lines by 60- to 171-fold and maximal downregulation by this siRNA was 

observed in D458. Moreover, the immunoblotting result, as represented in Figure 22， 

indicated that the two individual PRDX3-specific siRNAs depleted PRDX3 protein 

expression to a level almost undetectable in four MB cell lines. PRDX3 was 

expressed in negative control transfected cells. Taken together, delivery of two 

siRNAs against PRDX3 could successfully silence gene expression in all four MB cell 

lines examined. 

5.5.14 Effect of PRDX3 depletion on cell growth by MTT assay 
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Figure 22. Suppression of PRDXS by siRNAs in MB. Cells were transfected 
with siRNAs targeting specifically to exons 4 and 5 of PRDX3 
(siPRDX3-l and siPRDX3-3), followed by determination of 
transcript and protein levels ofPRDX3 by qRT-PCR (A) and Western 
blot analysis (B), respectively. MB cells transfected with PRDX3-
specific siRNAs show reduced transcript and protein levels compared 
to cells transfected with siRNA negatve control. GAPDH serves as 
an internal control. The experiment was repeated three times. 
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To characterize the biological functions of PRDX3, the expression of PRDX3 in 

four MB cell lines was silenced by two individual siRNAs and the effect on cell growth 

was measured by MTT assay on four successive days. The fluorescence labeled 

negative control was also included in the study to monitor the transfection efficiency 

and subsequent comparison. The result showed that two siRNAs mediated PRDX3 

suppression significantly inhibited four MB cell lines cell growth in a time-dependent 

manner as shown in Figure 23 (p<0.05). And, compared to mock (Lipofectamine 2000), 

the negative control had no effect on cell growth. In D283, induction of cell growth 

inhibition by suppression of PRDX3 expression was evidenced as early as 24 hours 

post-transfection. Transfection of siPRDX3-l (targets exon 4 of the gene) in D283 led 

to a significant reduced cell growth by 12% at 24 hours and 53% at 96 hours as 

compared to mock. The other siRNA (targets exon 5 of the gene) against PRDX3 

decreased cell growth by 6% at 24 hours and 12% at 96 hours. The cell growth 

inhibitory effect by siRNAs-mediated PRDX3 silencing in ONS-76 and D458 was 

evidenced at 48 hours and afterwards as shown in Figures 23. In ONS-76, knockdown 

of PRDX3 by siPRDX3-l reduced cell growth by 13% and 24% at 48 and 96 hours, 

respectively. The siPRDX3-3 inhibited cell growth by 7% and 13% at 48 and 96 hours, 

respectively. In D458, a 21% and 50% reduction in cell growth as compared to mock 

was observed at 48 and 96 hours respectively, after the delivery of siPRDX3-l. The 
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siPRDX3-3 decreased cell growth by 6-12% at a period of 48 to 96 hours after 

transfection. Significant inhibition in cell growth was observed in DAOY cells at 72 and 

96 hours after siRNAs transfection. The two siRNAs against PRDX3 led to a growth 

suppression by 12% and 15% at 96 hours post-transfection (Figure 23). Taken together, 

the results suggested that PRDX3 plays a role in cell growth. It further supported 

miR-383 mediated cell growth inhibition by suppressing the expression of its target 

gene. 

5.5.15 Effect of PRDX3 depletion on cell growth by cell counting 

To confirm the observation on cell growth inhibition mediated by PRDX3 silencing, 

viable cell counting was employed. The four MB cell lines were transfected with two 

PRDX3-specific siRNAs, viable cell number was determined with trypan blue staining 

and hemocytometer counting in four successive days. As shown in Figure 24, 

compared to mock, significant cell growth inhibition was reported in all four cell lines 

upon siRNAs-mediated PRDX3 silencing. And, in all four cell lines, no cell growth 

inhibitory effect was observed in negative control as compared to mock. In ONS-76, 

knockdown of PRDX3 gene expression induced cell growth suppression as early as 48 

hours after transfection. At 48 hours，cell number in siPRDX3-l and siPRDX3-3 

transfected ONS-76 cells was reduced by 52% and 29%, respectively compared to 
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mock. Similar reduction in percentage of cell number was maintained afterward. At 96 

hours, siPRDX3-l and siPRDX3-3 suppressed cell number by 57% and 32%, 

respectively. In DAOY, D283, and D458, the growth inhibitory effect of PRDX3 gene 

silencing was observed at and after 72 hours transfection. The siPRDX3-l reduced 

cell growth of DAOY cells as compared to mock by 24% and 27% at 72 and 96 hours 

post-transfection, respectively. Also, siPRDX3-3 decreased cell number of DAOY cells 

by 14% at 72 hours and 19% at 96 hours. Although the growth inhibitory effect of 

delivery of siPRDX3-l was more profound than that of siPRDX3-3, the difference did 

not reach statistical significance. In D458 cells, silencing PRDX3 by siPRDX3-l 

reduced cell number by 29% and 38% at 72 and 96 hours, respectively. The cell 

number in siPRDX3-3 transfected D458 cells as compared to mock was decreased by 

26% at 72 hours and 30% at 96 hours. Same as DAOY cells, there was a trend showing 

that siPRDX3-l induced greater cell growth inhibition than that of siPRDX3-3 in D458. 

Compared to mock, PRDX3 depletion by siPRDX3-l transfection suppressed cell 

number by 40% at 72 hours and 60% at 96 hours in D283 cells. The other siRNA, 

siPRDX3-3, decreased cell number of D283 cells 23%-29% at 72-96 hours 

post-transfection. A significant difference in cell number was observed between 

siPRDX3-l and siPRDX3-3 transfected cells, indicating that siPRDX3-l exerted a more 

prominent growth inhibitory effect than that of siPRDX3-3 in D283 cells. The results 
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further supported the cell growth inhibitory role of PRDX3 in MB, and highlighted the 

mechanism which miR-383 mediated gene expression to regulate cell growth in MB. 

5.5.16 PARP cleavage induction by suppression of PRDX3 gene expression 

To elucidate the mechanism of cell growth suppression induced by silencing 

PRDX3 in MB cells, PARP protein cleavage level was assessed. The four MB cell lines 

were subjected to transfection with siRNAs against PRDX3 or negative control. Cell 

lysates were collected in four successive days. PARP cleavage was then detected by 

immunoblotting and band intensity was measured and normalized with a loading 

control, GAPDH. The results revealed that silencing PRDX3 by two individual siRNAs 

led to enhanced cleavage of PARP protein in all four cell lines compared to negative 

control. As shown in Figure 25, markedly increased in PARP cleavage was apparent in 

siRNA-mediated PRDX3 silencing of D283 as early as 24 hours post-transfection, and 

was maintained during the course of study. Transfection of two independent siRNAs 

against PRDX3 led to a 1.4 to 2-fold increased in PARP cleavage at 24 hours. Increased 

PARP cleavage was also detected in subsequent time period. In general, siPRDX3-l 

transfected cells displayed a higher level of PARP cleavage than siPRDX3-3 transfected 

cells in D283. Depletion of PRDX3 in D458 induced a slightly increase in PARP 

cleavage compared to negative control at 24 hours, and substantial upregulation of 
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PARP cleavage was observed at 48 hours and afterward as illustrated in Figure 25. 

Moreover, Pi?Z)X5-silenced ONS-76 cells displayed a trend of rising PARP cleavage 

level from 24 hours to 96 hours after transfection (Figure 25). Lastly, in 

P7?£lO-depleted DAOY cells, marked upregulation of PARP cleavage was observed at 

96 hours post-transfection when siPRDX3-l and siPRDX3-3 transfected cells showed a 

5.3- and 7.9-fold increase in PARP cleavage level compared to negative control (Figure 

25). Taken together, the results illustrated that depletion of PRDX3 enhanced PARP 

cleavage expression in MB cell lines, suggesting that induction of apoptosis was one of 

the mechanisms for cell growth inhibition effect induced by knockdown of PRDX3. 

5.5.17 Effects of RBMS1 depletion on cell growth by MTT assay 

DAOY and ONS-76 were transfected with RBMS 1-spQcific siRNAs or negative 

control independently and cell growth was then measured by MTT assay at 24, 48, 72, 

and 96 hours. As depicted in Figure 26, depletion of RBMS1 with siRBMSl-1 led to 

inhibition of cell growth from 48 hours to 96 hours post-transfection. Cell growth was 

suppressed by 7% at 48 hours and 8% at 72 and 96 hours compared to mock in ONS-76. 

No alteration in cell growth was observed in cells transfected with siRNA negative 

control. However, transfection of the siRBMSl-2 in ONS-76 did not result in alteration 

in cell growth. In addition, significant change was not observed in RBMS1 silenced 
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Figure 26. Effect of RBMS1 knockdown on cell growth in MB. Cells were transfected 
with 2 siRNAs against RBMS1 independently (siRBMSl-1 and siRBMSl-
2), a siRNA negative control or no siRNA (mock). Cell growth was then 
monitored for 4 consecutive days by MTT assay. Knockdown of RBMS1 
does not significantly alter cell growth in DAOY. A modest suppression of 
cell growth is seen in ONS-76 at 48 hr to 96 hr after RBMS1 knockdown. 
The data represent the mean 士 SD of 3 independent experiments. 
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DAOY. Thus, the result indicated that knockdown RBMSl had a minimal effect on cell 

growth in MB. This finding could not rule out the possibility that RBMSl involved in 

tumorigensis through metastasis or angiogenesis mechanism. Further investigation is 

needed to clarify the role of RBMSl in MB tumorigenesis. 

5.6 miR-124 and miR-383 in neuronal differentiation 

5.6.1 Selection of P19 subclones for RA-induced neuronal differentiation 

Mouse PI9 is an embryonal carcinoma cell line that can be maintained in 

undifferentiated state but can be induced to differentiate into neurons by culturing them 

in the presence of RA (Jones-Villeneuve et al. 1982; Jones-Villeneuve et al. 1983). An 

early phase of commitment to neuronal fate occurs within two days after RA-treatment 

and a late phase of terminal differentiation happens from days five onwards (Brain et al. 

1994). Thus, PI9 could serve as a model for neuronal differentiation. A previous study 

demonstrated an upregulation of a set of brain-specific, brain-enriched, and 

brain-nonenriched miRNAs in P19 cells upon RA treatment (Sempere et al. 2004). 

These included brain-specific miR-9, -124a，-124b, -135, brain-enriched miR-9*, -125a, 

-125b, -128, and brain-nonenriched let-7a, let-7b, miR-30a, -30b，-30c, -30e, -98, -100， 

103-1，-156, -218. Furthermore, miR-124 is known to modulate the neurite outgrowth in 

P19 cells (Yu et al. 2008). Increased miR-124 expression enhanced the neurite 
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outgrowth and extension while inhibition of miR-124 expression resulted in neurite 

outgrowth suppression. These results suggest a role of miRNAs in progression and 

determination of neuronal fate in mammals. To elucidate whether miR-383 was also 

involved in neuronal differentiation and maturation, PI9 were induced to neuronal 

differentiation by RA treatment. The fact that PI9 cells are heterogeneous with respect 

to their development potentials (Jones-Villeneuve et al. 1982), subclones of PI9 cells 

were selected for this experimental study. Single PI9 cells were first selected and 

expanded. A total of 11 subclones were screened for their differentiation potential 

towards neuronal cells in the presence of RA. Two criteria were used to select the 

appropriate subclones for further experiments. These were 1) expression of p-tubulin III 

(TUBB3) at day 10 after RA treatment, and 2) morphological change, that were the 

length of neurite outgrowth. Five subclones showed showed little or no neurite growth 

after RA treatment. These clones were discarded. The remaining six clones showed 

neurite growth with at least greater than three cell body size. These clones were then 

analyzed for TUBB3 expression by western blot analysis. Their expression was 

compared to parental cells that grew without any clone selection and yet were treated 

with RA. As shown in Figure 27, clone 12 and clone 22 had the strongest TUBB3 

expression among the six subclones. Their expression was greater than that of parental 

cells. The expression level of two subclones, namely clone 4 and 10，showed similar 
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Figure 27. Expression of the neuronal marker p-tubulin III (TXJBB3) in subclones 
of P19. Six single cells of PI9 obtained by limiting dilution were 
expanded, treated with all-trans-retinoic acid (RA) to induce neuronal 
differentiation. Cell lysates were collected at day 10 and TUBB3 
expression was examined by Western blot analysis. Two subclones 
(C12 and C22) show higher TUBB3 expression than parental cells (P) 
upon RA treatment. These clones are used in subsequent experiments. 
Actin is used a loading control. + and — indicate the presence and 
absence of RA treatment, respectively. 



TUBB3 expression level to that of the parental cells. In contrast, clones 9 and 11 

showed lower TUBB3 expression level compared to the parental cells. Thus, clones 12 

(P19C12) and clone 22 (P19C22) were selected for further study. 

5.6.2 Morphology change in RA-treated cells 

Upon the RA treatment, morphological appearances were changed in both 

subclones of PI9 cells. As shown in Figures 28 and 29, at 240 hours long possesses 

were extended out from the cell bodies in both subclones. These cells displayed as a 

monolayer layer of fibroblast-like cells extending out from cell bodies. 

5.6.3 Expression of neuronal marker TUBB3 in RA-treated PI 9 subclones 

To ensure the RA-induced neuronal differentiation carried out properly, neuronal 

specific marker TUBB3 was examined by western blot analysis. As shown in Figure 28 

and 29, TUBB3 protein expression was not detected in both subclones in the absence of 

RA treatment. P19C12 cells, in the presence of RA treatment, expression of TUBB3 

was induced at 96 hours, and the level showed an increasing trend during the study 

period with maximum level being detected at 240 hour. In RA-treated P19C22 cells, 

expression of TUBB3 was first detected at 72 hours when the protein level was scarcely 

observed. Enhancing TUBB3 protein level was found from then on until the end of 
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Figure 28 Evaluation of miR-383 expression during RA induced neuronal 
differentiation of P19 subclone C12 (P19C12). (A) Western blot analysis 
reveals that upregulation of the neuronal marker P-tubulin III (TUBB3) is 
observed as early as 96 hr and reached a high level at 240 hr after 
treatment with all-trans-retinoic acid (RA), suggesting induction of 
neuronal differentiation. The astrocytic marker GFAP is not detectable 
during the 10-day studied period. Each lane is loaded with 50 (ag of cell 
lysate. The first lane in the blot contains control cells U373, which express 
TUBB3 constitutively. Actin is used as a loading control. (B, C) qRT-PCR 
analysis shows that both miR-124 (B) and miR-383 (C) transcripts are 
detectable at 48 hr after RA treatment and the levels increase thereafter in 
a time-dependent manner. Of note is that the miR-383 level is about 100-
fold lower than that of miR-124. (D) Representative micrograph showing 
neurite outgrowth from P19C12 cells at 10 days after RA treatment. An 
increase in the number and length of neurite-like structure is observed in 
RA-treated cells. Untreated cells exhibit polygonal morphology. The 
experiment was repeated three individual times. 

184 



I 1 No RA 

•I 1 叫 � • RA 

u 
0 . 00 J - � r - i i n l ^ 層 疆̂ 

6 12 24 48 72 96 120 168 240 

Time (hr) 

o
 o
 

o
 5
 

1.
 o
f
 

Q
i
J
d
x
Q
 寸
3
1
-
名
日
 

0JS-, 

w
 

【
q
l
u
J
d
 

I 
'

0 0
 6 12 24 48 72 96 120 168 240 

Time (hr) 

240 

^ TUBB3 

GFAP 

ACTIN 

185 

雄 渗 m m 

B
 p
s
z

 
二

 m
a
i
o
K
 c

 P
S
Z
^
I
U
J
O
Z
 



Figure 29. Evaluation of miR-383 expression during RA induced neuronal 
differentiation of P19 subclone C22 (P19C22) (A) Western blot analysis 
reveals that upregulation of the neuronal marker P-tubulin i n (TUBB3) is 
observed at 72 hr and reached a high level at 240 hr after treatment with 
all trans retinoic acid (RA), suggesting induction of neuronal 
differentiation. The astrocytic marker GFAP is not detectable during the 
10-day studied period Each lane conatins 50 (ig of cell lysate The first 
lane in the blot contains control cells U373. Actin is used as a loading 
control. (B, C) qRT-PCR analysis shows that both miR-124 (B) and miR-
383 (C) transcripts are detectable at 24 hr after RA treatment and the 
levels increase thereafter in a time-dependent manner. (D) Representative 
micrograph showing neurite outgrowth in P19C22 cells on day 10 after 
RA treatment. An increase in the number and length of neurite-like 
structure is observed in RA-treated cells. Untreated cells exhibit polygonal 
morphology. The experiment was repeated three individual times. 
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study. In both subclones, GFAP protein expression was not detected with or without RA 

treatment. 

5.6.4 Induced neuronal differentiation in P19 subclones 

To explore whether miR-383 expression was involved in neurogenesis, P19C12 

and P19C22 were subjected to induced neuronal differentiation by RA treatment 

according to the procedures described by Jones-Villeneuve et al. (Jones-Villeneuve et al. 

1983). Briefly, the cells were cultured as aggregates and exposed to RA in a bacterial 

petri dish. Subsequently, they were replated on poly-L-lysine coated culture dish. A 

previous study had demonstrated miR-124 is upregulated in RA treatment (Sempere et 

al. 2004); thus，miR-124 expression served as a control. Expression of miR-124 was 

examined from 6 to 240 hours post-RA treatment. For P19C12 and P19C22, there was a 

minimal miR-124 expression without RA treatment as shown in Figures 28 and 29. In 

P19C12, miR-124 was statistically upregulated starting from 24 hours after RA 

treatment (p<0.05). After normalized with GAPDH, a 10-fold increase in miR-124 

expression was observed in P19C12 compared to the mock at 48 hours and miR-124 

expression was increased onward. At 240 hour post-RA treatment, miR-124 expression 

was increased by 348-fold compared to the mock. 

For P19C22, statistical significant in miR-124 expression was observed at 48 
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hours post-treatment (Figure 29). Compared to the mock, there was a 2-fold increase in 

miR-124 expression. Its expression was continuously upregulated during the period of 

experiment. At 240 hour. RA-treated P19C22 exhibited a 55-fold overexpression in 

miR-124 compared to the mock. 

5.6.5 miR-383 expression in RA induced neuronal differentiated P19C12 and P19C22 

cells 

To investigate whether miR-383 is involved in neuronal differentiation, miR-383 

was examined during the course of RA treatment. As shown in Figures 28 and 29, 

neither P19C12 nor P19C22 cells exhibited a detectable miR-383 expression without 

RA treatment. Upon RA induced differentiation, miR-383 expression was detectable as 

early as 48 hours post-RA treatment in P19C12 cells, and the expression increased 

51 -fold at 240 hour compared to its expression at 48 hours. Moreover, miR-383 

expression was lower than miR-124 at all time points. For instance, its expression at 48 

hours was 161-fold less than that of miR-124 at 48 hours. 

In P19C22, detectable miR-383 expression was found at 24 hours after RA 

treatment. This was earlier than that in PI9C12 cells. Continuously increased miR-383 

expression was observed afterward. Compared to 24 hours, there was a 20-fold change 

in miR-383 expression at 240 hour. Similar to P19C12 cells, miR-383 expression was 
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lower than miR-124 expression from 24 to 240 hours. 

5.6.6 Sgcz expression in RA induced neuronal differentiated P19C12 and P19C22 

Sgcz is the host gene of miR-383 with miR-383 located in intron 1 of the Sgcz 

gene in both human and mouse. To investigate whether Sgcz and miR-383 were 

coexpressed during the course of induced neuronal differentiation, Sgcz transcript level 

was also examined and normalization was done using Gapdh transcript. As shown in 

Figure 30, Sgcz expression was not expressed in PI9C12 and P19C22 in the absence of 

RA. 

In P19C12, Sgcz expression appeared at 24 hours post-RA treatment when the 

mature miR-383 was still undetectable. Detectable miR-383 expression was found at 48 

hours after RA treatment and occurred a day after the induction of Sgcz gene expression. 

Sgcz transcript level was increasing from 24 hours onward. At 72 hours, Sgcz 

expression was increased by 3.6-fold compared to that at 24 hours and its expression 

was increased by 126-fold by 240 hour. Most importantly, the expression of miR-383 

and host gene Sgcz are significantly correlated as illustrated in Figure 30. The result 

indicates miR-383 was coordinately expressed with Sgcz and miR-383 was processed 

with the precursor Sgcz mRNA. 

In P19C22, Sgcz expression first appeared at 24 hours and the expression was 
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Figure 30. Expression analysis of Sgcz, the host gene of miR-383, during 
neuronal differentiation in P19C12 and P19C22 cells. Cells were 
treated with all-trans-retinoic acid and then evaluated for Sgcz 
expression by qRT-PCR. The result shows that miR-383 expression is 
detectable at 24 hr after RA treatment in PI9C12 (A) and P19C22 (C). 
Sgcz expression is increasing onward. MiR-383 and Sgcz expression 
are significantly correlated in PI9C12 (B) and P19C22 cells (D). 
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increasing afterward. This was the same time point when mature miR-383 transcript 

was first detected. Compared to 24 hours, Sgcz transcript was increased by 2, 2, 10, 10， 

14 and 20-fold at 48，72，96，120, 168 and 240 hours respectively. Similarly to P19C12, 

expression of miR-383 and host gene Sgcz are significantly correlated as illustrated in 

Figure 30, suggesting miR-383 and Sgcz were expressed in a parallel manner. 

5.6.7 Expression features of miR-383 and its host gene Sgcz 

In both subclones of PI9, the expression of miR-383 and Sgcz were significantly 

correlated. As shown in Figure 30, the expression of miR-383 and Sgcz are significantly 

correlated in P19C12 (p=0.0003) and P19C22 cells (p=0.0002). One interesting finding 

was that Sgcz transcript abundance was greater than that of mature miR-383 at all time 

intervals by copy number based standard curve. For instance, when the first appearance 

of mature miR-383 (48 hours), Sgcz transcript level was 4 times higher than that of 

miR-383. And, Sgcz transcript level was 10 times higher than that of mature miR-383 at 

240 hour. However, in P19C22, the Sgcz and miR-383 transcript were made in 

stoichiometric fashion. That was, a one to one transcript ratio was found between Sgcz 

and miR-383 between time interval 48 and 240 hours. 
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CHAPTER 6 

DISCUSSION 

6.1 Analysis of potential tumor-related genes on chromosome 8p 

MB is the most common malignant CNS tumor in infants and children, with 

85% of MBs being diagnosed in patients younger than 18 years of age (Korshunov et al. 

2010). Over the last few decades, advances in surgical and adjuvant therapeutic 

treatments have improved the survival rate and clinical outcomes. At present, the cure 

rate for standard risk patients has increased to approximately 75%. However, the 

survival rate for the high risk patients is not encouraging, at around 25%. In addition, 

deleterious side effects, such as neurocognitive difficulties, endocrine, thyroid and 

growth hormone issues, and physical problems, are frequently observed in survivors as 

a result of therapy. A better understanding of MB biology would lead to development of 

novel therapeutic strategies that would reduce the side effects and enhance the survival 

rate. 

Our group has previously identified loss of chromosome 8p as a frequent 

recurrent event in MB by CGH and microsatellite analysis. Finer mapping of the 

deletion region by microsatellite markers revealed a common homozygously deleted 

region at 8p22-23.1 and partial or interstitial deletions on chromosome 8p22-23.2. The 

results suggested that the presence of TSG(s) in these regions. The aims of my study 
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were to identify the candidate TSGs on chromosome 8p and to characterize their 

biological function in relation to tumorigenesis of MB. To this end, I had employed 

multiple approaches to identify the TSGs on chromosome 8p. First, I had gone through 

literature review to select potential tumor-related genes within the deletion regions. Two 

genes, LZTS1 and TUSC3, were selected for analysis. 

LZTS1 is located on 8p21.3. Downregulation of this gene was observed in 

multiple tumor types (Nonalca et al. 2005; Vecchione et al. 2001; Vecchione et al. 2002). 

Overexpression of LZTS1 suppressed cell growth by inhibition of cell cycle progression 

(Ishii et al. 2001; Vecchione et al. 2001). These data suggested the involvement of 

LZTS1 in tumorigenesis. 

TUSC3 is located on chromosome 8p22. Loss of TUSC3 expression was 

reported in ovarian cancer (Pils et al. 2005). Downregulation of TUSC3 was correlated 

with metastasis, adverse staging, and adverse clinical outcome in carcinomas of larynx 

and pharynx (Guervos et al. 2007; Pils et al. 2005). These data supported a role of 

TUSC3 in carcinogenesis. 

Based on the hypothesis that TSG inactivation，in general, may result from 

absent or reduced expression due to allelic deletion, epigenetic modifications or other 

transcriptional silencing mechanisms, the transcript levels of LZTS1 and TUCS3 were 

evaluated by qRT-PCR. The results showed that downregulation of LZTS1 occurred in a 
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minor fraction (5%) of MBs. This suggested LZTS1 might play a minor role in MB 

formation. A limitation of this study on LZTS1 analysis was the lack of data to conclude 

the mechanism for reduced LZTS1 mechanism in this minor fraction of MBs. The 

qRT-PCR result also showed that 10% of MBs examined had reduced TUSC3 

expression compared to normal cerebella. This result was consistent with the findings 

that TUSC3 expression was reduced or lost in ovarian, pancreatic and prostate tumors 

(Bashyam et al. 2005; MacGrogan et al. 1996; Pils et al. 2005). 

My study also demonstrated that reduced TUSC3 expression was observed in 

one case harboring a homozygously deleted interval covering 8p23.1 where TUSC3 is 

located, suggesting that genomic loss might be one mechanism responsible for reduced 

TUSC3 expression. 

The other case (case 22) with TUSC3 downregulation did not exhibit 8p loss, 

suggesting that other mechanisms might have regulated TUSC3 expression. The 

presence of CpG island at the promoter and exon 1 of TUSC3 prompted for 

investigation of DNA hypermethylation in case 22. The results showed that DNA 

hypermethylation was absent in case 22, suggesting that epigenetic silencing was 

unlikely the mechanism responsible for decreased expression in this tumor. However, 

because only 20 out of 67 CpG dinucleotides were examined, it was possible that DNA 

hypermethylation occurred at sites other than those studied in this study. Other 
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mechanism such as mutation may contribute to TUSC3 downregulation. 

Structural characterization of TUSC3 has revealed the presence of consensus 

recognition sequences for Spl transcription factor (SP1), transcription factor AP-2 alpha 

(AP2) and TP53 in the promoter of TUSC3 (El-Deiry et al. 1992; Imagawa et al. 1987; 

Kadonaga et al. 1987). Such predictions suggest that aberration in transcription factor 

binding or expression may cause a disruption in TUSC3 expression. Thus, multiple 

mechanisms including chromosomal aberration, DNA methylation, or dysregulation of 

transcription factors might contribute to decreased TUSC3 expression. 

One limitation of this study on gene expression throughout this study was the 

limited number of the normal cerebella available for analysis. Three normal cerebella 

and two normal cerebella were used for qRT-PCR and global gene analysis, respectively. 

In order to show the gene expression in normal cerebella is similar and to strengthen the 

differential gene expression between normal cerebella and MBs, additional normal 

cerebella is needed. 

Another limitation of this study is based on the assumption that potential TSG 

had reduced expression. Thus, expression based approach was taken. Other approaches 

would be taken to identify TSG. For instance, the next generation sequencing 

technology, a high throughput sequencing, that allows systematic analyses of the whole 

tumor genome would be taken. Gene mutation is identified prior to expression or 
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functional analysis. 

Global gene expression profiling was my second approach towards the 

identification of TSG on chromosome 8p. This technique enables determination of 

expression of a large number of genes at one time. A comparison of gene expression 

between MBs and normal cerebella would allow the identification of differentially 

expressed genes that might be involved in MB oncogenesis. The expression profiling 

performed on seven MBs and two normal cerebella identified six differentially 

expressed genes, all of which were verified by qRT-PCR. The expression profiles of the 

six genes were concordant between the two techniques employed, indicating that the 

microarray results were reliable. Within the homozygously deleted region, EFHA2 and 

DKFZp761P0423, showed most downregulation and they were further investigated. 

Expression analysis revealed that 17 of 20 (85%) MBs examined exhibited 

significant downregulation of EFHA2 transcript. Of cases with reduced EFHA2 

expression, four cases (cases 16, 20，21 and 27) exhibited 8p allelic loss, five cases 

showed 8p gain, and eight cases had 8p retention. Chromosomal loss might be one 

mechanism for EFHA2 downregulation in cases that demonstrated both allelic loss and 

EFHA2 reduced expression. Statistical significance was not found between allelic status 

and EFHA2 expression. However, it was interesting that the three cases without EFHA2 

downregulation had 8p gain. 
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Methylation analysis by MSP showed DNA methylation occurred exclusively at 

exon 1 of EFHA2 in MB. A total of eight cases showed DNA methylation at exon 1 of 

EFHA2 gene. Seven of them displayed reduced EFHA2 expression. The results indicate 

that epigenetic silencing is another mechanism for EFHA2 downregulation. Two cases 

(#20 and #27) displayed both allelic loss and DNA methylation at exon 1. Both of these 

cases demonstrated a 12-fold reduced expression compared to normal cerebellum. No 

tumors displayed DNA methylation on the promoter of EFHA2. 

In summary, out of the 17 cases showed downregulation EFHA2, two cases 

displayed allelic loss; five cases exhibited DNA methylation, and two cases 

demonstrated both allelic loss and DNA methylation. The results illustrate that a 

fraction of MBs exhibited EFHA2 dysregulation, and DNA methylation and/or allelic 

loss might be a regulatory mechanism for EFHA2 downregulation. However, there were 

eight cases showing EFHA2 downregulation without allelic loss of 8p or DNA 

methylation. Thus, other mechanisms such as DNA mutation and aberration in miRNA 

expression might contribute to EFHA2 downregulation. Computational algorithm 

predicts miR-17 and miR-20a targeted EFHA. These two miRNAs were upregulated in 

MB (Uziel et al. 2009). 

Protein domain search software, InterProScan, indicates EFHA2 protein 

contains a calcium binding EF hand domain. SI00 proteins represent the largest gene 

197 



family that contains this domain (Heizmann et al. 2002). These proteins regulate 

biological processes included cell growth, motility, cell cycle progression, transcription 

and differentiation. A list of SI00 proteins was known to be overexpressed in cancer 

(Emberley et al. 2004). The expression of SI00 proteins had clinical implications for 

the diagnosis and prognosis (Emberley et al. 2004). It will remain to be elucidated 

whether EFHA2 exhibits growth suppressive function. This would be done by either 

overexpression or downregulation of EFHA2 in MB cell lines. 

The investigation of DKFZp 76IP0423 gene expression by qRT-PCR analysis 

revealed that 70% of MBs had DKFZp761P0423 reduced expression. Using a FISH 

probe targeted to chromosome 8p23.1 where this gene is located, loss or retained of 

chromosome 8p was found to be associated with reduced expression. These data 

suggest genomic loss of chromosome 8p was a mechanism for dysregulation of 

DKFZp 761P0423 gene. There were three cases displayed reduced expression and gain 

of chromosome 8, it was possible that DNA mutation contributed to DKFZp76IP0423 

downregulation. 

DKFZp761P0423, or full name PRAGMIN, has been recently identified as an 

effector of Rho family GTPase 2 (RND2) protein (Tanaka et al. 2006). RND2 is a 

member of the Rho family GTPases, which functions to switch between an inactive 

GDP-bound state and an active GTP-bound state. RND2 is expressed specifically in 
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neurons of brain and spinal cord (Nishi et al. 1999). Public database Aceview indicates 

the presence of DKFZp 761P0423 transcript in brain tissue. Overexpression of 

DKFZp 761P0423 and RND2 inhibited neurite outgrowth and induced cell rounding 

(Tanaka et al. 2006). Silencing DKFZp761P0423 led to neurite elongation (Tanaka et al. 

2006). Taken together, the results suggest that DKFZp761P0423 plays a role in neuronal 

morphology and neurite growth. The function of DKFZp761P0423 in MB pathogenesis 

remains to be elucidated. 

To investigate whether other genes on 8p would be important for MB 

tumorigenesis, I screened the expression pattern of 49 genes on 8p in seven MB cell 

lines. All of these genes showed reduced expression by microarray analysis. The 

underlying assumption was that inactivated TSG would likely have no expression in 

some MB cell lines. Conventional RT-PCR analysis revealed that all cell lines displayed 

expression for all of 49 genes examined, suggesting that these genes might not be 

involved in MB. 

To summarize the work on chromosome 8p，two cancer-related genes, LZTS1 

and TUSC3, were examined. The result indicates a fraction of MB had reduced gene 

expression. Global gene expression analysis had revealed that 49 genes, including 

EFHA2 and DKFZp761P0423, on chromosome 8p were dysregulated in MB. 

Expression analysis indicated that EFHA2 and DKFZp 76IP0423 were downregulated 

199 



in 85% and 70% of MBs, respectively. Chromosomal loss and/ or epigenetic 

modification were suggested for aberrant gene expression. 

A limitation of this study was the lack of functional characterization of EFHA2 

and DKFZp761P0423 in MB tumorigenesis. In my study, I focused on miRNA 

expression and functional analysis because miRNA was a new area to understand tumor 

development. Further experiments are needed to understand the roles of EFHA2 and 

DKFZp761P0423 in MB. 

6.2 Identification and functional characterization of downregulated miRNAs in MB 

While reviewing the literature, I noticed that the research on miRNAs was 

expanding rapidly. MiRNAs have been implicated in multiple biological processes 

including development, proliferation, and differentiation (Chen et al. 2004; Fang et al. 

2010; Lou et al. 2010; Moss et al. 1997). They are important in regulation of gene 

expression through complementary base pairing to their targets genes. Recent studies 

have implicated the involvement of miRNAs in various cancers (Calin et al. 2002; He et 

al. 2005). 

Thus, the question of the biological significance of miRNAs in MB development 

came to my mind. Specifically, could any miRNA located on chromosome 8p be 

involved in MB development? To address this question, I looked into the miRNAs 

database and found three miRNAs were mapped to chromosome 8p at that time. They 
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were miR-124, miR-320, and miR-383. MiR-124 is located on chromosome 8p23.1, 

which is approximately 0.1 Mb away from the homozygously deleted region. MiR-383 

and miR-320 are located on 8p22 and 8p21.3, respectively. High frequency of LOH in 

these genomic locations was detected in MB. The role of these miRNAs in MB 

oncogenesis was undefined. 

To this end, I performed qRT-PCR to determine the expression levels of 

miR-124, miR-383 and miR-320 in MBs. The results revealed downregulation of 

miR-124 in 72% of MBs examined, ranging from 2- to 2600-fold reduction compared to 

normal cerebella. Diminished expression of miR-383 was also observed in 79% of the 

same cohort of MBs, ranging from 2- to 588- fold reduction compared to normal 

cerebella. Additionally, all seven MB cell lines displayed reduced or lost expression of 

miR-124 and miR-383. Expression of miR-320 was variable in MBs, with 28% showing 

downregulation and 21% displaying upregulation compared to normal cerebella. Taken 

together, the results indicated miR-124 and miR-383 were underexpressed in MBs 

suggesting these RNA molecules might contribute to the MB oncogenesis. 

In the latter half of the study, I focused on characterizing the functional roles of 

miR-124 and miR-383 and on identifying the target genes of these deregulated miRNAs 

in relation to MB development. 

MiR-124 is highly conserved in both invertebrates and vertebrates. In 
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vertebrates, mature miR-124 is encoded by three conserved miR-124 genes, whereas in 

invertebrates C. elegans and D. melanogaster a single miR-124 gene is annotated. 

Nevertheless, the mature miR-124 sequence is the same in both invertebrates and 

vertebrates. 

Expression of miR-124 is abundant in the brain of several species including 

human, rat, mouse, monkey, zebraflsh and chicken (Cao et al. 2007; Lagos-Quintana et 

al. 2002, Liang et al. 2007; Miska et al. 2004; Wienholds et al. 2005). Out of 40 normal 

tissues examined, the highest miR-124 expression was detected in brain (Liang et al. 

2007). Expression of miR-124 was detectable in three other types of tissue, including 

thymus and testicle. MiR-124 expression was 4- to 94-fold lower in these tissues 

compared to normal brain (Liang et al. 2007). Expression of miR-124 was absent in 

many tissues, including breast, colon, esophagus, heart, liver, lung, and pancreas, 

prostate and skeletal muscle (Liang et al. 2007). 

High expression of miR-124 was detected in multiple regions of brain 

(Smirnova et al. 2005; Hohjoh and Fukushima 2007). In mature cerebellum, miR-124 

constituted 26% of all miRNAs (Hohjoh and Fukushima 2007). MiR-124 also 

accounted for up to 46% miRNAs of all brain miRNAs (Lagos-Quintana et al. 2002). 

Interestingly, miR-124 was first detected in differentiating neurons and persisted in 

mature neurons (Krichevsky et al. 2003; Deo et al. 2006). Given that miR-124 is 
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encoded by three individual genes and the abundance of miR-124 in brain, it is not 

difficult to anticipate that miR-124 has multiple important functions in brain and these 

miR-124 genes may be actively transcribed to maintain high miR-124 expression for 

maintenance of functions. 

Accumulated data have indicated that miR-124 plays a role in neurogenesis. 

Overexpression of miR-124 in non-neuronal HeLa cells led to downregulation of a large 

number of non-neuronal genes (Lim et al. 2005), whereas suppression of miR-124 in 

terminally differentiated cortical neurons resulted in an upregulation of non-neuronal 

transcripts (Conaco et al. 2006). These results suggest that a function of miR-124 is to 

maintain neuronal identity by suppression of non-neuronal gene transcript (Lim et al. 

2005). Moreover, miR-124 was expressed at low level in neural progenitor cells and its 

expression was dramatically increased in differentiating and mature neurons 

(Krichevsky et al. 2003; Deo et al. 2006). Its temporal expression profile suggested that 

miR-124 might contribute to the development and maturation of neuronal cells. 

Indeed, it was found that miR-124 expression was remarkably upregulated in PI9 

mouse embryonal carcinoma cells upon RA treatment to induce neuronal differentiation 

(Sempere et al. 2004). And, overexpression of miR-124 triggered neuronal 

differentiation (Yisvanathan et al. 2007) and promoted neurite outgrowth (Yu et al. 

2008). 
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To delineate the mechanism of miR-124 mediated neuronal differentiation, 

chromatin immunoprecipitation (ChIP) experiment was performed to confirm that RE1 

silencing transcription factor (REST) directly interacted with the RE-1 sites on three 

miR-124 genomic loci (Conaco et al. 2006). The disappearance of REST protein also 

coincided with the increase expression of miR-124 and the appearance of terminal 

differentiation in cortical neurons (Conaco et al. 2006). RE-1 is a conserved 23-bp 

repressor element site that is occupied by REST. In non-neuronal cells, REST 

functions to suppress neuronal gene expression through its recruitment of corepressor 

complex containing histone deacetylases and methyl CpG-binding protein MeCP2. 

During neuronal differentiation from progenitors to mature neurons, REST is 

downregulated. REST and its co-repressors are dissociated from the RE-1 sites, leading 

to activate the expression of neuronal gene transcripts (Balias et al. 2005). Thus, it 

was proposed that miR-124 expression is suppressed by the occupation of REST in 

progenitor cells. During neuronal differentiation, miR-124 is released from the 

inhibition of REST. The upregulation of miR-124 expression enables suppression of 

non-neuronal genes. 

Furthermore, miR-124 had a stimulatory effect on neuronal differentiation via 

modulating the expression of small C-terminal domain phosphatase 1 (SCP1) in the 

developing spinal cord and in PI9 cells. SCP1 protein has an antineural function (Yeo et 
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al. 2005). Suppression of SCP1 protein induced neurogenesis, whereas constitutive 

SCP1 expression attenuates neurogenesis. Thus, miR-124 is likely to induce 

neurogenesis at least by downregulation of SCP1 (Visvanathan et al. 2007). 

miR-124 has been implicated in the differentiation of mature neurons from 

progenitor cells through the regulation of PTBP1. PTBP1 is an RNA-binding protein 

which preferably binds to CU-rich sequences in pre-mRNAs and inhibits alternative 

splicing events (Black 2003; Licatalosi and Darnell 2006). It functions as a global 

repressor of neuron-specific alternative splicing in non-neural cells (Corrionero and 

Valcarcel 2009). Thus, in non-neural cells, expression of neuronal genes is suppressed 

by alternative splicing. PTBP1 protein was present in neural progenitor cells of the 

mouse embryo. Its expression was diminished in differentiating and mature neurons 

(Makeyev et al. 2007). Most important，it was demonstrated that overexpression of 

miR-124 induced not only neuronal differentiation but also a switch from general to 

global nervous system-specific alternative splicing in neuroblastoma cells CAD. And, 

these were in part through the reduced PTBP1 expression. Furthermore, downregulation 

of PTBP1 expression was required for miR-124-mediated neuronal differentiation and 

induced alternative splicing (Makeyev et al. 2007). 

Aberrant miR-124 expression had been reported in multiple tumors including, 

CNS tumors (Pierson et al. 2008; Silber et al. 2008). In non-CNS tumors, reduced 
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miR-124 expression was reported in liver tumor cell lines and cervical tumors (Furuta et 

al. 2010; Wilting et al. 2010). In CNS tumors, Silber and his colleagues demonstrated 

miR-124 expression was underexpressed in anaplastic astrocytomas and glioblastomas 

(Siber et al. 2008). Overexpression of miR-124 promoted neuronal—like differentiation 

in stem cells and induced G1 arrest in glioma cells. The study conducted by Pierson et 

al. showed miR-124 expression was reduced in all four MB tumors compared to normal 

cerebellum and restoration of its expression inhibited cell growth (Pierson et al. 2008). 

A separate study conducted by Ferretti et al. also observed a reduced expression of 

miR-124 in MB tumors (Ferretti et al. 2009). My result on miR-124 expression is in 

concordance with both studies. Furthermore, the larger sample size in my study 

compared to Pierce et al. provides further solid evidence that miR-124 contributes to 

MB tumorigenesis. 

The dual color FISH analysis employed gene-specific BAC clone revealed that 

reduced miR-124 expression was not directly related to chromosomal abnormality of 8p. 

In my study, miR-124 downregulation was observed in 72% and loss of 8p was found in 

21% of tumors. The discrepancy between the miR-124 expression and 8p loss may be 

explained by abnormalities in chromosomal makeup. FISH quantifies the absolute DNA 

copy at specific loci in single nuclei (Eastmond and Pinlcel 1990). However, it does not 

discriminate abnormal chromosomal segregation events, including duplication of 
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chimerism or somatic recombination (Jiang et al. 1995; Murthy et al. 2002). Thus, it 

was possible to observe cases with two copies of short arm of chromosome 8 and 

reduced miR-124 expression. For instance, imagine that one of the normal allele of 

miR-124 was loss, and the other allele was inactivated through DNA DNA methylation 

or mutation. Expression analysis for miR-124 would indicate a downregulation of 

miR-124, If this remaining allele was duplicated once or more, FISH result might 

indicate a normal copy number for case with single duplication and a copy gain for case 

with multiple duplication. Thus, the limitation of FISH in discrimination of 

chromosomal rearrangement events might explain the discordance between miR-124 

expression and chromosomal abnormality. 

The previous work conducted by my research group using CGH and 

microsatellite markers showed 8p loss is a frequency event (66%) in MB. In my study, 

only 6/29 (21%) MB displayed chromosome 8p loss. The discordance in the frequency 

of loss between these two sets of data could be explained by the differences in detection 

techniques. CGH provides an overview of copy number changes in DNA level. It 

permits the identification of regions of loss or gain relative to the DNA content of the 

entire genome. In CGH, the total genomic tumor DNA and the normal reference DNA 

were labeled and hybridized to a normal metaphase chromosome and fluorescence 

ratios provide a cytogenetic representation of DNA copy number variation. However, 
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this technology is limited by relative loose, fuzzy of the deletion borderlines. It has a 

resolution with about 10-20 Mb (Kallioniemi et al. 1994), and chromosomal change 

such as gain or loss with about 1-2 Mb can not be detected by CGH (Alimov et al. 

2000). Moreover, CGH is not sensitive to detect structural changes such as 

chromosomal rearrangement. On the other hand, LOH identifies allelic imbalance based 

on comparison of genotypes between the tumor DNA samples and patient-matched 

control DNA samples using polymorphic micro satellite markers. These markers are 

short DNA repeated sequences. Given that the repeated sequence in maternal and 

paternal are differed in length in 60-80% of the cases, these markers are often 

informative. In case the repeats are differed in maternal and paternal, two bands are 

visualized. In contrast, in tumors one chromosome is lost, only one allele from the 

chromosome will be present. The limitation of LOH is that the results need to be 

cautiously interpreted. The apparent LOH may cause by other events such as 

uniparental disomy included heterodisomy and isodisomy. Examples are TP53 and RBI 

(Murthy et al. 2002). Additionally, DNA gain may appear as allelic imbalance and 

incorrectly designated as LOH in the absence of CGH data. LOH cannot detect any 

amplification involved in tumor pathogenesis. Thus, the relative low frequency as 

detected by FISH in my cohort of tumors might represent a result of various 

chromosomal rearrangement and duplication followed by genomic loss. For instance, 
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the presence of two copies of chromosome 8p by FISH might represent a result of a loss 

followed by duplication of the remaining allele. Indeed, discrepancy between LOH and 

FISH result had been reported (Cheng et al. 2008; Kallioniemi et al. 1992). In one study 

of breast cancer revealed a discrepancy between RBI copy number detected by FISH 

and LOH (Kallioniemi et al. 1992), The finding was explained by somatic 

recombination or duplication of chromosome 13 containing mutant RBI. Thus, the 

precise chromosomal structure in MB tumors needed to be defined by multiple 

techniques. 

Mature miR-124 is transcribed from three precursor hairpin miRNAs located on 

three separate human genomic regions. miR-124-1 is located on chromosome 8p23.1, 

miR-124-2 on 8ql2.3 and miR-124-3 on 20ql3.33. In mouse, all three mature 

miR-124-l/-2/-3 are expressed in developing CNS (Deo et al. 2006). There is no 

information on the attribution of each precursor miR-124 toward the mature miR-124 in 

human. Optimal qRT-PCR primer design for discrimination of three precursor of 

miR-124 may be the first step toward determination of expression level of miR-124 

precursors. 

In addition, all three precursor miR-124s are located within the dense CpG 

islands. Epigenetic methylation has been proposed as a regulatory mechanism for 

miRNA expression (Saito et al. 2006). DNA hypermethylation of miR-124 has been 
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reported in multiple tumor types, including colon, breast, lung and liver cancers (Furuta 

et al. 2010; Lujambio et al. 2007). In hepatocellular carcinoma (HCC) cell lines, 

treatment with demethylation agent 5-aza-dC restored the expression of miR-124 

(Furata et al. 2010); however, no miR-124 reactivation was observed in glioma cell 

lines upon 5-aza-dC treatment (Silber et al. 2008). These data suggested that the 

regulatory mechanism for miR-124 expression was tissue and tumor specific. Further 

investigation is needed to evaluate epigenetic mechanism for regulatory miR-124 

expression in MB. 

This study characterized the biological functions of miR-124. Restoration of 

miR-124 in miR-124-deficient MB cells significantly inhibited cell growth as revealed 

by MTT assay and viable cell counting. Furthermore, the cell growth inhibitory effect of 

miR-124 was mediated through blockage in cell cycle progression. These findings are 

consistent with the results in Pierson et al. study, that demonstrated miR-124 expression 

in MB cell lines induced cell proliferation inhibition (Pierson et al. 2008). In addition, 

my findings were in agreement with the study conducted by Silber et al., who 

demonstrated that ectopic expression of miR-124 inhibited proliferation of GBM cell 

lines via induction of G1 arrest (Silber et al. 2008). The cell growth inhibitory effect of 

miR-124 is not limited in CNS tumors as overexpression of miR-124 in HCC cell lines 

reduced cell proliferation by enhancing the fraction of cells in G0/G1 phase (Furuta et al. 
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2010). The observation of alteration in cell cycle profile in miR-124 transfected cells 

is in agreement with the finding demonstrated that a large number of genes in categories 

related to cell cycle and proliferation was altered in non-miR-124-expressed HepG2 

cells upon miR-124 restoration (Wang and Wang 2006). Furthermore, a cell cycle 

regulator, CDK6, which regulates Gl progression of cell cycle, has been demonstrated 

as a target gene of miR-124 (Parry et al. 1999; Pierson et al. 2008). The result is in line 

with my finding illustrated that miR-124 altered cell cycle progression. In conclusion, 

miR-124 exhibits a growth suppressive function in MB. 

To explore the biological functions of miR-124, one must identify its gene 

targets. I had identified SLC16A1 as a direct target of miR-124 through systemic 

analysis. To begin, the dataset generated by Lim et al. was collected. Computational 

approach was then applied to identify candidate miR-124 targets. Expression of 

potential miR-124 targets was examined by qRT-PCR. At mRNA level, SLC16A1 

expression was significantly inhibited as early as four hours following miR-124 

restoration, by 24 hours post-transfection the level was reduced by about 6-fold in 

DAOY and ONS-76 cells. At protein level, SLC16A1 expression was suppressed in all 

five MB cell lines examined at 48 hours after miR-124 re-expression. Luciferase 

reporter assay further confirmed that miR-124 specifically interacted with the 3'UTR of 

SLC16A1 gene. These data suggest that miR-124 is a negative regulator of SLC16A1 in 
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MB. Further analysis of SLC16A1 expression level in primary MB tumors and cell lines 

revealed an elevation of SLC16A1 transcripts in 90% of primary tumors and 100% of 

cell lines. Moreover, depletion of SLC16A1 by two independent gene-specific siRNAs 

markedly inhibited cell growth compared to negative control. The growth suppressive 

effect of SLC16A1 inhibition was accompanied by an enhancement in cell death. 

Taken together, SLC16A1 expression depletion induced growth inhibitory effect in MB. 

And, knockdown of SLC16A1 would elicit part or all of the biological effects induced 

by miR-124 overexpression in MB. 

SLC16A1 gene is located on chromosome lpl2. It encodes for a proton-linked 

membrane carrier whose function is to transport monocarboxylates such as lactate, 

pyruvate and ketone bodies across cell membrane (Pierre and Pellerin 2005). In normal 

brain, SLC16A1 is found in the endothelial cells forming the blood vessel walls and 

astrocyte-like cells (Chiry et al. 2006). 

It was observed that tumor cells rely on aerobic glycolysis to generate energy 

required for metabolic process, or known as "the Warburg effect" (Vander Heiden et al. 

2009). This enables cancer cells to obtain fast energy source for rapid growth and 

proliferation. The major byproduct generated by this pathway is lactic acid. High lactic 

acid concentration has been detected in many solid tumors (Skoyum et al. 1997; 

Walenta et al. 1997), and its accumulation lowers intracellular pH. Activation of 



monocarboxylate transporter can efflux excess lactic acid and maintain intracellular pH 

as tumors grow and proliferate. Indeed, elevated levels of SLA16A1 have been reported 

in a number of tumors (Fang et al. 2006; Mathupala et al. 2004). Thus, it is postulated 

that depletion of SLC16A1 prevents export of lactic acid and causes a decrease of 

intracellular pH to a level that is lethal to cells. 

Although SLC16A1 is identified as a target of miR-124, no inverse correlation 

between miR-124 and SLC16A1 transcript levels was observed in this study. One 

explanation is that multiple mechanisms regulate and fine tune SLC16A1 expression. 

For example, SLC16A1 would be regulated by multiple miRNAs. Indeed, computational 

analysis suggests that miR-9*, -29b, -29c, -183，-320 and -377 are potential regulators 

of SLC16A1. Moreover, expression of SLC16A1 would be regulated by other genes. 

One potential regulator is MYC, whose up-regulation has been shown to elevate 

SLC16A1 level (Schuhmacher et al. 2001). MYC is also a known oncogene in MB 

(Stearns et al. 2006). The final SLC16A1 expression in MB could also determined by 

DNA methylation status as CpG islands are located in the promoter and exon 1 of the 

gene. In contrast to DNA hypermethylation, hypomethylation of the gene would 

possibly lead to overexpression. Lastly, genomic abnormalities, such as chromosomal 

gain/loss would have impact on SLC16A1 expression. Gain of chromosome 1, where 

SLC16A1 is located, had been described in MB (Inda et al. 2005; Shlomit et al. 2000). 
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In my search for candidate targets of miR-124 from Lim et al's gene list, eight 

genes did not show significant alteration in transcript levels after miR-124 transfection 

in MB cells compared with HeLa. This may be explained by the different techniques 

used in transcript quantification (real-time PCR vs microarray). Another possibility is 

that target genes may be regulated by multiple miRNAs. Such miRNAs expression 

profiling varies across different tissue samples. Indeed, miRNA expression was 

expressed in a tissue specific manner (Lagos-Quintana et al. 2002; Liang et al. 2007). 

Thus, it is possible that miRNAs are differentially expressed between MB cell lines and 

cervical carcinoma HeLa cells. Nevertheless, it cannot be excluded the possibility that 

some of these eight targets may be preferentially regulated at the translational level. 

Previous study identified PTBP1 as a target of miR-124. In my study, 

overexpression of PTBP1 transcripts was detected in 62% MB tumors. Restoration of 

miR-124 in miR-124 deficient MB cells upregulated PTBP1 transcript level by about 

6-fold in DAOY and 4-fold in ONS-76. These data indicate PTBP1 is a candidate target 

of miR-124 in MB. However, no association was found between miR-124 level and 

PTBP1 expression in my cohort of samples. Possible explanation is that PTBP1 

transcript level is regulated by multiple mechanisms. Given that a dense CpG island is 

located at the promoter of PTBP1, epigenetic mechanism may play a role in PTBP1 

gene regulation. Furthermore, PTBP1 may be regulated by multiple miRNAs. 
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Computational algorithms predict miR-9, -93, -137, -194, -330, and -381 targeted to 

PTBP1. Some of these miRNAs are known to express in brain. For instance, miR-9 and 

miR-137 are brain-enriched miRNAs (Sempere et al. 2005). Upregulation of miR-137 

and downregulation of miR-9, -194, -330 and -381 were detected in MB (Ferretti et al. 

2009). Functional analysis showed an anti-proliferation property of miR-9. 

Restoration of miR-9 in MB cells significantly decreased cell proliferation and colony 

formation, and a growth proliferation effect was observed when miR-9 was abolished 

(Ferretti et al. 2009). Thus, the detected level of PTBP1 expression in this study may 

represent the consequent effects of multiple miRNAs. 

In the present study, miR-383 is significantly reduced in 79% of MBs examined. 

The result strongly suggests aberrant miR-383 expression is a common event in MB. 

This finding was in line with Ferretti et al. showing miR-383 was downregulated in MB 

compared to normal cerebella by microarray analysis (Ferretti et al. 2007). Most 

important, this is the first study to characterize the functional roles of miR-383 in MB. 

Restoration of miR-383 in four MB cell lines suppressed cell growth as illustrated by 

MTT assay and cell counting. The growth suppressive effect of miR-383 was mediated 

by blockage of cell cycle progression, and induction of apoptosis as indicated by an 

alteration in cell cycle distribution and enhancement of PARP cleavage. Taken together, 

these results suggest miR-383 acts as a negative regulator of cell growth in MB. 
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My result is in line with the very recent study which demonstrated an induction 

of miR-383 in NT2 cells significantly inhibited cell proliferation, blocked cell cycle 

progression at G1 phase and enhanced apoptosis in NT2 cells (Lian et al. 2010). NT2 is 

a neuronally committed human teratocarcinoma cell line (Hsu and Everett 2001). 

The flow cytometry analysis indicates that the mechanisms of 

miR-3 83-mediated cell growth inhibition among four MB cells were slightly different. 

In miR-3 83-expressed ONS-76, I speculate that blockage of cell cycle progression 

occurred preceded to apoptosis. This is supported by the occurrence order of G1 

blockage and upregulation of cleaved PARP and p21 proteins. The appearance of G1 

arrest occurred concurrently with a decrease in S and G2/M phases as early as 24 hours 

after transfection and sustained throughout a 96-hour study period. The blockage at G1 

phase was concordance with the appearance of p21 upregulation. However, the 

expression level of the apoptosis-associated protein, cleaved PARP, was not enhanced 

until 72 hours and afterward. Thus, it was reasonable to speculate that cell death 

occurred after a prolong blockage in cell cycle. 

In D458, restoration of miR-383 significantly increased both sub-Gl and G1 

fractions. Induction of sub-Gl population was confirmed by the increase cleaved PARP 

level and blockage of G1 progression was confirmed by the upregulation of p21 protein. 

The increase of sub-Gl fraction indicates the inducation of apoptosis. Beside detection 
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of PARP protein, terminal deoxynucleotidyl transferase-mediated dUTP nick-end 

labeling (TUNEL) assay that detects DNA fragmentation and annexin Y staining that 

detects phosphatidylserine residues at the outer plasma membrane leaflet can be 

performed to further illustrate the apoptosis phenotype in miR-383 expressed D458. 

Thus, induction of apoptosis and blockage of cell cycle progression were the 

mechanisms for miR-383 induced cell growth inhibition in D458. 

Given that miR-383 transfected DAOY showed an increase in cleaved PARP 

protein, I believed apoptosis might account for miR-383 induced cell growth 

suppression of DAOY. Unlike other cell lines, G1 arrest was not noted in DAOY after 

transfection of miR-383. One explanation is that the cells bypassed G1 arrest and 

proceeded to apoptosis. And, this speculation is supported by the absence in 

upregulation of p21 protein in DAOY after miR-383 transfection. To understand the 

underlying mechanism for abrogation in G1 checkpoint by miR-383 in DAOY, further 

investigation is needed. However, it is possible that expression of miR-383 in DAOY 

induced a subset of cell-cycle related genes that were different from other cell lines. 

Other explanation is that DAOY was derived from a desmoplastic MB, and D283 and 

D458 were derived from classic MB. These two histological types of cells are known to 

be different in their genetic background (Pfister et al. 2010). 

Up to now, very few studies have included miR-383 gene in expression analysis, 
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and the functions of miR-383 in normal brain are still waiting to be unveiled. 

However, two independent, comprehensive miRNA expression analysis identified 

miR-383 as a brain-enriched miRNA. The first study conducted by Liang et al. 

examined the 345 mature miRNAs in 40 normal tissues by qRT-PCR. The highest 

miR-383 expression was found in brain; other tissue types showed detectable miR-383 

expression were thymus, testicle, ovary, prostate and peripheral blood mononuclear cell 

(PBMC), but at levels at least 4-fold lower than that of the brain (Liang et al. 2007). The 

remaining tissues were devoid of detectable miR-383 (Liang et al. 2007). The other 

study performed by Lee et al. analyzed a total of 224 miRNAs in 22 different human 

tissues. In agreement with Liang et al., miR-383 was observed as one of the 34 

brain-enriched miRNAs (Lee et al. 2008). Moreover, Landgraf et al. showed that 

cerebellum expressed the highest miR-383 level among the different regions of brain 

including mid-brain, hippocampus, and frontal cortex in both human and mouse 

(Landgraf et al. 2007). Thus, the tissue-specific manner of miR-383 expression in brain 

and particular in cerebellum suggests that miR-383 has unique biological roles in brain 

and cerebellum. 

Furthermore, similarly to miR-124, bioinformatics analysis showed miR-383 is 

a highly conserved miRNA. It is found in multiple species including the vertebrates, 

human, mouse, rat, chicken and Xenopus and the invertebrates C. elegans and D. 
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melanogaster. According to chicken embryo gene expression database 

(http://geisha.arizona.edu/geisha/index.jsp), miR-383 expression first appears at stage 3, 

which is marked by the induction of the anterior and posterior nervous system (Storey et 

al. 1992) and the presence of neural markers in chicken (Darnell et al. 1999). The 

expression of miR-383 is persistent throughout embryonic development from stages 7 

to 21 during the development of chicken embryo. The expression pattern suggests an 

involvement of miR-383 in embryonic development of vertebrate system. 

At present, two studies have implicated the role of miR-383 in oncogenesis of 

the brain tumors. Gaur et al. had examined 241 mature miRNAs in multiple tumors and 

identified a list of potential tumor cell type-specific-miRNAs (Gaur et al. 2007). 

Interestingly, miR-383 was identified as one of the potential CNS-specific tumor 

suppressor miRNAs. Its expression was not dysregulated in other tumor types. The 

qRT-PCR revealed that miR-383 expression was 83.6-fold reduced in tumors as 

compared to the normal brain tissues (Gaur et al. 2007). The study of global miRNA 

expression profiling in MB as conducted by Ferretti et al. also showed downregulation 

of miR-383 in MB compared to normal cerebellum (Ferretti et al. 2009). These results 

argue for a tumor-related property of miR-383. 

This study also identified PRDX3 is a target gene of miR-383. Luciferase 
reporter assay confirmed the inhibition of PRDX3 expression was via the interaction of 
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miR-383 to the 3'UTR of PRDX3. In addition, knockdown of PRDX3 of MB cells by 

two separate siRNAs induced cell growth inhibition as showed by MTT assay and cell 

counting, and induced cell death as illustrated by increase in PARP cleavage level. 

These results indicate that inhibition of PRDX3 is functionally critical for growth 

suppressive function in MB. Most important, this study demonstrated that miR-383 

targets PRDX3, and the tumor suppressive effect of miR-383, at least in part, is 

mediated through regulation of PRDX3. 

It is worth to note that PRDX3 is one of the predicted targets of miR-26a, -26b, 

-181b, -181c and -381. In Ferretti et al. study, decreased levels of all of these miRNAs 

was found in MB compared to normal cerebellum although the issue of putative targets 

of these reduced miRNAs did not address in the study (Ferretti et al. 2009). 

PRDXs, peroxiredoxins, are thiol specific antioxidant enzymes that are found in 

all species except Borrelia burgdorferi (Hall et al. 2009). They are highly conserved in 

eukaryotes and prokaryotes. These enzymes possess antioxidant activity, and are part of 

the defense systems to combat the toxic reactive oxygen species (ROS). ROS including 

• 2 » • • • superoxide anion (O "), hydrogen peroxide (H2O2) and nitric oxide (NO") are 

constitutively generated from redox reactions during normal cellular metabolism. 

Mitochondria are major intracellular source 

of ROS, and CT and H202 are two major 

ROS species produced in mitochondria. Maintenance of precise physiological level of 
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ROS is essential for the cell proliferation, differentiation and activation of transcription 

factor (Finkel 2000; Karin and Shaulian 2001). At high level, ROS can damage DNA, 

proteins, carbohydrates and lipids (Klaunig et al. 1998). Mitochondrial DNA is more 

vulnerable to oxidative damage because mitochondria are the main site for ROS 

production, and mitochondria DNA, unlike chromosomal DNA, is not protected by 

histories. Thus, maintenance of proper antioxidative defense mechanism in 

mitochondria is essential for cellular function. 

PRDXs are the major antioxidant enzyme in brain mitochondria responsible for 

H2O2 removal (Drechsel and Patel 2010). In mammals, a total of six peroxiredoxins 

(PRDX1 to PRDX6) have been identified in human, rat and mouse, and they are 

classified into three subfamilies based on the number and position of cysteine residues 

involved in catalytic reaction: atypical 2-Cys, typical 2-Cys and 1-Cys (Rhee et al. 2001; 

Seo et al. 2000; Wood et al. 2003). Each of these PRDXs has its subcellular localization. 

PRDX3 belongs to the 2-Cys subfamily. Other members in this subfamily are PDRX1, 

2 and 4. The gene for PRDX3 is located on chromosomal 10q26.11. PRDX3 encodes a 

protein of 257-amino acid large, with 62 residues at the N-terminus as the 

mitochondrial-targeting sequence size (Yamamoto et al. 1989). The mitochondrial 

targeting sequence allows PRDX3 to transfer from the cytosol to mitochondria upon 

targeting sequence is cleaved during maturation (Arald et al. 1999; Chae et al. 1999; 
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Oberley et al. 2001; Watabe et al. 1994). Unlike the remaining five PRDXs which are 

localized in multiple compartments of cell, PRDX3 is only found in mitochondria but 

not in cytosol, nucleus, membrane, lysosome, and peroxisome (Kang et al. 1998; Wood 

et al. 2003). Expression of PRDX3 is abundant in mitochondria. Its expression is 

approximately 30 times higher than the other antioxidant enzyme, glutathione 

peroxidase, in mitochondria (Cadenas 2004; Chang et al. 2004). The only other PRDX 

that is localized in the mitochondria is the PRDX5. However, PRDX5 belongs to 

atypical 2-Cys subfamily and the abundance is nearly three times less than PRDX3 (De 

Simoni et al. 2008). 

Accumulative evidence has showed that the functions of mitochondrial PRDXs 

are distinctively different from cytosol PRDXs. For examples, knockdown of cytosol 

PRDX1 and PRDX2 enhanced cytotoxicity of adriamycin in prostate cancer cells, 

whereas this differential chemosensitivity is not observed in depleted PRDX3 cells 

(Shen and Nathan 2002). 

As tumor cells is highly proliferation cells, tumor cells showed an increased 

ROS production compared to normal cells (Szatrowski and Nathan 1991; Burdon 1995). 

Generation of high level H2O2 was reported in tumor cells (Szatrowski and Nathan 

1991). An imbalance between H2O2 generation and ability to neutralize the oxidant 

species could possibly lead to oxidative stress. Indeed, high level of H2O2 induced cell 
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death in brain tumors (Kitamura et al. 1999). I speculate that the level of antioxidant 

enzyme needs to be increased in tumor cells in order to combat the high ROS level that 

is toxic to cell. Indeed, immunohistochemistry has revealed that PRDX3 is 

overexpressed in 79.2-89% breast cancer (Karihtala et al. 2003; Noh et al. 2001). 

Upregulation of PRDX3 was reported in lung cancer and hepatocellular cancer (Choi et 

al. 2002; Park et al. 2006). These results suggest that upregulation of PRDX3 in cancer 

cells may be a mechanism to ensure toxic ROS removal during proliferation. 

In this study, RBMS1 was also identified as a target of miR-383. With the 

exception of D341, all cell lines transfected with miR-383 demonstrated a reduction of 

RBMS1 at both mRNA and protein level, suggesting that miR-383 modulated RBMS1 

level through mRNA degradation and translational repression. In addition, the decrease 

in RBMS1 by miR-383 was through a direct binding via miR-383 to RBMS1 3'UTR as 

illustrated by luciferase reporter assay. Depletion of RBMS1 by two siRNAs slightly 

modulated cell growth of DAOY and ONS-76. The role of miR-383-mediated RBMS1 

in MB needs farther investigation. 

RBMS1 has been implicated in DNA replication. It was shown to interact with 

the replication origin of MYC gene (Negishi et al. 1994). RBMS1 was released from the 

DNA replication origin of MYC gene after it complexed with DNA polymerase to start 

replication by stimulating the polymerase activity (Niki et al. 2000a). 
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RBMS1 had also been suggested to play a role in promoting transformation 

activity. RBMS1 protein was shown to interact with MYC directly. In cooperation with 

RAS, RBMS1 stimulated transformation activity of MYC (Niki et al. 2000b). RBMS1 or 

MYC by itself had no transformation activity as examined by focus forming assay (Niki 

et al. 2000b). 

Apoptosis is a programmed cell death. It is a coordinated event that leads to 

number of changes in biochemical and morphological features. The stereotypical 

morphological features in cells committed to apoptosis are cell shrinkage, mitochondrial 

leakage, membrane blebbing and the appearance of apoptotic bodies (Elmore 2007). 

Biochemically, two principle pathways govern apoptosis signaling: intrinsic and 

extrinsic pathways. The extrinsic pathway is triggered by the binding of ligands to death 

receptor and led to an activation of a number of caspases. The intrinsic pathway is 

initiated by ROS, leading to the release of cytochrome c from the mitochondria and an 

activation of caspase-3. Both pathways ultimately trigger PARP cleavage and execution 

of cell death (Nagarajah et al. 2004). 

PARP encodes the enzyme poly(ADP-ribose) polymerase. The protein is 

involved in DNA damage repair by binding to DNA breaks and modifying nuclear 

proteins. In cells undergoing apoptosis, PARP is cleaved into two fragments with sizes 

of 89kDa and 24kDa from a full length 116kDa polypeptide. The inactive forms of 
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PARP prevents DNA damage to be repaired, and leads to apoptosis. Thus, the apparent 

of cleaved PARP is an induction for apoptosis. 

In this study, overexpression of miR-383 induced the upregulation of cleaved 

PARP in MB cells. This observation was also in concordant with the upregulation of 

PARP in silenced PRDX3. Activation of PARP is an indication of apoptosis. To confirm 

the activation of apoptosis, annexin V staining would be done. Taken together, the 

anti-proliferative effect of miR-383 was partly, at least, mediated by an activation of 

apoptosis through a PRDX3-related pathway. 

6.3 miRNAs expression in RA treated P19 cells 

In the last part of my study, I explored the functional roles of miR-383 in 

neuronal differentiation. MiR-383 expression was examined in P19 cells upon 

RA-induced neuronal differentiation. These cells provided an attractive system for the 

study of neuronal differentiation. PI9 cells are derived from a teratocarcinoma formed 

in C3H/He mice and are pluripotent. It can be induced to differentiation into three 

germline layers, namely endoderm, mesoderm and ectoderm, depending on the 

chemical inducers, culture techniques and culture conditions (Bain et al. 1994). 

Two separate subclones of PI 9 were examined to ensure the observation was not 

an artifact. The result showed that miR-383 expression was absent in two RA untreated 

P19 subclones. Its expression in two subclones was detected at 24 hours and 48 hours 
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after RA treatment, and progressively accumulated to higher levels thereafter. The result 

suggested that RA induced upregulation of miR-383 in PI 9 cells. 

Wei et al. reported an increase gene transcript between 16 to 48 hours after RA 

treatment in PI9 cells (Wei et al. 2002). It was hypothesized that the increase reflected 

the need for commitment to neural differentiation (We et al. 2002). 

Moreover, miR-383 expression was detected prior to the apparent of neuronal 

marker TUBB3. This result suggests that induction of miR-383 expression is an early 

event of RA induced neuronal differentiation in PI 9 cells. 

Previously, Sempere et al. demonstrated a number of miRNAs were upregulated 

in RA treated P19 cells (Sempere et al. 2004). These miRNAs included brain-specific 

miRNAs (miR-9, -124a, -124b, -135), brain-enriched miRNAs (miR-9*, -125a, -125b, 

-128), and brain-nonenriched miRNAs (let-7a, let-7b, miR-30a, -30b, -30c, -30e, -98, 

-100, 103-1, -156, -218). The expression of these miRNAs was induced four days after 

RA treatment (Sempere et al. 2004). This time corresponds to a second wave of 

transcriptional activation of protein-encoding genes that are involved in terminal 

differentiation (Wei et al. 2002). Unlike these miRNAs, miR-383 showed increased 

expression no later than two days after RA treatment in my experiment. This time 

corresponds to an early phase of commitment to neuronal fate in PI9 cells (Sempere et 

al, 2004). Thus, I postulate that miR-383 has a role at the early phrase of neuronal 
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differentiation. Further investigation needs to be done to clarify the temporal expression 

pattern of miR-383 during the course of neuronal differentiation. 

Approximately 40% of all miRNAs are located within the introns of 

protein-coding genes (Rodriguez et al. 2004). Intronic miRNAs are typically 

coordinately expressed and processed with the host gene transcripts (Baskerville and 

Bartel 2005; Kim and Kim 2007; Wang et al. 2009). One example is the coexpression of 

mature forms of miR-3 3a and miR-33b and the SREBP host gene mRNA in human and 

mouse to control cholesterol homeostasis (Najafi-Shoushtari et al. 2010). Given that 

miR-383 is an intronic miRNA that resides in intron 1 of host gene SGCZ in both 

human and mouse, it is possible that miR-383 is transcribed in parallel with its host 

gene SGCZ. To understand the regulatory mechanism of miR-383, the expression of 

miR-383 host gene, Sgcz, was examined during RA induced neuronal differentiation of 

P19 cells. The result revealed that host gene Sgcz and miR-383 was significantly 

correlated during RA-induced neuronal differentiation in P19 cells, suggesting that 

transcription of miR-383 was processed in parallel with the precursor of Sgcz mRNA. 

Both miR-383 and Sgcz might have played a regulatory role in the execution of 

neuronal differentiation. Further investigation is needed to explore the biological 

functions of miR-383 and Sgcz in neuronal cell maturation. 

SGCZ encodes a zeta-sarcoglycan protein with a size of 299 kDa. It is a 
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transmembrane protein with a large extracellular domain and a small intracellular 

domain. The protein is an integral component of the sarcoglycan complex, which makes 

up a part of the dystrophin-associated glycoprotein complex (DGC). An essential 

function of the DGC is to mediate interaction between extracellular matrix proteins, and 

disruption of DGC leads to membrane instability, membrane permeability defects and 

myofiber damage (Wheeler et al. 2002). SGCZ expression is reduced in muscular 

dystrophy (Wheeler et al. 2002). The biological roles of SGCZ in neuronal 

differentiation are still waiting to be unveiled; however, it can not be excluded that 

SGCZ is involved in neuronal differentiation through its interaction with extracellular 

matrix proteins. This speculation is supported by several observations. First, a number 

of genes with functions related to the extracellular matrix was upregulated in 

RA-induced neuronal differentiated P19 cell (Wei et al. 2002). Second, extracellular 

matrix related protein was able to accelerate neuronal maturation of PI9 cells (Parnas 

and Linial 1997), whereas interference of extracellular protein related protein inhibited 

neuronal differentiation (Mani et al. 2000). Thus, establishment of proper connection 

between extracellular matrix proteins and DGC through SGCZ might regulate neuronal 

differentiation. 

The question of how SGCZ and/or miR-383 are regulated is still unknown. 

Recent finding has revealed a regulatory mechanism of miR-124 expression by REST in 
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neurogenesis (Conaco et al. 2006). Such mechanism was unlikely to exist in the case of 

miR-383 and/or SGCZ as the RE-1 binding site database 

(www.bioinformatics.leeds.ac.uk/REldb—mkll/) reveals that the closest putative RE-1 

binding site is located about 5 Mb upstream of SGCZ gene in human and mouse (Bruce 

et al, 2004). However, using the transcription factor search program TFSEARCH 

(http://www.cbrc.jp/research/db/TFSEARCH.html), putative binding sites for 

transcription factors including OCT-1, OCT-7, and SOX5 are predicted located with 3 

kb upstream of SGCZ gene. These transcription factors have been shown to play a role 

in neuronal differentiation (Fujii and Hamada 1993; Lai et al. 2008; Lakin et al. 1995). I 

speculate that transcription factors-mediated Sgcz and miR-383 expression might be one 

possible regulatory mechanisms of neuronal differentiation in my two P19 subclones. 

Furthermore, it is interesting to note that a dense CpG island is located in exon 1 of Sgcz, 

suggesting that epigenetic modification was a possible regulatory mechanism for both 

Sgcz and miR-383 expression. In fact, DNA methylation regulated neuronal maturation 

and tumorigenesis (Kurian et al. 2010; Nakahara et al. 2010; Sharma et al. 2010). Taken 

together, the expression of miR-383 and Sgcz in neuronal differentiation of PI9 might 

be regulated by multiple mechanisms. Further examination is needed to delineate 

regulatory mechanisms of miR-383 and Sgcz. 
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CHAPTER 7 

CONCLUSION AND PROPOSED FUTURE STUDIES 

In this study, I have demonstrated that two miRNAs, miR-124 and miR-383, on 

chromosome 8p are aberrantly expressed in MB. I have further conducted a functional 

analysis of these two downregulated miRNAs in the pathogenesis of MB. Reduced 

miR-124 expression was observed in 72% in MB. Expression of miR-383 was 

downregulated in 79% of MB. 

The functional study of miR-124 revealed that restoration of miR-124 inhibited 

cell proliferation, induced Gl arrest, and enhanced cell death of MB cells. These results 

highlight the potential importance of miR-124 in MB tumorigenesis. Moreover, I have 

identified SLC16A1 as a target gene of miR-124. Ectopic expression of miR-124 

reduced SLC16A1 expression at transcription and translation levels, suggesting 

miR-124-mediated SLC16A1 gene repression. Luciferase assay confirmed that miR-124 

interacted with the 3'UTR of SLC16A1. The role of growth suppressive role of miR-124 

in MB was at least partially mediated by targeting SLC16A1 as suggested by the 

observation that depletion of SLC16A1 inhibited cell growth and induced cell death. 

Functional characterization of miR-383 showed miR-383 plays a growth 

suppressive role in MB. Introduction of miR-383 inhibited cell growth in MB cells. 

The growth suppressive effect was associated with blockage in cell cycle progression 
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and increased in apoptosis as indicated by the cell cycle profiling and enhancement of 

PARP cleavage. Further, combination of comprehensive expression analysis and 

computational prediction programs suggested PRDX3 as a putative target gene of 

miR-383. Luciferase reporter assay confirmed a direct binding between 3'UTR of 

PRDX3 and miR-383. Expression analysis demonstrated miR-383 suppressed PRDX3 at 

mRNA and protein levels. Depletion of PRDX3 impaired cell growth in MB cells. The 

growth suppression was associated with an increase in apoptosis as indicated by 

enhancement of cleaved PARP protein in PRDX3 knockdown cells. Taken together, my 

study suggested that the cell growth inhibitory effect of miR-383 in MB was mediated 

at least partly by modulation of PRDX3 expression. 

Taken together, my study on molecular and functional characterization of miR-124 

and miR-383 enhances the current understanding of the roles of miRNAs in MB 

pathogenesis. It is generally believed cancer is a result of accumulated abnormality. 

And, accumulated data have demonstrated that MB exhibits abnormality at 

chromosomal and protein-coding gene expression level. Now, the findings of my study 

add an additional message that miRNA, a new class of non-protein coding RNA, is also 

contributed to MB tumorigenesis. 

This study has an implication on novel therapeutic treatment strategies of MB. 

Future treatments may involve the target of these aberrant miRNAs or pathway 
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associated with these aberrant miRNAs. 

Lastly, this study demonstrated that both miR-124 and miR-383 are implicated in 

neuronal differentiation of PI9 cells. Expression of miR-124 and miR-383 were 

significant upregulated in RA-induced PI9 cells. Increased miRNAs expression was 

apparent prior to the induction of neuronal differentiation marker. This suggests 

enhanced miRNA expression may be an early event of neuronal differentiation of P19 

cells. A significant correlation was found between expression of miR-383 and its host 

gene Sgcz in PI9 cells. The result suggested that transcription of miR-383 and Sgcz 

were processed in parallel. Nevertheless, the exact interplay among miR-124, miR-383, 

and neuronal differentiation requires further extensive studies. 

At present, several hypotheses have attempted to explain the formation of MB. 

One of the hypotheses argues that MB formation is a result of aberration in GCP 

development. In human, after birth, the GCP received a proliferation signal from 

Purkinje cells. This, in turn, initiates the massive expansion of GCP. Ultimately, the 

GCP exits cell cycle, moves into the inner zone of EGL where it begins to differentiate 

terminally. Abnormality in this developmental process such as absence of proliferation 

discontinuity or blockage of neuronal cell differentiation may be critical of MB 

formation. My results suggested that miR-124 and miR-383 implicated in neuronal 

differentiation and involved in cell growth are concordance with this hypothesis. I 
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propose that the normal process of GCP maturation and differentiation requires proper 

expression of miR-124 and miR-383. And, abnormality in miR-124 and miR-383 

expression disrupts the normal developmental process leading to excessive proliferation 

and inability of terminally differentiation. This ultimately promotes the formation of 

MB. Further investigation is required to prove this postulation. 

With the existing data, I propose the following studies to further understand MB 

patholo genesis. 

The first study should evaluate the functional role of EFHA2 and 

DKFZp 761P0423 in MB tumorigenesis. Allelic loss and DNA methylation did not 

explain all MBs exhibited reduced expression. Elucidate the mechanism of 

downregulation may shed a light on MB formation. 

The second study should be performed to delineate the mechanism of 

PRDX3-mediated cell growth suppression in MB. As PRDX3 is important in the 

protection against oxidative stress, examination of PRDX3 in the regulation of ROS 

level may enhance the understanding of the regulatory mechanism of miR-383 in 

mediating cell growth suppression in MB. 

Further, given that miRNAs are predicted to potentially target up to one third of 

protein-coding genes in human (Lewis et al. 2003), miR-383 may target multiple genes 

with diverse functions such as cell cycle regulation, cell proliferation, initiation and 
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progression of MB. Identification of these important regulators may provide further 

insights on MB pathogenesis and development of novel strategies against MB. Other 

putative miR-383 targets include CDK2, CDK6, CCND1, and CCND2 and OTX2. 

These genes play a role in cell cycle progression or developmental process, and are 

critical in MB pathogenesis. Future study may focus to explore whether miR-383 

targets these genes. 

Furthermore, the future study would aim to gain insights of miRNAs on patient 

stratification, in hope of improving current treatment strategy. Patient stratification is 

important in MB due to deleterious effect associated with aggressive treatment. At 

present, patient stratification is based on clinical parameters. In my opinion, to improve 

treatment protocol, the future stratification may base on an integration of clinical 

presentation and molecular parameters included gene expression signatures, 

chromosomal aberration, and miRNAs expression pattern. Thus, further investigation 

on miRNA profiling to identify patient stratification is needed. 

Lastly, the future plan should attempt to identify miRNA markers that would 

distinguish non-WNT/SHH tumors. As shown in Northcott et al. study, the 

non-SHH/WNT subtypes were more related to each other and some of the genomic 

features in non-WNT/SHH tumors were overlapped (Northcott et al. 2011). Thus, I 

think detailed analysis of miRNAs expression pattern in MB may reveal additional 

234 



markers that enable to separate non-WNT/SHH subtypes. 
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