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ABSTRACT 
 

MicroRNAs (miRNAs) are 22-24 nucleotides non-coding RNAs that can 

simultaneously influence the levels of multiple target genes and have the potential to 

strongly silence multiple gene networks. MYCN and ALK are well established 

oncogenes implicated in the pathogenesis and progression of neuroblastoma. We have 

identified the miRNAs that are directly repressed by the oncogene MYCN; however, 

overexpression of a MYCN-repressed miRNA resulted in an unexpected oncogenesis. 

Then using web-based algorithms I have identified miR-1323 as potential tumor 

suppressor that can control the pathogenesis and/or progression of neuroblastoma by 

targeting both MYCN and ALK. Over-expression of miR-1323 led to a decrease in 

MYCN and ALK expression; however, it revealed increased proliferation, colony 

formation, and tumor growth of xenograft tumors. SiRNA against MYCN-ALK strongly 

limits proliferation indicating miR-1323 targets an alternative tumor suppressor which 

by-passes the growth suppressive effects of MYCN-ALK inhibition and drives 

proliferation. Bio-informatics analysis of putative miR-1323 targets revealed PAG1 as a 

possible tumor suppressor target of miR-1323. Analyses of PAG1 in clinical cohorts of 

neuroblastoma revealed that low expression of PAG1 strongly correlates with poor 

overall survival compared to patients with high PAG1 expression. We therefore propose 

that miR-1323 mediated repression of PAG1 activates the Src-dependent oncogenic 

pathways, overriding its effect on MYCN or ALK. These studies further demonstrate the 

complexity of microRNA functions in normal and cancer cells and mandate careful 

evaluation of putative ‘tumor suppressive’ microRNAs as therapeutic tools. 



vii 

 

Lastly, the large number of miRNAs and genes that are typically dysregulated in 

the majority of diseases makes it impractical to systematically analyze the impact of each 

gene and miRNA candidate on disease phenotypes. To overcome these challenges, we 

developed a miR-AuNP delivery system that can overcome the toxicity and low miRNA 

entrapment capacity of liposomal delivery and release functional miRNAs into living 

cells quite efficiently. In vitro studies indicated that the AuNP platform was able to 

release functional miRNAs, those efficiently down regulate target genes and modulate the 

rate of proliferation. 

 

  



viii 

TABLE OF CONTENTS 
 

Abstract  vi 

Table of Contents  viii 

List of Figures  xii 

List of Tables  xv 

List of Abbreviations  xvi 

 Chapter 1: Introduction 1 

1.1. MicroRNAs 1 

1.1.1. Discovery of miRNAs 2 

1.1.2. Biogenesis of miRNAs 3 

1.1.3. miRNA functions 7 

1.1.4. Role of miRNAs in cancer 11 

1.2. Neuroblastoma 19 

1.2.1. Epidemiological and etiological features 22 

1.2.2. Diagnosis and staging 23 

1.2.3. Genetic features 29 

 Chapter 2: Materials and Methods 37 

2.1. General techniques 37 

2.1.1. Cell lines and growth conditions 37 
2.1.2. Transient transfection of synthetic miRNAs/siRNAs and plasmids 38 

2.1.3. Lentiviral packaging and delivery for miRNA overexpression 39 

2.1.4. Cell proliferation assays 40 

2.1.5. Total RNA isolation 41 

2.1.6. Reverse transcription and quantitative PCR for miRNAs 41 

2.1.7. Reverse transcription and quantitative PCR for mRNAs 42 

2.1.8. Northern blot analyses 42 

2.1.9. Western blot analyses 43 

2.1.10. In vivo xenografts 44 

  



ix 

 

2.2. MYCN-regulated miRNAs in neuroblastoma  44 

2.2.1. Primer oligos  44 

2.2.2. Drug treatments  45 

2.2.3. Total RNA (with miRNAs) isolation  45 

2.2.4. PCR assays  45 

2.2.5. TaqMan miRNA assays  46 

2.3. MicroRNA hsa-miR-1323 in neuroblastoma 46 

2.3.1. miRNA target prediction 46 

2.3.2. RNA and DNA oligos 47 

2.3.3. Cell lines and growth conditions 47 

2.3.4. Drug treatments 48 

2.3.5. Transient transfection of synthetic miRNAs/siRNAs 49 

2.3.6. Generating stable cell lines for miRNA, gene and shRNA over 
expression 49 

2.3.7. Total RNA isolation 50 

2.3.8. Reverse transcription and qRT-PCR analyses 50 

2.3.9. Gel electrophoresis analyses 51 

2.3.10. ChIP-sequencing and data visualization 51 

2.3.11. Luciferase reporter assay 51 

2.3.12. Western blot analyses 52 

2.3.13. Cell proliferation assays 53 

2.3.14. Soft agar colony formation assays 53 

2.3.15. Wound healing assays 54 

2.3.16. Cell cycle analyses 54 

2.3.17. In vivo xenografts assays 54 

 

  



x 

 

2.4. Gold nanoparticle mediated microRNA delivery 55 

2.4.1. RNA oligos and miR-AuNP-S-PEG synthesis and characterization 55 

2.4.2. Cell lines and treatment 57 

2.4.3. Fluorescence microscopy 57 

2.4.4. Total RNA isolation 58 

2.4.5. TaqMan microRNA assay 58 

2.4.6. Sybr Green qRT-PCR assay 58 

2.4.7. Cell proliferation assay 59 

 Chapter 3: C19MC microRNAs 61 

3.1. Introduction 61 

3.1.1. Ovarian cancer 61 

3.1.2. Targeting cell cycle checkpoints and metastasis 62 

3.1.3. Trophoblastic invasion as a model 64 

3.1.4. miRNAs regulating cell cycle progression 65 

3.1.5. miRNAs regulating EMT in cancer 65 

3.2. Result 67 

3.2.1. The C19MC encodes 48 pre-microRNA hairpins 67 

3.2.2. The C19MC is notably induced in invasive trophoblastic cells 70 

3.2.3. C19MC miRNAs target cancer pathways 72 

3.3. Conclusions 76 

 Chapter 4: MYCN regulated microRNAs in neuroblastoma 77 

4.1. Introduction 77 

4.2. Result 80 

4.2.1. The majority of clinically significant microRNA–gene pairs are 
repressed under high MYCN expression 

81 

4.2.2. Quantification of miRNA expression in xenograft tumors 85 

4.3. Discussion 87 

 

  



xi 

 

 Chapter 5: MicroRNA hsa-miR-1323 in neuroblastoma  89 

5.1. Introduction  89 

5.2. Results  95 

5.2.1. MYCN and ALK are potential target of miR-1323  95 

5.2.2. miR-1323 down-regulated MYCN and ALK expression  100 

5.2.3. miR-1323 directly targets MYCN and ALK  106 

5.2.4. Effect of miR-1323 on cell cycle and EMT genes that are 
downstream target of MYCN  

111 

5.2.5. miR-1323 inhibited cellular migration of neuroblastoma cells 116 

5.2.6. miR-1323-induced cellular proliferation and viability in vitro  118 

5.2.7. miR-1323 acts as an oncomiR in neuroblastoma cells in vivo  125 

5.2.8. miR-1323 down-regulates tumor suppressor PAG1 in neuroblastoma  127 

5.2.9. PAG1 negatively regulated oncogenic potential of neuroblastoma 
cell lines  

133 

5.3. Discussion 137 

 Chapter 6: Cysteamine-functionalized gold nanoparticles for efficient 
microRNA delivery  

143 

6.1. Introduction 143 

6.2. Results 148 

6.2.1. Synthesis and characterization of miR-AuNP complexes  148 

6.2.2. Cellular uptake of miR-AuNP complexes  153 

6.2.3. Quantification of miRNAs released from miR-AuNP complexes  157 

6.2.4. In vitro determination of target gene down-regulation  164 

6.2.5. Effect of the miR-AuNP complexes on cellular proliferation  169 

6.3. Conclusion  172 

 Chapter 7: General Discussion and Concluding Remarks  173 

 Appendix  180 

 References  194 

 

  



xii 

LIST OF FIGURES 
 

Figure 1.1: miRNA gene(s) and location 5 

Figure 1.2: miRNA biogenesis 6 

Figure 1.3: Principles of miRNA-mRNA interactions 9 

Figure 1.4: Interactions between miRNAs and target gene networks 10 
Figure 1.5: Role of miRNAs in cancer 13 

Figure 1.6: miRNA-cancer research activity 18 

Figure 1.7: Neural origin of neuroblastoma 20 

Figure 1.8: Localization of neuroblastoma  21 

Figure 1.9: Transcriptional regulation by MYCN  34 

Figure 3.1: C19MC miRNAs  68 

Figure 3.2: C19MC-miRNAs are highly related to each other  69 

Figure 3.3: C19MC miRNA expression  71 

Figure 3.4: C19MC miRNA targets  73 

Figure 3.5: Common targets of C19MC miRNA  74 

Figure 3.6: C19MC-miRNAs preferentially target cancer pathways  75 

Figure 4.1: MYCN structure and function  79 

Figure 4.2: MYCN-dependent expression of genes and intronic microRNAs  83 

Figure 4.3: miR-558 and miR-591 expression in tumors  86 

Figure 5.1: The structure and function of MYCN protein  92 

Figure 5.2: miR-1323 putatively targets MYCN and ALK  96 

Figure 5.3: Predicted strong interaction between miR-1323 and MYCN or ALK  97 

Figure 5.4: Top miR-1323 target gene networks  97 

Figure 5.5: Top miR-1323 Bio Functions  99 

Figure 5.6: miR-1323 regulates MYCN and ALK  101 

Figure 5.7: miR-1323 dose dependent down-regulation of MYCN  103 

Figure 5.8: Seed sequences of miR-1323 play critical role in target MYCN down-
regulation  105 

  



xiii 

 

Figure 5.9: Dual luciferase reporter constructs with miR-1323 target sites of 
MYCN and ALK 3’ UTRs  108 

Figure 5.10: Luciferase reporter assay confirms MYCN and ALK as miR-1323 
direct targets  109 

Figure 5.11: Sequence specificity is required for target down-regulation  110 

Figure 5.12: Promoter occupancy by MYCN  112 

Figure 5.13: miR-1323 can modulate MYCN dependent expression of key cell 
cycle and EMT genes  113 

Figure 5.14: miR-1323 perturbs MYCN regulated genes-miRNAs  115 

Figure 5.15: miR-1323 inhibits cellular migration of the neuroblastoma cells  117 

Figure 5.16: miR-1323 increases cell proliferation in neuroblastoma cell  119 

Figure 5.17: miR-1323 increases cell proliferation in ovarian cancer cell lines  120 

Figure 5.18: miR-1323 increases cell viability and clonogenicity in neuroblastoma 
cells  121 

Figure 5.19: Overexpression of miR-1323 led to more colony formation in ovarian 
cancer cell line  122 

Figure 5.20: Overexpression of miR-1323 induces S phase in cell cycle distribution  124 

Figure 5.21: Overexpression of miR-1323 led to increased tumor burden in vivo  126 

Figure 5.22: siRNA mediated knock-down of MYCN and ALK resulted in 
proliferation inhibition  128 

Figure 5.23: miR-1323 targets PAG1  129 

Figure 5.24: Diagram illustrating PAG1 position and interactions  130 

Figure 5.25: Overexpression of miR-1323 down-regulated potential tumor 
suppressor PAG1  132 

Figure 5.26: Stable cell lines with modulated PAG1 expression  134 

Figure 5.27: Overexpression of PAG1 inhibits proliferation and clonogenecity  135 

Figure 5.28: PAG1 is a novel tumor suppressor  136 

Figure 5.29: Model predicting molecular interactions of miR-1323 resulting in 
oncogenic out come in neuroblastoma  142 

 

  



xiv 

 

Figure 6.1: Working model  147 

Figure 6.2: Synthesis, delivery and characterization of gold nanoparticles (AuNPs) 
and miR-AuNP-S-PEG polyelectrolyte complexes  151 

Figure 6.3: Characterization of gold nanoparticles (AuNPs) and miR-AuNP-S-PEG 
polyelectrolyte complexes  152 

Figure 6.4: Microscopic analysis indicates successful intracellular uptake of miR-
AuNP-S-PEG polyelectrolyte complexes  154 

Figure 6.5: Toxicity from the transfection reagents  156 
Figure 6.6: Aggregation of gold nanoparticle in the absence of PEG  158 

Figure 6.7: Mature and functional microRNA transfection efficiency of miR-
AuNP-S-PEG polyelectrolyte complexes  160 

Figure 6.8: Transfection of mature miRNAs using conventional method  163 

Figure 6.9: Gene silencing effect of miR-AuNP-S-PEG polyelectrolyte complexes 
as a function of delivered mature miRNAs  168 

Figure 6.10: Functional effect of AuNP delivered miRNAs on cellular proliferation  171 

 

  



xv 

LIST OF TABLES 
 

Table 1.1: Tumor suppressor miRNAs in cancers 16 

Table 1.2: Oncogenic miRNAs (oncomiRs) in cancers 17 

Table 1.3: The International Neuroblastoma Staging System (INSS) 25 

Table 1.4: Biological/clinical types of neuroblastoma 26 
Table 1.5: Neuroblastoma risk groups based on clinical and biological features 27 

Table 1.6: The International Neuroblastoma Risk Group Staging System (INRGSS) 28 

Table 1.7: Most frequent genetic changes in neuroblastoma 30 

Table 2.1: Unique combinations of miR-AuNP-S-PEG treatments  56 

Table 2.2: Primer sequences for qRT-PCR 59 

Table : 8.1: List of primers used in the study of MYCN regulated miRNAs 
(Chapter 4)  180 

Table 8.2: List of primers used in the study of miRNA regulating MYCN in 
neuroblastoma (Chapter 5)  192 

  

  

 

  



xvi 

LIST OF ABBREVIATIONS 
 

ALK Anaplastic lymphoma kinase 

AuNP Gold nanoparticle 

Bcl-2 B-cell lymphoma 2 

C19MC Chromosome 19 microRNA cluster 
CLL Chronic lymphocytic leukemia 

DGCR8 DiGeorge syndrome critical region 8 

DNA Deoxyribonucleic acid 

HVA Homovanillic acid 

INRGSS International Neuroblastoma Risk Group Staging System 

INSS International Neuroblastoma Staging System 

MIBG Meta-iodobenzylguanidine 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

ORF Open reading frame 

PAG1 Phosphoprotein associated with glycosphingolipid-enriched 
microdomains 1 

PSNS Peripheral nervous system 

RISC RNA induced silencing complex 

RNA Ribonucleic acid 

SNP Single nucleotide polymorphism 

TCGA The Cancer Genome Atlas 

TSS Transcription start site 

UTR Un translated region 

VMA Vanillylmandelic acid 

 

 



[1] 

Chapter 1: 

 Introduction 

- 

Cells are highly organized units of living organisms and each cell is characterized 

by specific subset of expressed coding and non-coding RNAs. These coding-non-coding 

RNA networks are interdependent on each other to support a variety of biological 

processes (Gorke and Vogel 2008; Taft, Pang et al. 2010). Protein coding genes encode 

for array of proteins such as enzymes, receptors, etc. Among these proteins some are 

involved in the biogenesis and processing of non-coding RNAs. In contrast, non-coding 

RNAs primarily function to regulate transcription and translation of genes and to 

influence the expression of protein coding genes in each cell type, tissue type, and in 

different disease conditions including different cancers (Taft, Pang et al. 2010). Among 

the non-coding RNAs, microRNA (miRNA), Piwi-interacting RNA (piRNA), small 

nucleolar RNA (snoRNA), long non-coding RNA (lncRNA), and Long intergenic non-

coding RNA (lincRNA) are the predominant members and lncRNA and lincRNAs are 

comparatively longer than the other members of the group (Mattick and Makunin 2006).  

 

1.1. MicroRNAs  

In recent years, miRNAs have emerged as small, ~20-24 nucleotides long, 

endogenous, single-stranded, non-coding RNAs playing critical roles in numerous 

biological processes (Bartel 2004). While their role in post-transcriptional regulation of 
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the protein coding genes via translational repression and mRNA degradation is well 

established their involvement in the regulation of epigenetic silencing is also gaining 

momentum (Valeri, Vannini et al. 2009; Fabbri and Calin 2010; Szulwach, Li et al. 2010; 

Ambros 2011).  

 

1.1.1. Discovery of miRNAs 

Lin-4, the first miRNA to be discovered, was identified in the lab of Victor Ambros 

as part of a forward genetic screen to identify defects in the temporal control of post 

embryonic development in nematode C. elegans. Lee and coworkers found that the gene 

lin-4 is a non-coding gene which encodes a 22 nucleotide long RNA involved in negative 

regulation of the protein coding gene lin-14 expression through the interaction between 

lin-4 RNA and 3’ UTR of lin-14 mRNA (Lee, Feinbaum et al. 1993). Initially, these 

groups of regulatory RNAs were recognized as small temporal RNA (stRNA) as they 

seemed to be involved only in regulating developmental timing in C. elegans (Hutvagner, 

McLachlan et al. 2001). Following a similar genetic screen Ruvkun and coworkers 

identified the second miRNA, let-7, which was found to be involved in the regulation of 

the same developmental pathway in C. elegans. Similar to the lin-4; 21 nucleotide long 

let-7 binds 3’-UTR of lin-41 and lin-57, and inhibits their translation (Reinhart, Slack et 

al. 2000). Soon after the discovery of let-7, another study reported the occurrence of this 

21 nucleotide RNA in a wide range of animal species including vertebrates (Pasquinelli, 

Reinhart et al. 2000). Finally, the term microRNA was introduced into 2001 by three 

independent groups after a large number of such small RNAs with regulatory function 
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were discovered (Lagos-Quintana, Rauhut et al. 2001; Lau, Lim et al. 2001; Lee and 

Ambros 2001). Some fraction of these small RNAs are evolutionarily conserved and 

highly abundant and found in every type of tissues (Lau, Lim et al. 2001). It has been 

predicted that miRNAs may regulate over 60% of the genes in the human genome 

(Friedman, Farh et al. 2009) and so far, over 1500 miRNAs have been identified in 

human (miRbase 19) (Griffiths-Jones 2004; Griffiths-Jones, Grocock et al. 2006; 

Griffiths-Jones, Saini et al. 2008; Kozomara and Griffiths-Jones 2011).  

 

1.1.2. Biogenesis of miRNAs 

Biogenesis of mature miRNAs is a multistep process that starts with the transcription 

of the miRNA genes (Kim 2005). The majority of miRNA genes are either intergenic 

(located in non-coding regions between know genes) or intronic (located within introns of 

protein coding genes) (Bartel 2004). A small fraction of miRNAs is located in exonic 

regions and 3’-UTRs of coding genes (Du and Zamore 2005; Kim and Nam 2006). 

Almost half of the annotated miRNAs are located in clusters (Grishok, Pasquinelli et al. 

2001). The intergenic miRNA genes are independently transcribed from their own 

promoter and intronic miRNAs are usually transcribed coordinately with their host 

protein coding genes (Figure 1.1) (Bartel 2004). From the discovery of cell or tissue 

specific miRNAs it is evident that cell or tissue specific promoters as well as transcription 

factors play a major role in the transcriptional regulation of miRNA transcripts (Woods, 

Thomson et al. 2007). MiRNAs genes are primarily transcribed by RNA pol II to 

generate primary miRNAs (pri-miRNAs), as outlined in the Figure 1.2. These long pri-
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miRNAs (>1kb long) are protected by 5’ 7-methyl guanosine (m7G) cap and 3’ poly (A)-

tail, similar to protein coding mRNAs (Lee, Kim et al. 2004). Recently, it has also been 

found that a subset of miRNAs is transcribed by RNA pol III (Borchert, Lanier et al. 

2006). The pri-miRNAs are recognized and processed by the RNase III enzyme Drosha 

with co-factor DiGeorge Syndrome Critical Region 8 (DGCR8; “microprocessor 

complex”) within the nucleus (Han, Lee et al. 2004; Kim 2005). Drosha processing 

results in approximately 70 nucleotide long stem loop precursor miRNA (pre-miRNA), 

which is exported from the nucleus by nuclear transport receptor protein, exportin 5, with 

the co-factor RanGTP (Murchison and Hannon 2004; Kim 2005).  
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Figure 1.1: miRNA gene(s) and location. A) Intergenic, monocistronic miRNA gene; B) 

intergenic, polycistronic miRNA genes in cluster; C) Intronic miRNA gene that 

transcribed cooperatively with the host gene  
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Figure 1.2: MicroRNA biogenesis. MicroRNAs (miRNAs) are transcribed from miRNA 

genes and enzymatically processed twice to form mature single-stranded miRNAs 

[Reprinted from (Esquela-Kerscher and Slack 2006)] 
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Once in the cytoplasm, pre-miRNA stem loops are further processed by another 

RNase III enzyme, Dicer, to generate tiny ~20-24 nucleotide long miRNA duplexes 

(Lund and Dahlberg 2006; Ji 2008). Each miRNA duplex carries two strands; either may 

potentially act as a functional mature miRNA. Typically the strand with the less stable 5’ 

hydrogen bonding is selected as the mature miRNA strand and is incorporated in RNA 

Induced Silencing Complex (RISC) for biological functions. In this case, the other strand, 

also known as the passenger strand, degrades (Cullen 2004; Murchison and Hannon 

2004). In some cases, both strands of a miRNA duplex are retained and used to regulate 

different sets of target genes (Du and Zamore 2005; Sun, Yan et al. 2009; Jiang, Huang et 

al. 2010). 

 

1.1.3. miRNA functions 

In eukaryotes RISC-guided miRNA-mediated post-transcriptional regulation is 

primarily dependent on the complementarity between miRNA sequences and the target 

mRNA, which determines the outcome of the interaction (Bartel 2004). Although a 

partial complementarity between miRNA and target mRNA is sufficient for translational 

repression (Eulalio, Huntzinger et al. 2008; Ambros 2011), such miRNA-mRNA 

interactions are not random. According to the “seed rule”, there has to be at least 6 

consecutive nucleotide matches between the miRNA seed region and target mRNA for a 

successful miRNA-mRNA interaction (Figure 1.3). The seed region of a miRNA is 

defined as the highly conserved sequence located at position 2-7 from the 5’ end of the 

miRNAs (Bartel 2009; Friedman, Farh et al. 2009). As a result, partial complementarity 
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between miRNA and target mRNA leads to translational inhibition and near-perfect 

complementarity throughout the miRNA length results in mRNA degradation (Eulalio, 

Huntzinger et al. 2008; Bartel 2009; Guo, Ingolia et al. 2010). Contrary to the previous 

assumptions, recent work on miRNA functions suggests that miRNAs in mammals are 

preferentially involved in down-regulation of transcript levels rather than translational 

repression (Guo, Ingolia et al. 2010). Predominantly, miRNAs interact with target 

sequences located at 3’ UTR of protein coding mRNAs. However, miRNA-mRNA 

interactions involving the 5’ UTR and the exon open reading frame (ORF) regions of a 

protein coding transcripts have also been described (Mattick and Makunin 2005; 

Vasudevan, Tong et al. 2007). To date, over 1500 human miRNAs have been submitted 

to the miRBase 19 (August 2012) (Griffiths-Jones 2004; Griffiths-Jones, Grocock et al. 

2006; Griffiths-Jones, Saini et al. 2008; Kozomara and Griffiths-Jones 2011) and most of 

which are predicted to target hundreds of genes in the genome, demonstrating the wide 

spread impact of miRNAs on the gene expression (Figure 1.4) (Brennecke, Stark et al. 

2005; Berezikov, Thuemmler et al. 2006).  
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Figure 1.3: Principles of miRNA–mRNA interactions. Seed sequences are located at the 

2-8 nucleotides of miRNA 5’ ends [Adapted from (Friedman, Farh et al. 2009)] 
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Figure 1.4: Interactions between miRNAs and target gene networks. A single miRNA is 

predicted to target multiple genes, at the same time a single gene transcript can have 

target sites for multiple miRNAs [Adapted from (Garzon, Marcucci et al. 2010)] 
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1.1.4. Role of miRNAs in cancer 

Abnormal expression of miRNAs has been well documented in many diseases, 

including cancer (Croce 2009). The first study demonstrating any involvement of miRNA 

in cancer reported deletion 13q14 region in 68% of B-cell Chronic Lymphocytic 

Leukemia (CLL) patients resulting in a significant down-regulation of miR-15a/miR-16-1 

(Calin, Dumitru et al. 2002). Since this study, there have been over 3000 publications 

establishing a strong link between miRNAs and cancer (Calin and Croce 2006). A 

miRNA can act as a tumor suppressor as well as an oncogene (oncomiR) depending on 

the target gene set impacted by that particular miRNA (Figure 1.5) (Esquela-Kerscher 

and Slack 2006). The net effect of a miRNA also depends on several other factors, such 

as the cellular context that determines a cell specific genetic network governing a highly 

complex and sensitive signaling interaction.  
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In the initial study in B-cell CLL it was observed that miR-15a/miR-16-1 acted as 

tumor suppressors by down-regulating anti apoptotic protein Bcl2 (Cimmino, Calin et al. 

2005; Calin, Cimmino et al. 2008). Later, let-7 family members were identified as tumor 

suppressor miRNAs impacting a wide range of different cancers. These miRNAs found 

to target and silence oncogene HMGA2 and RAS (Roush and Slack 2008). Over the past 

few years, multiple studies reported that many miRNAs are tightly linked to the tumor 

suppressor p53, both by regulating p53 and by being regulated via p53. Three of these 

studies demonstrated that p53 can activate miR-34 family miRNAs that to induce 

apoptosis or cellular senescence by targeting CCNE2, CDK4, and MET (He, He et al. 

2007). At the same time miR-29 family is reported to activate p53 by down-regulating 

p53 negative regulators P85α which is a regulatory subunit of PI3 kinase and CDC42 (a 

Rho family GTPase). Thereby overexpression of miR-29 family induces apoptosis in a 

p53 dependent manner (Park, Lee et al. 2009). Analyzing TCGA ovarian cancer genome 

data have also predicted that miR-29 family is likely to serve as strong tumor suppressors 

of high-grade ovarian cancer by targeting DNA methyltransferases Dnmt3A and 3B 

(Creighton, Hernandez-Herrera et al. 2012).  

 

In another study (Iorio, Ferracin et al. 2005), molecular profiling of 76 breast cancer 

and 10 normal breast tissue samples revealed that a total 15 miRNAs were differentially 

expressed in those samples. Among those down-regulated, miR-29, miR-10b, miR-125b, 

and miR-145 were implicated as potential tumor suppressor in breast and many other 

cancers (Iorio, Ferracin et al. 2005). Even though, miR-10b and miR-125b were down-
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regulated in breast cancer samples, other studies have concluded that overexpression of 

these miRNAs were linked with oncogenesis (Ma, Teruya-Feldstein et al. 2007; Le, Teh 

et al. 2009). These contrasting results demonstrate the tissue specific functions of 

miRNAs and emphasize that their function is highly context dependent.  

 

Several miRNAs have been identified which are significantly overexpressed in cancer 

samples and/or involved in cancer pathogenesis. These miRNAs have been termed as 

“oncomiRs” (Esquela-Kerscher and Slack 2006). The first identified oncomiR miR-155 

was found to down-regulate TP53INP1 (p53 downstream gene) to induce proliferation in 

lymphoma cell lines (Eis, Tam et al. 2005; Gironella, Seux et al. 2007). miR-17-92 and 

miR-221/222 have been identified as oncomiRs in multiple studies. miR-17-92 has been 

shown to activate oncogenic programs by targeting Hif-1α, Tsp1, Ctgf (Taguchi, 

Yanagisawa et al. 2008) and miR-221/222 by down-regulating p27 and p57 (Gramantieri, 

Fornari et al. 2008). 
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Table 1.1:  Tumor suppressor miRNAs in cancers 

miRNA(s) Target(s) Role in 
cancer Reference(s) 

miR-15a/16-1  Bcl2, Ddnd1, 
Wnt3A 

Tumor 
suppressor 

(Bonci et al., 2008; Calin et al., 
2002; Cimmino et al., 2005) 

Let-7 family  Hmga2, Ras  Tumor 
suppressor 

(Johnson et al., 2005; Lee and 
Dutta, 2007; Mayr et al., 2007; Yu 
et al., 2007a) 

miR-34abc  Ccne2, Cdk4, 
Met 

Tumor 
suppressor 

(Chang et al., 2007; He et al., 
2007a; Raver-Shapira et al., 2007; 
Toyota et al., 2008) 

miR-127  Bcl6  Tumor 
suppressor  (Saito et al., 2006) 

miR-124a  Cdk6  Tumor 
suppressor  (Lujambio et al., 2007) 

miR-223  Nfi-A  Tumor 
suppressor  (Fazi et al., 2007; Fazi et al., 2005) 

miR-203  Abl1, Bcrabl1 Tumor 
suppressor  (Bueno et al., 2008) 

miR-1  FoxP1, Hdac4, 
Met, Pim-1 

Tumor 
suppressor  

(Nasser et al., 2008; Datta et al., 
2008) 

miR-29abc  Yyi, Dnmt3A/B Tumor 
suppressor 

(Fabbri et al., 2007; Wang et al., 
2008b) 

miR-101  Ezh2  Tumor 
suppressor 

(Friedman et al., 2009; Varambally 
et al., 2008) 

miR-128  Bmi1  Tumor 
suppressor  (Godlewski et al., 2008) 

miR-30a Beclin-1 Tumor 
suppressor  (Zou et al., 2012) 

miR-520b Mekk2, Cyclin 
D1 

Tumor 
suppressor  (Zhang et al., 2012) 

miR-204 Bcl2, Ntrk2 Tumor 
suppressor  (Ryan et al., 2012) 
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Table 1.2: Oncogenic miRNAs (oncomiRs) in cancers 

miRNA(s) Target(s) Role in 
cancer Reference(s) 

miR-155  Tp53inp1  OncomiR (Costinean et al., 2006; Eis et al., 
2005; Gironella et al., 2007) 

miR-17~92  Hif-1α, Tsp1, 
Ctgf  OncomiR 

(Dews et al., 2006; Hayashita et al., 
2005; He et al., 2005b; Matsubara et 
al., 2007; Taguchi et al., 2008) 

miR-221/222  p27(Cdkn1B), 
p57(Cdkn1C)  OncomiR  (Fornari et al., 2008; le Sage et al., 

2007) 
miR-21  Pten OncomiR  (Meng et al., 2007) 
miR-106b~25  Pten OncomiR  (Poliseno et al., 2010) 

 

In order to better understand the role of miRNAs in these disease conditions, high-

throughput profiling approaches have been attempted. Recently, The Cancer Genome 

Atlas (TCGA) consortium analyzed a large number of tumor samples from many 

different cancer types and reported a large number of miRNAs which are most frequently 

down-regulated or up-regulated among those tumor samples (TCGA 2011; Creighton, 

Hernandez-Herrera et al. 2012). To identify the critical miRNA and gene drivers of the 

disease states high-throughput functional analyses should be performed. A term search 

for “miRNAs and cancer” on PubMed is indicative of the increased amount of interest 

and works being done in the field of miRNA-Oncology (Figure 1.6). However, our 

understanding of the context dependency of microRNA action is still in its infancy. 
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Figure 1.6: miRNA-cancer research activity: Trend showing a proportionate increase in 

research activity on “microRNA and cancer” since 2000 (source: PubMed). 
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1.2. Neuroblastoma 

Although the concept of neuroblastoma was originated by the renowned 

pathologist Rudolph Virchow in his work in the year 1863 (Virchow 1863), the term 

“neuroblastoma” was first introduced by Boston based pathologist James Homer-Wright 

in 1910 (Brossard, Bernstein et al. 1996). Dr. Homer-Wright was the first to describe 

neuroblastoma as a malignancy of neural cell origin (Figure 1.7). Even after enormous 

research efforts were made to understand the biology and intriguing complexity of the 

disease, it remains a major challenge to the pediatric oncologist as the most common 

solid tumor of childhood that arises for the primitive cells of the neural crest. 

Neuroblastoma arises from neural crest components of the peripheral nervous system and 

can metastasize widely, primarily to bone marrow, liver, and bone. (Figure 1.8) (Park, 

Eggert et al. 2008; Park, Eggert et al. 2010; Colon and Chung 2011; Jiang, Stanke et al. 

2011; Lanzkowsky 2011).  
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Figure 1.7: Neural cell origin of neuroblastoma. Primitive embryonic neural crest cells of 

peripheral sympathetic nervous system (PSNS) are the origin of neuroblastoma. 

 

  



[21] 

 

 

 

 

 

Figure 1.8: Localization of neuroblastoma. Neuroblastoma tumors can metastasize into a 

variety of organs in human body. [Reprinted from (Jiang, Stanke et al. 2011)] 
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1.2.1. Epidemiological and etiological features 

Neuroblastoma is the second most common cancer of the childhood and in 

particular, the most common malignancy of children under 18 months. Ninety percent of 

the neuroblastoma patients are diagnosed before the age of 5 years, out of which 40% of 

the patients are less than 1 year of age at diagnosis and the median age at diagnosis is 17 

months. The yearly incidence rate decreases exponentially with the age at diagnosis, and 

the overall incidence, which is 10.5/million population, is marginally higher among the 

boys than girls. There are about 700 new cases diagnosed each year in the US and the 

disease accounts for around 7-10% of all childhood cancers. Neuroblastoma alone results 

in about 15% of the total cancer related childhood mortality (Brodeur 2003; Mueller and 

Matthay 2009). Moreover, an increase in the incidence of neuroblastoma has been 

reported in the past few decades (Kaatsch, Steliarova-Foucher et al. 2006; Spix, Pastore 

et al. 2006).  

 

In spite of the extensive research and knowledge, little is known about the 

etiology of neuroblastoma. It is believed that maternal smoking, alcohol consumption, 

exposure to certain drugs during pregnancy, and use of sex hormones during or around 

the pregnancy may confer a risk of the neuroblastoma (Kramer, Ward et al. 1987; 

Schwartzbaum 1992; Michalek, Buck et al. 1996; Ries, Smith et al. 1999). Other reports 

suggested that the parental exposure to the electro-magnetic fields or pesticides may have 

an influence to cause the disease (Spitz and Johnson 1985; Neglia, Smithson et al. 1988; 
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Bunin, Ward et al. 1990; Wilkins and Hundley 1990). However, so far none of the factors 

have been confirmed to have a direct role in the incidence of the neuroblastoma.  

 

Recently, some genetic factors have been reported that has a role in initiating the 

disease, particularly in the context of familial and sporadic neuroblastoma, where a germ-

line mutation in the receptor kinase gene Anaplastic Lymphoma Kinase (ALK) has been 

identified (Chen, Takita et al. 2008; Eng 2008; Janoueix-Lerosey, Lequin et al. 2008; 

McCarthy 2008; Mosse, Laudenslager et al. 2008). Over the recent years, several 

genome-wide studies have been conducted to identify potential single nucleotide 

polymorphisms (SNPs) involved in the neuroblastoma pathogenesis. From these studies, 

many other genes, such as Phox2B, NF1, MDM2, and genomic locations such as 6p22, 

2q35, 1q21.1, 11q23 have been implicated in the pathogenesis of neuroblastoma (Maris, 

Mosse et al. 2008; Capasso, Devoto et al. 2009; Diskin, Hou et al. 2009). 

 

1.2.2. Diagnosis and staging of neuroblastoma 

Over 95% of the neuroblastoma patients are detected with the significant increase 

in catecholamines or their metabolites in their urine and blood, hence the routine 

diagnostic screening includes the initial measurement of elevated urinary catecholamine 

metabolites dopamine, homovanillic acid (HVA), and/or vanillylmandelic acid (VMA) 

(Laug, Siegel et al. 1978). However, other imaging detection such as positive Meta-

iodobenzylguanidine (MIBG) scintigraphy, CT scan and/or MRI is necessary for the 
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definite diagnosis of the stages, localize the tumor accurately, to provide anatomical 

information and mass measurements. MIBG scan, bone scan, and/or standard 

radiography may be indicative of the metastases. To detect microscopic tumor 

involvement bone marrow aspiration and trephine biopsies are required from different 

sites. Finally, immune-cytological verification with histological material is required to 

confirm diagnosis and to study prognostic factors in order to define treatment strategy 

(Brodeur 2003). 

 

For many years, several staging systems have been used, sometimes in parallel to 

each other. Initially to overcome the dissimilarities among all these staging systems, 

International Neuroblastoma Staging System (INSS) came up with a consensus staging 

system, where neuroblastoma is clinically divided into 5 stages (1-4 and 4S) (Brodeur, 

Pritchard et al. 1993; Brodeur 2003). According to this staging system, stages 1 and 2 are 

early stage neuroblastoma tumors, whereas stages 3 and 4 are advanced highly metastatic 

stages. Stage 4S tumors associated with spontaneous regression with minimum treatment 

or even without medical intervention. Among these stages rates of survival varies greatly, 

for stages 1 and 2 it is about 90%, whereas for stages 3 and 4 it is as low as 50%. 
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Table 1.3: The International Neuroblastoma Staging System (INSS) (Brodeur, Pritchard 

et al. 1993). 

Stage Description 

5-year survival rate 

with MYCN 
amplification 

without 
MYCN 

amplification 

Stage 
1 

Localized tumour with complete gross excision, 
confined to the area of origin, with or without 
microscopic residual disease; representative 
ipsilateral lymph nodes negative for tumour 
microscopically (nodes attached to and removed 
with the primary tumour may be positive). 

N/A >95% 

Stage 
2A 

Localized tumour with incomplete gross 
excision; representative ipsilateral nonadherent 
lymph nodes negative for tumour 
microscopically. 

<30% >95% 

Stage 
2B 

Localized tumour with complete or incomplete 
gross excision, with ipsilateral nonadherent 
lymph nodes positive for tumour. Enlarged 
contralateral lymph nodes must be negative 
microscopically. 

<30% >95% 

Stage 
3 

Unresectable unilateral tumour infiltrating 
across the midline (vertebral column) with or 
without regional lymph node involvement; or 
localized unilateral tumour with contralateral 
regional lymph node involvement; or midline 
tumour with bilateral extension by infiltration 
(unresectable) or by lymph node involvement. 

<25% ~ 75% 

Stage 
4 

Any primary tumour with dissemination to 
distant lymph nodes, bone, bone marrow, liver, 
skin and/or other organs (except as defined for 
stage 4S). 

<5% ~ 75% 

Stage 
4S 

Localized primary tumour (as defined for stage 
1, 2A or 2B), with dissemination limited to skin, 
liver and/or bone marrow (<10% malignant 
cells), limited to infants <1 year of age. 

N/A >95% 
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Although INSS staging represents a comprehensive classification of 

neuroblastoma, this system did not incorporate newer genetic features to determine a 

stage. To improve the prognostic power of this staging system, Brodeur and colleagues 

proposed a revised and more comprehensive form of the neuroblastoma staging, along 

with the INSS classification (Table 1.4) in the year 1994 (Brodeur 1994; Brodeur, 

Pritchard et al. 1994) and another one in the year 2003 to stratify the INSS staging into 

some risk categories (Table 1.5) (Brodeur 2003). 

 

Table 1.4: Biological/clinical types of neuroblastoma (Brodeur 1994; Brodeur, Pritchard 

et al. 1994) 

Feature Type 1 Type 2 Type 3 
MYCN 1 copy 1 copy amplified 

DNA ploidy 
Hyperdiploid / near 
triploid 

Near diploid/ near 
tetraploid 

near diploid/ near 
tetraploid 

1p LOH Absent  ± present  usually present 
14q LOH Absent? ± present  usually present 
TRK-A 
expression 

High  Variable  low or absent 

Age 
Usually < 1 year Any age  usually 1-5 years 

INSS Stage Usually 1, 2, 4S Usually 3, 4 Usually 3, 4 
3-Year survival 95% 20-25% < 5% 
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Table 1.5: Neuroblastoma risk groups based on clinical and biological features (Brodeur 

2003) 

INSS 
Stage Low risk Intermediate risk High risk 

Stage 1 All None None 

Stage  
2A, 2B 

Age <1 year, or age 
1–21 years and 
MYCN non-AMP, 
or age 1–21 years 
and MYCN AMP + 
FH 

None Age 1–21 years and 
MYCN AMP + UH 

Stage 3 None 

Age <1 year and MYCN 
non-AMP, or age 1–21 
years and MYCN non-
AMP + FH 

Age 0–21 years and 
MYCN AMP, or age 1–
21 years and MYCN 
non-AMP + UH 

Stage 4 None Age <1 year and MYCN 
non-AMP 

Age <1 year and MYCN 
AMP, or age 1–21 years 

Stage 4S MYCN non-AMP; 
FH; DI >1 

MYCN non-AMP; UH; 
DI=1 MYCNAMP 

Note: AMP, amplified; DI, DNA index (ploidy); FH, favourable histology; non-AMP, 

not amplified; UH, unfavourable histology 

 

Even with the limitations INSS staging system served the neuroblastoma 

community for quite a long time, until the Inter National Risk Group (INRG) decided to 

develop an International Risk Grouping of patients with neuroblastoma to improve and 

facilitate the comparison of results obtained with different treatment regimens in 2005. 
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For a number of reasons, INRG concluded that INSS system is not ideal for assigning 

patients to risk groups at diagnosis but rather it served more of a post-operative staging 

system (Monclair, Brodeur et al. 2009). Therefore, based on a combination of clinical and 

imaging data, a new system of classification has been introduced by the International 

Neuroblastoma Risk Group Staging System (INRGSS) (Table 1.6) (Cohn, Pearson et al. 

2009; Monclair, Brodeur et al. 2009). Due to the incorporation of imaging data, this new 

system allowed a comprehensive evaluation of the disease condition needed for the 

complete resection of primary tumors and as well as to correctly predict the risk to 

develop postoperative complications (Cecchetto, Mosseri et al. 2005). 

 

Table 1.6: The International Neuroblastoma Risk Group Staging System (INRGSS) 

(Cohn, Pearson et al. 2009; Monclair, Brodeur et al. 2009). 

Stage Description Equivalent 
INSS Stage 

L1 
Localized tumor not involving vital structures as defined by 
the list of image-defined risk factors and confined to one body 
compartment 

Usually 1, 2 

L2 Loco-regional tumor with presence of one or more image-
defined risk factors Usually 3 

M Distant metastatic disease (except stage MS) Usually 4 

MS Metastatic disease in children younger than 18 months with 
metastases confined to skin, liver, and/or bone marrow Usually 4S 
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1.2.3. Genetic features of neuroblastoma 

Extensive research has identified multiple factors that drive the onset and progression 

of neuroblastoma (Brodeur 2003). However, our existing knowledge is incomplete and 

additional factors remain to be discovered. Among the known ones, MYCN has been 

clearly established to play the most important role in the neuroblastoma pathogenesis 

with MYCN amplification typically associated with advanced and malignant stages of the 

disease (Westermann and Schwab 2002; Schwab, Westermann et al. 2003). Recently, 

Jiang and coworkers presented a comprehensive summary that essentially includes most 

of the known genetic factors, including oncogenes, tumor suppressor genes, signaling 

molecules, and even the miRNAs so far know to play important role in the neuroblastoma 

pathogenesis (Table 1.7) (Jiang, Stanke et al. 2011).  
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Table 1.7: Most frequent genetic changes in neuroblastoma  

Gene Chromoso
mal locus Gene function Gene 

alterations References 

ALK  2p23  
Oncogene/ 
receptor tyrosine 
kinase 

Amplification/ 
mutation 

Caren et al. (2008), Chen et al. 
(2008), George et al. (2008), 
Janoueix-Lerosey et al. (2008), 
Mosse et al. (2008), Passoni et 
al. (2009) 

MYCN 2p24.1 
Oncogene/ 
transcription 
factor 

Amplification 
Schwab et al. (1983, 1984), Kohl 
et al. (1983), Pelengaris et al. 
(2002), Reiter and Brodeur 
(1996, 1998) 

Bmi1 10p11.23 Oncogene Over-expression Ochiai et al. (2010), Nowak et al. 
(2006) 

Casp8 2q33–q34 Apoptosis/metast
asis Silence/ deletion 

Teitz et al. (2000, 2006), Yang et 
al. (2007), Fulda et al. (2001), 
Fulda and Debatin (2006), Lahti 
et al. (2006), Stupack et al. 
(2006) 

CD44 11p13 Integrin/ 
antimetastasis 

Expression in 
favorable tumors 

Munchar et al. (2003), Combaret 
et al. (1996) 

CHD5 1p36.31 Helicase/tumor 
suppressor 

Deletion/ low 
expression 

Bagchi et al. (2007) 

DDX1 2p24 RNA helicase/ 
Oncogene Amplification George et al. (1996) 

B4GALN
T1 12q13.3 Ganglioside High expression Yu et al. (2009) 

KIF1b 1p36.2 Kinesin/ tumor 
suppressor 

Deletion/low 
expression 

Munirajan et al. (2008), Schlisio 
et al. (2008) 

MDM2 12q14.3–
q15 Oncogene Amplification Corvi et al. (1995a) 

ABCB1 7q21.12 Multidrug 
resistance High expression 

Bourhis et al. (1989), Chan et al. 
(1991), Dhooge et al. (1997), 
Kutlik et al. (2002) 

miR-34a 1p36.22 MicroRNA/ 
tumor suppressor 

Deletion/low 
expression 

Welch et al. (2007), Chen and 
Stallings (2007) 

miR-17-
92 13q31.3 MicroRNA/ 

Oncogene High expression Schulte et al. (2008) 

(Continued) 



[31] 

Table 1.7 (Continued) 

Gene Chromoso
mal locus Gene function Gene 

alterations References 

MMP2 16q13–q21 Proteinase/ 
metastasis High expression Sugiura et al. (1998), Ribatti et 

al. (2004) 

MMP9 20q11.2–
q13.1 

Proteinase/ 
metastasis High expression (Sugiura et al. (1998), Ribatti et 

al. (2004)) 

ABCC1 16p13.1 Multidrug 
resistance High expression 

Norris et al. (1996, 2005), Haber 
et al. (2006), Goto et al. (2000), 
De Cremoux et al. (2007) 

MYCL 1p34.2 Oncogene Amplification Jinbo et al. (1989) 

Bcl2 18q21.3 Apoptosis 
suppression High expression 

Abel et al. (2005), Ramani and 
Lu (1994), Castle et al. (1993), 
Ikegaki et al. (1995), Mejia et al. 
(1998) 

NME1 17q22 Nucleoside kinase/ 
antimetastasis 

Over-
expression 

Godfried et al. (2002), Almgren 
et al. (2004), Chang et al. (1996) 

PHOX2B 4p13 Neuron 
development Mutation Trochet et al. (2004), Mosse et 

al. (2004) 

TERT 5p15.33 Telomere 
maintenance High expression Hiyama et al. (1997), Reynolds 

et al. (1997), Ohali et al. (2006) 

NTRK1 1q21–q22 Receptor tyrosine 
kinase 

Inverse 
correlation with 
Mycn 

Nakagawara et al. (1992), 
Nakagawara (1993), Tacconelli 
et al. (2004), Kim et al. (1999) 

NTRK2 9q22.1 Receptor tyrosine 
kinase 

Strong 
correlation with 
Mycn 

Nakagawara et al. (1994), 
Nakagawara (1994), Douma et 
al. (2004), Ho et al. (2002) 

NTRK3 15q25 Receptor tyrosine 
kinase 

Coexpression 
with TrkA 

Yamashiro et al. (1996), 
Svensson et al. (1997) 

CADM1 11q23.2 Cell adhesion/ 
Tumor suppressor 

Deletion/low 
expression 

Gomyo et al. (1999), Ando et al. 
(2008) 

TWIST1 1 7p21.2 Apoptosis/ 
metastasis High expression Valsesia-Wittmann et al. (2004) 

[Adapted from (Jiang, Stanke et al. 2011)] 
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MYCN, the Myc family transcription factor is the central player in the neuroblastoma 

biology and its amplification is a major negative prognostic factor (Brodeur 2003). This 

gene is well recognized as an oncogene that can severely influence the pathogenicity of 

the disease (Bell, Chen et al. 2010; Westermark, Wilhelm et al. 2011; Phoenix and 

Gilbertson 2012; Swartling, Savov et al. 2012); however, several studies have shown that 

MYCN can induce the tumor suppressor p53 to activate pro-apoptotic pathways (Chen, 

Iraci et al. 2010). Similarly, by the association with Max and other protein partners, 

oncogenic transcription factor MYCN found to activate as well as repress many of its 

downstream genes and miRNAs (Figure 1.9) (Westermark, Wilhelm et al. 2011). It is 

further intriguing that these MYCN-regulated genes and miRNAs are classified into both 

of the classes, potential oncogene and potential tumor suppressors and it is surprising that 

MYCN not only induces p53, but also downregulates oncogenic genes and miRNAs 

(Shohet, Ghosh et al. 2011).  

 

Among the other genetic factors, Anaplastic Lymphoma Kinase (ALK) has been 

identified as major predisposition gene in neuroblastoma (Mosse, Laudenslager et al. 

2008). ALK is a receptor tyrosine kinase, plays important role in cellular proliferation, 

differentiation, and apoptosis (Zhu, Lee et al. 2012). Several studies reported that ALK 

gene amplification occurs in MYCN amplified primary neuroblastoma samples (George, 

Sanda et al. 2008; Mosse, Laudenslager et al. 2008; Cazes, Louis-Brennetot et al. 2012). 

Constitutive mutations in the ALK kinase domain were also identified in neuroblastoma 

samples, further implicating the significance of this kinase (Chen, Takita et al. 2008; 
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George, Sanda et al. 2008; Janoueix-Lerosey, Lequin et al. 2008; Ogawa, Takita et al. 

2011). It has been reported that MYCN cooperates with ALK in neuroblastoma 

pathogenesis and this cooperation leads to an increased disease penetrance in animal 

models (Schulte, Lindner et al. 2012; Zhu, Lee et al. 2012).  
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Figure 1.9: Transcriptional regulation by MYCN. MYCN-Max DNA binding 

heterodimers bind to the E-box motifs to regulate target gene expression. [Adapted from 

(Jiang, Stanke et al. 2011)] 
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Here in this dissertation, I have tried to shed light on the complex and critical roles of 

miRNAs in biology and disease. Initially, I analyzed miRNA gene location and dynamics 

of the largest miRNA cluster of the human genome (Chapter 3). Later, I focused more to 

understand relevant miRNA biology underlying the deadly pediatric cancer, 

neuroblastoma (Chapter 4 & 5). Based on the well-established observations that high 

level of MYCN is a key driving force and is associated with aggressive disease, we 

hypothesized that downstream targets of MYCN that drive aggressive neuroblastoma 

must be associated with low affinity E-boxes that show increased binding under 

conditions of high versus low MYCN. Through a genome-wide search for miRNA 

promoters that show increased MYCN binding under MYCN-induced condition in cell 

line models (simulated to mimic MYCN amplified condition in human) we identified a 

panel of miRNAs that are associated with MYCN through low-affinity E-boxes. Using a 

panel of RT-PCR primers I comprehensively analyzed the effect of MYCN expression on 

those miRNAs to identify tumor suppressor miRNAs directly down-regulated by the 

MYCN binding under high MYCN conditions (Chapter 4). In the next chapter, I carried 

out a comprehensive search for miRNAs that are predicted to silence both MYCN and 

ALK and carried out functional studies on the best candidate miR-1323 in 

neuroblastoma. Through this study I confirmed that miR-1323 can directly repress both 

MYCN and ALK as well as EMT pathways in neuroblastoma. However, much to our 

surprise acted as an oncomiR by substantially increasing cell proliferation, clonogenicty. 

These observations were replicated in vivo by the laboratory of Jason Shohet using 

xenograft models of human neuroblastoma. In my attempt to understand pathways 

underlying the paradox where a miRNA (miR-1323) that directly targets and silences the 
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two key oncogenes in driving neuroblastoma is also oncogenic I identified another miR-

1323 target PAG1 as novel tumor suppressor for this lethal disease (Chapter 5). Finally, 

while working with cancer cells and trying to introduce one or many small RNA 

sequences into those cells, we realized the necessity for a robust and efficient in vitro 

delivery system that can enable rapid entry of miRNAs into living cells. In the Chapter 6, 

I present a robust and efficient nanoparticle-mediated delivery system that I developed in 

collaboration with Lalithya Jayarathne to effortlessly deliver miRNAs into the tumor 

cells without the need for electroporation or lipofection.  
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Chapter 2: 

 Materials and Methods 

- 

2.1. General techniques 

2.1.1. Cell lines and growth conditions:  

Neuroblastoma cell lines (NGP, SH-SY5Y, JF, CHLA-255, CHLA-255-MYCN, 

LAN-1, IMR-32, and MYCN3) were the kind gift of Jason Shohet, Texas Children’s 

Cancer Center, Houston. Ovarian cancer cell lines (Hey-A8, SKOV3-IP1, Ovcar-3, and 

Ov-90) were obtained from Matthew Anderson, Baylor College of Medicine, Houston. 

Ovarian cancer cell line Ovcar-8; human placental choriocarcinoma cell lines JEG-3 and 

BEWO; human HEK293T and mouse NIH3T3 cell lines were was obtained from 

American Type Culture Collection (ATCC) (Bethesda, MD). Human embryonic stem cell 

(WA 09) was obtained from Human Embryonic Stem Cell Core, Baylor College of 

Medicine, Houston.  

 

NGP, SH-SY5Y, JF, LAN-1, IMR-32, MYCN3, Hey-A8, and Ovcar-8 cell lines were 

cultured in complete medium containing RPMI 1640 medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% (v/v) heat-inactivated Fetal Bovine Serum (FBS) (Atlanta 

Biological Inc., Lawrenceville, GA) and 1% L-Glutamine (Invitrogen, Carlsbad, CA). 

CHLA-255 and CHLA-255-MYCN cell lines were maintained in IMDM medium 

(Lonza, Allendale, NJ) supplemented with 20% (v/v) FBS and 2% L-Glutamine. 
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SKOV3-IP1 cell line was cultured in McCoy’s 5a medium (Sigma Aldrich, St. Louis, 

MO) supplemented with 10% (v/v) heat-inactivated FBS. Ov-90 cell line was maintained 

in a 1:1 mixture of MCDB 105 medium containing a final concentration of 1.5 g/L 

sodium bicarbonate and Medium 199 containing a final concentration of 2.2 g/L sodium 

bicarbonate (Sigma Aldrich, St. Louis, MO) with 15% (v/v) heat-inactivated FBS.  

 

HEK293T and NIH3T3 cell lines were cultured in DMEM medium (Invitrogen, 

Carlsbad, CA) supplemented with 10% (v/v) heat-inactivated FBS. JEG-3 cell line was 

maintained in EMEM medium (ATCC, Bethesda, MD) supplemented with 10% (v/v) 

heat-inactivated FBS and BEWO cell line was grown in F12-K medium (ATCC, 

Bethesda, MD) supplemented with 10% (v/v) heat-inactivated FBS. 

All cells were cultured in the presence of 1% penicillin (10,000 U/ml)/streptomycin 

(10 mg/ml) (Sigma Aldrich, St. Louis, MO) and all the cultures were maintained in a 37° 

C humidified, 5% CO2 incubator. 

 

2.1.2. Transient transfection of synthetic miRNAs/siRNAs and plasmids 

Cells were seeded 24 hours before the transfection at a concentration of 5×105 per 10 

cm dish, 6×104 per well in 6 well plates and 1500 – 2000 cells/well in 96-well plates. 

Transfection of stemloop Ambion® Pre-mir™ miRNA Precursors (Applied Biosystems, 

Carlsbad, CA), MISSION® miRNA, Negative Control 1 (Sigma Aldrich, St. Louis, MO) 
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and ON-TARGETplus siRNAs (Dharamacon/Thermo Scientific, Wilmington, DE) were 

carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the 

manufacturer’s suggested protocol. After 3 – 4 hours, the transfection medium was 

removed, medium was replaced with fresh complete medium and transfected cells were 

allowed to grow for 48 – 72 hours before being harvested for RNA and protein 

extraction. Plasmids were transfected using Lipofectamine™ LTX and PLUS™ reagents 

(Invitrogen, Carlsbad, CA), while dual transfections of plasmids and miRNAs/siRNAs 

were carried out using Dharmafect Duo transfection reagent (Dharamacon/Thermo 

Scientific, Wilmington, DE) following the manufacture’s recommended protocol. 

 

2.1.3. Lentiviral packaging and delivery for miRNA over expression  

HEK293T (1.2×107) cells were plated on 10 cm plate 24 hours before the transfection 

to package lent viral particles carrying either pLenti-pre-miR-1323-GFP or pLenti-pre-

miR-Scramble-GFP (Genecopeia, Rockville, MD). Robert Schwartz’s lab (University of 

Houston) generously provided all the required reagents and helped to package these viral 

particles used in my dissertation. Viral particle containing medium was collected 48 

hours after the transfection and fresh growth medium was added to the cells. After 24 

hours, another batch of viral particle containing medium was collected. For all the cell 

lines, 2×105 cells were transduced with 400 μL of viral particles with 2.6 mL of growth 

medium and 3 µL of 8 µg/ml polybrene (Sigma Aldrich, St. Louis, MO) per well in a 6 

well cell culture plate. After 48 hours, the viral particle-containing medium was removed 

and the cells were washed with 2 mL of DPBS before adding fresh growth medium. 



[40] 

 

2.1.4. Cell proliferation assays  

Cell viability was assessed using Promega’s CellTiter 96AQueous non-radioactive 

cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 

instruction. Briefly, either transiently transfected cells or stably transfected cells were 

used for the assessing the rate of proliferation. For using the transiently transfected 

method, cells were seeded at 1500 – 2000 cells/well in a 96-well microtiter plate 24 hours 

before the transfection. Transfections were carried following the method described before 

(see Chapter 2, Section 2.1.2). Stably transfected cells were seeded at 1500 – 2000 

cells/well in a 96-well microtiter plate at final volume of 100 µL. Optical density was 

measured at 24, 48, 72, 96 and 120 hour time points (after treatment) following addition 

of 20 μL of MTS reagent to each well of cells and then incubation for 2 hours at 37 °C 

with 5% CO2. Absorbance of each well was read at 490 nm using a Multiskan MCC 

microplate reader from Thermo Fisher Scientific, Waltham, MA. Each reading was 

normalized to the 24 hour time point. 
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2.1.5. Total RNA isolation 

Samples for RNA isolation were primarily transfected cells in culture and flash frozen 

cells or tissue. At 48 hours post transfection, cells were washed with PBS, harvested and 

centrifuged at 1180 rpm for 5 minutes. Cell pellets were lysed using qiazol lysis buffer 

(Qiagen, Valencia, CA). Total RNA including miRNA fraction was isolated using the 

miRNA Easy kit from Qiagen, following the manufacturer’s instructions. Purity of the 

extracted RNA, as well as the concentration was determined using a ND-1000 Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE). 

 

2.1.6. Reverse transcription and quantitative PCR for miRNAs 

To quantify the miRNA expression, 100 ng of total RNA was reverse transcribed 

using the respective stem-loop RT primers with the TaqMan microRNA reverse 

transcription kit (Applied Biosystems, Carlsbad, CA) on Veriti Thermal Cycler system 

from Applied Biosystems, Carlsbad, CA following manufacturer’s recommendations. 

Taqman Universal qPCR Master Mix with no AmpErase UNG (Applied Biosystems, 

Carlsbad, CA) was combined with cDNA and controls and were analyzed using the ΔΔCt 

method on a 7900HT system or StepOne™ Real-Time PCR System (Applied 

Biosystems, Carlsbad, CA). All RT-PCR reactions were performed in technical and 

biological triplicate. All qPCR reactions were performed in quadruplet and miRNA 

expression levels were normalized using RNU48 as endogenous control. 
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2.1.7. Reverse transcription and quantitative PCR for mRNAs 

For gene expression analyses of target genes, 1 µg of total RNA from each sample 

was reverse transcribed using the TaqMan Reverse Transcription kit from Applied 

Biosystems, Carlsbad, CA. All RT-PCR was carried out with the Veriti Thermal Cycler 

system from Applied Biosystems, Carlsbad, CA. All qPCR experiments were performed 

using ΔΔCt method and Power SYBR Green Master Mix (Applied Biosystems, Carlsbad, 

CA) on a 7900HT system or StepOne™ Real-Time PCR System (Applied Biosystems, 

Carlsbad, CA). 18S was used as the endogenous control for all targets. All qRT-PCR 

reactions were performed in technical and biological triplicate.  

 

2.1.8. Northern blot analyses  

For the miRNA Northern blot analysis, 2-15 µg of total RNA was mixed with an 

equal volume of 2X RNA loading dye containing urea (Ambion/ Applied Biosystems, 

Carlsbad, CA) and incubated at 65°C for 5 min, then placed on ice, and electrophoresed 

on a pre-warmed, 15% TBE-Urea gel (Invitrogen) for 20 minutes at 50V and then 60 

minutes at 120V. The gel was stained with ethidium bromide (Invitrogen, Carlsbad, CA) 

in 1x TBE buffer (4 µL of 10 mg/ml EtBr per 100 ml of 1x TBE) for 3 minutes gently 

shaking and visualized under UV light using the UVP imaging system (Upland, CA). 

RNA was transferred from the gel to a nylon membrane for 90 min at 80V at room 

temperature using the northern transfer cassette (Bio Rad, Hercules, CA). The membrane 

was then cross-linked at 1200 kJ for 100 seconds. RNA probes complimentary to the 
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target miRNA were ordered from Integrated DNA Technologies (USA) and resuspended 

at a 100 ng/μL concentration with water or TE. RNA probes were radiolabelled in a 

reaction with 12 μL nuclease free dH2O, 2 μL PNK buffer, 1 μL (100 ng/μL) probe 

sequnence, 1 μL PNK polymerase (Promega, Madison, WI), 4 μL 10 mCi/ml P32-gamma-

ATP (PerkinElmer, Waltham, MA) and incubated at 37°C for 1 hour and then inactivated 

the reaction at 65°C for 10 minutes. The radiolabeled probes were purified using illustra 

Sephadex NICK columns or G-25 MicroSpin columns from GE (Pittsburgh, PA) 

following the manufacturer’s instructions. The nylon membranes with transferred RNA 

were pre-hybridized for 2 hours with 20 ml of pre-warmed hybridization buffer (5X SSC,  

20 mM NaPO4, 7X SDS) in a rotating hybridization oven. Hybridization is carried out at 

50°C in a rotating incubator for 24 hours. The membranes were washed three times for 

10 minutes at 50°C with 20-30 mL of wash buffer (2X SSC, 0.5% SDS) following 

hybridization. The membranes were washed until the background signal reading was less 

than 0.5 cpm on the Geiger counter and then wrapped in Saran wrap and exposed to film 

for 24-72 hours at -80°C.  

 

2.1.9. Western blot analyses  

Total proteins were extracted from the stable or transiently transfected cell lines 

following standard protocols. Briefly, 72 hours post treatment; cells were collected, lysed 

in either H1 buffer or RIPA buffer, and analyzed by Western blot to assess the expression 

of MYCN [anti-MYCN antibody (OP13), Calbiochem], ALK (anti-ALK antibody no. 

MAB4210; R&D Systems) and PAG1 using monoclonal antibodies (anti-PAG1 antibody 
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no. MAB5285; R&D Systems). Primary antibody was incubated for 16 hours (O/N) at 4º 

C and then peroxidase-conjugated anti-mouse, anti-rabbit or anti-goat secondary 

antibodies were incubated for 1 hour at room temperature. Detection was conducted by 

ECL Plus chemiluminescent system (Amersham-Pharmacia). CYPB antibody (anti-

CYPB antibody no. 4976; Cell Signaling) was used to normalize protein loading. 

 

2.1.10. In vivo xenograft assays 

All the animal works were performed with proper animal protocol approval. In vivo 

xenograft mouse studies were performed following the published protocol with minimal 

modifications (Shohet, Ghosh et al. 2011). Briefly, nude mice were injected with 1.0×106 

CHLA-255 or CHLA-255-MYCN cells over expressing either target miRNA or a 

scrambled/negative control at 6 weeks of age. Mice were examined weekly and sacrificed 

four to six weeks post-implantation of the cells. The tumors were harvested to assess 

overall tumor burden for each treatment.  

 

2.2. MYCN-regulated miRNAs in neuroblastoma 

2.2.1. Primer oligos 

For exon/intron/stemloop PCR, respective primers were designed using Primer3 

web tool (Rozen and Skaletsky 2000) and cross verified using UCSC in silico PCR web 

tool (Kent, Sugnet et al. 2002) for correct amplicon size and sequences. All the DNA 
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oligos were obtained from Integrated DNA Technologies Inc. (IDT), Coralville, IA 

(Table 8.1 in appendix). 

 

2.2.2. Drug treatments 

To induce the MYCN expression, MYCN3 (Tet-on conditional cell line) cells were 

treated with doxycycline (1µg/ml) for 12, 24 and 48 hours. Doxycycline was obtained 

from Sigma Aldrich, St. Louis, MO. 

 

2.2.3. Total RNA (with miRNAs) isolation 

Snap frozen tumor tissues were processed using RNALater Ice (Applied Biosystems, 

Carlsbad, CA) before the RNA isolation. Total RNA including miRNA fraction was 

isolated using Qiagen miRNeasy kit as per the manufacturer’s protocol (Qiagen, 

Valencia, CA). Quality of the extracted RNA, as well as the concentration was 

determined using a ND-1000 Nanodrop spectrophotometer (Thermo Scientific, 

Wilmington, DE).  

 

2.2.4. PCR assays 

For exon/intron/stemloop PCR, total RNA was reverse transcribed using TaqMan 

Reverse Transcription Reagent and amplified using Taq polymerase in ABI Veriti 

Thermocycler. Primers for the respective exons, introns and stemloops were designed as 
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explained in the Figure 4.2. PCR products were analyzed after 1%-3% agarose gel 

electrophoresis. 

 

2.2.5. TaqMan miRNA assay 

TaqMan microRNA assay probes for hsa-miR-558 and hsa-miR-591 were used to 

reverse transcribe and quantify using ABI StepOne RealTime PCR System. StepOne 

Software, Version 2.1 was used to analyze data. Kruskal–Wallis test (one-way analysis of 

variance) was used for the statistical analysis. 

 

Other experiments necessary to complete this project were performed in Jason Shohet 

laboratory at Texas Children Cancer Center, in collaboration with Gunaratne lab at 

University of Houston and Bioinformatics Research Laboratory at Baylor College of 

Medicine, Houston.  

 

2.3. MicroRNA hsa-miR-1323 in neuroblastoma 

2.3.1. miRNA target prediction 

Web base algorithms, such as TargetScan (Lewis, Burge et al. 2005), miRDB (Wang 

2008; Wang and El Naqa 2008), PITA (Kertesz, Iovino et al. 2007), miRanda Human 

miRNA Targets (John, Enright et al. 2004; Betel, Wilson et al. 2008) and miRWalk 

(Dweep, Sticht et al. 2011), were used to predict the miRNA targets. All of the predicted 
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targets from four algorithms were analyzed using miRWalk platform to determine the 

putative target genes predicted by most of the algorithms.  

 

2.3.2. RNA and DNA oligos 

Stemloop Ambion® Pre-mir™ miRNA Precursors (Applied Biosystems, Carlsbad, 

CA), MISSION® miRNA, Negative Control 1 (Sigma Aldrich, St. Louis, MO) and ON-

TARGETplus siRNAs (Dharamacon/Thermo Scientific, Wilmington, DE) were used in 

this study. For regular PCR and Sybr Green qRT-PCR experiments, DNA oligo primers 

were obtained from Integrated DNA Technologies Inc. (IDT), Coralville, IA. Primer sets 

for target genes and endogenous controls are listed in Table 8.2. TaqMan miRNA assay 

kit (Applied Biosystems, Carlsbad, CA) consisiting miRNA-specific primers for reverse 

transcription and TaqMan® probes for real-time PCR were used in the study. 

 

2.3.3. Cell lines and growth conditions  

Neuroblastoma cell lines (NGP, SH-SY5Y, JF, CHLA-255, CHLA-255-MYCN, 

LAN-1, IMR-32, and MYCN3) were obtained from Jason Shohet, Texas Children’s 

Cancer Center, Houston. Ovarian cancer cell lines (OVCAR-8 from the NCI-Frederick 

Cancer DCTD Tumor/Cell Line Repository [Frederick, MD], and HEYA8 from Gordon 

Mills [M.D. Anderson]) were obtained from various sources. Human HEK293T and 

mouse NIH3T3 cell lines were was obtained from American Type Culture Collection 

(ATCC) (Bethesda, MD).  
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NGP, SH-SY5Y, JF, LAN-1, IMR-32, MYCN3, Hey-A8, and Ovcar-8 cell lines were 

cultured in complete medium containing RPMI 1640 medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% (v/v) heat-inactivated Fetal Bovine Serum (FBS) (Atlanta 

Biological Inc., Lawrenceville, GA) and 1% L-Glutamine (Invitrogen, Carlsbad, CA). 

CHLA-255 and CHLA-255-MYCN cell lines were maintained in IMDM medium 

(Lonza, Allendale, NJ) supplemented with 20% (v/v) FBS and 2% L-Glutamine. 

HEK293T and NIH3T3 cell lines were cultured in DMEM medium (Invitrogen, 

Carlsbad, CA) supplemented with 10% (v/v) heat-inactivated FBS.  

 

All cells were cultured in the presence of 1% penicillin (10,000 U/ml)/streptomycin 

(10 mg/ml) (Sigma Aldrich, St. Louis, MO) and all the cultures were maintained in a 37° 

C humidified, 5% CO2 incubator. All cell lines were properly authenticated and 

confirmed negative for mycoplasma by routine testing. 

 

2.3.4. Drug treatments 

To induce the MYCN expression, MYCN3 (Tet-on conditional) cell line was treated 

with doxycycline (1µg/ml) for 12, 24 and 48 hours. To induce apoptotic cell death, tumor 

cells were treated with 0.5–2.5 μg/ml of genotoxic drug doxorubicin (Sigma Aldrich, St. 

Louis, MO) for 24-120 hours.  
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2.3.5. Transient transfection of synthetic miRNAs/siRNAs 

Neuroblastoma and ovarian cancer cell lines were seeded 24 hours before the 

transfection at a concentration of 5×105 per 10 cm dish, 6×104 per well in 6 well plates 

and 1500 – 2000 cells/well in 96-well plates. Transfection of miRNA mimic, miRNA 

Negative Control and siRNAs were carried out using Lipofectamine 2000 (Invitrogen, 

Carlsbad, CA) following the manufacturer’s suggested protocol. After 3 – 4 hours, the 

transfection mix-medium was replaced with fresh complete medium and transfected cells 

were incubated for 48 – 72 hours before being harvested for RNA and protein extraction.  

 

2.3.6. Generating stable cell lines for miRNA, gene and shRNA over expression  

To overexpress miRNAs, pLenti-pre-miR-1323-GFP or pLenti-pre-miR-Scramble-

GFP vectors (Genecopeia, Rockville, MD); to overexpress PAG1, EX-T0343-Lv105-B 

vector (Genecopeia, Rockville, MD) and to overexpress shRNAs, pGIPZ-PAG1-shRNA 

or pGIPZ-Non-Silencing control-shRNA vectors (Thermo Fisher Scientific Inc., 

Waltham, MA) were used in this study. In brief, HEK293T (1.2×107) cells were plated on 

10 cm plate 24 hours before the transfection to package lenti viral particles carrying 

lentiviral vectors overexpressing miRNA, gene or shRNA of interest. All the plasmids 

were transfected using Lipofectamine™ LTX and PLUS™ reagents (Invitrogen, 

Carlsbad, CA). Viral particle containing medium was collected 48 hours after the 

transfection and fresh growth medium was added to the cells. After 24 hours, another 

batch of viral particle containing medium was collected. For all the cell lines, 2×105 cells 

were reverse transduced with 400 μL of viral particles with 2.6 mL of growth medium 
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and 3 µL of 8 µg/ml polybrene (Sigma Aldrich, St. Louis, MO) per well in a 6 well cell 

culture plate. After 48 hours, the viral particle-containing medium was removed and the 

cells were washed with 2 mL of DPBS before adding fresh growth medium. Later, 

successfully transduced cells were cultured in the selection medium containing fresh 

complete growth medium and the Puromycin (Invitrogen, Carlsbad, CA). 

 

2.3.7. Total RNA isolation 

Total RNA including miRNA fractions were isolated from transfected cells in culture 

and flash frozen cells or tissue using protocol as described (Ghosh, Singh et al. 2013). 

Snap frozen tumor tissues were processed using RNALater Ice (Applied Biosystems, 

Carlsbad, CA) before the RNA isolation. 

 

2.3.8. Reverse transcription and qRT-PCR analyses 

To quantify the miRNA expression, 100 ng of total RNA was reverse transcribed 

using the respective stem-loop RT primers with the TaqMan microRNA reverse 

transcription kit (Applied Biosystems, Carlsbad, CA) on Veriti Thermal Cycler system 

from Applied Biosystems, Carlsbad, CA following manufacturer’s recommendations. 

Taqman Universal qPCR Master Mix with no AmpErase UNG (Applied Biosystems, 

Carlsbad, CA) was combined with cDNA and controls and were analyzed using the ΔΔCt 

method on a 7900HT system or StepOne™ Real-Time PCR System (Applied 

Biosystems, Carlsbad, CA). All qPCR reactions were performed in quadruplet and 

miRNA expression levels were normalized using RNU48 as endogenous control.  
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For gene expression analyses, qPCR experiments were performed using Power SYBR 

Green Master Mix (Applied Biosystems, Carlsbad, CA) following reverse transcription as 

described (Ghosh, Singh et al. 2013). All PCR reactions were performed in technical and 

biological triplicate. 

 

2.3.9. Gel electrophoresis analyses 

The expression of target exon/intron/stemloop fragments were analyzed using regular 

PCR and gel electrophoresis in MYCN3 cell line after ectopic overexpression of miR-

1323 (Shohet, Ghosh et al. 2011).  

 

2.3.10. ChIP-sequencing and data visualization 

Following published protocol, chromatin immunoprecipitation (ChIP), parallel 

sequencing and data mapping were done in Jason Shohet laboratory at Texas Children 

Cancer Center, Gunaratne lab at University of Houston and Bioinformatics Research 

Laboratory at Baylor College of Medicine, Houston (Shohet, Ghosh et al. 2011).  

 

2.3.11. Luciferase reporter assay 

The nucleotide sequences carrying the predicted miR-1323 target sites in 3’UTR and 

exon of MYCN and 3’UTR of ALK and PAG1 were PCR-amplified from genomic DNA 

and subcloned into the PmeI-XbaI site of pmiRGlo vector (Promega, Madison, WI). All 

the clones were verified by restriction digestions and sequencing for mutation and correct 
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orientation. QuikChange II XL Site-directed Mutagenesis kit (Stratagene, Santa Clara, 

CA) was used to generate mutant clones by deleting the miR-1323 seed interaction sites 

in the reporter plasmid constructs. NIH3T3 cells were used for the assay following the 

published protocol (Afanasyeva, Mestdagh et al. 2011) with modifications. Dual 

transfections of plasmids and miRNAs were carried out using Dharmafect Duo 

transfection reagent (Dharamacon/Thermo Scientific, Wilmington, DE) following the 

manufacture’s recommended protocol. The assay was performed in six independent 

experiments. 

 

2.3.12. Western blot analyses  

Total proteins were extracted from the stable or transiently transfected cell lines 

following standard protocols. Briefly, 72 hours post treatment; cells were lysed in either 

H1 buffer or RIPA buffer, and analyzed by Western blot to assess the expression of 

MYCN (OP13; Calbiochem); ALK (MAB#4210; R&D Systems); PAG1 (MAB#5285; 

R&D Systems); using monoclonal antibodies. Transferred membranes were incubated 

with primary antibodies for 16 hours (O/N) at 4º C and then with peroxidase-conjugated 

anti-mouse, anti-rabbit or anti-goat secondary antibodies for 1 hour at room temperature. 

Bands were detected with ECL Plus chemiluminescent system (Amersham-Pharmacia). 

CYPB antibody (mab#4976; Cell Signaling Technology, Danvers, MA) was used to 

normalize protein loading. 
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2.3.13. Cell proliferation assays  

Cell viability was assessed using Promega’s CellTiter 96AQueous non-radioactive 

cell proliferation assay (Promega, Madison, WI) following the manufacturer’s 

instruction. Briefly, either transiently transfected cells or stably transfected cells were 

used for the assessing the rate of proliferation. For using the transiently transfected 

method, cells were seeded at 1500 – 2000 cells/well in a 96-well microtiter plate 24 hours 

before the transfection. Transfections were carried following the method described 

earlier. Stably transfected cells were seeded at 1500 – 2000 cells/well in a 96-well 

microtiter plate at final volume of 100 µL. Optical density was measured at 24, 48, 72, 96 

and 120 hour time points (after treatment) following addition of 20 μL of MTS reagent to 

each well of cells and then incubation for 2 hours at 37 °C with 5% CO2. Absorbance of 

each well was read at 490 nm using a Multiskan MCC microplate reader from Thermo 

Fisher Scientific, Waltham, MA. Each reading was normalized to the 24 hour time point. 

 

2.3.14. Soft agar colony formation assays 

Colony formation assays were performed as described (Vasudevan, Shang et al. 

2009), with minor modifications. Briefly, soft agar plates were set up and plated with 

either 7000 cells or 10,000 cells per well (6-well plates) and incubated for 15 days. 

Colonies were stained with Thiazolyl Blue Tetrazolium Bromide (Sigma Aldrich, St. 

Louis, MO) and visualized with Versadoc (BioRad, Hercules, CA). Analyses were done 

by counting the number of colonies using Image 1 software (BioRad, Hercules, CA).  
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2.3.15. Wound healing assays 

Wound healing (scratch migration) assays were performed using published protocol 

(Zhang, Qi et al. 2012), with modifications. Stably transfected cell lines were seeded in 6-

well plates and scraped with the fine end of 10 µL pipette tips (0 hour). An IX-71 

Fluorescence microscope (Olympus, Center Valley, PA) was used to monitor the cellular 

migration, at 0, 24 and 48 hours post induction of scratch. Migration efficiency was 

measured as diminishing distance across the induced scratch line, normalized to the 0 

hour control and represented as outgrowth (mm). 

 

2.3.16. Cell cycle analyses 

Cell cycle analyses of miR-1323 overexpressing cells were performed using the APC 

BrdU Flow kit (BD Pharmingen™, San Diego, CA) following the manufacturer’s 

instructions. All data were acquired in a BD LSRII instrument (Becton, Dickinson and 

Company, Franklin Lakes, NJ) and analyzed using the FlowJo Software 7.6.3 (Tree Star, 

Inc., Ashland, OR). All experiments were performed in triplicate. 

 

2.3.17. In vivo xenografts assays 

All the animal experiments were approved by The Institutional Animal Care and Use 

Committee of Baylor College of Medicine. Tumor implantation and tissue harvesting 

were done as described (Shohet, Ghosh et al. 2011). Tumor cells lines used were CHLA-

255 (n=10), CHLA-255-miR-1323 (n=10), CHLA-255-MYCN (n=10), CHLA-255-

MYCN-miR-1323 (n=10) and CHLA-255-miR-558mut (n=10). Six weeks after the 
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implantation of the cells, all the animals were sacrificed and the tumors were harvested 

and assessed for overall burden. 

 

2.4. Gold nanoparticle mediated microRNA delivery 

2.4.1. RNA oligos and miR-AuNP-S-PEG synthesis and characterization 

All the unmodified mature miRNA (miR) and Cy5-tagged miR-star (miR*) oligos 

were obtained from IDT, stemloop miRNA mimics were from Ambion/Applied 

Biosystems, Carlsbad, CA, and miRNA negative control (# 2) was from 

Dharamacon/Thermo Scientific, Wilmington, DE.  

 

Published methods were followed to synthesize and purify cysteamine-

functionalized gold nanoparticles (AuNPs), and to conjugate them with of miRNAs 

(Niidome, Nakashima et al. 2004; Lee, Bae et al. 2008). miR-AuNP-S-PEG was 

synthesized following Ghosh, Singh, and Gunaratne (manuscript in preparation). The 

different combinations of miR-AuNPs I tested are listed in Table 2.1. 

 

A JEOL 2000FX TEM microscope was used for transmission electron 

microscopy imaging. For Gel Retardation assay, cysteamine-functionalized AuNPs were 

mixed with 1µg (7 pmol) of miRNAs at various mass ratios of miRNA to AuNPs (1:0, 

1:1, 1:2, 1:5, 1:10, and 1:20). After 15 min incubation, electrophoretic mobility of the 

mixture was visualized on a 6% Novex® TBE-Urea Gels (Invitrogen, Carlsbad, CA), 
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carried out for 60 mins at 120V in 1X TBE buffer solution, and was stained with 

ethidium bromide. 

 

Table 2.1: Unique combinations of miR-AuNP-S-PEG treatments. Several mass ratios of 

miRNA, AuNPs and PEG were evaluated. Double-stranded duplex miRNAs (miR-dps) 

are represented as miRs, while miR-sts are stemloop RNAs.  

Sl # Symbol 

 

Sl # Symbol 

1 miR-13231AuNPs40PEG1000 19 miR-13231AuNPs20PEG2.5 

2 miR-NC1AuNPs40PEG1000 20 AuNPs20PEG1 

3 AuNPs40PEG1000 21 miR-311AuNPs20PEG1 

4 miR-13231AuNPs40  22 miR-311AuNPs10PEG0.5 

5 miR-13231AuNPs40OEG1000 23 miR-311AuNPs5PEG0.25 

6 miR-13231AuNPs20PEG10 24 miR-NC1AuNPs20PEG1 

7 AuNPs40 25 miR-st-13231AuNPs20PEG1 

8 AuNPs40OEG1000 26 miR-st-13231AuNPs10PEG0.5 

9 miR-NC1AuNPs40 27 miR-st-13231AuNPs5PEG0.25 

10 miR-NC1AuNPs40PEG1000 28 AuNPs10PEG0.5 

11 miR-NC1AuNPs40OEG1000 29 AuNPs5PEG0.25 

12 miR-13231AuNPs20 30 miR-13231AuNPs10PEG0.5 

13 miR-132310AuNPs20 31 miR-13231AuNPs5PEG0.25 

14 miR-132310AuNPs20PEG10 32 miR-NC1AuNPs10PEG0.5 

15 miR-13231AuNPs20PEG100 33 miR-NC1AuNPs5PEG0.25 

16 miR-13231AuNPs20PEG50 34 miR-st-311AuNPs10PEG0.5 

17 miR-13231AuNPs20PEG25 35 miR-st-311AuNPs5PEG0.25 

18 miR-13231AuNPs20PEG5     
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2.4.2. Cell lines and treatment 

Amine-functionalized gold nanoparticles were tested on four different cell lines 

from two different types of cancer: MYCN amplified and non-amplified neuroblastoma 

cell lines (NGP and SH-SY5Y) and p53-mutant and p53-wild type ovarian cancer cell 

lines (OVCAR8 and HEYA8).  

 

Cells were seeded 24 hours before treatment at a concentration of 6×104 per well 

in 6 well plates and 2000 cells/well in 96-well plates. Treatment mixes were prepared by 

gently mixing complete media and a miR-AuNP-S-PEG solution to obtain a target 

concentration of miR-AuNP-S-PEG. All calculations were done by considering the ratio 

of nmols of loaded miRNAs to cells in each treatment concentration. Pre-plated cells 

were washed with PBS before adding miR-AuNP-S-PEG-compete media containing 

treatment mix. Cells were co-cultured with miR-AuNP-S-PEGs for up to 120 hours. 

 

2.4.3. Fluorescence microscopy 

At various time points, treated cells were analyzed for miRNA uptake by 

fluorescence microscopy. For all the fluorescence imaging, I used an IX-71 Fluorescence 

microscope from Olympus, Center Valley, PA. Cells were washed with PBS, and fresh 

media were added before assessing the cellular Cy5 signal. 
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2.4.4. Total RNA isolation 

After 48 hours, transfected cells were washed with PBS, harvested, and 

centrifuged at 1180 rpm for 5 minutes. Cell pellets were lysed using qiazol lysis buffer 

(Qiagen, Valencia, CA). All RNA was isolated using the miRNA Easy kit from Qiagen, 

following the manufacturer’s instructions and quantified at 260 nm with a ND-1000 

Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE). 

 

2.4.5. TaqMan microRNA assay 

100 ng of total RNA was reverse transcribed using the respective stem-loop RT primers 

with the TaqMan microRNA reverse transcription kit (Applied Biosystems, Carlsbad, CA) 

following manufacturer’s recommendations. Taqman Universal qPCR Master Mix with no 

AmpErase UNG (Applied Biosystems, Carlsbad, CA) was combined with cDNA and controls 

and were analyzed using the ΔΔCt method on an HT7900 system (Applied Biosystems, Carlsbad, 

CA). All qPCR reactions were performed in quadruplet and miRNA expression levels were 

normalized using RNU48. 

 

2.4.6. Sybr Green qRT-PCR assay 

For gene expression analyses of target genes, 1 µg of total RNA from each sample 

was reverse transcribed using the TaqMan Reverse Transcription kit from Applied 

Biosystems, Carlsbad, CA. All RT-qPCR was carried out with the Veriti OneStep from 

Applied Biosystems, Carlsbad, CA. All qPCR experiments were performed using ΔΔCt 

method and Power SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA). 18S 
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was used as the endogenous control for all targets. The primer sets for 18s, CASP8AP2, 

DDX4, AAK1, E2F2, STK40 and CEBPA are listed in Table 2.2. Each primer pair was 

verified for correct amplicon size and off-target amplification using regular PCR and gel 

electrophoresis in a 2% agarose gel. 

 

 

Table 2.2: Primer sequences for qRT-PCR. Sequences of the complete set of primer pairs 

used for qRT-PCR using SYBR Green. Primers were designed using Primer3 and 

verified with UCSC in silico PCR to the hg19 human reference genome.  

Target Gene Forward Primer sequence 5'>3' Reverse Primer sequence 5'>3' 

CASP8AP2 GCCCACCTCAAGTTCCAGTG TTGGCTTTTGATTTTCCTTATTGAGA 
DDX4 GCTGGGACATTCAATTCGACA TGCGATCAGCTTCATCCAAAA 
AAK1 TCAACAACGTGAGTAGCGGTGA CTGTTTGCAGGCGCTGGTT 
STK40 CGTGCACAGAGACCTGAAGCT GAGGCAGAAGTTGGTGATGGTT 
E2F2 TGAGCTTCAAGCACCTGACTGA TTGCCAACAGCACGGATATC 
CEBPA AAGAAGTCGGTGGACAAGAACAG GCAGGCGGTCATTGTCACT 

 

 

2.4.7. Cell proliferation assay 

Cell viability was assessed using Promega’s CellTiter 96AQueous non-radioactive cell 

proliferation assay (Promega, Madison, WI) following the manufacturer’s instruction. Briefly, the 

cells were seeded at 2000 cells/well in a 96-well microtiter plate 24 hours before the treatment. 

miR-AuNP-S-PEG treatments were carried out with miR-duplex, miRNA mimics and negative 

controls at a final volume of 100 µL. Optical density was measured at 24, 48, 72, 96, and 120 

hour time points (after treatment) following addition of 20 μL of MTS reagent to each well of 

cells and then incubation for 2 hours at 37 °C with 5% CO2. Absorbance of each well was read at 
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490 nm using a Multiskan MCC microplate reader from Thermo Fisher Scientific, Waltham, MA. 

Each reading was normalized to the 24 hour time point.  
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Chapter 3: 

 C19MC microRNAs 

- 

This chapter has been published as a peer-reviewed abstract in a modified form by 

Cancer Research, 2010.  

Full Citation: 

 

Gunaratne PH, Ghosh R, Mach C, Creighton CJ, Levine DA, Hayes DN, Wheeler D, 

Matzuk MM, Anderson ML, and Gibbs RA.. (2010). "Identification of novel tumor 

suppressor microRNAs implicated in epithelial ovarian cancer from the 19q13.41 

non-coding RNA cluster." Cancer Research 70(8 Supplement): 2029. doi: 

10.1158/1538-7445.AM10-2029. 

 

3.1. Introduction 

3.1.1. Ovarian cancer  

Epithelial ovarian cancer is the 5th leading cause of cancer death and the most lethal 

reproductive cancer in women (Forstner, Chen et al. 1995; Gostout, Pachman et al. 2012). 

Part of the reason ovarian cancer has been difficult to cure is because more than 80% of 

women are diagnosed only after the disease has spread widely throughout the abdomen 

and pelvis (Forstner, Chen et al. 1995). Despite initial responses to surgery and platinum-

based chemotherapy, these women typically experience a fatal recurrence of their disease 



[62] 

(Ozols 2002). In contrast, patients diagnosed with early stage disease while still confined 

to the ovary are much more likely to be cured. Unfortunately, fewer than 20% of patients 

with ovarian cancer are diagnosed at an early stage (Forstner, Chen et al. 1995). 

Consequently, current therapeutic strategies are primarily directed at prolonging overall 

survival (OS), progression free interval (PFI), and progression-free survival (PFS). To 

achieve these goals, a variety of chemotherapeutic agents, including carboplatinum, 

doxorubicin, topotecan, and gemcitabine are commonly used alone or in combination 

with response rates typically <35% (Forstner, Chen et al. 1995). Eventually, the majority 

of women die of metastatic disease resistant to platinum-based chemotherapy. Ultimately, 

strategies leading to the early detection of invasive disease through accurate biomarkers 

and/or targeted therapies targeting circulating tumor cells from metastatic disease will be 

needed to identify ovarian cancer at its earliest curable stage.  

 

3.1.2. Targeting cell cycle checkpoints and metastasis 

Over 50% of ovarian cancers have lost p53 function and are no longer able to arrest 

proliferation of abnormal cells at the G1 cell cycle checkpoint (Bast, Hennessy et al. 

2009). Abrogating the G2-/M checkpoint selectively sensitizes tumors that have lost the 

G1-checkpoint without affecting normal cells, which are protected an intact G1-

checkpoint. Repression of Wee1 (an inhibitor of Cdc2) has been shown to increase the 

efficacy of the antitumor drug gemcitabine (Schmit and Ahmad 2007). Drugs targeting 

the checkpoint kinase 1 (Chk1) have been shown to increase DNA damage and 

sensitizing tumor cells to anti-cancer drugs (Ashwell and Zabludoff 2008). In many 
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cases, non-metastatic ovarian cancer can be cured with surgical removal of affected 

ovary. As a result, metastatic disease is what primarily kills women with ovarian cancer. 

Epithelial-to-mesenchymal transition (EMT) is the first step in a cascade of events 

leading to metastasis. Two pathways have been implicated in the EMT phenotype include 

the EGF/EGFR driven JAK2/STAT3 pathway associated with high-grade ovarian 

carcinoma and the PI3-K/AKT pathway (Cheng, Klausen et al. 2010). All these pathways 

eventually act by inactivating Snail and Slug which act to repress E-cadherin (Cdh1) 

which is fundamentally important for cell-cell adhesion in the normal ovarian surface 

epithelium (NOSE) (Castro Alves, Rosivatz et al. 2007). Forced expression of Cdh1 

repressors Snail or Slug in the serous ovarian cancer cell line SKOV3 has been shown to 

result in increased motility, invasiveness and tumorigenecity by altering the EMT 

phenotype (Castro Alves, Rosivatz et al. 2007). Up-regulation of Snail or Slug has also 

been shown to inhibit p53-mediated apoptosis and increase resistance to radiation and 

paclitaxel in the ovary (Cheng, Klausen et al. 2010). ZEB1 is a key regulator of EMT 

shows estrogen-dependent activation in the normal ovary. However, hormone 

independent increase in ZEB1 is seen in high-grade ovarian cancers. 17beta-estradiol 

(E2) increased the metastatic potential of human epithelial ovarian cancer cell lines by 

activating ZEB1 as well as Snail and Slug. The ultimate outcome is repression of E-

cadherin by the ERalpha-dependent pathway (Ellison-Zelski, Solodin et al. 2009). This 

effect can be abrogated by siRNAs to Snail and Slug, ERalpha antagonists or ERbeta 

(Ellison-Zelski, Solodin et al. 2009). Dysregulation of genes involved in cell cycle 

checkpoint control and EMT pathways are hallmarks of malignant epithelial ovarian 
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cancers. The ability to abrogate the G1-checkpoint and activate EMT pathways makes 

Snail and Slug important therapeutic targets of advanced stage ovarian cancer. 

 

3.1.3. Trophoblastic invasion as a model  

E-cadherin has been established as an essential factor in stabilizing the cytoskeleton 

in human embryonic stem cells (hES). At the same time repression of E-cadherin through 

the induction of Snail and Slug is associated with expression of N-cadherin and vimentin 

and EMT in differentiating hES cells (Lagasse, Connors et al. 2000). Upon exposure to 

BMP4, hES cells can differentiate into trophoblastic stem cells. Trophoblastic stem cells 

give rise to the trophoectoderm (TE) that differentiates into the placenta that invades the 

maternal endometrium by inducing decidualization. Down-regulation of E-cadherin is a 

hallmark of trophoblastic invasion shared with invasive carcinomas that have undergone 

EMT (D'Amour, Agulnick et al. 2005). Failure to down regulate E-cadherin results in 

defective placentation and preeclampsia (D'Amour, Agulnick et al. 2005). Two epithelial 

choriocarcinoma cell lines JEG-3 and BEWO are commonly used to model invasive 

trophoblastic cells. EMT is highly regulated during hES cell differentiation and 

trophoblastic invasion (Zygmunt, Hahn et al. 1998). Therefore trophoblastic cells provide 

an ideal model system to compare and contrast highly regulated EMT with severely 

aberrant EMT seen in cancer cells. 
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3.1.4. miRNAs regulating cell cycle progression  

The overwhelming amount of work on miRNAs associated with cancers in the 

last ten years has established the linked between miRNAs and cancer (Figure 1.6). Now it 

is known that multiple microRNAs can act as either tumor suppressors or oncogenic 

elements in different cancers. The MYC-driven oncogenic miR-17-92 cluster was found 

to target E2F1, Bim and PTEN. MicroRNAs miR-372/373 cluster mediated Ras 

activation is known to induce testicular cancer by targeting LATS2. Oncogenic miR-21 

can silence PDCD4, PTEN and TPM1; and miR-155 can down-regulate c-Maf. These 

oncomiRs were up-regulated in a number of different leukemias, breast cancer, and lung 

cancer (Calin and Croce 2006). Four different miRNA families promoting apoptosis have 

been assigned tumor suppressor roles. The Let-7 family of miRNAs constitutes the most 

prominent miRNAs in differentiated cells targets RAS, c-MYC, and HMGA2 (Roush and 

Slack 2008). MiR-15a/miR-16-1 is commonly deleted in chronic lymphocytic leukemia 

(CLL) has been established to target anti-apoptotic gene BCL2 (Calin, Cimmino et al. 

2008). Finally, miR-29a/b/c has been shown to be tumor suppressors in CLL, AML, lung 

cancer, breast cancer, and cholangiocarcinoma and linked with Wnt pathway activation 

during osteoblast differentiation (Park, Lee et al. 2009).  

 

3.1.5. miRNAs regulating EMT in cancer  

The miR-200 family and miR-205 target E-cadherin repressors ZEB1 and ZEB2 

and EMT facilitator SMAD2. ZEB1 has been shown to repress transcription of miR-200 
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family allowing its activation to stabilize the EMT phenotype through a feed-forward 

loop. This tightly controlled network allows cells to exist between dynamic epithelial 

versus mesenchymal states allowing the miR-200 family and miR-205 to act as tumor 

suppressors of EMT (Bullock, Sayan et al. 2012). In addition miR-155 regulates TGF-

beta-mediated EMT through the down-regulation of its target RhoA (Said and Williams 

2011). MiR-146a was shown to stabilize the epithelial phenotype, whereas miR-21 was 

found to be induced in response to TGF-beta-induced EMT (Singh and Settleman 2010). 

Finally, let-7 was also shown to impact EMT by repressing its target gene HMGA2 

which promotes RAS-induced EM4 (Roush and Slack 2008).  

 

Finally, from The Cancer Genome Atlas (TCGA) data it is evident that the entire set 

of miRNAs transcribed from 19q13.41 locus of the human genome (C19MC miRNAs) 

are extremely down-regulated in all the reproductive cancers (TCGA 2011). Down-

regulated miRNAs are predicted to be tumor suppressor miRNAs (Iorio, Ferracin et al. 

2005; Gramantieri, Ferracin et al. 2007; Croce 2009; Creighton, Hernandez-Herrera et al. 

2012). Therefore, I hypothesize that the C19MC may functions as a potential tumors 

suppressor of ovarian and other cancers. In order to accomplish our initial objective of 

identifying key genetic events important for the pathogenesis of lethal ovarian cancer, 

here, I have systematically characterized the structure and organization of the C19MC 

locus and predicted its role as a tumor suppressor.  
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3.2. Result 

3.2.1. The C19MC encodes 48 pre-microRNA hairpins  

The primate specific C19MC miRNAs are encoded by the 19q13.41 locus in the 

human genome, which is the largest miRNA gene cluster in human genome (Bortolin-

Cavaille, Dance et al. 2009; Morales-Prieto, Chaiwangyen et al. 2012). This C19MC 

locus encodes more than 48 distinct miRNAs and occupies 125 kb of non-coding DNA in 

the human genome (Figure 3.1). Figure 3.1 shows a map of the C19MC locus located at 

Chr.19q13.41 (Hg19: 54 169 933 – 54 265 683) (Noguer-Dance, Abu-Amero et al. 2010). 

Forty-eight miRNA genes are mapped in this genomic location and are all transcribed in 

the left-to-right orientation. The miRNA cluster has a single CpG island co-localizing 

with a POU3F2 binding site on the 5’-end (Figure 3.1). 

 

Further analyses revealed that these miRNA sequences are highly related to each 

other. Although there are 48 distinct miRNA genes mapping to this locus, only 27 unique 

seed sequences are found among the cluster member miRNAs (Figure 3.2a). Moreover, I 

observed a high degree of similarity in between the complete mature sequences of several 

miRNAs that are transcribed from different miRNA genes (Figure 3.2b). 
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Figure 3.2: C19MC-miRNAs are highly related to each other. There is a high degree of 

sequence similarity among the cluster member miRNAs. 

  

miRNAs with identical 5’-seed

1 518b, 518c, 518d-3p

2 518e, 519a*, 519b-3p, 522*, 523*

3 520g, 520h

4 517a, 517c

miRNAs with same mature seq.
1 520g, 520h
2 519b-5p, 519a*, 519c, 518e*
3 518e, 519a*, 519b-3p, 522*, 523*

~ 48 distinct miRs

~ 27 unique Seed Seq.

a

b
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3.2.2. The C19MC is notably induced in invasive trophoblastic cells  

The expression of all the C19MC miRNAs in the invasive trophoblastic cell lines 

JEG3 and BEWO, human embryonic cell lines (hES) untreated and treated with BMP4, 

was compared using the TCGA and other collaborative Next Generation Sequencing 

(NGS) datasets for small RNAs (TCGA 2011). JEG-3 and BEWO, the epithelial 

choriocarcinoma (invasive trophoblastic) cell lines that are commonly used as a model to 

study EMT progression (Hohn and Denker 2002; Sun, Lu et al. 2011); whereas, BMP4-

treated hES cells represents the stem cells undergoing differentiation (Sudheer, Bhushan 

et al. 2012; Wang, Oron et al. 2012). From NGS miRNAseq data analyses, I found that 

C19MC -miRNAs are highly enriched in human embryonic stem cells and the 

trophoblastic cell lines JEG3 and BEWO (Figure 3.3). It is possible that high levels of 

C19MC-miRNAs act to tightly regulate EMT during trophoblast invasion into the 

mother’s uterus during implantation without becoming metastatic. In addition, the global 

activation of this locus in the trophoblastic cell lines supports our hypothesis that 

C19MC-miRNAs are expressed as a single poly-cistronic transcript of ~125 kb (Bortolin-

Cavaille, Dance et al. 2009). However, the fact that different subsets of these miRNAs 

are expressed at different levels suggests differential miRNA processing may act locally 

to fine tune expression of individual mature miRNAs.  
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Figure 3.3: C19MC miRNA expression: C19MC-miRNAs are highly expressed in 

trophoblastic and embryonic stem cells. These miRNAs represents 50% of total miRNAs 

expressed in the invasive trophoblastic cell lines.  
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3.2.3. C19MC miRNAs target cancer pathways  

To determine the predicted target genes of C19MC miRNAs, TargetScan (Lewis, 

Shih et al. 2003; Lewis, Burge et al. 2005), a web-based target prediction tool, was used. 

Target prediction analyses revealed that collectively all the miRNAs of the C19MC 

targets a total of 2826 genes. Among these putative target genes, multiple genes are 

targeted by the multiple members of the cluster due to the high degree of sequence 

similarity in between these miRNAs (Figure 3.4). Among the commonly targeted genes 

of C19MC miRNAs; AAK1, CUGBP2, C5orf41, and MYCN are some of the most 

significant (Figure 3.5). Analyses of these genes using the IngenuityTM pathway analysis 

software revealed that top 4 of the 5 canonical pathways perturbed by this cluster are 

significantly associated with cancer (Figure 3.6). Pathway analyses also revealed that 

with an involvement of 573 predicted target genes, cancer is the top most disease and 

disorders among the “Top Bio Functions” associated with C19MC miRNAs (Figure 3.6). 

 

  



[73] 

 

 

 

 

Figure 3.4: C19MC miRNA targets: Collectively C19MC-miRNAs are predicted to target 

a total of 2826 genes in the human genome, out of which over 500 genes are predicted 

target multiple C19MC member miRNAs. 

 

  

# Genes # Representative miRs*

3 5

20 4

173 3

519 2

1210 1

* Actual # of Representative miRs are more than shown above (due to 
seed/mature seq. similarity among the cluster members).
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Figure 3.5: Common targets of C19MC miRNA: Most common target genes, presumably 

most significant ones, targeted by multiple cluster miRNAs. 
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Figure 3.6: C19MC-miRNAs preferentially target cancer pathways. 

 

  



[76] 

 

3.3. Conclusions  

Altered expression of C19MC miRNAs correlate with significant clinical outcomes 

for women with ovarian cancers (TCGA 2011; Vaira, Elli et al. 2012). This locus was 

found to encode a total of 48 miRNAs, most all of which showed significant copy 

number variation in papillary serous ovarian cancers (TCGA data) and showed copy 

losses in the majority of tumors (TCGA 2011). Using established algorithms for target 

prediction, I found that this miRNA cluster collectively targeted more than 2800 distinct 

genes. Key loci included gene products implicated in the epithelial-mesenchymal 

transition (Snail, Slug) as well as both the G1-S and G2-M cell cycle checkpoints 

(MYCN and Wee1). These miRNAs appear to play a key role in tightly regulating EMT 

in the trophoblastic lineage. Future work should focus on dissecting the role of individual 

C19MC miRNAs in ovarian and other cancers. 
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Chapter 4: 

 MYCN-regulated microRNAs in neuroblastoma 

- 

This chapter has been published in a modified form in Cancer Research, 2011.  

Full Citation: 

 

Shohet JM, Ghosh R, Coarfa C, Ludwig A, Benham AL, Chen Z, Patterson DM, 

Barbieri E, Mestdagh P, Sikorski DN, Milosavljevic A, Kim ES, Gunaratne PH. 

(2011). "A genome-wide search for promoters that respond to increased MYCN 

reveals both new oncogenic and tumor suppressor microRNAs associated with 

aggressive neuroblastoma." Cancer Research 71(11): 3841-3851. 

 

4.1. Introduction 

Neuroblastoma is the second most common solid tumor of the childhood that account 

for ~10 % of all cancer prevalence in children (Brodeur 2003). In spite of the extensive 

research and knowledge, little is known about the etiology of neuroblastoma. In the last 

decade multiple factors that drive the onset and progression of neuroblastoma have been 

discovered. However, cross talk between these key factors as well as the other molecular 

interactions in the neuroblastoma is emerging (Brodeur 2003; Buechner and Einvik 

2012). MYCN has been identified as one of two key oncogenes driving neuroblastoma. 

MYCN amplification is the most prominent and worst prognostic marker that correlates 
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with the advanced and malignant stages of the disease (Brodeur 1994; Buechner and 

Einvik 2012).  

 

In this chapter I present work that applied a combination of genomics and hypothesis 

driven work to further understand the role of miRNAs in neuroblastoma. MYCN is a 

DNA binding transcription factor that heterodimerizes with bHLHZip-protein Max 

protein to recognize and preferentially bind to the specific E-box motifs (5’-CATGTG-

3’) at gene promoters (Figure 4.1) (Murphy, Buckley et al. 2009; Jiang, Stanke et al. 

2011). Previous studies suggested that such MYCN-E-box association can initiate or  

repress the transcription of downstream genes and miRNAs (Westermark, Wilhelm et al. 

2011). Along with many other transcription factors, several studies have reported that 

MYCN dependent regulation of miRNA transcription may play a critical role in 

regulating biological processes such as proliferation, apoptosis (Chang, Wentzel et al. 

2007; Chen and Stallings 2007; Chang, Yu et al. 2008; Schulte, Horn et al. 2008). 
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Figure 4.1: MYCN structure and function. Myc family transcription factors are 

characterized by the helix-loop-helix (HLH) domain structure necessary to dimerize with 

Max and to bind E-box motifs on DNA regulating numerous key biological functions 

[adapted from (Westermark, Wilhelm et al. 2011)]. 
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The role of MYCN has been widely implicated in numerous biological functions, 

mostly in the cellular proliferation and apoptosis as outlined in Figure 4.1 (Bell, Chen et 

al. 2010; Westermark, Wilhelm et al. 2011). Furthermore, multiple studies reported that 

miRNAs cooperate with oncogenic transcription factors to modulate cell proliferation, 

apoptosis, migration that led to oncogenesis (Bray, Bryan et al. 2009; Borgdorff, Lleonart 

et al. 2010; Mestdagh, Fredlund et al. 2010). Therefore, I hypothesized that miRNAs that 

are directly repressed by MYCN are powerful tumor suppressors of neuroblastoma. To 

identify MYCN-regulated miRNAs in neuroblastoma, I used doxycycline-induced 

MYCN3 cell line (Tet-On) constructed in the laboratory of Jason Shohet to simulate high 

MYCN expression in MYCN amplified aggressive neuroblastoma model and compared 

with untreated MYCN3 cell line simulating low MYCN conditions. Following cross-

linking of all DNA bound proteins; MYCN-bound DNA was isolated by chromatin-

immunoprecipitation (ChIP) using anti-MYCN antibody. Cross-links were reversed and 

the MYCN bound DNA sequenced by ChIP-sequencing using protocols in the Gunaratne 

laboratory. Bioinformatic analysis was conducted by Cristian Coarfa to reveal genome-

wide MYCN binding sites. My work focused on MYCN-regulated miRNAs that are 

hosted within introns of genes expressed from promoters that showed increased MYCN 

binding at high MYCN levels as compared to low MYCN levels. 

 

4.2. Result 

A genome-wide search conducted by Shohet/Coarfa/Gunaratne laboratories 

revealed novel MYCN targets that are repressed under conditions of high MYCN and 



[81] 

therefore putative tumor suppressors of aggressive neuroblastoma (Shohet, Ghosh et 

al. 2011). Correlation of gene expression (by microarray) versus survival was 

assessed in Jason Shohet lab using the public data sets for neuroblastoma gene 

expression at the Oncogenomics Section, Pediatric Oncology Branch, National 

Cancer Institute. Eleven of 20 genes listed had significant correlations with survival. 

Higher expression was correlated with worse survival for 8 genes whereas lower 

expression was correlated with worse survival for only 3 genes (Shohet, Ghosh et al. 

2011). 

 

4.2.1. The majority of clinically significant microRNA–gene pairs are repressed 

under high MYCN expression  

To systematically assess the impact of differential MYCN binding at promoter E-box 

motifs, I designed Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) primer 

pairs to measure independently the levels of an exon of the host gene, the intron in which 

the miRNA is located and the stem loop precursor from which the intronic miRNA is 

processed (Figure 4.2a; table 8.1). I found a significant reduction of expression of all 11 

host gene/miRNA pairs that are direct downstream targets of MYCN following 

overexpression of MYCN in MYCN3 cell line (Figure 4.2b). Since MYCN is a key 

oncogene driving aggressive neuroblastoma we would expect that all 11 of these host 

gene/miRNA pairs repressed by MYCN should be tumor suppressors whose increased 

expression is linked with better survival. However, increased expression correlated with 

better survival in only 3 of the 11 clinically significant host gene/miRNA pairs repressed 
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by MYCN. By contrast, increased expression was correlated with worse survival for the 

majority (8) of the gene/miRNAs that showed increased MYCN binding under high 

MYCN conditions. These surprising observations led us to further investigate the 

function of these associated intronic miRNAs, which in some cases can strongly repress 

or oppose the function of host genes as part of negative regulator feedback loops.  
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Figure 4.2: MYCN-dependent expression of genes and intronic microRNAs. a. diagram 

demonstrating PCR strategy to evaluate the expression pattern of miRNA stemloops, 

miRNA hosting introns, and surrounding exons. b. composite agarose gel figures from 

MYCN-induced (+) and uninduced (-) MYCN3 cell lines, demonstrating significant loss 

of expression of corresponding introns, exons, and stem loops in the induced line 

compared to the uninduced line. c. composite TaqMan microRNA assay data from 

MYCN-induced MYCN3 cell lines, demonstrating significantly reduced expression of 

mature miRNAs on MYCN induction (Mean ± SEM; n = 3, *, P < 0.05; **, P < 0.01). 

miR-877-ABCF1

miR-643-ZNF766
miR-590-EIF4H

Exon Intron Stem Loop        Intron Exon
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Among the MYCN-regulated miRNA panel, we focused on 2 representative miRNAs 

from each group, miR-558 (whose host gene correlates with better survival) and miR-591 

(whose host gene correlates with worse survival). First I performed TaqMan miRNA 

qRT-PCR for the target mature miRNAs to validate the MYCN-dependent repression for 

each mature miRNA. As shown in Figure 4.2c, MYCN induction in the MYCN3 cell line 

led to a rapid decline in mature miRNA levels of both miR-558 and miR-591 within 12 

hours. This change in the host gene, the stemloop precursor, and the mature miRNA 

persisted over the time course of the experiments. These data suggest that both these 

MYCN-repressed miRNAs may play a role in blocking MYCN driven tumor initiation, 

which occurs prior to MYCN amplification as demonstrated by transgenic animal models 

and therefore have the potential to be potent be potent tumor suppressors of aggressive 

neuroblastoma. Additional studies conducted in Jason Shohet lab in collaboration with 

Center for Medical Genetics, Ghent University Hospital, Ghent, Belgium, established that 

these MYCN-repressed miRNAs are significantly down-regulated in an independent 

cohort of 54 high risk neuroblastoma patients’ samples. All indications were that both 

miR-558 and miR-591 are strong tumor suppressors of neuroblastoma. 

 

In vivo studies performed in the laboratory of Jason Shohet revealed that MYCN-

repressed miR-558 and miR-591 show contrasting tumor suppressor and tumorigenic 

functions in neuroblastoma respectively. In vivo orthotopic implantation and tumor 
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formation confirmed that miR-591 is a tumor suppressor and miR-558 is an oncomiR 

(Shohet, Ghosh et al. 2011). 

 

4.2.2. Quantification of miRNA expression in xenograft tumors  

To confirm expression of the mature miRNAs in implanted xenograft tumors, I 

performed TaqMan microRNA qRT-PCR for the target mature miRNAs in multiple 

tumors. As shown in Figure 4.3, tumors containing lentiviral expression constructs of 

miR-558 and miR-591 demonstrated significantly increased expression of the 

corresponding mature miRNAs.  
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Figure 4.3: miR-558 and miR-591 expression in tumors: Composite TaqMan microRNA 

assay data from tumors overexpressing miR-558 and miR-591, demonstrating 

significantly increased expression of the corresponding mature miRNAs (Kruskal–Wallis 

test; mean ± SEM; n = 3 in each group). 
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Additional studies conducted in Jason Shohet lab in collaboration with Center for 

Medical Genetics, Ghent University Hospital, Ghent, Belgium, established that these 

MYCN-repressed miRNAs are significantly down-regulated in an independent cohort of 

54 high risk neuroblastoma patients’ samples; however, in vitro/in vivo studies revealed a 

contrasting role for these miRNAs (Shohet, Ghosh et al. 2011).  

 

4.3. Discussion 

Although MYCN and c-Myc are classically defined as oncogenes which activate 

transcription of pro-proliferative cellular networks, it is increasingly clear that they 

mediate critical oncogenic networks through repression of target genes and miRNAs 

regulating in tumor suppressor networks. Direct inhibitory interactions between MYC, 

MIZ-1, and SP1 act to repress p21 (CDNK1A) (Gartel, Ye et al. 2001), and MYC 

oncogenes can directly regulate promoter methylation (Gartel 2005) and increase HDAC 

expression (Marshall, Gherardi et al. 2010). It has recently been shown that MYCN 

binding as a SP1/MIZ1/MYCN complex recruits HDAC1 to local histones as well (Iraci, 

Diolaiti et al. 2011). Our data suggests that some of these repressive effects may be 

critically regulated by the extent of promoter occupancy by MYCN, distinguishing 

MYCN function in amplified and non-amplified neuroblastoma.  

 

The role of miRNAs as effectors of the MYCN phenotype is a major focus of interest 

due to their widespread effects of miRNAs on transcriptional programs and potential 
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therapeutic utility of miRNAs as both biomarkers and therapeutic tools (Seto 2010). We 

have uncovered a novel oncomiR miR-558 and a novel tumor suppressor miRNA miR-

591 in neuroblastoma. Our findings showing that high-level MYCN expression can 

repress the oncogenic miRNA, miR-558, and the tumor suppressor, miR-591, are 

consistent with the above hypothesis that MYCN must restrain growth as well as promote 

it. Thus, repression of miR-558 may be critical to the survival of early neuroblasts 

expanding under high MYCN levels. In contrast, repression of mir-591 may be a 

prerequisite for the expansion of these tumor precursors after initiation.  

 

Finally, these studies reveal an additional and new layer of complexity in the role of 

MYCN in neuroblastoma as a driver of both pro-proliferative and anti-proliferative 

miRNAs and host genes. Because this transcription factor suppresses the expression of 

miRNAs with potent pro-proliferative effects (i.e. miR-558) which could modify the 

effectiveness of anti-MYCN–targeted therapies it is critical that such therapies must be 

designed after considering the entire network of genes and miRNAs that are regulated by 

this transcription factor. MiRNAs engage in "feed-forward" and "feed-back" regulatory 

pathways in many cellular processes including reprogramming of induced pluripotent 

cells and maintenance of embryonic stem cell pluripotency. How oncogenes such as 

MYCN disrupt and co-opt these highly orchestrated functions of miRNAs that define 

cellular phenotypes and states of differentiation should be carefully considered in the 

design of novel therapeutic strategies for neuroblastoma and other MYC-driven 

malignancies.  
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Chapter 5: 

 MicroRNA hsa-miR-1323 in neuroblastoma 

- 

This chapter is under preparation for submission in a modified form to Cancer Research, 

2012.  

Full Citation: 

 

Ghosh, R., Z. Chen, Eugene S Kim, Jason M Shohet and Preethi H Gunaratne. 

(2012). "miR-1323 down-regulates MYCN/ALK and reveals PAG1 as a novel tumor 

suppressor of neuroblastoma." 

 

5.1. Introduction  

MicroRNAs (miRNAs) are small, 20-24 nucleotides long, single-stranded, non-

coding, highly conserved RNAs transcribed from the miRNA genes of human genome 

(Ambros 2001; Bartel 2004). These RNAs post-transcriptionally regulate over half of the 

protein coding genes via translational inhibition or mRNA cleavage (Friedman, Farh et 

al. 2009; Afanasyeva, Mestdagh et al. 2011; Lopez and Alvarez-Salas 2011). Currently 

more than 1500 human miRNAs have been identified and deposited in miRBase 19 

(August 2012), which are implicated in maintenance of normal cellular and biological 

functions (Griffiths-Jones 2004; Griffiths-Jones, Grocock et al. 2006; Griffiths-Jones, 

Saini et al. 2008; Kozomara and Griffiths-Jones 2011). Abnormal expressions of 
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miRNAs have been reported in different disease conditions, including cancer (Calin and 

Croce 2006; Farazi, Spitzer et al. 2011). Restoration of down-regulated miRNAs 

promised to reverse the disease conditions in animal models (Esquela-Kerscher, Trang et 

al. 2008; Kota, Chivukula et al. 2009). Genome-wide studies of miRNA expression have 

revealed that over expression and down-regulation of miRNAs are evident in all the 

malignant disease conditions, suggesting tumor suppressor as well as oncogenic roles for 

these tiny nucleic acid sequences (Esquela-Kerscher and Slack 2006; Kent and Mendell 

2006; Croce 2009). Furthermore, stable presence of miRNAs in the surrounding tissue 

environments and in the serum made them attractive candidate to be studied as the 

potential biomarkers of a disease condition (Mitchell, Parkin et al. 2008).  

 

MicroRNAs are key regulators of human genome and their function primarily 

relies on the successful interaction between a miRNA “seed” sequence and the 

complementary target messenger RNA (mRNA) sequence predominantly located at the 

3’ UTR of protein coding transcripts (Lewis, Shih et al. 2003). MiRNA “seed” sequence 

is defined as a six nucleotide long region located in nucleotides 2 – 7 at the 5’ end of a 

mature single-stranded miRNA (Lewis, Burge et al. 2005; Bartel 2009). Due to a high 

frequency of similarity between any given six nucleotide sequence and the mRNA 

sequences in the genome, a given miRNA can potentially target and repress hundreds of 

mRNAs within and across diverse signaling pathways to regulate complex phenotypes 

(Brennecke, Stark et al. 2005; Lim, Lau et al. 2005). Furthermore, multiple miRNAs can 

target a single mRNA, resulting in complicated miRNA-gene networks that characterize 

many biological processes and cellular contexts. 
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Due to the therapeutic potential of miRNAs, many efforts have been attempted to 

find tumor suppressor miRNA(s) for different cancer types, including neuroblastoma. 

Neuroblastoma arises from primitive cells of the peripheral sympathetic nervous system 

(PSNS) due to a block in the apoptosis and a simultaneous expansion of the immature 

population with subsequent transformation (Brodeur 2003). This malignant disease alone 

causes 15% of total cancer related mortality among children, with about 650 new cases 

each year in the US (Mueller and Matthay 2009). MYCN amplification is associated with 

advanced stages of the disease, more aggressive tumors, treatment failure and poor 

prognosis, even with current multi-modal aggressive treatments (Brodeur, Seeger et al. 

1984; Seeger, Brodeur et al. 1985; Buechner and Einvik 2012).  

 

MYCN, the key oncogene involved in neuroblastoma pathogenesis is a well 

characterized member of the MYC family of transcription factors that has been shown to 

regulate the transcription of several key genes and miRNAs involved in the metastasis 

and disease progression. Similar to the other MYC family of proteins, MYCN contains a 

basic helix-loop-helix leucine zipper (HLH-zip) domain, which is important to dimerize 

with MAX protein for sequence specific DNA binding and transcriptional regulation 

(Figure 5.1) (Meyer and Penn 2008; Bell, Chen et al. 2010; Buechner and Einvik 2012). 

Numerous studies have reported the direct regulation by MYCN on the expression of 

several key genes and miRNAs through MYCN binding to specific E-box DNA motifs 

(Slack, Chen et al. 2005; Schulte, Horn et al. 2008; Murphy, Buckley et al. 2009; Chen, 

Iraci et al. 2010; Shohet, Ghosh et al. 2011).   
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Figure 5.1: The structure and function of MYCN protein. MYCN-Max heterodimers 

regulate transcription of several downstream genes and miRNAs.N-terminal 

transactivation domain (TAD); Myc box I and II (MBI and MBII); C-terminal domain 

(CTD); Basic region (BR); Helix-loop-helix (HLH) motif; leucine zipper (LZ) domain; 

nuclear localization signal (NLS). [Reproduced from (Jiang, Stanke et al. 2011)] 
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Over recent years, emerging evidence revealed a second oncogene ALK for 

neuroblastoma. Anaplastic Lymphoma Kinase (ALK), a receptor tyrosine kinase that is 

normally expressed at high level in the developing nervous system, plays vital roles in the 

development and progression of sporadic and hereditary neuroblastoma (Osajima-

Hakomori, Miyake et al. 2005; Mosse, Laudenslager et al. 2008). Somatically acquired 

amplification and point mutations of the ALK gene resulting in constitutive kinase 

activity lead to increased proliferation and other tumorigenic activities via a number of 

different signaling pathways, including Ras/MAPK, PI3K/AKT, JAK/STAT, and PLCγ 

(Chiarle, Voena et al. 2008; Palmer, Vernersson et al. 2009; Azarova, Gautam et al. 

2011). More surprisingly, ALK and MYCN, are located on the same arm of human 

chromosome 2 (2p23 and 2p24, respectively), and both were found to have similar copy 

number alterations in neuroblastoma (George, Sanda et al. 2008; Mosse, Laudenslager et 

al. 2008) suggesting that either these oncogenes were co-amplified or underwent copy 

number aberrations concurrently (Chen, Bilke et al. 2004; Subramaniam, Piqueras et al. 

2009; Bagci, Tumer et al. 2012). Recently it has also been found that ALK and MYCN 

exhibit significant pathogenic cooperation leading to a marked increase in disease 

penetrance and significantly accelerated tumor onset, presumably by restricting the 

MYCN-induced, pro-apoptotic signaling responses by ALK (Zhu, Lee et al. 2012).  

 

From the mounting evidence it is obvious that in addition to their independent 

effects, MYCN and ALK also act cooperatively to drive neuroblastoma (Liu and Thiele 

2012; Schulte, Lindner et al. 2012; Zhu, Lee et al. 2012). Because a single miRNA can 

regulate multiple genes at the same time, I hypothesized that a miRNA that could target 
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and silence both MYCN and ALK would act as a powerful tumor suppressor of 

aggressive neuroblastoma and found miR-1323 as an excellent candidate. In this chapter I 

present the work I have done to investigate the functional impact of miR-1323. Once 

again I was confronted with unexpected findings. In vitro and in vivo functional studies 

confirmed that that miR-1323 can directly target and repress MYCN and ALK. The 

surprising finding was that despite its strong potential as a tumor suppressor by virtue of 

these two downstream targets miR-1323 conferred a growth advantage to neuroblastoma 

resulting in increased proliferation, clonogenicity and tumor growth. In order to explain 

these results I searched for predicted targets of miR-1323 that could serve as tumor 

suppressors of neuroblastoma. I found that the simultaneous down-regulation of tumor 

suppressor gene PAG1 and the up-regulation of oncomiRs (miR-558) suppressed by 

MYCN in addition to MYCN and ALK by miR-1323 was responsible for the unexpected 

oncogenicity of miR-1323 that targets and represses the two key oncogenes MYCN and 

ALK in neuroblastoma. My attempts to unravel the complicated networks that link miR-

1323/MYCN/ALK revealed PAG1 as a novel tumor suppressor of neuroblastoma with 

striking impact on clinical outcome and underscored the complexity of microRNA-

regulated target networks.  
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5.2. Results  

5.2.1. MYCN and ALK are potential targets of miR-1323  

To identify a candidate tumor suppressor miRNA that would be predicted to target 

both MYCN and ALK, I performed comprehensive bioinformatics analyses using 

multiple web-based target prediction algorithms, such as TargetScan (Lewis, Burge et al. 

2005), miRDB (Wang 2008; Wang and El Naqa 2008), PITA (Kertesz, Iovino et al. 

2007), miRanda Human miRNA Targets (John, Enright et al. 2004) and miRWalk 

(Dweep, Sticht et al. 2011). Each of the independent target prediction algorithms 

predicted a potential binding site of miR-1323 in MYCN 3’ UTR with high 

complementarity (Figure 5.2). At the same time, 4 of these 5 algorithms predicted a 

potential interaction between miR-1323 and ALK 3’ UTR sequences (Figure 5.2). I found 

a strong 8-mer seed interaction between miR-1323 seed and both MYCN and ALK 3’ 

UTRs with a high context score percentile (Figure 5.3).  
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Figure 5.2: miR-1323 putatively targets MYCN and ALK: Multiple target prediction 

algorithms predicted both MYCN and ALK as miR-1323 target. 
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Figure 5.3: Predicted strong interaction between miR-1323 and MYCN or ALK: 

Sequences in 3’ UTR of both MYCN and ALK demonstrated strong 8-mer seed match 

with miR-1323. [Screenshot from TargetScan (Lewis, Burge et al. 2005)] 

 

 

Figure 5.4: Top miR-1323 target gene networks. Summary of the potential miR-1323 

target gene networks as analyzed using Ingenuity platform.  
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Next, I used Ingenuity pathway analyses to determine the pathways and gene 

networks that are potentially impacted by the expression of miR-1323. In line with the 

down-regulation of both MYCN and ALK, I found that miR-1323 may play a critical role 

in human cancers by targeting multiple cell cycle check point genes and other genes 

involved in Epithelial-to-Mesenchymal transition (EMT) during cell migration and tissue 

invasion. Pathway analyses revealed that among the miR-1323 target genes, 23 genes 

play key roles in pathways involved in cancer, whereas, 29 genes are found to be 

involved in cell-to-cell signaling and interactions leading to connective tissue 

developments and functions (Figure 5.4). These potential network associations placed 

developmental disorder, neurological disease and cancer as the top bio-functions of miR-

1323 target genes (Figure 5.5). The aforementioned pathway analyses suggested a 

significant role of the miR-1323 in regulation of neuroblastoma biology. 
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Figure 5.5: Top miR-1323 Bio Functions. miR-1323 predicted to have most impact on 

cancer, neurological disease or cell death among the many other critical biological 

functions. 
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5.2.2. miR-1323 down-regulated MYCN and ALK expression  

To determine whether miR-1323 can regulate MYCN and ALK expression in 

neuroblastoma cell lines, I performed miRNA overexpression experiments. 

neuroblastoma cell lines transiently transfected with miR-1323 mimics as well as stably 

transfected using a lentiviral vector carrying miR-1323 precursor resulted in 

overexpression of miR-1323 as measured by TaqMan miRNA qRT-PCR assays (Figure 

5.6a, b). I found that stable transfections resulted in a steady overexpression of miR-

1323, while transient transfections gave us the flexibility to overexpress miRNA at a 

series of different treatment doses. Although miR-1323 was first identified from 

neuroblastoma tissues and was expressed at high level in developing brain tissues 

(Afanasyeva, Hotz-Wagenblatt et al. 2008), I found either a very low or barely detectable 

expression of endogenous miR-1323 across the neuroblastoma cell lines I have used in 

this study (Figure 5.6a, b; 5.7b).  
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Real time qRT-PCR and western blot analyses demonstrated a significant down-

regulation of MYCN and ALK transcripts and proteins upon overexpression of miR-1323 

when compared with the untreated parental cell lines or negative control miRNA 

transfected cell lines (Figure 5.6). Overexpression of miR-1323 completely abolished any 

up-regulation of MYCN expression in either CHLA-255-MYCN or doxycycline treated 

MYCN3 cell lines compared to the untreated or parental cell lines, CHLA-255 and 

MYCN3, respectively (Figure 5.6). I also found that miR-1323 overexpression was able 

to significantly down-regulate ALK transcript level (Figure 5.6). While analyzing the 

dose dependent effect of miR-1323 on MYCN down-regulation in JF cell line, I found 

that at a treatment dose of 3.0 nM miR-1323 was able to repress MYCN transcript level 

by 50% compared to the mock treatment control (Figure 5.7a), and a marked down-

regulation of MYCN protein was also evident at the same treatment dose (Figure 5.7c). 
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Figure 5.7: miR-1323 dose dependent down-regulation of MYCN in JF cell line. [Mean ± 
SE, n = 3, * = p<0.05 and # = p<0.005] 
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Next I assessed whether miR-1323 seed sequences are important for such post-

transcriptional down-regulation of MYCN and ALK in neuroblastoma cell lines. Here, I 

transiently transfected neuroblastoma cell lines with modified miR-1323 duplexes, where 

the seed sequences have been altered. Real time qRT-PCR assays in these cells confirmed 

that there was no effect of the mutant miR-1323 sequences on the MYCN expression 

compared to the mock transfected cells (Figure 5.8a). As expected, TaqMan miRNA 

assays could not detect any mature miR-1323 sequences in the samples treated with 

modified miR-1323 sequences (Figure 5.8b).  
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5.2.3. miR-1323 directly targets MYCN and ALK  

In the previous section, I demonstrated that miR-1323 overexpression resulted in 

down-regulation of MYCN and ALK. Next in order to determine if this was a result of 

direct interaction between miR-1323 seed sequences and target 3’ UTRs of MYCN and 

ALK, I performed classical luciferase reporter assays. I constructed pmiRGLO dual 

luciferase reporter vectors with putative target sites of MYCN and ALK (flanked by ~ 

300 nucleotides) behind a firefly luciferase gene (Figure 5.9a, b). These reporter plasmids 

were transfected alone or co-transfected with either miR-1323, negative control miRNA 

or mutant miR-1323 sequences. Forty-eight hours post transfection, firefly luminescence 

were recorded, normalized to the renilla luciferase signals and analyzed (Figure 5.9c). I 

found that normalized firefly luminescence were significantly reduced (~90% at p<0.005) 

when I co-transfected functional miR-1323 and reporter constructs carrying either 

MYCN 3’ UTR or ALK 3’ UTR compared to the negative treatments (Figure 5.10a, b). 

Such effect of miR-1323 was completely abolished when reporter constructs carrying 

mutated miR-1323 target sites were used. Co-transfection experiments using mutant miR-

1323 duplex sequences also were not able to elicit luciferase reporter activity (Figure 

5.11a, b). Moreover, I also found that there were no differences in miR-1323 activity 

when I co-transfected 3’ UTR reporter constructs and miR-1323 either as stem loop 

precursor or miRNA duplexes (Figure 5.11c, d). These results support our previous 

observations and confirmed that miRNA precursor hairpin structure or miRNA duplex 

have no significant differences when used as mimics, rather the 5’seed sequence of the 

mature miRNA is critical for miRNA-mediated repression of target gene transcripts 
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(Ghosh, Singh et al. 2013). Overall, I confirmed that miR-1323 directly targets MYCN 

and ALK transcripts to post transcriptionally silence these two key oncogenes involved in 

neuroblastoma pathogenesis. 
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Figure 5.9: Dual luciferase reporter constructs with miR-1323 target sites of MYCN and 
ALK 3’ UTRs, respectively. 
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Figure 5.10: Luciferase reporter assay confirms MYCN and ALK as hsa-miR-1323 direct 

targets. [Mean ± SE, n = 3, * = p<0.05 and # = p<0.005] 
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Figure 5.11: Sequence specificity is required for target down-regulation. a) Modified 

miR-1323 sequences were not able to down-regulate expression of luciferase signals 

from MYCN/ALK 3’ UTR reporter constructs; b) both forms of miR-1323 precursors, 

stemloops and duplexes were equally effective to target MYCN or ALK 3’ UTR. [Mean 

± SE, n = 3, * = p<0.05 and # = p<0.005] 
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5.2.4. Effect of miR-1323 on cell cycle and EMT genes that are downstream 

targets of MYCN  

MYCN, the key driver of neuroblastoma, is a well-studied transcription factor that 

belongs to the MYC family. MYCN binds to E-boxes in the promoter of several genes 

and miRNAs to regulate their expression at the transcriptional level. Previously, we have 

demonstrated that MYCN association with a gene or miRNA can repress their expression 

(Shohet, Ghosh et al. 2011). On the other hand several studies reported that MYCN 

directly induced expression of many other genes and miRNAs (Ma, Young et al. 2010). 

Chromatin-immunoprecipitation (ChIP) followed by Next Generation Sequencing (NGS) 

confirmed a direct interaction between MYCN and key cell cycle check point genes 

(Rb1, Wee1) and EMT genes (Zeb1, Twist and Snail) (Figure 5.12a-d). I also determined 

the net effect of these interactions via qRT-PCR assays (Figure 5.13a-e). These results 

support the fact that MYCN as an oncogene represses the expression of cell cycle 

checkpoint genes (Rb1, Wee1) (Figure 5.13a, b), and induced the expression of EMT 

genes (Zeb1, Twist and Snail) in MYCN3 cell line (Figure 5.13c-e). As expected, when I 

overexpressed miR-1323 in MYCN3 cell line in addition to the down-regulation of 

MYCN, miR-1323 de-repressed MYCN-mediated repression of Rb1 and Wee1. 

Simultaneously miR-1323 down-regulated MYCN induced EMT genes ZEB1, TWIST, 

and SNAIL (Figure 5.13a-f). 
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Figure 5.12: Promoter occupancy by MYCN: Selected screen-shots of genomic mapping 

using ChIP-sequencing data on the Genboree Genome Browser demonstrating direct 

MYCN binding at the promoter E-box motifs of key cell cycle and EMT regulator genes. 

MYCN binding in front of a) Rb1, b) Wee1, c) Snail, and d) Twist. 
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Figure 5.13: miR-1323 can modulate MYCN dependent expression of key cell cycle and 

EMT genes. Overexpression of miR-1323 mediate de-repression of a) G1 check point 

Rb1, b) G2 check point gene Wee1; whereas, down-regulate MYCN dependent induction 

of EMT genes c) Snail, d) Twist and e) Zeb1. [Mean ± SE, n = 3, * = p<0.05 and # = 

p<0.005]. f) The diagram demonstrates the overall interactions between miR-1323, 

MYCN and other key genes. 
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We also investigated the effect of miR-1323 on the panel of miRNA-host genes that 

were direct downstream targets of MYCN (Shohet, Ghosh et al. 2011). I established that 

miR-1323 overexpression was able to de-repress MYCN-mediated repression on all of 

those downstream miRNA-host genes (Figure 5.14). These observations, therefore, 

confirmed that miR-1323 not only down-regulated MYCN but also perturbed 

downstream targets (miRNAs and genes) of MYCN involved in several cellular 

processes including proliferation, invasion, and migration.  
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Figure 5.14: miR-1323 perturbs MYCN-regulated genes-miRNAs: Overexpression of 

miR-1323 results in genome-wide up-regulation of MYCN-repressed miRNAs and host 

genes. 

  

Exon Intron Stemloop

MYCN + - + - + - + - + - + -
hsa-miR-1323 - - + +         - - + +      - - + +

BIRC6 miR-558

CTDSP2 miR-26a-2

CTDSPL miR-26a-1

SLC25A13 miR-591

SFRS2 miR-636

PITPNC1 miR-548d-2

ATF2 miR-933

HNRPK miR-7-1

PLEC1 miR-661

LARP7 miR-367/302a-d

TLE3 miR-629

ATAD2 miR-548d-1

WWP2 miR-140
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5.2.5. miR-1323 inhibited cellular migration of neuroblastoma cells  

Cancer cells that can metastasize are characterized by their capacity to migrate. 

Because miR-1323 de-repressed the MYCN dependent oncogenic effect on cell cycle 

genes and down-regulated MYCN-induced EMT genes, I evaluated the effects of miR-

1323 on cellular migration. Wound healing assay results demonstrated that miR-1323 

induced an anti-migratory phenotype in the neuroblastoma cell lines NGP and SH-SY5Y 

(Figure 5.15a-d). Stably transfected NGP and SY5Y cell lines overexpressing miR-1323 

resulted in significantly less migration when compared with negative control miRNA 

transduced cell lines, as measured by the scratch diminishing distances (in µm).  
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Figure 5.15: miR-1323 inhibits cellular migration of the neuroblastoma cells. Relative 

rate of migration in NGP (a, b) and SH-Sy5Y (c, d) cells overexpressing either miR-1323 

or negative control miRNA as measured by the scratch-diminishing distances. [Mean ± 

SE, n = 3, * = p<0.05 and # = p<0.005] 
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5.2.6. miR-1323-induced cell proliferation and viability in vitro  

Collectively, my results point to miR-1323 as a potential tumor suppressor of 

neuroblastoma. To determine whether miR-1323 is indeed a true tumor suppressor of 

neuroblastoma, I investigated the effect of miR-1323 on cellular proliferation, 

clonogenecity, and viability. I also analyzed the impact of miR-1323 on cell cycle 

distribution via FACS analyses. Even though, miR-1323 down-regulated MYCN-ALK 

and perturbed downstream targets of MYCN in neuroblastoma, surprisingly, miR-1323 

significantly increased proliferation in all neuroblastoma cell lines (Figure 5.16a-d). 

Regardless of MYCN-ALK status or any specific cellular context I found that miR-1323 

expression led to rapid proliferation of all of the neuroblastoma cell lines. Similar effects 

of miR-1323 were also observed in ovarian cancer cell lines (Figure 5.17a, b). In 

addition, cell lines with increased miR-1323 expression had significantly (p<0.005) 

higher viability as compared with negative control cell lines, even in the presence of a 

genotoxic drug Doxorubicin, routinely used to treat neuroblastoma (Figure 5.18a). Soft 

agar colony formation assays were used to examine the effect of miR-1323 on 

tumorigenesis of neuroblastoma cell lines. Stable cell lines overexpressing miR-1323 

produced more colonies, compared with the negative control cell lines (Figure 5.18b, c). 

Similarly, the ovarian cancer cell line HeyA8 overexpressing miR-1323 was also more 

tumorigenic as compared to the control cell line that expressed negative control miRNA 

(Figure 5.19a, b).  
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Figure 5.17: miR-1323 increases cell proliferation in ovarian cancer cell lines. [Mean ± 
SD, n = 6] 
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Figure 5.18: miR-1323 increases cell viability and clonogenicity in neuroblastoma cells. 

a) Viability of SH-SY5Y cells in the presence of Doxorubicin and either miR-1323 or 

miR-NC. [Mean ± SD, n = 6]. Tumorigenic capacity of NGP [Mean ± SE, n = 6](b) and 

SH-SY5Y (c) cells in the presence of miR-1323. 
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Figure 5.19: Overexpression of miR-1323 led to more colony formation in ovarian cancer 
cell line HEYA8 [b, Mean ± SE, n = 6, * = p<0.05] 
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To better understand how miR-1323 increased the cell proliferation, cell cycle 

kinetics was analyzed using flow cytometry. While analyzing FACS acquired data, I 

found that miR-1323 expressing significantly increase the S phase distribution in 

neuroblastoma cell line (NGP, SH-SY5Y), as well as in ovarian cancer cell line (HeyA8) 

that led to rapid proliferation of the cells I observed before (Figure 5.20a-c). 
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5.2.7. miR-1323 acts as an oncomiR in neuroblastoma cells in vivo  

The in vitro assays indicated the oncogenic impact of miR-1323. To determine if 

miR-1323 is an oncomiR and can promote tumor growth in vivo, mouse xenograft 

experiments were performed. Stable CHLA-255 and CHLA-255-MYCN cell lines, 

overexpressing either miR-1323 or negative control miRNA, were implanted. Six weeks 

post-implantation of the xenograft tumors, it was found that miR-1323 overexpression led 

to significant higher tumor burden in nude mice when compared with parental control 

and negative control cell lines (Figure 5.21a). Using TaqMan miRNA qRT-PCR assays I 

have confirmed that tumors developed from either CHLA-255-1323 or CHLA-255-

MYCN-1323 cells were indeed enriched in mature miR-1323 sequences (Figure 5.21b). 

Further analyses of these tumors revealed a decreased level of MYCN and ALK 

transcripts as compared to the control tumors.  
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These observations led to the hypothesis that double-repression of both MYCN and 

ALK resulted in miR-1323-mediated oncogenicity. To find the effect of such double-

down-regulation on cell proliferation, one neuroblastoma (NGP) and one ovarian cancer 

cell line (HeyA8) were treated with siRNAs either against MYCN only, ALK only, or 

against MYCN and ALK together. siRNAs against MYCN, ALK as well as MYCN and 

ALK together were able to inhibit cellular proliferation (Figure 5.22a, b). These results 

confirmed that MYCN and ALK are strong oncogenic drivers of neuroblastoma.  

 

5.2.8. miR-1323 down-regulates tumor suppressor PAG1 in neuroblastoma  

Because siRNA(s) against MYCN and/or ALK inhibited proliferation, I hypothesized 

that the unexpected oncogenicity of miR-1323 maybe a result of post-transcriptional 

repression of one or several tumor suppressors of neuroblastoma. I therefore, searched 

predicted target(s) of miR-1323 that have been previously reported to suppress oncogenic 

programs in cancer cells. I found PAG1 (phosphoprotein associated with 

glycosphingolipid microdomains 1; also known as Csk binding protein, CBP) a predicted 

miR-1323 target gene (Figure 5.23) was previously shown to act as a negative regulator 

of Ras activity (Smida, Posevitz-Fejfar et al. 2007). Figure 5.24 demonstrates the key 

proteins and pathways that PAG1 is known to be connected to. Although PAG1 was 

recognized as a tumor suppressor in human epithelial carcinoma (Jiang, Feng et al. 2006), 

breast cancer, colon cancer (Oneyama, Hikita et al. 2008), it has never been studied in the 

context of neuroblastoma.   
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Figure 5.22: siRNA-mediated knock-down of MYCN and ALK resulted in proliferation 

inhibition in neuroblastoma cell line NGP (a) and ovarian cancer cell line HEYA8 (b). 

[Mean ± SD, n = 6]. 
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Figure 5.23: miR-1323 targets PAG1: Multiple web based miRNA target prediction tools 

predicted PAG1 as a miR-1323 target with two miR-1323 binding sites. 
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Using qRT-PCR assays I found a significant down-regulation of PAG1 in the 

presence of miR-1323 (Figure 5.25a). Kaplan-Meier survival analysis for PAG1 indicated 

that high expression of PAG1 strongly correlated with improved survival and low 

expression of PAG1 strongly correlated with poor survival in a cohort of neuroblastoma 

patients (Figure 5.25b). Previous studies have reported that PAG1 sequesters Src family 

kinases (SFKs) in the lipid raft of the membrane to down-regulate Ras activity (Svec 

2008; Oneyama, Iino et al. 2009; Kanou, Oneyama et al. 2011; Suzuki, Oneyama et al. 

2011; Okada 2012). Reports from other groups and our experimental results indicated a 

possible link between miR-1323 and RAS oncogenic pathway. Here we have found a 

novel tumor suppressor of neuroblastoma whose down-regulation by miR-1323 is 

sufficient to bypass miR-1323-mediated silencing of both MYCN and ALK to induce 

significant increases in cell proliferation, migration and in vivo tumor growth.  
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Figure 5.25: Overexpression of miR-1323 down-regulated potential tumor suppressor 

PAG1. a) Efficient down-regulation of PAG1 transcripts in the presence of miR-1323 

[Mean ± SE, n = 3, * = p<0.05 and # = p<0.005]. b) PAG1 expression correlates 

significant survival among the neuroblastoma patients. 
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5.2.9. PAG1 negatively regulated the oncogenic potential of neuroblastoma cell 

lines  

In the previous section I established that miR-1323 directly down-regulated PAG1 

which possibly led to significantly higher survival among the neuroblastoma patients. To 

examine the role of PAG1 in neuroblastoma pathogenesis I performed PAG1 gain-of-

function and loss-of-functions experiments in neuroblastoma cells (NGP, SH-SY5Y). To 

over express PAG1, I stably transfected the PAG1 ORF using lentiviral vectors (Figure 

5.26a, b); similarly, GIPZ-shRNA lentiviral vectors were used to knock-down PAG1 

expression in neuroblastoma cell lines (Figure 5.26c-e). Figure 5.27a-c demonstrated that 

PAG1 overexpression inhibited cell proliferation and colony formation in the 

neuroblastoma cell lines when compared with the parental cell lines (control). However, 

shRNA against PAG1 was found to promote cellular proliferation and colony formation 

in soft agar assays (Figure 5.28a-d). Hence in line with previous reports, PAG1 indeed is 

a strong tumor suppressor of neuroblastoma that presumably inactivates RAS signaling to 

inhibit cellular proliferation of neuroblastoma cell lines.  
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Figure 5.26: Stable cell lines with modulated PAG1 expression. a) Lentiviral vector used 

to generate PAG1 overexpressing cell lines; b) Stable cell lines with high PAG1 

expression; c) pGIPZ shRNA lentiviral vector for PAG1 knock-down; shRNA-mediated 

knock-down of PAG1 in NGP (d) and SH-SY5Y (e) cell lines [Mean ± SE, n = 3]. 
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Figure 5.27: Overexpression of PAG1 inhibits proliferation and clonogenecity.  PAG1-

mediated inhibition of proliferation in NGP (a) and SH-SY5Y (b) cell lines [Mean ± SD, 

n = 6]. c) PAG1 overexpression led to reduction in number of colony formation in 

neuroblastoma and ovarian cancer cell lines [Mean ± SE, n = 3, * = p<0.05 and # = 

p<0.005]. 
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Figure 5.28: PAG1 is a novel tumor suppressor. ShRNA-mediated knock-down of PAG1 

led to increased proliferation and clonogenic activity in NGP (a, c) and SH-SY5Y (b, d) 

cell lines. [n = 3] 
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5.3. Discussion  

The roles of MYCN and ALK in neuroblastoma pathogenesis have drawn major 

attention. With an overall prevalence of 23%, more than 50% of high-risk neuroblastoma 

patients are characterized by MYCN amplification (Brodeur 2003). Furthermore, in 

MYCN amplified high-risk neuroblastoma, amplification of the MYCN gene in tumors 

ranging from 10 to over 500 fold (Jiang, Stanke et al. 2011). Recently, ALK gene 

amplification and/or overexpression were reported in 77% of the neuroblastoma tumors 

indicating a possible correlation between ALK and neuroblastoma (Passoni, Longo et al. 

2009). In addition, ALK has also been reported to be co-amplified with MYCN in 

neuroblastoma (Mosse, Laudenslager et al. 2008) and MYCN-ALK cooperation found to 

significantly promoted neuroblastoma pathogenesis (Zhu, Lee et al. 2012). Small 

molecule inhibitor mediated ALK knockdown/inactivation strategies have been 

implemented to treat neuroblastoma. However, this has had little impact in MYCN-

amplified high-risk neuroblastoma patients (Chand, Yamazaki et al. 2012).  

 

Our study is the first to investigate the application of a miRNA to silence both of the 

driver oncogenes in neuroblastoma cells in vitro and in vivo. Despite successful down-

regulation of MYCN and ALK, overexpression of miR-1323 resulted in increased 

proliferation in vitro and in vivo. A key finding from my work is the discovery of PAG1 

as a novel tumor suppressor of neuroblastoma whose down-regulation is in part 

responsible for the oncogenicity of miR-1323. Although miR-1323 expression was very 

low across the neuroblastoma tissues when compared with brain tissues Afanasyeva et al. 
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identified this miRNA from neuroblastoma tumors, indicating a possible function for 

miR-1323 in regulation of neuroblastoma (Afanasyeva, Hotz-Wagenblatt et al. 2008). 

Cell lines overexpressing miR-1323 unexpectedly demonstrated increased proliferation, 

better viability and higher clonogenecity. These oncogenic phenotypes led to 

significantly higher tumor burden in neuroblastoma xenograft mice studies. These 

findings would suggest a link between neuroblastoma and oncogenic RAS pathway via 

miR-1323-PAG1-SFK-Ras axis (Figure 5.29).  

 

In addition to the ALK-MYCN cooperation, the cooperation between MYCN and 

RAS is a major concern in the neuroblastoma progression and metastasis (Yaari, Jacob-

Hirsch et al. 2005). In heterogeneous cellular environment, oncogenic function of MYCN 

is limited by its short half-life. However, co-expression and activation of RAS not only 

activates MYCN by Ser62 phosphorylation through ERK/MAPK, it also stabilizes 

MYCN by blocking GSK-3-mediated inactivation of Thr58 phosphorylation that led to 

proteasomal degradation (Sears, Nuckolls et al. 2000; Sears and Nevins 2002). 

Furthermore, RAS activation promotes oncogenic function of MYCN in cell cycle 

progression and simultaneously blocks the p53-mediated pro-apoptotic effects of MYCN 

by restricting the Bad/Bcl-X function (Sears and Nevins 2002). Therefore, in addition to 

the independent RAS function in cell proliferation, differentiation, survival, and death 

(Shields, Pruitt et al. 2000), RAS-mediated activation, stabilization, and nuclear 

localization of MYCN proteins facilitate MYCN dependent functions and in turn help to 

build the pivotal Ras-MYCN and MYCN-ALK cooperation leading to metastatic tumor 

progression (Yaari, Jacob-Hirsch et al. 2005).  
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Ras proteins are activated by the phosphorylation by SRC family kinases (SFKs), a 

group of non-receptor tyrosine kinases with 11 members. SFKs play critical role in 

regulating various cellular processes like cell transformation, tumorigenesis, and 

metastasis via multiple signaling and cytoskeleton proteins, such as Ras, PLC, PI3K, Jak, 

Actin, and Integrin (Summy and Gallick 2003; Parsons and Parsons 2004; Kim, Song et 

al. 2009; Sen and Johnson 2011). Among all of these interactions, in particular SFK-Ras 

interaction plays the central role in tumor development and uncontrolled growth due to 

the involvement of RAS proteins, the extracellularly regulated relay proteins that can 

easily transmit signal to activate other key elements of oncogenesis, such as MYCN in 

neuroblastoma (Yaari, Jacob-Hirsch et al. 2005). RAS proteins are monomeric G-

proteins, attached to the inner leaflet of cell membrane and migrate in and out of the lipid 

raft depending on their functional status (active or inactive). SFK-activated RAS proteins 

are usually found to be located outside of the lipid rafts where they freely transmit 

activating signals to downstream MAPK/ERKs. RAS activation is considered to be the 

starting point for numerous signaling cascades resulting in rapid proliferation followed by 

other tumorigenic phenotypes as I observed in the miR-1323 over-expressing 

neuroblastoma cell lines. Therefore, SFKs are responsible for activating RAS and 

initiating numerous branches of many oncogenic pathways; however, CSK is a kinase 

that can mediate an inhibitory phosphorylation at the C-terminal motif of SFKs to 

inactivate the SRC functions.  
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Through this work I have identified PAG1 as a potent new tumor suppressor for 

neuroblastoma. It is well recognized that PAG1, a lipid raft associated transmembrane 

adapter protein, activates and recruits CSK to inactivate SFKs (Oneyama, Hikita et al. 

2008). Moreover, Smida et al. demonstrated that PAG1 can suppress RAS activity even 

in the absence of CSKs (Smida, Posevitz-Fejfar et al. 2007). Taking together, PAG1 is 

established to be involved in regulation of SFKs, RAS proteins, and interactions with the 

cytoskeleton proteins through alternative pathways (Svec 2008). In this study, we have 

strong evidence for PAG1 to be developed as a novel tumor suppressor of neuroblastoma. 

Survival analyses suggested that PAG1 could be a potent tumor suppressor. Significant 

inhibition of proliferation was found when PAG1 was induced in neuroblastoma cell 

lines. In addition overexpression of PAG1 rescued the oncogenic phenotype found in 

neuroblastoma cell lines driven by high MYCN and ALK. Down-regulation of PAG1 

through RNAi against PAG1 reversed these effects to increase cell proliferation, 

viability, and tumorigenecity.  

 

Finally, miR-1323 acts as an oncomiR and led to oncogenesis, presumably by 

activating RAS signaling pathway. Expression of this miRNA was very low in 

neuroblastoma cell lines and over-expression strongly suppressed both key oncogenes, 

MYCN, and ALK and repressed MYCN-driven EMT, suggesting that miR-1323 is likely 

to be a strong tumor suppressor of neuroblastoma. However, functional studies revealed 

that miR-1323 is indeed highly oncogenic when over-expressed in neuroblastoma cell. 

From the result presented in this chapter, I propose that down-regulation of PAG1 led to 

constitutive activation of RAS signaling that overrides any tumor suppressive effect may 
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have been developed from the repression of MYCN and ALK (Figure 5.29). These 

results highlight the incredible complexity of miRNA-regulated gene networks and reveal 

a paradigm where opposing functions of a single miRNA on tumor suppressors and 

oncogenes concurrently can have a net impact of oncogenicity. Most importantly my 

work revealed PAG1 as a novel tumor suppressor for neuroblastoma that could 

revolutionize the current therapeutic strategies for better treatment.  
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Figure 5.29: Model predicting molecular interactions of miR-1323 resulting in oncogenic 

outcome in neuroblastoma. 
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Chapter 6: 

 Cysteamine-functionalized gold nanoparticles for efficient 

microRNA delivery 

- 

This chapter has been published in a modified form in Biomaterials, 2012. Full Citation: 

 

Ghosh R, Singh LC, Shohet JM, Gunaratne PH. (2013). "A gold nanoparticle 

platform for the delivery of functional microRNAs into cancer cells." Biomaterials. 

2012 Oct 27. pii: S0142-9612(12)01144-1. doi: 10.1016/j.biomaterials.2012.10.023. 

 

6.1. Introduction  

MiRNAs are non-coding regulatory RNAs that are essential for normal cellular 

processes and are commonly deregulated in almost all types of diseases, including cancer 

(Calin and Croce 2006; Bartel 2009). While restoration of down-regulated miRNAs to 

their normal levels (miRNA replacement therapy) has been shown to partially or fully 

reverse disease conditions (Esquela-Kerscher, Trang et al. 2008; Kota, Chivukula et al. 

2009; Wiggins, Ruffino et al. 2010), identification of driver gene and miRNAs for 

diagnostic and therapeutic purposes require systematic siRNA and miRNA 

mimic/inhibitor studies for each of the hundreds of candidates that are typically identified 

by whole genome analyses (TCGA 2011; Creighton, Hernandez-Herrera et al. 2012). 
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RNA molecules are highly unstable in cellular environments (Bravo, Rosero et al. 

2007), and robust systems that can easily and efficiently deliver functional miRNAs into 

living cells are needed to enable high-throughput functional studies. Lentiviral or 

retroviral-mediated stable over expressions to assess in vitro and in vivo functional 

impact of a gain or loss of individual miRNAs are cumbersome and costly, and introduce 

several unwanted phenotypes by integrating in genomic locations important for cellular 

function (Baum, Kustikova et al. 2006; Bouard, Alazard-Dany et al. 2009). Therefore, 

current high-throughput studies employ transient transfection methods that utilize 

liposome-mediated delivery (lipofection) or electroporation. Both methods result in 

considerable cell death from severely damaged cell membranes and need time consuming 

optimization for high throughput screens. 

 

Efforts have been made to increase the half-life of liposomal vehicles by 

incorporating polyethylene glycol (PEG) on their surfaces, or by chemically modifying 

them. Researchers have also used non-liposomal polymer molecules like 

polyethyleneimine (PEI) to transfect chemically unmodified or naked miRNAs (Ibrahim, 

Weirauch et al. 2011) and siRNAs (Kim, Jeong et al. 2006). However, transfection of 

DNA across mammalian cell membranes by cationically functionalized gold clusters is 

much higher than that of PEI (Goodman, McCusker et al. 2004). Recently, silica based 

nanoparticles were used for miRNA delivery (Tivnan, Orr et al. 2012). However, issues 

like contrast mechanisms, nano-fabrication and photobleaching need to be improved for 

these nanoparticles (Tan, Wang et al. 2004).  
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Gold nanoparticles (AuNPs) have recently received attention as a non-viral gene 

delivery vehicles due to their unique physicochemical properties such as shape, surface 

area, amphiphilicity, biocompatibility, and safe carrier capabilities that are essential for 

better gene transfection efficiency (Connor, Mwamuka et al. 2005; Shukla, Bansal et al. 

2005; Papasani, Wang et al. 2012; Shan, Luo et al. 2012). In most cases, the 

oligonucleotide has been modified to facilitate the delivery (Demers, Mirkin et al. 2000; 

Rosi, Giljohann et al. 2006; Giljohann, Seferos et al. 2007). Previously, researchers have 

employed techniques to develop amine-functionalized AuNPs for efficient intracellular 

delivery, but these were also limited to delivering chemically modified siRNAs (Lee, Bae 

et al. 2008). It is highly likely that the function of miRNAs may be impacted by these 

modifications. These oligonucleotide modifications have also largely impeded large-scale 

production, annealing sense, and antisense strands to make duplexes, and base pairing 

with target messenger RNAs (mRNAs). In addition, efficacies of non-viral nano-vectors 

have been limited by (1) low encapsulation efficiency, (2) poor storage stability, and (3) 

slow endosomal escape.  

 

Therefore, in collaboration with Lalithya Jayarathne, we were interested in 

developing simple cysteamine-functionalized AuNPs to deliver chemically unmodified 

miRNAs into living cells. I tested 35 formulations of miR-AuNP-S-PEG and identified 

miR1-AuNP10-S-PEG0.5 as the optimal polyelectrolyte complex as depicted in the Figure 

6.1. I have established that miR1-AuNP10-S-PEG0.5 complexes are non-cytotoxic, easily 
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taken up by cells through endocytosis, and efficiently release cargo oligonucleotides that 

specifically modify patterns of target gene expression and cellular phenotype. 
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Figure 6.1: Working model. Optimization of gold nanoparticle (AuNP) mediated delivery 

platform for efficient in vitro miRNA delivery in to cancer cells 
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6.2. Results  

6.2.1. Synthesis and characterization of miR-AuNP complexes  

Non-viral nano-vectors are effective delivery platforms because their loading 

capacities are high and can be manipulated, they can be transfected quickly and easily, 

and they can deliver a wide range of cargos into living cells (Yamano, Dai et al. 2010). 

Among the wide range of materials used to synthesize these nanoparticles (Buzea, 

Pacheco et al. 2007), we used gold (Au) for its known biocompatibility (Connor, 

Mwamuka et al. 2005; Shukla, Bansal et al. 2005). Figure 6.2a summarizes the basis of 

our miR-AuNP platform. The synthesis of a miR-AuNP-S-PEG polyelectrolyte complex 

is a two-step process: incubating cysteamine-functionalized AuNPs with miRs, then 

adding S-PEG to the miR-AuNP polyelectrolyte complex, so that S-PEG can cover the 

cysteamine-free surface of the AuNPs. Lalithya Jayarathne characterized the gold 

nanoparticles using transmission electron microscopy (TEM), UV spectroscopy and 

Dynamic light scattering (DLS). TEM images indicated that the ~13 nm cysteamine-

functionalized AuNPs were spatially distributed and spherical in shape (Figure 6.2b). 

Initially, I assessed miRNA binding abilities of cysteamine-functionalized AuNPs using 

gel retardation assay (Lee, Bae et al. 2008) and confirmed that mass ratios of 1µg of 

miRNA and 5, 10 and 20 µg AuNPs were able to form polyelectrolyte complex (Figure 

6.2c). Using this strategy we synthesized and tested 35 formulations of miR-AuNP-S-

PEG polyelectrolyte complexes to determine the best formulation for the miRNA 

delivery (Table 2.1). The cost of each miR-AuNP-S-PEG polyelectrolyte complex was 
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$5.50, out of which the cost of the RNA oligo was $4.28 (0.07 nmoles, i.e., 1 µg). 

Therefore, the actual cost per sample, without an RNA oligo was only $1.22.  
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Figure 6.2: Synthesis, delivery, and characterization of gold nanoparticles (AuNPs) and 

miR-AuNP-S-PEG polyelectrolyte complexes. a) Schematic diagram of the miR-AuNP 

synthesis and uptake through endocytosis pathway. b) TEM image of dialyzed cationic 

AuNPs that were prepared by chemical reduction of chloroauric acid (HAuCl4) using 

sodium borohydride (NaBH4) in the presence of cysteamine hydrochloride (HS-

CH2CH2-NH3
+Cl-) followed by dialysis against RNAse-free water in a Spectra/Por 

dialysis membrane with an molecular weight cutoff of 10 KDa. c) Gel retardation assay: 

TBE-Urea gel electrophoresis of miR-AuNP polyelectrolyte complexes. In each case, 1 

µg of miRNA was loaded to observe polyelectrolyte complex formation with AuNPs.  
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Figure 6.3: Characterization of gold nanoparticles (AuNPs) and miR-AuNP-S-PEG 

polyelectrolyte complexes. a) UV-spectroscopy analyses to determine monodispersity of 

the synthesized nanoparticles before and after dialyles; b) DLS analyses demonstrate the 

range of core diameters for the synthesized nanoparticles. 
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6.2.2. Cellular uptake of miR-AuNP complexes  

I used fluorescence microscopy of polyelectrolyte-transfected cells to assess how 

efficiently miR-AuNP-S-PEG polyelectrolyte complexes could deliver a cargo. The miR-

AuNP-S-PEG polyelectrolyte complex was synthesized using Cy-5 labeled miRNA-star 

(miR*) strand because it is the passenger strand in the miR/miR* duplex and does not 

contribute to the function of the sense strand (miR). I visualized and counted Cy-5 

positive cells in order to estimate the efficacy of treatment and uptake. Tumor cells took 

up Cy-5-labeled miR/miR* duplexes during incubation with complete medium 

containing miR-AuNP-S-PEG polyelectrolyte complexes, without using transfection 

reagents or active uptake methods like lipofection or electroporation (Figure 6.4b, c). I 

found that miR-AuNP-S-PEG polyelectrolyte complexes were able to transfer miRNAs 

into an average of 96% of the treated tumor cells at doses as low as 5nM (Figure 6.4c). 

The uptake of miR-AuNPs was dose-dependent, because the intensity of fluorescence 

signals emitted by the treated cells was higher in the 25nM miR-AuNP treatment (Figure 

6.4b) than in the 5nM treatment (Figure 6.4c). 
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Figure 6.4: Microscopic analysis indicates successful intracellular uptake of miR-AuNP-

S-PEG polyelectrolyte complexes. a) Bright field image of healthy SH-SY5Y cells after 

incubation with polyelectrolyte complexes. Fluorescence microscopic images of SH-

SY5Y cells after incubation with b) 25 nM and c) 5 nM Cy-5-labeled miR-AuNP 

polyelectrolyte complexes. d) High-magnification fluorescence microscopy images of the 

SH-SY5Y cells. 
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Because toxicity is a major concern with the currently available conventional 

methods such as lipofection and electroporation, or lentiviral/retroviral-mediated 

delivery, which requires toxic polybrene, I next assessed the toxicity of miR-AuNP-S-

PEG polyelectrolyte complexes in living cells. All of these conventional methods of 

transfection resulted in severe damage in cell membranes, which perturbs normal cellular 

growth (Lin, Correa et al. 2011) or causes substantial cell death (Pinero, Lopez-Baena et 

al. 1997). I found that in contrast to conventional methods, AuNPs are passively taken up 

by living cells through endocytosis and caused little or no cell death or injury during 

uptake or upon endosomal release (Figure 6.4a). MTS reagent-based cell viability assays 

indicated that, in contrast to an average of 60% cell death observed during lipofection, 

98% of the cells remained alive after the miR-AuNP-PEG treatment (Figure 6.5a, b), 

which allowed an extended incubation (96 to 120 hr) resulting in maximal delivery of 

functional miRNAs throughout the incubation period for maximum impact, without the 

need for interim periods of cell recovery. 

 

Finally, to determine whether miR-AuNP-S-PEG mediated cellular uptake was 

biased to specific stage of the cell cycle, I examined Cy-5 positive cells closely for 

cellular and nuclear status. I observed that the uptake was not limited to any stage of the 

cell cycle. Mature cells, dividing cells and newly divided cells had taken up Cy-5 labeled 

miRNAs delivered by miR-AuNP-S-PEG (Figure 6.4d). 
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Figure 6.5: Toxicity from the transfection reagents. Viability of neuroblastoma cells 

a) NGP and b) SH-SY5Y at 24 and 48 hours incubation with no reagent, AuNP 

polyelectrolyte complexes, and lipofectamine (average ± SD, n = 6; P< 0.05 (*). 
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6.2.3. Quantification of miRNAs released from miR-AuNP complexes  

To evaluate the transfection efficiency of miR-AuNP-S-PEG mediated treatment, 

I performed Taqman miRNA assays, which are quantitative real-time polymerase chain 

reaction (qRT-PCR) assays using stemloop primers for individual mature miRNAs, to 

quantify the functional miRNAs ectopically expressed in the cytoplasm of transfected 

cells. I evaluated 35 unique combinations of AuNPs and miRNAs with or without PEG 

for efficient in vitro miRNA delivery (uptake and endosomal release) (Table 2.1). I 

observed that miR-AuNP-S-PEG without a PEG coating released more miRNAs than 

those with PEG. However, in the absence of PEG, AuNPs have a high tendency to form 

AuNP aggregates (Figure 6.6). In addition to preventing aggregation, I also found that 

PEG-protected miR-AuNP polyelectrolyte complexes also protected the miRNAs from 

severe exonuclease digestion, enabling consistent delivery of fully intact functional 

miRNAs in different cellular environments. Therefore, our study indicated that addition 

of S-PEG inhibited nanoparticle aggregation and increased the half-life of the miRNAs 

on nanoparticles in the cell culture medium. Using the Taqman assay, which requires a 

free 3’-OH end on miRNAs that are fully released from the gold particle, I observed a 

significant up-regulation of mature miRNAs from miR-AuNP-S-PEG polyelectrolytes. 

Based on the fold enrichment of the ectopically expressed mature miRNAs, I found the 

optimal formulation contains a mass ratio of 10µg AuNP, 1µg of miRNA, and 0.5µg of 

PEG (miR1-AuNPs10-S-PEG0.5) in the polyelectrolyte complex (Figure 6.7a). 
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Figure 6.6: Aggregation of gold nanoparticle in the absence of PEG. Fluorescence 

microscopic image of SH-SY5Y cells after incubation with 5 nM Cy-5-labeled miR-

AuNP polyelectrolyte complexes without PEG. 

 

 

Light image Fluorescent  image
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Figure 6.7: Mature and functional microRNA transfection efficiency of miR-AuNP-S-

PEG polyelectrolyte complexes determined in NGP and HEYA8 cells. a) Dose-

dependent delivery of mature miRNAs was measured after incubation with 

polyelectrolyte complexes carrying miRNA duplexes (miR-dp) or miRNA hairpin 

stemloops (miR-st). b) At a 5 nM dose treatment, transfection efficiencies for no reagent, 

lipofection and AuNP mediated delivery. Values in the bar graph are averages ±SEM (n 

= 3), and * (P< 0.05) and # (P< 0.005) denote statistically significant differences 

compared with the control (an AuNP-only treatment).  
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Functional mature miRNAs are generated through a stem loop precursor, which is 

processed into small double stranded miR/miR* duplex precursor. The stem loop 

precursor is typically 70-110 nucleotides long and therefore substantially more expensive 

to synthesize than the short double stranded RNA precursor, which is only ~22 

nucleotides in length (~$9.50/nmol vs. ~$4/nmol, respectively). In order to design the 

most cost-effective delivery method, I compared the efficacy of miRNA-duplexes (miR-

dp) versus miRNA-stemloops/hairpins (miR-st) to deliver mature functional miRNAs 

into living cells. To achieve this, I treated the ovarian cancer cell line HeyA8 and 

neuroblastoma line NGP with either miR-dp or miR-st using the same polyelectrolyte 

formulation of miR1-AuNPs10-S-PEG0.5. In NGP cells, I found that miR-dp treatments 

were approximately 2 fold more efficient in releasing mature miRNAs as compared to 

miR-st treatments (Figure 6.7a). However, in the ovarian cancer cell line HeyA8, I found 

no significant differences in the fold change of miRNAs between miR-dp versus miR-st 

treatments. That miR-dp and miR-st have similar efficiency in releasing mature miRNAs 

from endosomes allows us to substantially reduce the cost of high throughput functional 

assays using miR-dp while synthesizing miR-AuNP-S-PEG polyeletrolyte complexes. 

 

To determine whether miR-AuNP-S-PEG mediated miRNA delivery is more 

efficient than miRNAs delivered through lipofection, I compared the level of ectopic 

miRNA up-regulation using Taqman miRNA assays. I compared the efficiency of AuNP 

mediated delivery to liposomal delivery and to delivery of chemically unmodified miR-

duplexes without any transfection reagent (Figure 6.8a-d). I achieved a 10 to 20-fold 

increase in the delivery efficacy of miRNAs in miR-AuNP-S-PEG treated cells as 
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compared to miRNAs delivered through lipofection. I achieved a 1000 to 2000-fold 

higher miRNA delivery from miR-duplexes on AuNPs compared to delivery of naked 

miR-duplexes without any transfection reagent (Figure 6.7b).  
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Figure 6.8: Transfection of mature miRNAs using conventional method. a & c) Dose-

dependent delivery of mature miRNAs was measured in NGP and HEYA8 cells 48 

hours after of transfection using lipofectamine. b & d) Transfection efficiency was 

evaluated from the transfection using no reagents. Values in the bar graph are given 

as average ±SEM (n = 3), and * (P< 0.05) and # (P< 0.005) denote statistically 

significant differences compared with a control (mock treatment). 
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6.2.4. Impact of miR-AuNP complexes on target gene down-regulation  

In the previous section I demonstrated that miRNAs can be efficiently delivered 

to and released inside living cells. Next I determined whether miRNAs delivered and 

released from miR-AuNP-S-PEG polyelectrolyte complexes are able to retain their 

functionality in vitro. I selected a tumor suppressor miRNA (miR-31) and an oncogenic 

miRNA (miR-1323) to test in cell lines for two different cancer types: ovarian cancer 

(HEYA8 and OVCAR8) and neuroblastoma (NGP and SH-SY5Y). 

 

MiRNAs are small 20-24 nucleotide long RNAs, each of which potentially down-

regulate a specific set of target genes post-transcriptionally to impact patterns of gene 

expression that support specific biological states and cellular contexts. Therefore, I 

quantified the levels of selected targets of miRNAs miR-31 and miR-1323 delivered 

through AuNPs using Sybr green-based qRT-PCR analyses. A previous report by 

Creighton et al. 2010 established that hsa-miR-31 is a tumor suppressor miRNA that 

negatively regulates predicted targets E2F2, STK40, and CEBPA to strongly suppress 

cell proliferation and induce apoptosis of ovarian and other cancer cell lines (Creighton, 

Fountain et al. 2010). Work in our laboratory has established that miR-1323 substantially 

increases cell proliferation in neuroblastoma cell lines (Chapter 5). Using multiple web-

based algorithms [TargetScan (Lewis, Burge et al. 2005) and miRDB (Wang 2008; Wang 

and El Naqa 2008)] I identified CASP8AP2, DDX4 and AAK1 as potential targets of 

miR-1323. 
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Using quantitative RT-PCR measurements I observed a 70% down-regulation of 

target gene transcripts (E2F2, STK40 and CEBPA) in NGP and HEYA8 cells treated 

with 5nM miR-31-AuNP. Similarly, miR-1323-AuNP treatment resulted in over 85% 

down-regulation of target genes (CASP8AP2, DDX4 and AAK1) relative to cell lines 

treated with the negative miR-AuNP control (miR-NC-AuNP) and cell lines treated with 

AuNP only. These results confirm that the target specificity of mature miRNAs delivered 

as miR1-AuNPs10-S-PEG0.5 was retained upon endosomal escape (Figure 6.9a-d).  

 

In the previous section, I reported dose-dependent uptake of miRNAs through 

miR-AuNP-S-PEG polyelectrolyte complexes, which I confirmed by fluorescence 

microscopy as well as Taqman miRNA qRT-PCR assays. Next, I assessed whether the 

impact of miRNAs delivered on gold particles had a dose-dependent effect on target gene 

repression. No significant differences were found between 5 nM and 25 nM dose 

treatments, suggesting that treatments with as little as 5 nM miR-AuNP were enough to 

exhibit the maximum targeting capacity of both miR-31 and miR-1323 in heterogeneous 

cellular environments.  

 

Earlier, for HEYA8 cells, I established that there was no significant difference in 

the copy number of mature miRNAs delivered through either miR-dp or miR-st at 

specific treatment dose. To compare the efficiency of target gene down-regulation, I 

quantitatively measured the target gene expression levels among the miR-dp-AuNP-S-

PEG and miR-st-AuNP-S-PEG treatments. I found no significant differences in the 

efficacy of target gene down-regulation between miR-31 and miR-1323 delivered as the 
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miR-duplex or and miR-stemloop (Figure 6.9a-d). At a 5 nM treatment dose, both the 

miR-dps and the miR-sts were able to exert an 80% down-regulation of the predicted 

target genes. When I increased the treatment dose to 25 nM, I observed slightly better 

down-regulation of about 90% for both the duplex and stem loop treatments.  
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6.2.5. Effect of the miR-AuNP complexes on cellular proliferation  

We observed that miR-AuNP-S-PEG mediated miRNA up-regulation was able to 

impact the expression patterns of selected predicted target genes. To determine whether 

miR-31 and miR-1323 delivered on AuNPs were able to alter the rate of cell 

proliferation, I performed MTS reagent-based colorimetric proliferation assays on two 

neuroblastoma (NGP and SH-SY5Y) and two ovarian cancer (HEYA8 and OVCAR8) 

lines treated with miR-31-AuNP-S-PEGs and miR-1323-AuNP-S-PEG complexes. 

Previously miR-31 has been found to inhibit the proliferation and increase apoptosis of 

ovarian cancer cell lines (Creighton, Fountain et al. 2010), while miR-1323 was pro-

proliferative (Chapter 5). In the current study, when tumor cells were treated with miR-

31-AuNP-S-PEG, MTS assays revealed a significant decrease (p<0.05) in the rate of 

proliferation in the neuroblastoma (NGP and SH-SY5Y) and ovarian cancer (HEYA8 and 

OVCAR8) cell lines (Figure 6.10a). In contrast, when cells were treated with miR-1323-

AuNP-S-PEG, MTS assays revealed a significant increase (p<0.05) in the rate of 

proliferation of all four cell lines (Figure 6.10b). In all of these cases I detected no 

significant changes in cell proliferation in cells treated with AuNP alone or with miR-

NC-AuNP-S-PEG complexes. 

 

Next, I assessed whether miR-AuNP-S-PEG delivered miR-duplex and miR-

stemloop were equally effective in modulating the cell proliferation. MTS assays 

confirmed that there were no significant differences in the functional impact of miR-31 

and miR-1323 delivered as a miR-duplex or a miR-stemloop (Figure 6.10a, b).  
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Figure 6.10: Functional effect of AuNP-delivered miRNAs on cellular proliferation. 

Viability of neuroblastoma (NGP, SH-SY5Y) and ovarian cancer (HEYA8, OVCAR8) 

cells after incubating with a) miR-31-AuNP-S-PEG and b) miR-1323-AuNP-S-PEG 

polyelectrolyte complexes at different time points (average ± SD, n = 6; P< 0.05 (*); P< 

0.005(#).  
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6.3. Conclusion  

Silencing gene networks that drive specific biological processes and disease 

conditions through miRNAs promise to revolutionize biomedical science in the future. 

However, the large number of miRNAs and genes that are typically dysregulated in the 

majority of diseases makes it impractical to systematically analyze and determine the 

impact of each of miRNA or gene on patterns of gene expression and on disease 

phenotypes. Therefore, cost-effective robust systems that can easily and efficiently 

deliver functional miRNAs into living cells are needed to enable high-throughput 

functional studies. Here I have demonstrated that cysteamine-functionalized gold 

nanoparticles (AuNPs) are capable of delivering up to a 10 to 20 fold overexpression of 

mature miRNAs compared to the conventional liposome-mediated transfection. I 

established that miR1-AuNP10-S-PEG0.5 polyelectrolyte complex as the optimal 

formulation to deliver the highest payload of unmodified miRNAs that resulted in most 

efficient endosomal release and the longest half-life (more than 5 days). In vitro studies 

indicated that the miR1-AuNP10-S-PEG0.5 polyelectrolyte complexes were able to release 

functional miRNAs that efficiently down regulate target genes and modulate the rate of 

proliferation. These unique nano-carriers have the potential to transform our ability to use 

high throughput RNAi applications to rapidly parse through hundreds of genes and 

miRNAs that are perturbed in complex diseases to discover the small set of miRNA-gene 

pairs that are critical to the maintenance of the disease state. 
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Chapter 7: 

 General Discussion and Concluding Remarks 

-  

The work presented in this dissertation is a study of miRNA functions and 

exploration of a miRNA-delivery tool that can aid the miRNA research in future. 

Although miRNAs are a class of well-studied RNAs and an enormous amount of data has 

been acquired over the past decade these data created more curiosity and questions than 

they have solved. Starting with the miRNA genes, previous studies have reported that 

these genes can be transcribed using their own promoters (intergenic miRNA gene) or 

transcribed coordinately with the host gene promoter (intronic miRNA gene) (Bartel 

2004). However, very little is known about the mechanism that results in differential 

expression of miRNA and the host gene. There is also lack of evidence regarding whether 

there is any kind of dependency in between them. It is plausible that half-life of the 

protein coding transcript is maintained by the intronic miRNA or vice versa. Similarly, 

over 50% of the total miRNAs are transcribed from miRNA clusters and at the same time 

cluster member miRNAs are expressed at differential levels (Grishok, Pasquinelli et al. 

2001). Further research is needed to determine whether the mechanism of miRNA 

processing is similar between intronic miRNAs and the cluster miRNAs. Previous studies 

reported that 5' end of the miRNA contains a phosphate (Ambros, Bartel et al. 2003). 

However, there is lack of evidence to prove if that 5' phosphate is an important factor in 

determining the function of that particular miRNA. Precursor miRNAs are hairpin 

structures that result in miRNA duplexes following the dicer processing (Kim 2005). 
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Both forms are commercially available for use in miRNA research; however, there is no 

published study that compares the functional efficiency of these two forms. miRNAs 

primarily target 3' UTR of the protein coding mRNAs (Bartel 2009), though there are 

some reports where miRNAs target 5' UTRs and even ORF of a transcript (Vasudevan, 

Tong et al. 2007). Little is known about what makes 3' UTR preferable site for miRNA 

target than any other part of the mRNA transcript. 

 

In this dissertation work, I tried to find answers for some of these questions and to 

generate a more comprehensive picture reflecting the roles of and the regulations by 

miRNAs. In the beginning, I have analyzed a miRNA gene cluster, C19MC, the largest 

miRNA cluster in the human genome (Bortolin-Cavaille, Dance et al. 2009). In this work 

I have established that Trophoblastic Stem (TS) cells are highly enriched with C19MC 

miRNAs, whereas cancer cells (in particular reproductive cancer cells) are lacking any 

expression, as discussed in Chapter 3. In addition, I also have dissected C19MC miRNA 

target genes extensively using different in silico techniques to characterize the largest 

miRNA cluster in-depth. This work provided an inside view of a miRNA cluster where 

there is an extensive amount of overlap and similarity between each and every miRNAs. 

Lastly, I analyzed all predicted targets of the cluster to determine possible gene networks 

they are involved in and concluded that the C19MC miRNAs are potential tumor 

suppressor (Gunaratne, Ghosh et al. 2010). 
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To understand the full realm of miRNA functions in a biological system, it is 

important to approach in silico studies in parallel with the contemporary experimental 

approaches that includes in vitro and in vivo techniques as discussed in Chapter 4 and 5. 

Moreover, in majority of the cases miRNA functions are context dependent (Gao 2010). 

Therefore, I decided to investigate the role of miRNAs in a pediatric malignancy 

(neuroblastoma). In every cell type, specific and differentially expressed DNA-binding 

transcription factors are the key element that determines a cell specific transcripotome, 

thereby determines the fate of that particular cell (Williams, Admon et al. 1988). MYCN 

is a MYC family transcription factor and the key driver of neuroblastoma biology (Meyer 

and Penn 2008). In order to identify a miRNA-transcriptome that may have a significant 

impact on the neuroblastoma pathogenesis, I decided to study the miRNAs that are 

directly regulated by MYCN (Chapter 4). The work in this Chapter not only identifies a 

panel of miRNAs that are directly regulated by MYCN, but also established that majority 

of these MYCN-regulated miRNAs are actually down-regulated by the direct MYCN 

binding. Further investigations revealed that some of those MYCN-regulated miRNAs 

result in tumor suppression, as expected, while others act as oncomiRs in neuroblastoma 

(Shohet, Ghosh et al. 2011).  

In addition to the MYCN, ALK is another critical driver of neuroblastoma and 

both are located on the short arm of the human chromosome 2 (2p24 and 2p23, 

respectively) (Zhu, Lee et al. 2012). Moreover, both of these oncogenes are found to be 

co-amplified and thereby overexpressed in neuroblastoma (Mosse, Laudenslager et al. 

2008; Cazes, Louis-Brennetot et al. 2012). In the search for a miRNA that can negatively 
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regulate both MYCN and ALK, miR-1323 was found (Chapter 5). I have applied in silico 

techniques to predict miR-1323 and experimentally validated the prediction. Although, 

miR-1323 resulted in an opposing phenotype than expected, it revealed a novel, yet 

powerful tumor suppressor of neuroblastoma. Even with the identification of tumor 

suppressor PAG1, a careful selection and extensive validation of putative tumor 

suppressor miRNAs were required before translating it from bench to bedside.  

 

Finally, a meaningful and significant contribution of this dissertation work was 

the development of robust and efficient gold nanoparticle mediated small RNA delivery 

platform. In the era of whole genome sequencing to search for key driver or key regulator 

miRNAs in each cancer genome (a TCGA effort) (TCGA 2011; Creighton, Hernandez-

Herrera et al. 2012), it is necessary to have a high-throughput miRNA delivery system 

that can be used to validate a large data set. Due to inefficiency, complex protocol, 

toxicity, and cumbersome cost, currently available techniques are not adequately 

equipped to support the above mentioned goal (Ghosh, Singh et al. 2013). In this context, 

Chapter 6 provides a detailed discussion of a successful miRNA delivery system that can 

be used for high-throughput delivery of miRNA. We believed that this platform has the 

potential to revolutionize the field in order to achieve an easy and efficient small RNA 

delivery system for various purposes. 
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In this dissertation work I have established a novel AuNP mediated miRNA 

delivery system that can effortlessly, efficiently and robustly introduce miRNAs into 

living cells. The method of miRNA delivery using this platform is simple to execute and 

shows highly efficient cellular uptake, endosomal release does not involve any active 

transfection technique or require expensive transfection reagents. This approach can 

potentially revolutionize the high-throughput screens for miRNA function. In addition to 

enabling the large-scale validation of direct and indirect targets of a given miRNA in 

multiple cellular contexts this platform can also be extended to rapidly assessing the 

impact of miRNAs on cellular phenotype. To move forward, it would be important to 

explore the impact of AuNP mediated miRNA delivery in in vivo animal models. To 

achieve an efficient in vivo miRNA delivery, further optimization in the formulation as 

well as in synthesis of miR-AuNP polyelectrolyte complexes, are needed to be addressed. 

It would also be important to extend the current formulations of miR-AuNP complexes to 

incorporate multiple miRNAs that specifies a disease state signature or to incorporate a 

small molecule/protein that specifies an efficient treatment for a subset of cells/tissues. 

For example, several studies have reported that miRNA can sensitize cells to many drugs 

in forms of combination therapy for better responses (Wang, Dong et al. 2012; Zhang, 

Zhu et al. 2012), therefore, miR-AuNP along with an appropriate drug can be more 

effective than only miRNAs delivered through miR-AuNP polyelectrolyte complexes. In 

addition to that, for an efficient, effective and targeted delivery a combination of miRNA-

ligand/substrate protein or miRNA-drug-ligand/substrate proteins should be explored.  
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The identification of tumor suppressor PAG1 in this dissertation work opens up 

several avenues for better understanding of novel strategies to control aggressive 

neuroblastoma. The main finding is that although, miR-1323 down-regulated both 

MYCN and ALK, inhibited the expression of EMT mediators as well as inhibited the 

cellular migration, it resulted in increased proliferation and tumorigenecity in 

neuroblastoma cells. I have established that the miR-1323-mediated down-regulation of 

PAG1 is one of the reasons for this oncogenic phenotype. To establish that down-

regulation of PAG1 is necessary and sufficient for miR-1323-mediated oncogenicity in 

the MYCN and ALK repressed state it is critical to establish that PAG1 is able to rescue 

the neuroblastoma cells from the miR-1323-mediated oncogenic effects. The tight 

correlation of PAG1 with clinical outcomes certainly suggests that PAG1 is an important 

tumor suppressor of neuroblastoma. In order to exploit this knowledge to design 

strategies for neuroblastoma treatment determine downstream effectors of PAG1. Here 

the ongoing evaluations of RAS activation via p-ERK/total-ERK estimation in the 

presence and absence of miR-1323 as well as PAG1 in neuroblastoma cell lines will 

provide important insights on RAS as a potential downstream target of PAG1. PAG1 is 

already know to be a strong negative regulator of RAS activation (Svec 2008; Oneyama, 

Iino et al. 2009; Kanou, Oneyama et al. 2011; Okada 2012), therefore, small 

molecule/RNAi-mediated inactivation of RAS may be explored to confirm the miR-

1323-PAG1-RAS interactions in neuroblastoma. If successful this could be extended into 

a treatment strategy for neuroblastoma.  
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In conclusion, I tried to encompass several unknowns to answer some of the 

questions in the field of miRNA. The largest miRNA gene cluster in the human genome 

has been characterized. I investigated the impact of MYCN on miRNAome of 

neuroblastoma and thereby established the role of MYCN on neuroblastoma pathology 

itself. I further evaluated miRNA-mediated regulation on MYCN and ALK in 

neuroblastoma and finally we developed an efficient miRNA delivery platform. 

Therefore, this research provides an array of meaningful and significant information to 

the scientific and miRNA communities.  
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Appendix 

-  

Table 8.1: List of primers used in the study of MYCN-regulated miRNAs (Chapter 4)  

Name Sequence 
BIRC6 _ miR-558   
Intron 61_miR-558   
FORWARD_PRIMER GTGTGTGTGTGTGTGTGTGGTTAT 
RIGHT_PRIMER CAGCCCGTTTGTGGTATTTTG 
    
Intron 61   
FORWARD_PRIMER TATCATTCCATAGCTAAGCCCTTC 
RIGHT_PRIMER CTGCCAAGTACCCAATTCTAAAGT 
    
Exon 61   
FORWARD_PRIMER TCATGGAGACTTACTTGCTAGCTG 
RIGHT_PRIMER TATAGCATGGGTAGTCTTTCAGCA 
    
Exon 62   
FORWARD_PRIMER GTGCTCCAGTTGTAACATCTACCA 
RIGHT_PRIMER TCCTTCTCCATCATCTGTCACTC 
    
Exon 10   
FORWARD_PRIMER GAAAAACTTCAGTGGGAGATTGTT 
RIGHT_PRIMER CTCTCAAAACCATTCTTTGAGGTT 
    
Exon 72   
FORWARD_PRIMER TGTTGGTGTCTGTCCAGTCC 
RIGHT_PRIMER TGGTGAAGGGTTTCTGATTTG 

(Continued) 
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Table 8.1 (Continued) 

Name Sequence 
SLC25A13 _ miR-591   
Intron 14_miR-591   
FORWARD_PRIMER TCTTATCAATGAGGTAGACCATGGG 
RIGHT_PRIMER CAGTAGATTTGAGACAGAGCCAGG 
    
Intron 14   
FORWARD_PRIMER TAATATGGGATCACTGTGGGTGTA 
RIGHT_PRIMER AATTCAGAGTCGCTCAAGAAACTT 

  
Exon 14   
FORWARD_PRIMER TGTTAAGCAAGTTTTTGGACAGAC 
RIGHT_PRIMER ACTGAGTAAATTCCGCATATGTCA 
    
Exon 15   
FORWARD_PRIMER TCTTTTCAAGAATTTGTTGCCTTT 
RIGHT_PRIMER CTTCTCCTTTGCCAGCTTTG 
    
Exon 3   
FORWARD_PRIMER TATGCCTGCAGCATCTTTAGTG 
RIGHT_PRIMER AGCTCCCTTCCACAGAGCTTTT 
    
Exon 16   
FORWARD_PRIMER TGCAAGCATTGAGAAAAACG 
RIGHT_PRIMER GGTCTGATCCACCACTCCAC 
    
SFRS2 _ miR-636   
EXN1_INT1_miR-636   
FORWARD_PRIMER TGGCGGCCTGGGCGGGAG 
RIGHT_PRIMER GACGCCGCCTAGGGCTGCGG 
    
Intron 1   
FORWARD_PRIMER GGGCGACCTCACAAAGGT 
RIGHT_PRIMER CCAGGCCGCCATTATCTC 
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Table 8.1 (Continued) 

Name Sequence 
Exon 1   
FORWARD_PRIMER CTACAGCCGCTCGAAGTCTC 
RIGHT_PRIMER TTGGATTCCCTCTTGGACAC 
    
Exon 2   
FORWARD_PRIMER CAAGGTGGACAACCTGACCT 
RIGHT_PRIMER ATGGCATCCATAGCGTCCT 

  
ATF2 _ miR-933   
Intron 13_miR-933   
FORWARD_PRIMER ACTTGGGTCAGTTCAGAGGTC 
RIGHT_PRIMER ACTGTGGGTGGGAGAGGTC 
    
Intron 13   
FORWARD_PRIMER GAAAGAAGGCGCTAACATGG 
RIGHT_PRIMER AGTTTTGCTCTTGGCCTCAC 
    
Exon 10   
FORWARD_PRIMER ACGAGGATCATTTGGCTGTC 
RIGHT_PRIMER TCATTACGTGCTGGACCAAA 
    
Exon 1   
FORWARD_PRIMER TTTCAGTGCCGAGTAGTCCA 
RIGHT_PRIMER CTGTGACTGGGAGGAAGGAG 
    
PITPNC1 _ miR-548d-2   
INT9_miR-548d-2   
FORWARD_PRIMER GAGAGGGAAGATTTAGGTTGGTG 
RIGHT_PRIMER TGTGGTTTTTGCCATTACTTTC 
    
Intron 9   
FORWARD_PRIMER TCCAGATTGAGGGACATCCT 
RIGHT_PRIMER CAAATCCCCCTCTGTGAGAA 
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Table 8.1 (Continued) 

Name Sequence 
Exon 9   
FORWARD_PRIMER ATCAGCAAACACAGCCATGA 
RIGHT_PRIMER TGTTGAGATACACCCGCTTCT 
    
Exon 2   
FORWARD_PRIMER GGATGATGTTCGGGAATACG 
RIGHT_PRIMER GTCATCCACAGGGGAGGAAT 

  
LARP7 _ miR-367/302a-d   
Cluster 367/302a-d   
FORWARD_PRIMER CATGGAAGTGCTTTCTGTGA 
RIGHT_PRIMER AATGGcctgtagccaagaac 
    
Exon_Down(6)   
FORWARD_PRIMER CTGATGCTTCCTTAATGATGTCTTTC 
RIGHT_PRIMER TTTCAGTTTCTTAACAACCCACCA 
    
Exon Up(8)   
FORWARD_PRIMER TTTTTCATTTTTCATTCCAGTGTT 
RIGHT_PRIMER AGCGAATGGATGGATTTGAA 
    
Exon Far UP   
FORWARD_PRIMER TTTGGCAGCAATCTCAGAAG 
RIGHT_PRIMER AGGATCTCGAGTTTCCAGCA 
    
Exon Far Down   
FORWARD_PRIMER TGGAAACTGAAAGTGGAAATCA 
RIGHT_PRIMER GAAGATTTGCATCCCCAAAC 
    
NDUFAF3 _ miR-191   
INT4_miR-191   
FORWARD_PRIMER AACGGAATCCCAAAAGCAG 
RIGHT_PRIMER GAGAGCAGGGGACGAAATC 
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Table 8.1 (Continued) 

Name Sequence 
Intron 4   
FORWARD_PRIMER AAGACCCGGGAGTAGGTTGT 
RIGHT_PRIMER GTCTTAGGAGGCCGAGTTCC 
    
Exon 1   
FORWARD_PRIMER CTGTGCCACCTTCAACTTCC 
RIGHT_PRIMER AGCTTGGCCCAAAGATGTAA 

  
PLEC1 _ miR-661   
INT32_miR-661   
FORWARD_PRIMER AGGCCTGAGCCCTGGTTT 
RIGHT_PRIMER AGCCACCCCAAAGTCACG 
    
Intron 32   
FORWARD_PRIMER GTTCACTGTGCCTTGCTGTG 
RIGHT_PRIMER ACCACCCAGACTTGGAACAT 
    
Exon 27   
FORWARD_PRIMER TATCCAGGTGAGTGGGCAGT 
RIGHT_PRIMER TGGATGATGGCATTGAAGAG 
    
Exon 32   
FORWARD_PRIMER GAGGTCCGGGCAGTCTCT 
RIGHT_PRIMER AGCTGGGTCCAGGACACTC 
    
Exon 2   
FORWARD_PRIMER AGGAGGCTGAGGCACAAAAG 
RIGHT_PRIMER CAGCCTCTGCTTGGACTTCT 
    
TLE3 _ miR-629   
INT16_miR-629   
FORWARD_PRIMER CTTTCCCAGGGGAGGGGC 
RIGHT_PRIMER TACGTTGGGAGAACCTCCTG 
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Table 8.1 (Continued) 

Name Sequence 
Intron 16   
FORWARD_PRIMER CCCCATCTGAAAAGTGGAGA 
RIGHT_PRIMER TGGCCTCCTCAGCAACTATT 
    
Exon 14   
FORWARD_PRIMER ACCTCTCCCATGCCACAC 
RIGHT_PRIMER TCATCCTTCACCGTCAGATG 

  
Exon 19   
FORWARD_PRIMER TTTAAATTCACGGTGGCTGA 
RIGHT_PRIMER TGTGATACTGAGCTTGCAGGA 
    
Exon 5   
FORWARD_PRIMER AATTACATCCGCTCCTGCAA 
RIGHT_PRIMER GCAGGAGAAGCAGACTTTGG 
    
HNRPK _ miR-7-1   
INT1_miR-7-1   
FORWARD_PRIMER TTGGATGTTGGCCTAGTTCTG 
RIGHT_PRIMER GCAGACTGTGATTTGTTGTCG 
    
Intron 1   
FORWARD_PRIMER GCCATGGTGTCTCAACCTTT 
RIGHT_PRIMER AAGAAAACGGAATTGAAAGTTGTT 
    
Exon 2   
FORWARD_PRIMER TATTGGCAAAGGTGGTCAGC 
RIGHT_PRIMER TGCAGCAAATACTGTGCATTC 
    
Exon 6   
FORWARD_PRIMER GACGTGCACAGCCTTATGAT 
RIGHT_PRIMER ATTCCGAGCTCTGCTACCAC 
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Table 8.1 (Continued) 

Name Sequence 
ATAD2 _ miR-548d-1   
INT13_miR-548d-1   
FORWARD_PRIMER AAACAAGTTATATTAGGTTGGTGCAA 
RIGHT_PRIMER AGAAACTGTGGTTTTTGCCATTACTT 
    
Intron 13   
FORWARD_PRIMER AAACAAGTTATATTAGGTTGGTGCAA 
RIGHT_PRIMER ACCAGGGGAAGAAAAGAACC 

  
Exon 13   
FORWARD_PRIMER GCTGAAGCTGCTTTATGTGC 
RIGHT_PRIMER TGCAGGAGTGGTTTCACAAC 
    
Exon 15   
FORWARD_PRIMER TGTTTCCACCCTGCTAGCTC 
RIGHT_PRIMER TTTATCAGGCAGGCTAAAGAGG 
    
Exon 4   
FORWARD_PRIMER TTCGCAAAAAGTCAAACTGG 
RIGHT_PRIMER GAAGCATCTCCATTACAAGCAA 
    
Exon 28   
FORWARD_PRIMER GGTTCTCCGCAGCAGCTT 
RIGHT_PRIMER GCCGATGTGCTCCAGACT 
    
WWP2_ miR-140   
INT17_miR-140   
FORWARD_PRIMER CTCTCTGTGTCCTGCCAGTG 
RIGHT_PRIMER GGTATCCTGTCCGTGGTTCT 
    
Intron 17   
FORWARD_PRIMER CTCTCTGTGTCCTGCCAGTG 
RIGHT_PRIMER TAAACCAGCAAGGGGATGTC 
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Table 8.1 (Continued) 

Name Sequence 
Exon 12   
FORWARD_PRIMER ATGATCCAGGAACCAGCTCT 
RIGHT_PRIMER GGCGAGGATCCTTAAAGGTG 
    
Exon 16   
FORWARD_PRIMER TGGTTTTTCCTCCTGTCTCA 
RIGHT_PRIMER TGGCGATGAATCTGCCTATAA 

  
Exon 2   
FORWARD_PRIMER CAAAGCCCAAGGTGCATAAT 
RIGHT_PRIMER TCTCATTCCAGAGAAGCTCAGA 
    
Exon 19   
FORWARD_PRIMER CTGCTGACTGACTGGCGTTT 
RIGHT_PRIMER AAAGTAGCGCAGCCACTCC 
    
CONTROL_1:   
18 S rRNA   
FORWARD_PRIMER GATGGGCGGCGGAAAATAG 
RIGHT_PRIMER GCGTGGATTCTGCATAATGGT 
    
CONTROL_2:   
5 S rRNA   
FORWARD_PRIMER ATGTGCAGATCAATGACATTTCC 
RIGHT_PRIMER AGTGAGGCGCTCCACAATG 
    
CTDSPL_ miR-26a-1   
INT6_miR-26a-1   
FORWARD_PRIMER GTGGCCTCGTTCAAGTAATCC 
RIGHT_PRIMER CCCGTGCAAGTAACCAAGAATA 
    
Intron 6   
FORWARD_PRIMER ACATTTGCAAAAGCATCAACTG 
RIGHT_PRIMER CTGGAGGAACAGGATGTCGTAG 
 



[188] 

Table 8.1 (Continued) 

Name Sequence 
Exon 4   
FORWARD_PRIMER GTACCTTCTTCCAGAGGTGACG 
RIGHT_PRIMER TTAAACGAACTGTGCACCAATG 
    
Exon 6   
FORWARD_PRIMER GACGAGTTCCTCCAGAGGATG 
RIGHT_PRIMER TTGGCCAAGCTGGCAGTAA 

  
Exon 2   
FORWARD_PRIMER CCAGTGCAACGTCAGCTTAAA 
RIGHT_PRIMER CTGAAGCCCACCATTCTCCT 
    
Exon 8   
FORWARD_PRIMER GCCTGTGCAGTCCTGGTTC 
RIGHT_PRIMER CATGCTGTACACGTCGTCCTC 
    
DALRD3_miR-425   
INT1_miR-425   
FORWARD_PRIMER AGCGCTTTGGAATGACACG 
RIGHT_PRIMER AGAGCACTGGGCGGACAC 
    
Intron 1   
FORWARD_PRIMER AGGGCTGCAATGGTAGTGAC 
RIGHT_PRIMER CCCACCCCCATTCCTTTTA 
    
Exon 1   
FORWARD_PRIMER AGCAACTGCGGGTGGACT 
RIGHT_PRIMER TGTCCAGGTTGGGGTCATAG 
    
Exon 10   
FORWARD_PRIMER AGCCTCGACCACACCTCTTT 
RIGHT_PRIMER GTGGCTCAGTGGAGGGAGAC 
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Table 8.1 (Continued) 

Name Sequence 
SUPT3H_ miR-586   
INT4_miR-586   
FORWARD_PRIMER TGGGGTAAAACCATTATGCA 
RIGHT_PRIMER AAGAGTGAAAAACCATTATGCATTG 
    
INT1   
FORWARD_PRIMER TTCAGAGTAAGAAGAAATCTGAATGC 
RIGHT_PRIMER AAGTGGCTCCTGTTTTACATGG 

  
Exon 2   
FORWARD_PRIMER TTCATAGGGAAAACAGATTCTATAG 
RIGHT_PRIMER AGAATCATTCAGCAGTGGAAGG 
    
Exon 3   
FORWARD_PRIMER CTTTAGGTGATGCTAGAAGGCCTC 
RIGHT_PRIMER AACTGAGTGTGTACCACATCTTCTACC 
    
Exon 10   
FORWARD_PRIMER CACTGCAGCCTGTGGTGTT 
RIGHT_PRIMER GGAAAGTGGGCCAATCCTG 
    
CTDSP2_miR-26a-2   
Intron5_miR26a-2   
FORWARD_PRIMER GCTGTGGCTGGATTCAAGTAAT 
RIGHT_PRIMER GCTGCCTCCAGAAACAAGTAAT 
    
Intron 5   
FORWARD_PRIMER AGGGTGGACAAAGGTGTTAGTG 
RIGHT_PRIMER ACCTTCACCAGTTACACAGCAG 
    
Exon 4   
FORWARD_PRIMER GACCTGCCTGCTCCCAGA 
RIGHT_PRIMER AAGGAGCTATGCACAAGGGTTT 
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Table 8.1 (Continued) 

Name Sequence 
Exon 7   
FORWARD_PRIMER GACCCTGTGACAGACCTGCT 
RIGHT_PRIMER CTCGGGGTGGAATATGTAAGAA 
    
Exon 2   
FORWARD_PRIMER CTGGTCTCCAAGTCCTCTCCTA 
RIGHT_PRIMER AATGGTGTTTGCTTCCTCCTTA 

  
CTDSP2_miR-26a-2   
Intron5_2   
FORWARD_PRIMER CTGTAACAGGCAGGGAAATCAG 
RIGHT_PRIMER TTCATCAAGTCTGGCATCCTTT 
    
Intron 5_3   
FORWARD_PRIMER ATGGTCATTGAGGGGAAAAAGT 
RIGHT_PRIMER TGCAGTACTGGGTACCTTCACC 
    
    
ZNF766_miR-643   
INT1_MIR-643   
FORWARD_PRIMER ACCAAGTGATATTCATTGTCTACCT 
RIGHT_PRIMER GCATACAAGTGTCTCTGAAGACG 
    
INT1   
FORWARD_PRIMER TCACGTTAATGAGTTAATGGCAGT 
RIGHT_PRIMER CATATCCACATTAAGGTATTTTTGAGC 
    
Exon 2   
FORWARD_PRIMER ACACTTGACATTCAGGGACGTG 
RIGHT_PRIMER GAGACCAGGTTCCTGTAGTTCTCC 
    
Exon 4   
FORWARD_PRIMER CCTCTGCCAGAACTGGAGATATT 
RIGHT_PRIMER CAGTATGCACTTTCTCGTGTCG 
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Table 8.1 (Continued) 

Name Sequence 
    
ABCF1_miR-877   
Intron 13_miR-877   
FORWARD_PRIMER CAAAGACTTGGGGGTTCCTG 
RIGHT_PRIMER GAGGAGGGAGAAGAGGACACAC 

  
Exon 13   
FORWARD_PRIMER AGATGAGACACCAGCAGTCCAG 
RIGHT_PRIMER AGCTGTGTCATCCCCTTGTTC 
    
Exon 14   
FORWARD_PRIMER CAGCTGCAGAGGCCAAAG 
RIGHT_PRIMER AGCCCCCTGAGAACTTCTGT 
    
Exon 4   
FORWARD_PRIMER AAAAAGCGAGATACCCGAAAAG 
RIGHT_PRIMER TTCATCCTCCTCATCACTGGTT 
    
Exon 18   
FORWARD_PRIMER AAACGAAGGAAGCCCTGACTC 
RIGHT_PRIMER CACTGGAGGGCTGAGTGGT 
    
    
EIF4H_miR-590   
Intron 4_MIR-590   
FORWARD_PRIMER AAAAGTGCAGTATGGTGAAGTCAA 
RIGHT_PRIMER CTGCTGCATGTTTCAATCAGAG 
    
Intron 4   
FORWARD_PRIMER CACTTCGCCGTTCTCTTTCTTA 
RIGHT_PRIMER CTGCTGCATGTTTCAATCAGAG 
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Table 8.1 (Continued) 

Name Sequence 
Exon 3-4   
FORWARD_PRIMER TTCCCTTAAGGAAGCCTTGACA 
RIGHT_PRIMER TCTGTCATCTGGTCCACCTTTT 
    
Exon 5-6   
FORWARD_PRIMER GGGGCAGGGGAGGTAGTC 
RIGHT_PRIMER TCTTGCTCCTTTTGAACGACTT 
 

Table 8.2: List of primers used in the study of miRNA regulating MYCN in 
neuroblastoma (Chapter 5)  

Name Sequence 
MYCN Forward  GGGCATGATCTGCAAGAACC 
MYCN Reverse  TGGGCAGCAGCTCAAACTTC 
ALK Forward CCTACGGGGCCAAGACAGAC 
ALK Reverse GGCACCCTCCTGCAAAGATT 
Wee1 Forward AAGTGTGTGAAGAGGCTGGATG 
Wee1 Reverse CCACGCAGAGAAATATCGAACT 
18S Forward GATGGGCGGCGGAAAATAG 
18S Reverse GCGTGGATTCTGCATAATGGT 
Rb1 Forward TGTCTTTCCCATGGATTCTGA 
Rb1 Reverse CAAGGGATTCCATGATTCGAT 
SNAIL Forward CCATCACTGTGTGGACTACCG 
SNAIL Reverse CACTAATGGGGCTTTCTGAGC 
TWIST Forward AGTCCGCAGTCTTACGAGGAG 
TWIST Reverse TGAGGGTCTGAATCTTGCTCA 
ZEB1 Forward AATCAAGCCAATCTTGCATCC 
ZEB1 Reverse AAGTTGGCTAGGCTGCTCAAG 
SLUG Forward GCATACAGCCCCATCACTGT 
SLUG Reverse TCTGAGCCACTGTGGTCCTT 

(Continued) 
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Table 8.2 (Continued) 

Name Sequence 
GAPDH Forward AAGGTGAAGGTCGGAGTCAAC 
GAPDH Reverse GGGGTCATTGATGGCAACAATA 
PAG1 Forward GCGGACAGATGCAGATCACC 
PAG1 Reverse CACTATGCTGTCGCGGCTTC 
NRAS Forward GTGTTGGGAAAAGCGCACTG 
NRAS Reverse TGTCCAACAAACAGGTTTCACCA 

MYCN_UTR Forward GATCAGCTTTGTTTAAACGGCGCGCCGGCATTGACACA
TCCGCCTTTT 

MYCN_UTR Reverse CATGGCTCTAGAGCCCCAGTTCTATGCACCAAACA 
MYCN_EXN 
Forward 

GATCAGCTTTGTTTAAACGGCGCGCCGGCTCCCTACGT
GGAGAGTGAGG 

MYCN_EXN Reverse CATGGCTCTAGAGCTTTAGCAACTGCTGCTGTCTTG 

ALK_UTR Forward GATCAGCTTTGTTTAAACGGCGCGCCGGATCCCTAAGA
CCGTGGAGGA 

ALK_UTR Reverse CATGGCTCTAGAGCGCATAAAAACCTTATGCAACCA 

PAG1_UTR Forward GATCAGCTTTGTTTAAACGGCGCGCCGGTGGCTCTGAC
ACAACTCTGG 

PAG1_UTR Reverse CATGGCTCTAGAGCTGCTCCTGCTACTTGGGAGT 
PAG1-UTR_ 
pmiRGLO_MUT_F 

CTGAAAAACAGTGGTATTTTAAGACTTATACATGTGAC
TTACTTTTGACT 

PAG1-UTR_ 
pmiRGLO_MUT_R 

AGTCAAAAGTAAGTCACATGTATAAGTCTTAAAATAC
CACTGTTTTTCAG 

MYCN-EXN_ 
pmiRGLO_MUT_F 

GAATGAGAAGGCCGCCAAGGTGGTCACAACTTAAAAG
GCCACTGAGTATGTCCACTCC 

MYCN-EXN_ 
pmiRGLO_MUT_R 

GGAGTGGACATACTCAGTGGCCTTTTAAGTTGTGACCA
CCTTGGCGGCCTTCTCATTC 

MYCN-UTR_ 
pmiRGLO_MUT_F 

CTTATATTTTCGTATGAAAATGAGTTGTGAAAGTAGAT
ATTACTTTATCACTTTTTGAA 

MYCN-UTR_ 
pmiRGLO_MUT_R 

TTCAAAAAGTGATAAAGTAATATCTACTTTCACAACTC
ATTTTCATACGAAAATATAAG 
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