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Abstract 
Neuroblastoma is the most common solid extracranial childhood cancer, causing 15% 

of all cancer-related deaths in children under the age of 15 years. The median age at 

diagnosis is 12 months of age. Patients are generally born with a somatic genetic 

defect causing neuroblastoma, however, these defects are heterogenous, giving rise 

to low-, intermediate- and high- risk forms of the disease. Fatality rates can be as high 

as 40% for high-risk patients, in which tumours exhibit amplification of the oncogene 

MYCN. Therefore, better treatment options that target molecular factors which 

contribute to cancer progression are urgently required.  

 

NONO is an RNA-binding protein (RBP) involved in multiple cellular processes, 

primarily in the regulation of gene expression. The gene regulatory role of NONO is 

thought to be mediated through its RNA-binding capacity, with roles in RNA splicing, 

stabilisation and translation. In addition, acting as a cofactor, NONO is involved in 

transcription initiation, elongation and termination. One of the main RNA targets of 

NONO is the long noncoding RNA (lncRNA), NEAT1. The NEAT1 gene transcribes 

two RNA isoforms which completely overlap at the 5’-end of the gene; NEAT1_1 (3.7 

kb) and NEAT1_2 (23 kb). NEAT1_2 is the backbone around which subnuclear bodies 

termed, paraspeckles form. In contrast, NEAT1_1 is found in paraspeckle-independent 

foci throughout the nucleus called microspeckles.  

 

In this thesis, I have studied the role of NONO and NEAT1 in gene regulation in the 

cancer context of neuroblastoma. NONO has prognostic value in neuroblastoma, with 

high NONO levels associated with poor patient outcome. Although it has been 

previously shown that NONO can bind to MYCN RNA transcripts and that NONO 

knockdown (NONO KD) led to reduced neuroblastoma cell growth, very little 

mechanism for NONO association with neuroblastoma proliferation was known. Here, I 

have focused on the importance of NONO in controlling the transcriptome and its 

RNA-binding capacity in this cancer context. I have also determined that 

NEAT1_2/paraspeckles have a tumour-suppressive role in neuroblastoma, whereas 

NEAT1_1/microspeckles may have oncogenic potential.  

 

I first conducted transcriptome-wide analysis of NONO KD and found NONO has a role 

in regulating cholesterol biosynthesis pathways. NONO knockdown also led to 

changes in molecular factors associated with neuroblastoma, including downregulation 

of expression of the oncogenes reported to be responsible for neuroblastoma 
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progression. Also, NONO KD resulted in decreased expression of competing 

endogenous RNAs (ceRNA) of tumour-suppressor microRNAs. These findings have 

led to a newer understanding of how NONO promotes and maintains proliferation in 

neuroblastoma.  

 

I next examined the sub-nuclear localisation of NONO in neuroblastoma cell nuclei, 

and observed an abundance of paraspeckles in low-risk neuroblastoma cells, but very 

few paraspeckles in high-risk neuroblastoma cells. I developed an antisense 

oligonucleotide (ASO) strategy to increase or ‘boost’ formation of paraspeckles by 

targeting the 3’-end of NEAT1_1, in order to modulate RNA processing, leading to 

greater NEAT1_2 isoform production. These reagents I called BoostPS ASOs. RNA-

sequencing of BoostPS ASO treated high-risk neuroblastoma cells demonstrated that 

paraspeckles upregulate differentiation pathways. The BoostPS ASOs also contribute 

to reduced cell viability. Hence, an ASO-based strategy with therapeutic potential has 

been developed in this project. The BoostPS ASO technology can also be used to 

further decipher the role of NEAT1, microspeckles and paraspeckles in mammalian 

cells. 

 

In addition, beyond NEAT1_2, I carried out analysis using the PAR-CLIP method in 

both low-risk and high-risk neuroblastoma cell lines to identify NONO RNA targets. 

These data showed NONO predominantly bound to RNA transcripts of genes involved 

in transcriptional and post-transcriptional gene regulation. Also, NEAT1 was the most 

significant RNA target of NONO in neuroblastoma. Given NONO has high affinity for 

NEAT1_2, I utilised the BoostPS ASOs and observed increased sequestration of 

NONO to NEAT1_2/paraspeckles. I speculated this sequestration would inhibit NONO 

oncogenic function in high-risk neuroblastoma. However, comparing the RNA-seq of 

both NONO KD and BoostPS ASO showed no major overlapping of cell and biological 

pathways between the two. Hence, although NONO can be sequestered by 

paraspeckles in high-risk neuroblastoma after paraspeckle induction, the extent of 

sequestration is not sufficient to impair the NONO activity in a comparable manner to 

NONO KD. I further explored the importance of NONO RNA binding ability in its role in 

cell growth in high-risk neuroblastoma, using a mutant NONO expressing plasmid that 

has compromised RNA binding ability. Although NONO oncogenic function was 

reduced to some degree, there was lack of NONO function elimination. Overall, I 

concluded that NONO, although it has important oncogenic function via RNA-binding, 

may also have other non-RNA-binding functions in neuroblastoma which may promote 

carcinogenesis, which should be explored further. Also, NEAT1_1 and NEAT1_2 were 
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found to have opposing roles in high-risk neuroblastoma. Considering that the 

BoostPS ASOs reduced cancer cell growth, these reagents may hold therapeutic 

potential in neuroblastoma and also other NEAT1-related diseases.  
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Chapter 1: Introduction 

1.1 Chapter Overview 

Neuroblastoma is derived from cells of the sympathetic nervous system and is the most 

common solid extracranial childhood cancer (Janoueix-Lerosey et al., 2010). In this 

chapter, I have explored the multiple genetic abnormalities that commonly occur and 

contribute to neuroblastoma, including MYCN, ALK, PHOX2B, TGFβ and let-7 (Kamijo 

and Nakagawara, 2012). Chromosomal abnormalities, including deletions of specific 

regions in chromosomes 1 and 11, have also been explored (Davidoff, 2012). 

Considering these genetic lesions, different risk stratification practices are utilised by 

clinicians to diagnose and stratify risk in neuroblastoma patients. This information is also 

used to develop a multi-modal therapeutic strategy to treat the patient, including broad-

spectrum and targeted chemotherapy, radiation therapy and surgery. Despite these 

options, an unmet clinical need for more targeted therapies with minimal toxic side 

effects exists (Friedman and Henderson, 2018).  

 

In search for new neuroblastoma targets, the Drosophila behaviour/human splicing 

(DBHS) protein NONO was discovered to be highly correlated with poor patient outcome 

(Liu et al., 2014), with the RNA binding activity of NONO implicated to be important for 

this role. Thus, an in-depth exploration of the role of the DBHS protein family, their role 

in gene regulation, and the role of NONO in cancer and disease is included in this 

chapter. One well-studied, key role of NONO in general cell biology is to bind to the long 

non-coding RNA (lncRNA) NEAT1 within sub-nuclear organelles called paraspeckles 

(Chen and Carmichael, 2009; West et al., 2016). In this thesis, I have studied the role of 

NEAT1 in neuroblastoma. Hence, an introduction to the role of NEAT1, paraspeckle 

formation and function, and how NONO and other proteins interact with NEAT1 is also 

found in this chapter. I finally end this chapter with the Aims and Hypotheses of this 

thesis.  
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1.2 Neuroblastoma  

Neuroblastoma belongs to a class of early-onset cancers, where the disease arises 

during infancy or childhood driven largely by either inherited or de novo genetic lesions, 

rather than environmental factors (Garber and Offit, 2005). Some of these lesions are 

common to other early-onset cancers, such as acute lymphoblastic leukemia (ALL) and 

retinoblastoma (Figure 1.1). Despite some similar genetic lesions, it is interesting to 

contrast the differences in these childhood cancers and their cells of origin. Acute 

lymphoblastic leukemia (ALL) is the most common childhood cancer in Australia (AIHW, 

2019), and occurs when hematopoietic stem cells show developmental abnormalities 

(Harrison, 2011; Haworth et al., 1981; Sawyers et al., 1991). Accumulation of genetic 

mutations, such as excess chromosomes/ploidy (Paulsson and Johansson, 2009), PAX-

5 transcription factor dysregulation (Adams et al., 1992; O'Brien et al., 2011) and 

chromosomal deletions and translocations such as t(12;21) forming the TEL-AML1 

fusion protein (Arthur et al., 2004; Golub et al., 1995), leads to lack of mature B-cells 

and T-cells. Retinoblastoma occurs when immature retinal cells undergo developmental 

abnormalities, which leads to tumour formation in the retina (Gallie et al., 1982). Loss-

of-function mutations in the retinoblastoma (RB1) gene (Brichard, 2010), as well as 

mutations in the MYCN and Pax-5 genes (Eberhard and Busslinger, 1999; Rushlow et 

al., 2013), can result in retinoblastoma. Neuroblastoma is caused by developmental 

abnormalities found in immature neural crest cells, including amplification of the 

oncogene MYCN, mutations in ALK and chromosomal 1 and 11 deletions, described 

more in-depth in Section 1.2.2 below (Jiang et al., 2011). Compared to neuroblastoma, 

Figure 1.1: A summary of the genetic abnormalities in early-onset cancers. 
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the other early-onset cancers ALL and retinoblastoma have much better patient 

outcomes. 90% of children diagnosed with ALL will have a 5-year survival rate. 80% of 

children with retinoblastoma will live, albeit with partial or full blindness (Abramson, 

2005; Longo et al., 2015). However, in neuroblastoma, high-risk patients have a survival 

rate of less than 40%, and poorer outcomes (Maris et al., 2007). Therefore, 

neuroblastoma is the subject of intense research in paediatric oncology, with a need to 

find better treatment options.  

 

1.2.1 Neuroblastoma: Origin and Clinical Impact  
Neuroblastoma tumours arise from cells belonging to the sympathetic nervous system, 

which is one half of the autonomous nervous system (ANS). The ANS controls the 

human body’s unconscious actions, crucial for maintaining homeostasis. The 

sympathetic nervous system is responsible for ‘fight or flight’ responses, preparing the 

body for strenuous activity. The other half of the ANS called the parasympathetic 

nervous system is responsible for ‘rest and digest’, and usually has the opposite effect 

on the same organ to that of the sympathetic nervous system (McCorry, 2007) (Figure 

1.2; orange). Mutations in neural crest cells that go on to develop the sympathetic 

nervous system is what causes neuroblastoma tumours to arise in this part of the ANS 

specifically (Hoehner et al., 1996; Jiang et al., 2011) (Figure 1.2; red). Neural crest cells 

are multipotent progenitor cells undergoing epithelial-to-mesenchymal transition (EMT) 

to form cells of the peripheral nervous system. These encompass the vagal and sacral, 

cranial, cardiac and trunk neural crest cells (Dupin et al., 2006; Le Douarin, 1999; 

Matthay et al., 2016; Thiery et al., 2009). The differentiation of neural crest cells during 

embryogenesis is an intricate and multi-step process involving complex gene regulation 

at the transcriptional, post-transcriptional, and epigenetic levels (Prasad et al., 2012) 

(See Figure 1.2; purple). During gastrulation, the neural crest cells begin to differentiate 

and form into tissues forming different parts of the neural tube (Stuhlmiller and García-

Castro, 2012). Pathways regulating gene expression during this process at a 

transcriptional level include transcription factors such as bone morphogenetic (BMP) 

proteins and Smad transcription factors, which in turn regulate the Wnt/β-catenin 

signalling pathway (Tomolonis et al., 2018). At a post-transcriptional level, the fibroblast 

growth factor (FGF) signalling protein family undergoes alternative splicing, resulting in 

expression of FGF protein variants which have differing functions in neural tube 

formation (Stuhlmiller and García-Castro, 2012). Specific epigenetic patterns of post-

translational modifications of histones, which influences chromatin structure, between 

neural crest cells and more mature neural cell states in the neural tube has been 
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observed (Louis and Shohet, 2015; Prasad et al., 2012). Genetic abnormalities 

occurring in these and other gene-regulatory pathways lead to the formation of a wide 

range of neuroblastoma types and sub-types, bringing heterogeneity to this childhood 

cancer. Mutations in the trunk neural crest cells, which develop into sympathetic ganglia 

and adrenal cells, are what cause neuroblastoma to arise (Matthay et al., 2016) (Figure 

1.2; yellow). Neuroblastoma is the most common extracranial childhood cancer (Munzer 

et al., 2008), causing 15% of all cancer-related deaths in children under the age of 15 

years (Matthay et al., 2016) with the median age of diagnosis being 18 months (London 

et al., 2005). The most common primary tumour site of neuroblastoma is the adrenal 

medulla, with other sites including various abdominal areas (Maris et al., 2007), pelvis, 

neck and spine (Papaioannou and McHugh, 2005; Rha et al., 2003). A primary reason 

that neuroblastoma patients have poorer outcomes is because 70% present with 

metastatic disease. Patients diagnosed at age 12 months or lower have better 

probability of 5-year survival (88%) than patients older than 12 months (49%), who have 

been diagnosed at equivalent stages (Cheung et al., 2012; Davidoff, 2012).  

 

Figure 1.2: Regulation of gene expression in neuroblastoma. Dysregulation of gene 

expression in neural crest cells causes abnormalities, leading to formation of neuroblastoma in 
sites of the sympathetic nervous system later on during development.  
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1.2.2 Genetic Abnormalities  
Multiple genetic lesions causing neuroblastoma initiation and progression have been 

identified, with these mutations occurring in genes exclusively expressed within the 

nervous system or during nervous system development. Discovery of diagnostic 

biomarkers has significantly contributed to predicting patient outcomes (for example, 

MYCN, deletions of chromosome 1p and 11q; see below) (Kamijo and Nakagawara, 

2012). Generally, these genes express transcription factors and various signalling 

molecules, which are involved in cellular development processes including cell cycle 

regulation, differentiation, cell proliferation, cell growth or apoptosis. 

 

1.2.2.1 MYCN 

MYCN (V-myc myelocytomatosis viral-related oncogene, neuroblastoma derived) is the 

most widely studied oncogene in neuroblastoma. Genetic lesions involving MYCN were 

first discovered in 1983 in advanced neuroblastoma patient tumours, leading to the 

identification of the gene as an orthologue of the well-characterised MYC gene. The 

MYCN gene is found on human chromosome 2, is ~6.5 kb long, contains 3 exons, and 

codes for the ~55 kDa N-Myc/MYCN protein (Ruiz-Perez et al., 2017; Stanton et al., 

1986). A 100 kb to 1 Mbp region of chromosome 2 including the MYCN gene can be 

amplified 50 to 100 fold in neuroblastoma tumours, leading to abnormally high levels of 

the MYCN protein (Brodeur et al., 1984; Estiar et al., 2014; Huang and Weiss, 2013; 

Seeger et al., 1985). MYCN amplification is now used as a diagnostic/prognostic marker 

for patients affected with neuroblastoma (Hogarty, 2015). 

 

MYCN belongs to the Myc family of helix-loop-helix (HLH)-containing transcription 

factors that regulate expression of genes involved in cell survival, growth control, 

apoptosis and metabolism, with other protein family members including c-Myc/Myc and 

L-Myc (Huang and Weiss, 2013). The Myc proteins heterodimerise with other HLH-

containing proteins, primarily Max, and can both activate and repress expression of 

target genes (Ruiz-Perez et al., 2017; Samuele et al., 2013). MYCN binds to promoters 

through canonical E-box sites (DNA sequence CACGTG) (Giovanni et al., 2005). MYCN 

expression is necessary for embryonic organogenesis. MYCN-/- embryos developed 

normally until day 10, after which improper limb development and other organogenic 

abnormalities accumulated and caused death at 11.5 days during embryogenesis 

(Sawai et al., 1993). During embryogenesis, MYCN expression is highest in the central 

nervous system and peripheral nervous system, as well as in lung, stomach, liver and 

heart (Kato et al., 1991; Sawai et al., 1993). MYCN has an important gene-regulatory 
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role in initiation of differentiation of neural crest cells as overexpression of MYCN in 

partially differentiated cells drives them to complete the differentiation process 

(Guglielmi et al., 2014).  

 

In contrast, in neuroblastoma, MYCN overexpression is associated with a high-risk, 

undifferentiated phenotype. Overexpression of MYCN in neural crest cells, followed by 

injection into nude mice, leads to formation of neuroblastic cells and neuro-ectodermal 

tumours that are phenotypically and molecularly like human MYCN amplified 

neuroblastoma, creating a useful neuroblastoma mouse model (Olsen et al., 2017). 

MYCN modulates a wide variety of signalling pathways, such as those driven by nerve 

growth factor (NGF) via estrogen receptor alpha (ERα), to maintain an undifferentiated 

and aggressive neuroblastoma state (Dzieran et al., 2018; Jakob et al., 2010). MYCN 

expression also drives vascular endothelial growth factor (VEGF) expression, via PI3K-

mediated-upregulation (Kang et al., 2008) leading to enhanced angiogenesis, required 

for tumour homeostasis. MYCN also transcriptionally downregulates inhibitors of 

angiogenesis, such as activin A, interleukin-6 (IL-6) and leukemia inhibitory factor (LIF) 

(Breit et al., 2000; Hatzi et al., 2002a; Hatzi et al., 2002b). The degree of tumour 

angiogenesis correlates with MYCN amplification, metastasis, and poor outcome in 

neuroblastoma (Meitar et al., 1996; Ribatti et al., 2002). MYCN also plays an important 

Figure 1.3: An overview of some of the mechanisms attributed to MYCN in 
neuroblastoma.  
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role in neuroblastoma through the downregulation or modulation of tumour-suppressors. 

For example, MYCN forms a complex with p53 that binds to p53-response elements and 

E-boxes in genomic DNA, altering the expression of p53 target genes involved in lipid 

metabolism, DNA repair, and apoptosis (Agarwal et al., 2018). Finally, MYCN promotes 

metastasis through several mechanisms, including transcription of focal adhesion 

kinase (FAK), an integrin-signalling factor that promotes increased migration and 

metastasis (Beierle et al., 2007; Megison et al., 2013).  

 

Supposedly, MYCN is a suitable therapeutic target, as its expression is low in normal 

tissues following birth, hence a specific MYCN inhibitor would likely exhibit little or no 

toxicity for normal cells (Koach et al., 2019; Zimmerman et al., 1986). However, targeting 

MYCN has been considered challenging, due to the two extended alpha helices 

conformation of the DNA binding domains providing little potential for small-molecule 

inhibitor binding (Gustafson et al., 2014). Hence, there is great interest in targeting gene 

regulators of the MYCN gene. Transcription factors such as E2F and Shh proteins 

transcriptionally activate MYCN expression (Kenney et al., 2003; Strieder and Lutz, 

2003). At a post-transcriptional level, the mouse double minute 2 homolog (MDM2) 

protein can bind to, stabilise and promote expression of MYCN mRNAs (Gu et al., 2012). 

At a post-translational level, Aurora kinase A binds to and prevents degradation of the 

MYCN protein (Otto et al., 2009). Small molecule inhibitors which drive conformational 

changes to Aurora kinase A, inhibiting its binding to MYCN, are being considered as 

treatment options in neuroblastoma (Gustafson et al., 2014). Similarly, inhibitors of 

MDM2 to prevent MYCN mRNA stabilisation and subsequent expression also hold 

therapeutic potential (Tisato et al., 2017). Hence, an emerging area in neuroblastoma 

therapeutics is to target the positive gene regulators of MYCN, and not the ‘undruggable’ 

MYCN protein itself.  

 

1.2.2.2 ALK 

The ALK gene (anaplastic lymphoma kinase) on human chromosome 2 is the second-

most widely studied genetic lesion in neuroblastoma, after MYCN. Approximately 2% of 

neuroblastoma cases are familial, with half of these associated with germline, gain-of-

function mutations in ALK (Janoueix-Lerosey et al., 2008; Mosse et al., 2008). In 

sporadic neuroblastoma, somatic mutations of ALK occur in 6% to 12% of patients 

(Janoueix-Lerosey et al., 2008). The ALK gene is found within the same MYCN genomic 

amplification region and hence, as well as containing somatic mutations, the ALK protein 

is also overexpressed in high-risk neuroblastoma that contains this amplification (Carén 



 

 

 

8 

et al., 2008; Osajima-Hakomori et al., 2005; Wang et al., 2013). ALK consists of an 

extracellular region containing two meprin A5 (MAM), one LDLa and one glycine-rich 

domains, a transmembrane domain (TMD) and intracellular region containing a tyrosine 

kinase domain (TKD) (Trigg and Turner, 2018) (Figure 3.1). ALK is a cell-surface 

receptor tyrosine kinase (RTK) and gain-of-function mutations in the TKD in both 

hereditary and somatic neuroblastoma, leading to constitutive phosphorylation and, 

hence, permanent activation of the receptor (Mosse et al., 2008). 85% of all mutations 

occurring in ALK in neuroblastoma are at amino acids R1275, F1174, and F1245 in the 

kinase domain (Bengt and Ruth, 2013).  

 

The role of ALK in development is limited to the developing nervous system (Huang, 

2018; Iwahara et al., 1997). Mice lacking ALK are viable, however undergo some defects 

in hippocampal neurogenesis, which affects the hypothalamic–pituitary–gonadal axis 

and causes behavioural defects (James et al., 2007; Lasek et al., 2011; Weiss et al., 

2012; Witek et al., 2015). In neuroblastoma, both wildtype and mutated forms of ALK 

drive cell growth and proliferation (Janoueix-Lerosey et al., 2008; Mosse et al., 2008). 

ALK prevents apoptosis by phosphorylating Shc, a pro-apoptotic signal transducer 

protein (Izumi et al., 2002; Osajima-Hakomori et al., 2005). ALK also downregulates 

inhibitors of MYCN such as HBP1, via the ALK-PI3K-FOXO3a signalling pathway 

(Claeys et al., 2019). ALK signalling pathways also enhance MYCN gene transcription, 

with knockdown (KD) of ALK decreasing MYCN mRNA levels (Schonherr et al., 2012). 

Conversely, ALK promoter activity can be increased after MYCN protein 

overexpression, due to the presence of an E-box (Hasan et al., 2013; Inoue et al., 2017). 

Overall, there seems to be a positive-feedback loop between ALK and MYCN, with both 

mediating cell-proliferative molecular mechanisms, promoting carcinogenesis in 

neuroblastoma. In other cancers, ALK activates downstream signalling pathways 

including PI3K/AKT and Ras/MAPK pathways (Trigg and Turner, 2018). Activated ALK 

can also encourage constitutive phosphorylation of STAT3, resulting in anti-apoptotic 

signals, stimulating cell growth (Alberto et al., 2002).  

 

1.2.2.3 PHOX2B 

As with ALK, PHOX2B is mutated in a germline-specific manner, and inherited in an 

autosomal-dominant manner in neuroblastoma (Trochet et al., 2004). The PHOX2B 

gene (Paired-like homeobox 2b) is on chromosome 4, encoding the PHOX2B 

homeodomain transcription factor, which binds as a homodimer to a ~180 bp DNA 

homeobox element at target gene promoters (Liu and Thiele, 2017; Yokoyama et al., 
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1999). PHOX2B is essential for the development of autonomic neural crest derivatives 

(Brunet and Pattyn, 2002; Pattyn et al., 1999) and has a specific role in driving 

differentiation of specific central and peripheral neurons (Pattyn et al., 2000). In 

neuroblastoma, PHOX2B mutations lead to loss-of-function and therefore loss of cell 

differentiation. Mutations include deletions, frameshift or missense mutations. For 

example, the missense mutation R100, in the homeodomain, leads to loss of DNA 

binding, with wide-spread transcriptional changes. In heterozygous mutants, PHOX2B 

acts in a dominant negative manner, dimerising with wildtype-PHOX2B, leading to loss-

of-function (Mosse et al., 2004; Trochet et al., 2004).  

 

1.2.2.4 TERT and chromatin remodelling factors 

Telomeres shorten during each cell cycle due to incomplete DNA replication. 

Telomerase ribonucleoprotein (RNP) complexes add a telomere repeat sequence to the 

3'-end of the chromosome (Zvereva et al., 2010). A telomerase-independent approach 

called the alternative lengthening of telomeres (ALT) involves homologous 

recombination (HR)-mediated DNA replication facilitated by the lncRNA TERRA 

(Cusanelli and Chartrand, 2015). Both processes overcome telomere shortening. 

Sustained activity of telomerases contributes to cancer progression (Jafri et al., 2016). 

In neuroblastoma, longer telomeres are prognostic of poor patient outcomes, with high 

telomerase activity correlated with disease progression (Ohali et al., 2006). Telomerase 

reverse transcriptase (TERT) is a component of the telomerase RNP complex and is 

responsible for the extension and lengthening of telomeres, with TERT dysregulation 

implicated in cancer (Colebatch et al., 2019). In neuroblastoma, chromosomal 

rearrangements at the TERT locus lead to increased transcriptional upregulation of 

TERT, leading to increased telomere lengthening during each cell cycle, promoting 

cancer cell growth and proliferation (Linda et al., 2015). ATRX is a chromatin remodelling 

protein, which when depleted is associated with increased ALT in cells, suggesting 

ATRX functions to finitely control ALT (Amorim et al., 2016; Brosnan-Cashman et al., 

2018). Deletions and loss-of-function mutations of the ATRX gene occur in high-risk 

neuroblastoma tumours, which lead to cancer cell growth and cancer progression 

(Cheung et al., 2012; Duan and Zhao, 2018). Dysregulation of TERT and chromatin-

remodelling factors like ATRX contribute to cancer progression. Hence, targeting these 

molecules to treat neuroblastoma is being considered (Duan and Zhao, 2018). 
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1.2.2.5 Chromosomal Aberrations  

Most neuroblastoma tumours have some degree of chromosomal ploidy, with the 

majority of primary tumours being near-triploid (i.e. containing 58-80 chromosomes). 

The rest are either near-diploid (35-57 chromosomes) or near-tetraploid (81-103 

chromosomes) (Davidoff, 2012; Kaneko et al., 1987). Patients with near-triploid tumours 

have better survival rates compared to patients with near diploid or near tetraploid 

tumours (Davidoff, 2012). Neuroblastoma tumours also exhibit common genomic 

deletions in 1p and 11q regions of the genome, with loss of heterozygosity (LOH) 

(Attiyeh et al., 2005). LOH in the 1p region occurs along with MYCN amplification in 

advanced neuroblastoma (Fong et al., 1989), whereas LOH in the 11q region occurs 

more commonly in tumours without the MYCN amplification (Attiyeh et al., 2005). The 

loss of 1p and 11q suggests the presence of potential tumour suppressor genes in these 

regions, however no clear consensus on the identity of such a gene has been 

established.  

 

1.2.2.6 The let-7 microRNA/LIN28 axis 

The highly-conserved let-7 (lethal-7) microRNA (miRNA) family controls differentiation 

and vertebrate development, and has tumour-suppressive function (Boyerinas et al., 

2010; Pasquinelli et al., 2003). Dysregulation of let-7 miRNAs, including deletions and 

mutations, have been implicated in multiple different cancers, and let-7 miRNA 

restoration has been considered to have therapeutic potential (Wang et al., 2012). 

MYCN is downregulated by let-7, but MYCN mRNAs can also act as competing 

endogenous RNAs (ceRNA), binding to and sponging let-7 miRNAs (Powers et al., 

2016). CeRNAs regulate the expression of other transcripts by competing for shared 

miRNAs (Qi et al., 2015). One well-known target of let-7 is the RNA-binding protein 

LIN28, which is known to drive pluripotency (Tsialikas and Romer-Seibert, 2015). 

Overexpression of LIN28 protein is common in neuroblastoma tumours where they bind 

to and suppress let-7; however, LIN28 also has let-7 independent oncogenic activity 

(Sharon et al., 2012; Thornton and Gregory, 2012; Tsialikas and Romer-Seibert, 2015). 

The let-7/LIN28 axis is a double-negative feedback loop, where higher expression of let-

7 leads to differentiation, and higher expression of LIN28 leads to pluripotency 

(Agnieszka et al., 2008). LIN28 KD in neuroblastoma cell lines leads to cell growth 

inhibition (Sharon et al., 2012). 
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1.2.2.7 TGFβ protein family 

The transforming growth factor β (TGFβ) family is a large and complex protein ligand 

family involved in cell signalling to regulate proliferation, growth, apoptosis, 

differentiation and migration (Derynck and Budi, 2019; Morikawa et al., 2016). 

Subfamilies include the BMP proteins, growth differentiation factors (GDFs), activins and 

TGFβ proteins (Hinck et al., 2016; Shi et al., 2011). Dysregulation within this protein 

family can cause diseases such as developmental disorders, vascular diseases, and 

cancer (Gordon and Blobe, 2008). In neuroblastoma, TGFβ, the first member of the 

protein family to be discovered, has been widely found to be oncogenic in high-risk 

tumours (Zhen et al., 2016). The different isoforms of TGFβ ligands (TGFβ-1, TGFβ-2 

and TGFβ-3) bind to the transmembrane serine-threonine kinase receptors called 

transforming growth factor β receptors -1, -2 and -3 (TGFβR-1, TGFβR-2 and TGFβR-

3) (Heldin and Moustakas, 2016). TGFβ stimulation induces cytostasis (when cells stop 

growing, replicating and multiplying) in almost all non-neoplastic epithelial cells, 

endothelial cells, hematopoietic cells, neuronal cells and certain types of mesenchymal 

cells (Peter and Joan, 2003). In cancer, TGFβ ligands have dual activity, being tumour-

suppressive in earlier stages. However, in more advanced stages, mutations arise in 

TGFβ ligands and their downstream signalling proteins, which promotes tumour growth, 

invasion and metastasis (Seoane and Gomis, 2017). TGFβ oncogenic or tumour-

suppressive activity is dependent on tissue and cancer-stage (Haque and Morris, 2017). 

Neuroblastoma tumours evade the immune system by secreting TGFβ-1, which in turn 

has multiple immune suppressive effects (Castriconi et al., 2013). TGFβ-1 along with 

another TGFβ protein family member, interleukin-10 (IL-10), also induces EMT (Figure 

1.2) in neuroblastoma cells to increase their migration (Shao et al., 2017; Zhen et al., 

2016). A study showed that upregulation of the TGFβ signalling pathway can occur 

through direct downregulation of miR-335, which is a miRNA that targets components 

of the TGFβ signalling pathway. It was found that highly expressed MYCN mRNAs 

sponge miR-335, resulting in neuroblastoma cell migration and invasion (Lynch et al., 

2012).  

 

1.2.3 Risk stratification and multi-modal treatment 
Neuroblastoma is known for its remarkable heterogeneity, ranging from low risk to high 

risk forms (Brodeur et al., 1988; Matthay et al., 2016). Low-risk neuroblastoma presents 

as benign non-metastatic tumours, which can be treated with chemotherapy and 

radiation therapy. High-risk neuroblastoma presents as aggressive tumours difficult to 

treat, contain and manage, with metastases to lymph nodes and other parts of the body 
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commonly occurring (Davidoff, 2012; Matthay et al., 2016). The 5-year survival 

probability of high-risk patients is still lower than 40% despite intensive 

chemoradiotherapy (Kurczynski, 2000). The disparity in patient outcomes have driven 

efforts to identify markers for risk stratification and potential targets for more successful 

treatment of high risk tumours (Louis and Shohet, 2015). The incidence of metastasis in 

neuroblastoma is high, and neuroblastoma metastases frequently spread to bone 

marrow (70%), bone (55%), lymph nodes (30%), liver (30%), and brain (18%) (Dubois 

et al., 1999; Maris et al., 2007).  

 

Multiple risk stratification factors have been identified, including INSS/INRG four-stage 

classification systems (see Appendix A) (Brodeur et al., 1988). These classification 

systems take multiple factors into account, including histopathology of tumours, grade 

of differentiation, age at diagnosis, and genomic aberrations such as MYCN status, 11q 

aberration and ploidy (Cohn et al., 2009). Prognostic factors including age and stage at 

diagnosis, as well as molecular abnormalities contribute to the heterogeneity of this 

disease. The major biomarker in neuroblastoma classification is the amplification status 

of MYCN. A number of studies show that neuroblastoma patients diagnosed at Stages 

1 or 2 present no amplification of the MYCN oncogene, whereas Stage 3 or 4 patients 

do present MYCN amplification (Bordow et al., 1998; Brodeur, 1995; Estiar et al., 2014). 

Therefore, in this thesis, cell lines, patient data or other biological samples with MYCN 

amplification have been dubbed high-risk, and those without MYCN amplification 

dubbed low-risk.  

 

Currently, treatment can involve surgery, chemotherapy using common DNA-damage 

inducing compounds such as cisplatin, and radiotherapy (Maris et al., 2007). These 

strategies can cause therapy-related toxicity, with neuroblastoma survivors reporting 

adverse long-term or late side effects, impairing quality of life (Friedman and Henderson, 

2018). In a search for more targeted therapies in neuroblastoma, some of the molecules 

and pathways discussed in Section 1.2.2 have been considered. For instance, treatment 

with C1632, a small molecule LIN28 inhibitor, increases let-7, reactivating anti-cancer 

immunity in vitro and in vivo (Chen et al., 2019b). To reverse the undifferentiated state 

of high-risk neuroblastoma cells, retinoic acid is currently used as a maintenance 

therapy to treat minimal residual disease for high-risk patients resulting in significantly 

improved event-free survival (EFS) (Matthay et al., 2009; Matthay et al., 1999). The ALK 

inhibitor, crizotinib, has been used in combination with ibrutinib, an inhibitor of an ALK 

accessory factor, to inhibit neuroblastoma xenograft growth in nude mice (Li et al., 

2018c). Another combinatorial treatment strategy is the anti-VEGF antibody 
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bevacizumab, in combination with chemotherapy drugs irinotecan and temozolomide 

(Lova et al., 2006). Second-generation ALK inhibitors are emerging, with the drug 

ceritinib displaying greater efficacy over crizotinib in ALK-F1174L, MYCN amplified 

tumour-bearing mice compared to mice without these mutations (Tucker et al., 2017). 

These studies suggest drug treatment options for neuroblastoma patients need to be 

tailored to the individual patient’s genetic phenotype. TGFβR inhibitor-based 

therapeutics, including galunisertib, have also been considered in neuroblastoma as 

they avoid being targeted by immune cells by releasing TGFβ-1 (Haque and Morris, 

2017; Tran et al., 2017). Despite these advances, an urgent need for alternative 

therapeutics exists, primarily due to current treatment strategies negatively impacting 

mortality and quality of life of neuroblastoma survivors (Friedman and Henderson, 2018; 

Laverdière et al., 2005). Investigation of other proteins or RNA targets that might play a 

role in neuroblastoma progression, some of which may interact with each other and 

perhaps drive neuroblastoma progression together, is necessary to devise effective and 

less-toxic treatment strategies.  
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1.3 The RNA-binding protein NONO 

1.3.1 Background: NONO and neuroblastoma 
In 2014, Liu and colleagues reported for the first time an association of the RNA-binding 

protein (RBP), NONO (Non-POU domain-containing Octamer-binding protein), with 

neuroblastoma (Liu et al., 2014). The study showed that patients with higher levels of 

NONO RNA in tumour gene expression data have poorer outcomes, suggesting NONO 

was acting as an oncogene (Figure 1.4; See Section 2.9 for patient cohort information). 

In high-risk neuroblastoma cell lines, NONO bound MYCN mRNAs, and NONO knock 

down (NONO KD) led to reduced MYCN expression. This study by Liu and colleagues 

(2014) provided a foundation for this PhD project, with the work conducted and 

presented in this thesis having the overarching aim of characterising the role of NONO 

in neuroblastoma.   
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Figure 1.4: Neuroblastoma patient survival data based on NONO expression levels. 
Retrieved from R2 database, of SEQC patient cohort (n = 498), where gene expression profiles 

were obtained from 498 primary neuroblastoma samples.   
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1.3.2 DBHS proteins – Structure and dimerisation 
NONO is a multifunctional RBP, and is one of three members of the DBHS (Drosophila 

Behaviour/Human Splicing) protein family found in humans, along with PSPC1 

(Paraspeckle Protein Component 1) and SFPQ (Splicing Factor, Proline and Glutamine 

rich). DBHS protein expression is restricted to animals and occurs in invertebrates to 

higher order vertebrates. Caenorhabditis elegans is the simplest organism containing a 

protein of this family, expressing the gene for one DBHS protein termed NONO-1 (Knott 

et al., 2015). Drosophila melanogaster has two DBHS proteins, NonA and NonA-like 

(Campesan et al., 2001), and the fly species Chironomus tentans expresses the Hrp65 

protein (Kiesler et al., 2003). Each of these homologues, as well as the mammalian 

NONO, SFPQ and PSPC1, have been characterised in an effort to decipher the function 

of this protein family. Broadly speaking, DBHS proteins are involved in gene regulation 

at the transcriptional, post-transcriptional and translational levels (Knott et al., 2016). 

DBHS proteins are generally found in the nucleus, with a smaller cytoplasmic pool that 

nevertheless may carry out important functions, such as in RNA transport (Thomas-Jinu 

et al., 2017).  

 

DBHS proteins have a ‘DBHS core’ region, with two RNA recognition motifs (RRMs), a 

unique-to-DBHS-only NonA/paraspeckle domain (NOPS) enabling protein-protein 

interactions and a coiled-coil domain (Figure 1.5). N- and C- terminal sequences flanking 

the DBHS region differ significantly for the three proteins, and are involved in additional 

protein-protein and protein-DNA interactions specific to each protein. Unlike the other 

two, SFPQ has a DNA-binding domain (DBD) just N-terminal to the DBHS core (Fox et 

al., 2005; Huang et al., 2018; Passon et al., 2012). All DBHS proteins contain low-

complexity domains (LCD) outside the DBHS core, with large N-terminal 

proline/glutamine-rich and glycine-rich regions in SFPQ, shorter histidine/glutamine-rich 

and proline-rich regions in NONO, and proline/alanine-rich and glycine-rich regions in 

PSPC1. LCDs are regions composed of just a small number of different amino acids, 

Figure 1.5: The structure of the unique DBHS core. The DBHS core contains two RRM 

domains, a NOPS domain and coiled coil domain. Schematic is not to scale. Adapted from 

Huang et al, 2018. 
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with no predicted secondary structure. These LCDs drive DBHS protein involvement in 

liquid-liquid phase separation. All three proteins have a nuclear localization signal at 

their extreme C-terminus (Lee et al., 2015).  

 

Multiple studies in mammalian cells show DBHS proteins co-purify with and 

heterodimerise with one another. DBHS proteins act as obligate heterodimers, which 

means that the heterodimer is the preferential species over the homodimer (Dong et al., 

1993; Fox et al., 2005; Huang et al., 2018; Knott et al., 2014; Passon et al., 2012). 

Dimerisation is driven by the RRM2 and NOPS domains (Huang et al., 2018; Passon et 

al., 2012), whilst a novel conserved coiled-coil interaction motif drives the formation of 

higher order DBHS polymers (See Figure 1.6 for a model) (Lee et al., 2015; Passon et 

al., 2012). DBHS polymerisation is closely coupled to both DNA and RNA binding, and 

leads to coating of the nucleic acid, important for both DNA binding and in formation of 

nuclear bodies termed paraspeckles (more on this below - see Section 1.4.2) (Česnik et 

al., 2019). This coiled-coil based polymerization is reversible; with the DBHS proteins 

being highly dynamic, conducting their many roles within the cell (Lee et al., 2015). 

 

 

 

1.3.3 DBHS protein function 
The DBHS proteins each have their own reported functions; however, they are known 

to compensate for one another if the expression of one of them is reduced. NONO 

downregulation in patients with intellectual disability, or cells derived from NONO-/- mice, 

show upregulation of PSPC1 and SFPQ (Mircsof et al., 2015). Depending on the assay 

and biological context, in some cases SFPQ and PSPC1 can functionally compensate 

for NONO loss, but not in others. In the case of intellectual disability, PSPC1 and SFPQ 

cannot compensate for the loss of NONO (Mircsof et al., 2015). In contrast, in cells from 

the NONO-/- mice, PSPC1/SFPQ heterodimer can functionally affect DNA double-strand 

break repair to the same extent as the NONO/SFPQ dimer (Li et al., 2014). These 

Figure 1.6: A model of the polymerisation of DBHS proteins. The coiled coil domains within 

homo-/hetero- dimers of DBHS proteins allow for higher-order structures to form. Schematic is 
not to scale. Adapted from Passon et al., 2012 and depicting PSPC1/NONO heterodimers. 
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observations provide insight into the importance of considering functional compensation 

when studying this protein family, and also when studying each DBHS protein 

individually.  

 

1.3.3.1 Phase separation via LCD domains 

Whilst it is known that binding to nucleic acids and then subsequent polymerisation along 

the nucleic acid is important, additional higher-order structures may be driven by the 

LCDs at the DBHS N- and C- termini. LCDs mediate liquid-liquid phase separation 

(LLPS) to form functional ‘condensates’ in the cell (Lee et al., 2015). LLPS is the process 

where a single phase composed of soluble components separates into two or more 

distinct phases; for instance, how oil droplets form within water (Hyman et al., 2014). 

Proteins, nucleic acids, lipids and other biomolecules found within cells can phase 

separate or condense into membrane-less sub-organelles/compartments, called 

biomolecular condensates with paraspeckles being one example (Boeynaems et al., 

2018; Yoo et al., 2019). Paraspeckles are condensates composed of multiple RNAs and 

proteins, in which DBHS proteins are also found. DBHS proteins are also found in 

condensates formed at DNA damage repair (DDR) sites (Krietsch et al., 2012; Matthias 

et al., 2015).  

 

DBHS proteins are capable of binding to DNA, RNA and proteins, with potential LLPS, 

allowing functional aggregation (Hennig et al., 2015; Lee et al., 2015). DBHS proteins 

can act as a ‘molecular scaffold’, integrating numerous components necessary for a key 

pathway (Knott et al., 2016). Multiple gene-regulatory functions of DBHS proteins are 

based on their ability to bind and scaffold, and dysregulation of these gene-regulatory 

functions is implicated in diseases such as cancer, and neurodegenerative disease. 

 

1.3.3.2 DNA damage repair and homologous recombination 

Genomic DNA is susceptible to chemical modifications by endogenous and exogenous 

agents, including errors made by DNA polymerases during replication. Cells have DNA 

damage repair/response (DDR) pathways to detect and repair these errors (Chatterjee 

and Walker, 2017), including homologous recombination (HR) and non-homologous end 

joining (NHEJ) (Howard et al., 2017). Several studies support a role for DBHS proteins 

in DDR (Bladen et al., 2005; Jaafar et al., 2017; Li et al., 2017b). During NHEJ 

SFPQ/NONO binds to the Ku factor in the pre-ligation complex, facilitating repair (Bladen 

et al., 2005; Udayakumar and Dynan, 2015). NONO is strictly required for NHEJ, as 

NONO KD in MCF-7 cells not only decreased NHEJ but also increased HR-mediated 
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DDR by ∼40% with associated loss of cell viability (Krietsch et al., 2012). NONO binds 

to multiple NHEJ-associated factors, including matrin-3 (Salton et al., 2010) and PARP-

1 (Krietsch et al., 2012). During HR, SFPQ is essential for sister chromatid cohesion and 

maintaining chromosome integrity (Rajesh et al., 2011), binding and modulating RAD51 

activity and strand exchange function (Morozumi et al., 2009). The N-terminal and RRM1 

domains, including the putative DNA-binding domain of SFPQ is required for its 

recruitment to double strand breaks (Ha et al., 2011). As mentioned above, DBHS 

proteins can also compensate for each other in DDR. Following NONO KD, PSPC1 

levels increase, leading to PSPC1/SFPQ heterodimers that compensate for the loss of 

NONO/SFPQ (Ha et al., 2011; Li et al., 2014).  

 

HR is also important at telomeres. As mentioned above (see Section 1.2.2.4), telomere 

shortening can be avoided by telomerase-independent alternative lengthening of 

telomeres (ALT). ALT is achieved by HR-mediated DNA replication mediated by the 

lncRNA TERRA (Cusanelli and Chartrand, 2015). TERRA lncRNAs form DNA-RNA 

hybrids at chromosome ends which can promote HR between telomeres, and this HR 

requires the activity of the MRE11/RAD50/NBS1 recombination complex (Cesare and 

Reddel, 2010). SFPQ and NONO bind to TERRA, suppress telomere RNA:DNA hybrids 

and replication defects, and suppress recombination and DNA damage repair at 

telomeres (Petti et al., 2019). NONO and SFPQ antagonize different downstream effects 

of telomeric RNA:DNA hybrids; NONO suppresses telomere fragility, whereas SFPQ 

represents a powerful barrier to HR at telomeres. Loss of both NONO and SFPQ results 

in a large increase of telomere recombination events and rapid alterations in telomere 

length in both, which can lead to disease phenotypes (Petti et al., 2019).  

 

1.3.3.3 Transcriptional regulation of gene expression  

As well as genome maintenance, DBHS proteins have important roles in gene 

expression. Indeed, they were first characterised as factors involved in transcription and 

splicing. Acting as transcriptional co-factors, DBHS proteins have been implicated in 

transcriptional initiation, elongation and termination. During the initiation of transcription, 

NONO and SFPQ can interact with topoisomerase I (TOPO1), forming a complex that 

promotes unwinding of DNA to facilitate RNA polymerase II recruitment and activity 

(Straub et al., 1998; Straub et al., 2000). Beyond this general mechanism, DBHS 

proteins also act to either upregulate, or downregulate transcription of specific genes. 

Generally, evidence points to SFPQ acting as a repressor, whereas NONO and PSPC1 

act as transcriptional activators (Knott et al., 2016). 
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SFPQ can bind directly to gene promoters, and suppress expression, such as the 

insulin-growth factor P450scc gene (Urban et al., 2000). Transcriptional repression can 

also be indirect, for example for the progesterone receptor (PR) target genes, as SFPQ 

binds PR, enhancing its proteasomal degradation (Dong et al., 2005). Despite not having 

canonical DNA-binding domains, NONO and PSPC1 can regulate transcriptional activity 

of genes, and are considered transcriptional cofactors. PSPC1 can act as a master 

activator of several oncogenic genes, upregulating EMT and metastasis (Yeh et al., 

2018). NONO, SFPQ and PSPC1 were all found to activate the androgen receptor (AR) 

in a trans manner, acting as co-regulators of AR-mediated transcription (Dong et al., 

2007; Ishitani et al., 2003; Kuwahara et al., 2006). SFPQ/NONO couples N-WASP, a 

protein that regulates signal transduction, to RNA polymerase II to regulate transcription 

(Wu et al., 2006). In a similar manner, NONO and SFPQ couple co-factors of cAMP 

signalling to allow transcriptional upregulation, with regulating transcription in this 

context primarily dependant on SFPQ (Amelio et al., 2007; Sewer et al., 2002). The 

precise nature of the DNA sequence motif directly bound by SFPQ is yet to be robustly 

identified, as is the identity of any co-bound sequences that might be targeted by PSPC1 

or NONO as co-factors. It is thus thought that the proteins bind DNA with a degree of 

non-specificity.   

 

SFPQ/NONO co-purifies with the carboxy terminal domain (CTD) of the RNA 

polymerase II large subunit, the region responsible for both elongation and processing 

of transcripts. Hence, SFPQ/NONO may act as a ‘molecular scaffold’ between the CTD 

and pre-mRNA processing components, at both the initiation and elongation phases of 

transcription (Emili et al., 2002). At the completion of transcription, SFPQ/NONO 

facilitates transcriptional termination by recruiting the exonuclease XRN2, which cleaves 

RNA, allowing transcripts to be released from the transcription machinery (Kaneko et 

al., 2007).   

 

1.3.3.4 Post-transcriptional regulation of gene expression  

RNA processing is heavily dependent on the activity of RBPs, including addition of a 

guanosine cap to the 5’-end of mRNA, splicing of the pre-mRNA co-transcriptionally with 

alternative splicing choices, and 3’-end processing involving cleavage and 

polyadenylation. Once the mature mRNA is produced, RBPs control the delivery of 

mRNA to the cytoplasm for translation, miRNA-mediated regulation, and mRNA 

localisation/degradation (Corbett, 2018).  
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SFPQ was first identified as an essential pre-mRNA splicing factor, binding U-rich 

intronic sequences and required early on in spliceosome formation (Patton et al., 1993). 

However, further evidence for an essential role for SFPQ in splicing has been lacking, 

ostensibly as no orthologues exist in lower organisms such as yeast, and SFPQ is not 

considered a part of the core spliceosome (Will and Lührmann, 2011). Hence 

SFPQ/NONO has a more regulatory role; for example, in facilitating the correct export 

of spliceosomal small nuclear RNA (U-snRNA) precursors, leading to proper U-snRNA 

maturation and enhancing splicing (Izumi et al., 2014). Both SFPQ and NONO associate 

with splicing complexes, binding U5-snRNAs as accessory factors (Peng et al., 2002). 

NONO also binds to the 5’-end splice site in spliceosome complexes, and mediates 

binding of RNA polymerase II (via NONO binding to its CTD binding) to factors in the 

spliceosome (Kameoka et al., 2004).  

 

There is now also extensive literature on DBHS protein involvement in alternative 

splicing for many different transcripts in different biological contexts. However, the 

precise mechanisms by which DBHS proteins affect alternative splice choices remains 

unknown (Knott et al., 2016). NONO has a direct role in alternative splicing of transcripts 

of the 42 phosphodiesterase (PDE) enzymes, and of genes controlling 

phototransduction, although the precise mechanism was not investigated (Yadav et al., 

2014). NONO can bind to and regulate the rhythmic expression of RNA transcripts of 

genes involved in nutrient metabolism, can also bind to splicing proteins and other RNA 

processing factors involved in mRNA metabolism and post-transcriptional gene 

regulation (Benegiamo et al., 2018). Dido3 acts as a principal catalyst for SFPQ 

recruitment to the CTD of RNA polymerase II, with Dido3 mutated mouse embryonic 

fibroblasts (MEF) exhibiting altered localisation of SFPQ to RNA molecules and also 

widespread splicing changes (Mora Gallardo et al., 2019). Supressing the binding of 

SFPQ to its RNA targets resulted in increased exon-skipping of the RNA targets of 

SFPQ (Mora Gallardo et al., 2019). SFPQ can co-transcriptionally bind to long introns 

and enhance elongation by the recruitment of CDK9 to the elongation complex, resulting 

in increased expression of these genes involved in neuronal development (Takeuchi et 

al., 2018). 

 

DBHS proteins are also involved in retention of specific RNAs in the nucleus, preventing 

them from being exported to the cytoplasm to be translated. Transcripts containing 

inverted Alu elements (∼300 bp long repeats) form double-stranded RNA structures that 

can be subject to extensive adenosine-to-inosine (A-to-I) editing by ADAR enzymes 

(Chen and Carmichael, 2009; Chen et al., 2008a; Elbarbary et al., 2013). NONO has 
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high binding affinity for such edited dsRNA structures and its binding leads to retention 

of these A-to-I edited transcripts in the nucleus (Zhang and Carmichael, 2001). One 

example is the CTN-RNA transcript, which has a heavily edited 3’-UTR. CTN-RNA is 

bound by NONO and retained in paraspeckles, with a subsequent downregulation of 

cytosolic levels of the encoded protein (Anantharaman et al., 2016; Prasanth et al., 

2005).  

 

Recently it was shown that SFPQ and NONO are important in the biogenesis of miRNAs, 

which typically involves transcription of a primary miRNA (pri-miRNA) by RNA 

polymerase II or III, followed by cleavage into precursor miRNAs (pre-miRNA) by the 

DROSHA-DGCR8/microprocessor complex (Ahmet et al., 2004; Han et al., 2004). 

SFPQ/NONO bind to many pri-miRNAs and globally enhance their processing by the 

microprocessor (Jiang et al., 2017). As well as biogenesis, SFPQ can also influence 

miRNA activity. In the nucleus, SFPQ can bind to mRNA 3’-UTRs, forming aggregates 

that enhance miRNA binding. SFPQ can also bind to both AGO2 and to functional 

miRNAs in the non-canonical nuclear RISC complex, mediating miRNA binding to 3’-

UTR of RNA transcripts (Bottini et al., 2017). 

 

1.3.3.5 Translational control 

SFPQ/NONO can influence translation by transcriptionally regulating genes encoding 

ribosomal proteins (Roepcke et al., 2011). Further, despite being ostensibly nuclear, 

there is a small pool of cytoplasmic protein, and in this context SFPQ/NONO can 

mediate translation of mRNA by direct interaction with RNAs. For example, in neurites 

SFPQ/NONO heterodimers are found in RNA-rich granules that are transported via 

kinesin (KIF5) for local translation at the synapse (Kanai et al., 2004). In addition, NONO 

and SFPQ are involved in internal ribosome entry sites (IRES) recruitment of ribosomes 

to mRNAs. IRESs are RNA elements that recruit the ribosome to the mRNA independent 

of the 5’-end cap, and are usually found in the 5’-UTR (Jerry and Nahum, 1988). SFPQ 

forms a complex with Annexin 2 and binds to the IRES of the p53 mRNA, regulating its 

translation (Sharathchandra et al., 2012). NONO complexes with HNRNPM and binds 

to the IRES in FGF1 mRNAs and ‘loads’ it into ribosomes for translation. This regulation 

of FGF1 translation by NONO is important during differentiation of myoblasts (Ainaoui 

et al., 2015). Overall, regulation of translation by DBHS proteins are highly dependent 

on their RNA binding capacity.  
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1.3.4 NONO in development and disease  
I have discussed the DBHS proteins and their molecular activities in a holistic sense 

above. However, an aim of this thesis is specifically focussed on the role of NONO in 

high-risk neuroblastoma. Despite some evidence for functional redundancy of this family 

of proteins, it is only NONO, not SPFQ, or PSPC1, that has a clear correlation of 

expression with poor outcome in this cancer (Liu et al., 2014) (explored further in 

Chapter 3). It is thus important to understand the specific roles of NONO in healthy cells, 

during development and in disease.  

 

1.3.4.1 NONO in healthy mammalian cells  

Although NONO-/- mice are viable, there is nevertheless extensive characterisation in 

mouse pluripotent cells showing NONO plays a role in pluripotency and differentiation 

decisions. In mouse embryonic stem cells (mESC), NONO and the growth signalling 

kinase Erk bind to one another and reciprocally control the recruitment of RNA 

polymerase II to gene promoters (Ma et al., 2016). NONO Chromatin 

Immunoprecipitation Sequencing (ChIP-Seq) experiments in mESCs showed NONO 

peaks at promoters of genes involved in transcription regulation and development. Thus, 

in NONO-/- mESCs, cells displayed impaired differentiation capacity and enhanced self-

renewal. These data suggest NONO has a role, perhaps indirectly through other DNA 

binding proteins, in transcriptional regulation of genes involved in differentiation and 

developmental processes in mammalian cells (Ma et al., 2016).  

 

Once cell fate is established, NONO is involved in regulating the circadian cycle/rhythm, 

which is the mammalian body’s sleep/wake clock regulated by multiple molecular factors 

(Lowrey and Takahashi, 2011). NONO binds to, and regulates, PERIOD-1 (PER-1), an 

essential protein in the negative transcriptional feedback loop that establishes circadian 

rhythms (Brown et al., 2005). As with NONO-/- mESCs, NONO-/- fibroblasts display 

decreased senescence and increased cell proliferation (Kowalska et al., 2013). One 

explanation for this observation, was the finding that NONO is a transcriptional activator 

of CDKN2, which negatively regulates cell division and positively regulates senescence 

(Manual et al., 1993; Ohtani et al., 2004). These studies collectively suggest NONO 

regulates the circadian cycle and couples the circadian cycle to cell cycle progression. 

To explore this further, Benegiamo and colleagues (2018) investigated NONO in the 

liver, specifically the circadian rhythm and feeding/fasting cycles. They showed that in 

mouse liver nuclei, NONO binds to an increased number of RNA transcripts following 

feeding, forming speckle-like structures in the interchromatin space of the nucleus 



 

 

 

23 

(however, no further experiments were performed to establish if these speckles 

corresponded to paraspeckles, which have been discussed below). Using NONO-/- mice, 

it was established that NONO regulates glucose-induced gene expression in a post-

transcriptional manner, and is necessary for normal glucose homeostasis to function. 

NONO knockout (KO) resulted in overall reduction in mRNAs responsible for glucose 

and fat metabolism in the liver, which led to disruptions in temporal regulation and 

therefore leads to a shift from glucose storage to fat oxidation metabolism (Benegiamo 

et al., 2018). However, it is still unclear what guides the specificity of NONO to bind to 

these transcripts, and what is the direct consequence of this binding. 

 

Although yet to be tested in a NONO KO, there is some evidence that NONO helps 

regulate the initiation of normal labour in murine models. Towards the end of gestation, 

NONO levels fall within the pregnant rat myometrium (Dong et al., 2009). NONO forms 

a complex with the PR, and, independent of progesterone levels, together they bind 

DNA and repress genes involved in promoting labour. With lower NONO levels at the 

end of pregnancy, this repression is relieved, allowing labour to commence (Dong et al., 

2009).  

 

1.3.4.2 NONO in the development of the nervous system 

Remarkably, a recent study identified complete loss of functional NONO in several 

males with intellectual disability (Mircsof et al., 2015). This study also showed NONO-/- 

mice displayed an equivalent intellectual disability to the patients. The authors linked 

these defects to loss of NONO required for correct localisation and translation of RNAs 

at synapses (Mircsof et al., 2015), given the pre-established role for NONO as part of 

the KIF5 RNA granule found at synapses in dendrites (Kanai et al., 2004). A role for 

NONO in RNA transport was found in neuronal development, where NONO and SFPQ 

assist in the loading of Jun N-terminal kinase (JNK) into granules, a protein previously 

shown to mediate neuronal differentiation by binding to RNA.  

 

1.3.4.3 NONO in cancer 

Given the plethora of different roles for DBHS proteins in genome repair and gene 

expression, it is not surprising that there is an extensive literature connecting them to 

many different types of cancer. Indeed, NONO and SFPQ are classed as ‘Tier 1’ in the 

COSMIC database ‘cancer gene census’, reporting clear roles of SFPQ and NONO in 

cancer and high numbers of somatic mutations in SFPQ and NONO occurring in 
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different cancers (Tate et al., 2019). Here, I focus specifically on examples of oncogenic 

function for NONO.  

 

Investigating NONO in cancer has shown NONO mostly has an oncogenic role in 

promoting cancer progression. In prostate cancer, genomic amplification of the region 

of the X-chromosome containing both the NONO and AR genes occurs in some tumours 

(Yamamoto et al., 2018). As well as amplification, NONO is upregulated overall in high-

risk, androgen-resistant prostate cancer patients. One defined consequence of this 

upregulation is NONO binding to and mediating alternative splicing of the ephrin type-A 

receptor 6 (EPHA6) gene, accelerating production of the truncated form of this receptor, 

that promotes angiogenesis and metastasis (Li et al., 2015). Although yet to be tested, 

given NONO forms a complex with the AR, modulating expression of androgen response 

genes, this may relate to the increase in NONO seen in prostate cancer (Dong et al., 

2007; Ishitani et al., 2003; Kuwahara et al., 2006). In esophageal squamous cell 

carcinoma (ESCC), NONO prevents apoptosis, and enhances cancer cell growth and 

invasion (Cheng et al., 2018). This study showed NONO was responsible, albeit 

indirectly, for the phosphorylation of Erk, required for Erk activation (Cheng et al., 2018). 

As noted above, a direct NONO-Erk association occurs in mESCs, where NONO loss 

led to lower Erk-mediated activation of Erk target genes (Ma et al., 2016). Hence two 

different biological scenarios suggest a co-association of NONO with Erk. In general, 

NONO appears to be oncogenic in cancer: for example, in acute monocytic leukemia 

(AML), NONO is highly expressed and NONO KD leads to reduced cancer cell growth, 

migration and invasion (Zhang et al., 2016). In malignant melanoma NONO also has an 

oncogenic role (Schiffner et al., 2011). Here, NONO represses transcription of the 

metastasis-suppressor connexin-43 (CX-43) (Tittarelli et al., 2015). In breast cancer, 

NONO binds to and stabilises SREBP1, a master transcription factor directing 

expression of genes that are required for lipid and cholesterol biosynthesis (Zhu et al., 

2016). The support of lipid production helps the tumour engage in alternative energy 

sources to drive cell growth.  

 

The many studies on NONO and cancer have largely focused on phenotypic 

relationships. However, as noted above, some have revealed mechanisms in 

transcription, or post-translational regulation. Recently, another mechanism used to 

explain an oncogenic role for NONO in cancer has emerged, namely through the activity 

of NONO in binding to and regulating long noncoding RNAs (lncRNAs). For example, 

NONO binds to the oncogenic lncUSMycN in neuroblastoma (Liu et al., 2014), MetaLnc9 

in non-small cell lung cancer (NSCLC) (Yu et al., 2017), GAPLINC in colorectal cancer 
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(Yang et al., 2016b), and pancEts-1 in gastric cancer (Li et al., 2018a). Generally, these 

interactions lead to recruitment and activation of oncogenic proteins or RNA molecules, 

or promoter activation of oncogenes. Overall, NONO-lncRNA binding results in cancer 

cell progression by enhancing cancer cell growth, invasion or metastasis, or inhibiting 

apoptosis. LncRNAs are discussed further, below. 

 

To conclude, NONO has a widely oncogenic role in cancer. NONO has been found to 

bind to oncogenic transcription factors (e.g. AR, SREBP1, Erk), promoting their activity, 

leading to cancer progression. NONO can bind to promoters of genes, regulating their 

transcriptional expression, either directly or in coordination with other transcription 

factors. NONO mediates the alternative splicing of RNA transcripts, positively regulating 

cancer progression. Given that one of the most well characterised lncRNA targets of 

NONO is NEAT1 (Nuclear Paraspeckle Assembly Transcript 1), an exploration of 

NEAT1 and paraspeckles and the role of NONO-NEAT1 interactions in disease will be 

discussed below. 
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Figure 1.7: The various roles of NONO and its protein binding partner SFPQ in mammalian cells. 
(A) NONO (pink) and SFPQ (blue) are involved in DNA damage repair, and localise to double strand 

break repair sites (Jaafar et al., 2017). (B) NONO can bind to transcription factors at their target gene 
promoters, regulating gene expression at the transcriptional level (Kuwahara et al., 2006; Ma et al., 

2016; Zhu et al., 2016). (C) NONO and SFPQ mediate recruitment and assembly of the transcriptome 

proteins for RNA transcription (Wu et al., 2006). (D) NONO and SFPQ are involved in binding to CTD 

of RNA polymerase II, and controlling transcriptional termination, cleavage and polyadenylation of 

mRNAs (Emili et al., 2002; Kaneko et al., 2007). NONO specifically has an essential role in 

transcriptional termination (Liang and Lutz, 2006). (E) In a post-transcriptional manner, NONO and 

SFPQ can bind to and regulate alternative splicing of RNA targets by recruiting components of the 

spliceosome (Benegiamo et al., 2018; Kameoka et al., 2004; McMahon et al., 2016; Patton et al., 1993; 
Takayama et al., 2017). (F) NONO and SFPQ are found in paraspeckles, and are essential for 

paraspeckle formation (Naganuma et al., 2012). (G) Within paraspeckles, NONO and SFPQ are known 

to bind to and retain target RNA transcripts, inhibiting their export and subsequent translation (Chen 

and Carmichael, 2009; Chen et al., 2008a; Elbarbary et al., 2013; Prasanth et al., 2005; Zhang and 

Carmichael, 2001). (H) NONO and SFPQ recruit mRNA export proteins, including KIF5, promoting RNA 

export and subsequent translation (Izumi et al., 2014; Kanai et al., 2004). (I) NONO and SFPQ regulate 

mRNA loading into ribosomes via binding to IRES elements, controlling gene expression at a 

translational level (Ainaoui et al., 2015; Sharathchandra et al., 2012). Schematic is not to scale. 
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1.4 NEAT1 and paraspeckles 

1.4.1 Functional Mechanisms of Long non-coding RNAs  
After the Human Genome Project showed that only 2% of the human genome codes for 

proteins, there was an intense effort to characterise the other 98% of the ‘junk DNA’ 

(Eric, 2011). It is now known that over 80% of the human genome is transcribed and 

likely functional, although not coding for protein (Dunham et al., 2012; Pennisi, 2012). 

The non-coding genome is divided into long or short non-coding RNAs (ncRNAs), with 

short non-coding RNAs including miRNAs, small nucleolar RNAs (snoRNAs) and PIWI-

interacting RNAs (piRNAs) (Manel, 2011). In contrast lncRNAs are defined as ncRNAs 

200 or more bp in length; they are generally transcribed by RNA polymerase II, can have 

a 5′-end cap and a 3’-end poly(A) tail, or alternative termini structures, expressed from 

either DNA strand, and can overlap other genes (Kopp and Mendell, 2018; Marchese et 

al., 2017). LncRNAs can regulate gene expression, and dysregulation can lead to 

developmental abnormalities or diseases (Marchese et al., 2017; Sanchez Calle et al., 

2018). LncRNAs can act in a cis-regulatory manner, regulating gene expression or the 

local chromatin structure near their own gene locus, or in a trans-regulatory manner 

where they leave their site of transcription and regulate gene expression at other 

locations (Kopp and Mendell, 2018).  

 

1.4.1.1 Cis-regulatory lncRNAs 

Cis-regulatory lncRNAs regulate gene expression and/or chromatin state of 

neighbouring genes at their own gene locus (Kopp and Mendell, 2018). One cis-

regulatory mechanism involves the recruitment of epigenetic factors to local chromatin. 

The Xist lncRNA, which is transcribed from the inactivated X chromosome in mammals, 

coats the entire inactive X chromosome, recruiting multiple heterochromatin proteins, 

which results in downregulation of transcription (Brockdorff et al., 1992; Brown et al., 

1992; Mira-Bontenbal and Gribnau, 2016). Another distinct cis-regulatory mechanism 

involves transcription of the lncRNA itself. The gene for the lncRNA Uph shares a bi-

directional promoter with the HAND2 gene, which codes for a transcription factor 

essential for cardiac morphogenesis and differentiation (McFadden et al., 2005). 

Transcription of the lncRNA Uph mediates epigenetic chromatin activation, allowing 

enhancers of HAND2 to be activated by transcription factors, resulting in increased 

HAND2 expression (Anderson et al., 2016).  
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1.4.1.2 Trans-regulatory lncRNAs 

Trans-regulatory lncRNAs can regulate activities distant from their own locus. The 

lncRNA HOTAIR is one example, transcribed from the HOXC gene cluster that is 

essential for positional identity and differentiation in vertebrate development, HOTAIR 

then binds to the distal HOXD gene cluster, repressing expression of genes at this locus 

via epigenetic chromatin-suppressing marks (Chu et al., 2011; Hanly et al., 2018; Rinn 

et al., 2007). A further example is the lncRNA MALAT1 (metastasis-associated lung 

adenocarcinoma transcript 1), transcribed from chromosome 11, yet found throughout 

the nucleus in nuclear speckles, where it influences alternative splicing by regulating 

phosphorylation of serine/arginine-rich splicing factors (Tripathi et al., 2010). A further 

example of a trans-regulatory lncRNA is nuclear paraspeckle assembly transcript 1 

(NEAT1) that forms sub-nuclear paraspeckles.  

 

1.4.2 NEAT1 and paraspeckles 
Paraspeckles are sub-nuclear organelles found in the interchromatin space, and were 

first discovered upon the observation that PSPC1 localises to distinct nuclear foci, 

independent of other nuclear bodies such as nuclear speckles (Fox et al., 2002). In 

2005, the other DBHS proteins NONO and SFPQ, were reported to also localise to 

paraspeckles (Fox et al., 2005). Although first characterised as bodies in which DBHS 

proteins localise, even at their discovery, it was suspected that RNA may be central to 

paraspeckle formation as the paraspeckle proteins contained distinct RNA recognition 

motifs. In 2009, four research groups reported that paraspeckles are formed around the 

lncRNA NEAT1, and that NEAT1 is essential for their formation (Chen and Carmichael, 

2009; Clemson et al., 2009; Sasaki et al., 2009; Sunwoo et al., 2009). Paraspeckles are 

now thought of as distinct RNP structures, built by the binding of specific proteins to 

NEAT1, with secondary RNA molecules, and other proteins recruited to consolidate the 

structure. In terms of function, paraspeckles have a role in various cellular and molecular 

processes, primarily through gene regulation. 

 

1.4.2.1 NEAT1_1 and NEAT1_2   

The NEAT1 locus on human chromosome 11 generates two RNA isoforms, NEAT1_1 

and NEAT1_2 (3.7kb and 23kb, respectively), both transcribed from a common promoter 

and overlapping at their 5’-end (Guru et al., 1997; Naganuma et al., 2012; Sunwoo et 

al., 2009) (see Figure 1.8). However, only production of NEAT1_2 provides a scaffold 

for protein binding and subsequent paraspeckle formation (Naganuma et al., 2012). In 
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contrast to the structural role for NEAT1_2, NEAT1_1 is not sufficient for paraspeckle 

formation, and has potential paraspeckle-independent roles (Li et al., 2017a; Sasaki et 

al., 2009). NEAT1_1 contains a 3’-end polyadenylation site, hence it possesses a 

poly(A) tail (Figure 1.8; grey). However, NEAT1_2 is not polyadenylated, and instead 

has a highly conserved triple helical (TH) structure at its 3’-end, protecting the RNA from 

3′–5′ exonucleases (Wilusz et al., 2012) (Figure 1.8; black). Deletion of the triple helix 

ablates paraspeckle formation, indicating that the 3’-end triple helix plays a critical role, 

largely in NEAT1_2 stabilization (Yamazaki et al., 2018b). NEAT1_1 is more highly 

conserved and does not contain repetitive elements; however, NEAT1_2 does contain 

many repeats, leading to high sequence divergence (Sunwoo et al., 2009). The 

presence of these repeats makes searching for orthologues difficult, with the NEAT1 

gene being clearly present in mammalian genomes, but having no clear orthologues in 

lower organisms. In mice, the Neat1 gene is found on chromosome 19, and produces 

two isoforms, 3.2 kb Neat1_1 and 20 kb Neat1_2 (Hutchinson et al., 2007). Neat1 KO 

mice have been developed and extensively used to study the role of Neat1/NEAT1 in 

mammalian cells (Nakagawa et al., 2011) (discussed further in Section 1.4.3.3).  

 

Multiple lines of evidence have revealed that NEAT1_1 cannot form paraspeckles in 

isolation, primarily as its overexpression cannot rescue paraspeckle formation in Neat1 

KO MEFs, whereas the overexpression of mouse Neat1_2 can (Naganuma et al., 2012;  

11q13.1 

chr11 

Figure 1.8: The two NEAT1 isoforms overlap at the 5’-end. The human NEAT1 gene is found 

on chromosome 11, on the long arm at 11q13.1. The 3.7 kb NEAT1_1 isoform (grey) is 

transcribed, cleaved and polyadenylated. The 23 kb NEAT1_2 isoform (black) is transcribed and 

has a conserved triple helical (TH) structure at its 3’-end. Schematic is not to scale. 
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Sasaki et al., 2009). A recent study from our laboratory using single molecule FISH 

(smFISH) also showed that NEAT1_1 is capable of forming paraspeckle-independent 

foci termed ‘microspeckles’ which do not co-localise with DBHS proteins (Li et al., 

2017a). However, it has been speculated that although NEAT1_2 is the core around 

which paraspeckles form, some NEAT1_1 molecules are nevertheless recruited to 

paraspeckles as subordinate factors (Sasaki et al., 2009).  

 

1.4.2.2 Formation and structure of paraspeckles 

NEAT1_2 expression initiates paraspeckle formation, with paraspeckle proteins 

recruited to the site of NEAT1 transcription, and paraspeckles assembled co-

transcriptionally (Mao et al., 2010). It is important to note that as the seed, or scaffold, it 

is the level of NEAT1_2, and not the overall levels of paraspeckle proteins, that strictly 

correlate with the abundance of paraspeckles (Hirose et al., 2014). Paraspeckles exhibit 

a core-shell structure, with electron microscopy (EM) and super-resolution microscopy 

images revealing that the 5’- and 3’- ends of NEAT1_2 are at the periphery, and the 

central NEAT1_2 sequence at the core (Figure 1.9A). Approximately 50 NEAT1_2 

molecules are found within each paraspeckle (Chujo et al., 2017). Although a minimal 

paraspeckle unit is a single spherical structure, paraspeckles can fuse together to create 

sausage-like elongated structures (Souquere et al., 2010). The middle region of 

NEAT_2 between 8 to 16.6 kb contains multiple long repetitive sequences and localises 

to the core the paraspeckles (Figure 1.9C; blue). Deletion of this region results in tiny 

dispersed foci and disordered organisation of the 5’-ends of NEAT1_2 within these foci 

(Yamazaki et al., 2018b). Cells with the 5’-end of NEAT1, the middle region from 8 to 

16.6 kb and the 3’-end triple helix structure (dubbed mini-NEAT1) could form an ordered 

‘mini-paraspeckle’ structure (Yamazaki et al., 2018b) (Figure 1.9C). In NEAT1_2, 

regions between 0 to 1 kb and 22 to 22.6 kb, as well as the triple helix at the 3’-end, are 

all necessary for RNA stability (Yamazaki et al., 2018b) (Figure 1.9C; red). 

 

Paraspeckle proteins are found within different layers along the radially arranged 

bundles of NEAT1 transcripts forming a core-shell structure. In 2012, Naganuma and 

colleagues identified and characterised 30 additional proteins found in paraspeckles, 

using screening of tagged-protein candidates for co-localisation with endogenous SFPQ 

(Naganuma et al., 2012). This study also categorised paraspeckle proteins based on 

the effect of their siRNA-mediated KD on paraspeckle formation and NEAT1 stability, 

given that the half-life for NEAT1 is relatively short (Clark et al., 2012). The relative 

instability of NEAT1 reflects the importance of the secondary protein binding and 
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stabilisation for maintaining paraspeckles. Category 1 proteins, essential for 

paraspeckle formation, can be divided into two sub-categories. After siRNA-mediated 

knockdown of category 1A proteins, paraspeckles were lost and NEAT1_2 levels were 

reduced (NONO, SFPQ, HNRNPK and RBM14). Knockdown of category 1B proteins 

led to paraspeckle loss, yet NEAT1_2 levels were unchanged (HNRNPH3, FUS and 

DAZAP1). Knockdown of category 2 proteins led to substantial decrease in 

paraspeckles (30–75%), but not complete ablation (HNRNPR, CPSF7 and TDP-43). 

Knockdown of category 3 proteins showed no obvious changes in paraspeckle number. 

However, category 3 was also subdivided, where NEAT1_1 levels were either reduced 

Figure 1.9: The structure of a paraspeckle. (A) Simultaneous detection of the middle (purple), 
and 5’- and 3′- ends (green) of NEAT1_2 using SIM in primary cultures of corpus luteal cells. 

Adapted from West et al. 2016. (B) A paraspeckle model depicting NEAT1 (yellow) folding 

inwards with the 5’-and 3’- ends in the periphery. The paraspeckle proteins are categorised into 

core, patch and shell groups based on their location within the paraspeckle. Adapted from West 

et al., 2016. (C) A comprehensive study by Yamazaki and colleagues (2018b) determined the 

particular regions of NEAT1 essential for RNA stability of NEAT1_2 (red), isoform switching of 

NEAT1_1 to NEAT1_2 (green), and paraspeckle assembly (blue). Schematic is not to scale. 

A B 
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(category 3A; CPSF6 and NUDT21) or unchanged (category 3B; PSPC1) (Naganuma 

et al., 2012). Paraspeckle protein components can be further categorized into three 

groups depending on their position in the paraspeckle. FUS, NONO, SFPQ and PSPC1 

coincide with the middle region of NEAT1 in the core. RBM14 forms small patches 

distributed in the core but also found in the shell. In contrast, TDP-43 is only found in 

the outer shell of the paraspeckle (West et al., 2016). The schematic in Figure 1.9B 

provides a brief overview of which components are found where within the paraspeckle 

(West et al., 2016). Because NEAT1_2 provides a scaffold for the formation of a sub-

nuclear body, it can be defined as an architectural RNA (arcRNA) (Chujo et al., 2016). 

Also, a study by Chujo and colleagues (2017) identified NEAT1 as a semi-extractable 

RNA, meaning NEAT1_2 is exceptionally difficult to extract using conventional RNA 

purification reagents due to being heavily bound by proteins, and incorporation of 

measures such as heating and vortexing in RNA isolation procedures ensure efficient 

NEAT1_2 isolation (Chujo et al., 2017) (discussed further in Chapter 3).   

 

1.4.2.3 The non-DBHS paraspeckle proteins 

An in-depth exploration of the DBHS protein family was discussed in Section 1.3. 

However, multiple non-DBHS proteins are found to occur in paraspeckles. Some of 

these proteins have a role in stabilising NEAT1_2 (e.g. RBM14 and HNRNPK), whilst 

others maintain structural integrity of paraspeckles (e.g. FUS and DAZAP1). Other 

paraspeckle proteins have a mechanistic role, such as in NEAT1 isoform switching (e.g. 

CPSF6 and NUDT21).  

 

Along with NONO and SFPQ, the protein fused in sarcoma (FUS) is also a core category 

1 protein (Naganuma et al., 2012). FUS has roles in DNA damage repair (Singatulina et 

al., 2019; Wen-Yuan et al., 2013), as well as in transcriptional regulation, RNA splicing 

and RNA transport (Wang et al., 2015). FUS interacts with NEAT1_2 (Nishimoto et al., 

2013), however the depletion of FUS, a category 1b protein, does not result in NEAT1_2 

reduction. Instead, MEFs derived from FUS-/- mice and cells with FUS KO both show 

dispersed NEAT1 spots across the nucleus, but no mature core-shell organised 

paraspeckles (Chujo et al., 2017; West et al., 2016). Further studies revealed that FUS 

‘glues’ together individual NEAT1_2/DBHS particles to form the final, fully matured 

paraspeckle (Chujo et al., 2017). 
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1.4.2.4 NEAT1_1 and NEAT1_2 isoform production 

Several proteins and regions of NEAT1_2 are important for determining the ratio of 

NEAT1_1:NEAT1_2 production. This ratio is important, as it determines paraspeckle 

abundance, given the strict correlation between NEAT1_2 levels and paraspeckle 

abundance. HNRNPK is a category 1b paraspeckle protein that facilitates NEAT1_2 

synthesis, rather than stabilization, by modulating NEAT1_1 3’-end processing 

(Naganuma et al., 2012). CPSF6 and NUDT21 form a heterodimer called the CFIm 

complex, which facilitates the 3’-end processing of alternatively processed mRNAs (Zhu 

et al., 2018). HNRNPK binds to NEAT1 upstream of the polyadenylation site within 

NEAT1_1 (see Chapter 4, Figure 4.3A to see HNRNPK binding site), hindering the 

binding of CFIm to NEAT1_1 (Naganuma et al., 2012). The prevention of cleavage and 

polyadenylation allows NEAT1 transcription to proceed along the gene, resulting in 

NEAT1_2 transcription and subsequent paraspeckle formation. In a similar manner to 

CFIm, a recent study has shown TDP-43 also regulates isoform switching of NEAT1_1 

and NEAT1_2, by binding and promoting the cleavage and polyadenylation of NEAT1_1 

(Modic et al., 2019).  

 

The regions between 0 to 1 kb, 2.1 to 2.8 kb and 4 to 5.1 kb of NEAT1_2, a schematic 

of which is shown in Figure 1.9C, are all essential for paraspeckle formation, as their 

deletion leads to lack of paraspeckles (Yamazaki et al., 2018b). Interestingly, whilst 

removal of the 2.1 to 2.8 kb and 4 to 5.1 kb regions resulted in paraspeckle loss, 

NEAT1_1 increases in these cells. The 2.1 to 2.8 kb and 4 to 5.1 kb regions are close 

to the polyadenylation site of NEAT1_1, suggesting these regions are instrumental in 

the 3’-end processing of NEAT1_1, facilitating isoform switching from NEAT1_1 to 

NEAT1_2 and supressing NEAT1_1 cleavage and polyadenylation (Naganuma et al., 

2012; Yamazaki et al., 2018b). 

 

1.4.2.5 Paraspeckles are phase-separated structures 

As mentioned above (see Section 1.3.3.1), LLPS is important for the formation of 

biomolecular condensates, or membrane-less organelles. Two main lines of evidence 

suggest that paraspeckles are biomolecular condensates, forming via the phenomenon 

of LLPS, driven by multivalent interactions between LCDs. Firstly, many proteins 

targeted to paraspeckles contain LCDs (Hennig et al., 2015). LCD-containing proteins 

can bind NEAT1 directly, as is the case for FUS, or can be recruited to the paraspeckle 

by protein-protein interactions with DBHS proteins (for example, RBM14 binding to 

NONO). Mutating the LCDs of these proteins, including the FUS and RBM14 LCDs, 
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leads to paraspeckle disintegration (Hennig et al., 2015). A further line of evidence was 

reported by Yamazaki and colleagues (2018b), where paraspeckles were sensitive to 

1,6-hexanediol (1,6-HD) treatment. 1,6-HD disrupts multivalent hydrophobic interactions 

and has been widely used as a ‘diagnostic’ to study biomolecular condensates (Alberti 

et al., 2019). Moreover, 1,6-HD treatment weakened the interaction of NONO with 

RBM14 and FUS. Thus, NEAT1 provides multiple binding sites for RBPs such as DBHS 

proteins, that then recruit additional LCD-containing proteins to concentrate and utilise 

their LCDs to form paraspeckles. 

 

1.4.3 Paraspeckles in disease and development 
What is the role of paraspeckles in cells? Paraspeckle function has been widely studied 

at a molecular level, and is largely driven by sub-nuclear sequestration of component 

proteins and RNAs. More recently, paraspeckle function has been examined at the 

cellular, developmental or pathological level. Below, the various roles of paraspeckles, 

dependant on their components, have been explored.  

 

1.4.3.1 Paraspeckles and RNA retention 

In Section 1.3.3.4, the role of NONO in nuclear retention of A-to-I edited transcripts was 

introduced. Paraspeckles also contain these NONO-bound edited transcripts (Prasanth 

et al., 2005; Zhang and Carmichael, 2001), however it is NONO binding compared to 

paraspeckle localisation which is more important for the nuclear retention of these RNAs 

(Anantharaman et al., 2016). mRNAs containing inverted Alu (IRAlu) repeats in their 3’-

UTR are also retained within paraspeckles (Elbarbary et al., 2013; Prasanth et al., 2005). 

The decision to retain an IRAlu-containing mRNA within the nucleus or to export it to the 

cytoplasm is more nuanced than first thought, and is influenced by the relative 

abundance of NONO and a competitor protein called staufen homolog 1 (STAU1). Whilst 

NONO binds the RNAs and retains them in the nucleus, STAU1 inhibits nuclear 

retention, allowing these RNAs to be transported to the cytoplasm (Elbarbary et al., 

2013). RNA nuclear retention can also be regulated by the coactivator-associated 

arginine methyltransferase 1 (CARM1), that not only methylates NONO, suppressing 

IRAlu RNA binding, but also binds to the NEAT1 promoter and suppresses transcription, 

reducing paraspeckles (Hu et al., 2015b). This nuclear retention of RNAs is important in 

different biological settings, such as in the retention of transcripts encoding proteins 

involved in circadian rhythm (Torres et al., 2016), or in transcripts encoding 

mitochondrial proteins in the response to mitochondrial stress (Wang et al., 2018). As 

well as IRAlu-containing mRNAs and edited RNAs, some other types of secondary 
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RNAs are found within paraspeckles. Capture hybridisation analysis of RNA targets 

(CHART) experiments were conducted using oligonucleotides targeting NEAT1 5’- and 

3’- ends, pulling down a number of AG-rich motif-containing transcripts that localise in 

the shell of paraspeckles (West et al., 2016). In another study, CHART was performed 

targeting the 5’-ends of NEAT1_1 and NEAT1_2, and RNA transcripts subsequently 

identified as mRNAs encoding mitochondrial proteins (Wang et al., 2018). Overall, 

paraspeckles are a regulator of gene expression that facilitate the nuclear retention of 

RNAs, influencing the expression of specific genes (Fox and Lamond, 2010; Zhang and 

Carmichael, 2001).  

 

1.4.3.2 Paraspeckles and protein sequestration  

In a similar manner to nuclear retention of RNA to prevent translation, paraspeckles can 

sequester proteins, preventing a protein from conducting its normal function in the cell. 

Sub-nuclear sequestration of proteins into paraspeckles was first reported in a study in 

which treating cells with drugs caused proteasome inhibition, resulting in the induction 

of enlarged paraspeckles and the sequestration of SFPQ (Hirose et al., 2014). SFPQ 

sequestration to paraspeckles prevented SFPQ from carrying out its normal function of 

transcriptionally activating the RNA-specific adenosine deaminase B2 (ADARB2) gene 

(Hirose et al., 2014). Another study presented increased paraspeckle formation was 

triggered by the simulation of viral infection, causing SFPQ sequestration and de-

repression of the SFPQ transcriptional target interleukin-8 (IL-8) (Imamura et al., 2014). 

As well as preventing normal activity in transcriptional regulation, paraspeckle 

sequestration can also inhibit other activities of paraspeckle proteins. As noted above 

(see Section 1.3.3.5), NONO and SFPQ are positive regulators of Myc translation via 

binding to IRES elements in Myc mRNAs (Cobbold et al., 2008). Shen and colleagues 

(2017) showed that sequestration of NONO and SFPQ into paraspeckles caused a 

reduction of Myc translation. Conversely, NEAT1 depleted cells exhibited increased Myc 

expression (Shen et al., 2017). Finally, the activity of TDP-43 in promoting alternative 

polyadenylation of a variety of transcripts has been demonstrated to be inhibited by 

sequestration of TDP-43 into paraspeckles (Modic et al., 2019) (more on this below). 

Although the proportion of total protein within paraspeckles, compared to the rest of the 

cell, is relatively small (Hirose et al., 2019), the residency time for a protein in 

paraspeckles is much longer, compared to nucleoplasmic protein, especially in 

elongated paraspeckles, thus explaining the functional inhibition that sequestration can 

achieve (Wang et al., 2018).  
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1.4.3.3 NEAT1 and paraspeckles in development  

The Neat1 KO mouse has been very useful to determine a role for paraspeckles at the 

organism and developmental level. Neat1 expression is undetectable in embryos, but 

increases with age; Neat1_1 being highly expressed throughout the nucleus in most 

tissues in the adult, whereas Neat1_2/paraspeckles has very limited expression 

(Nakagawa et al., 2011). Complete KO of Neat1 in mice was achieved by inserting a 

lacZ reporter immediately downstream of the transcription start site (TSS) of Neat1. 

Although Neat1-/- mice are viable (Nakagawa et al., 2011), closer examination showed 

Neat1-/- females exhibit dysfunction of their corpus luteum (an ovarian structure that 

supports pregnancy) with subsequent low progesterone expression, resulting in 

decreased fertility (Nakagawa et al., 2014). Unlike most adult tissues, Neat1_2 is highly 

expressed in the corpus luteum, and the development of luteal tissue was absent in 

approximately half the Neat1-/- mice (Nakagawa et al., 2014). Also, paraspeckles were 

found in luminal epithelial cells during mammary gland development, with paraspeckles 

appearing in mammary gland cells during lactation; Neat1-/- mice exhibited abnormal 

mammary gland morphogenesis and lactation defects (Standaert et al., 2014). As well 

as these developmental studies, Neat1-/- mice have now been crossed with other genetic 

models, and/or subject to different disease-causing treatments, to study the role of 

Neat1/NEAT1 in different cell and tissue contexts (Adriaens et al., 2019; Adriaens et al., 

2016; Katsel et al., 2019).  

 

1.4.3.4 Paraspeckles in differentiation 

Paraspeckles have a strong correlation with the differentiation status of cells, and are 

involved in the switch from pluripotency to differentiation. Whilst paraspeckles are 

present in the majority of cultured cells, the exceptions are human embryonic stem cells 

(hESCs) and mouse embryonic stem cells (mESCs) and inducible pluripotent stem cells 

(iPSCs), that do not express NEAT1_2 (Chen and Carmichael, 2009; Modic et al., 2019). 

Embryonic stem cells (ESCs) and iPSCs exhibit paraspeckles only after 4 to 5 days of 

differentiation, such as with ESC differentiation into trophoblasts induced by BMP4 

treatment (Chen and Carmichael, 2009; Modic et al., 2019). A recent study by Modic 

and colleagues (2019) has revealed that TDP-43 and NEAT1_2/paraspeckles have 

opposing functions during the switch from pluripotency to differentiation. In hESCs, TDP-

43 and NEAT1_1 levels are high, with undetectable NEAT1_2/paraspeckles. TDP-43 

binds upstream of the polyadenylation site of NEAT1_1, promoting polyadenylation of 

NEAT1_1, decreasing NEAT1_2 levels in the pluripotent state. TDP-43 also regulates 

alternative polyadenylation of multiple transcripts, including SOX2, all of which 
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contributes to maintaining a pluripotent state. Upon the induction of differentiation, 

NEAT1_2/paraspeckles increase resulted in TDP-43 sequestration into paraspeckles, 

reinforcing the pro-differentiation program. Furthermore, preventing TDP-43 binding to 

NEAT1 RNA in pluripotent hESCs resulted in increased paraspeckles and increased 

differentiation (Modic et al., 2019). This TDP-43 paraspeckle relationship has also been 

confirmed in the context of neurodegeneration, whereby loss of TDP-43 stimulated 

paraspeckle formation (Shelkovnikova et al., 2018). 

 

The paradigm of paraspeckle involvement in phenotypic cell-state switching has also 

been observed in muscle differentiation. In cultured muscle cells, myoblast 

differentiation into myotubes is coupled with an increase in paraspeckles (Sunwoo et al., 

2009). Further, in vascular smooth muscle cells (VSMC), paraspeckles are induced with 

injury and are required for the switch from a quiescent state to a proliferative state to 

facilitate repair, both in vivo and in vitro. Here, NEAT1 KD in VSMCs resulted in reduced 

proliferation, migration and de-differentiation of VSMCs (Ahmed et al., 2018). 

NEAT1_2/paraspeckles are not expressed in the pluripotent state, however they 

increase upon the ‘trigger’ to switch cellular state, for example, with differentiation, or in 

response to injury. Recent studies, such as the study on TDP-43 in hESCs, have shown 

this is not just correlation, but that NEAT1_2/paraspeckles are also required for this cell 

state change.  

 

1.4.3.5 Paraspeckles in cell homeostasis  

As well as a role for paraspeckles in the transition of cells from one state to another, 

multiple studies show paraspeckles increase transiently when cells are stressed, and in 

most cases, this increase is associated with a pro-survival role. For example, proteotoxic 

stress, triggered by inhibition of the proteasome with various drugs (such as MG132 or 

bortezomib) leads to increased paraspeckle formation (Hirose et al., 2014). In this 

setting, wildtype MEFs displayed slower rates of apoptosis in comparison to Neat1-/- 

MEFs, indicating paraspeckles have a pro-survival role (Hirose et al., 2014). Heat shock 

can also cause proteotoxic stress and paraspeckle induction, with NEAT1 found to 

participate in a feedback loop; NEAT1 is regulated by heat shock proteins upon cellular 

stress, and it is speculated that NEAT1 can regulate expression of heat shock proteins 

after cellular stress (Lellahi et al., 2018).  

 

Paraspeckles have a role in driving the cell to restore mitochondrial homeostasis after 

mitochondrial stress (Wang et al., 2018). Mitochondrial stress activates the activating 
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transcription factor 2 (ATF2) that translocates into the nucleus and upregulates NEAT1 

transcription. Enlarged paraspeckles retain mRNAs that encode mitochondrial proteins, 

regulating mitochondrial homeostasis (Wang et al., 2018). Hypoxia also triggers 

paraspeckle formation. Hypoxia-inducible transcription factors (HIF -1 and -2) are 

activated when cells are exposed to hypoxic conditions. In breast cancer cells, HIF-2 

upregulates NEAT1 which causes increased nuclear retention of the junctional adhesion 

molecule 1 (JAM1) mRNA. Subsequent lack of JAM1 protein expression, making cells 

more mobile, can lead to increased cell survival (Choudhry et al., 2015). Hypoxia also 

led to a HIF-2-mediated increase in NEAT1 levels in cultured cardiomyocytes, with a 

recent study suggesting that in these cells NEAT1 may be exported in extracellular 

vesicles to trigger fibrosis (Kenneweg et al., 2019). It is hard to reconcile the cytoplasmic 

trafficking of NEAT1 into vesicles with its established nuclear role. It is possible this 

extracellular vesicle export may be associated with paraspeckle-independent NEAT1_1, 

although this was not addressed.   

 

1.4.3.6 Paraspeckles in neurodegenerative diseases and neuronal activity  

Cellular stress and homeostasis are particularly important for neuronal cell health. 

Multiple studies have linked paraspeckles to the development of neurodegenerative 

diseases such as Parkinson's, Alzheimer's, and Huntington's diseases, and 

frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS). 

These diseases are characterised by disordered aggregates forming within cells and 

tissues of the central nervous system (CNS), resulting in cellular abnormalities including 

impaired neuron function and premature cell death (Bertram and Tanzi, 2005). 

 

Paraspeckles appear in early-stage degenerating motor neurons in ALS mouse models 

and ALS patient spinal cord samples (Nishimoto et al., 2013). The category 1b essential 

paraspeckle protein FUS is mutated in ALS, as well as other neurodegenerative 

diseases. FUS has a nuclear localisation sequence (NLS) that becomes mutated in 

these conditions, resulting in cytoplasmic aggregates of FUS. Cytoplasmic accumulation 

of FUS results in loss of FUS nuclear function along with gain of toxic functions in the 

cytoplasm, affecting FUS activities in RNA splicing, axonal transport and neural 

transmission (Armstrong and Drapeau, 2013; Groen et al., 2013). In ALS, loss of FUS 

results in reduced formation of functionally competent paraspeckles (An et al., 2019), 

and gain-of-function FUS mutations in ALS result in mis-localized FUS variants capable 

of sequestering paraspeckle proteins such as NONO, to the cytoplasm (Shelkovnikova 

et al., 2014). TDP-43 also has a role in ALS, with the majority of ALS patients exhibiting 
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cytoplasmic TDP-43 aggregates (Chen and Cohen, 2019; Hergesheimer et al., 2019). 

TDP-43 was first found to interact with NEAT1 in the brain from FTLD patients, a highly 

related disease to ALS (Tollervey et al., 2011). In contrast to FUS, loss of nuclear TDP-

43 causes increased paraspeckle formation, thought to be as part of a cellular stress 

response (Shelkovnikova et al., 2018). As well as ALS, NEAT1 is altered in other 

neurodegenerative conditions, being upregulated in post-mortem human brain samples 

of patients with Huntington’s disease (Sunwoo et al., 2017).  

 

Although some reports have indicated paraspeckles are not obviously apparent in 

normal healthy neurons (An et al., 2019; Shelkovnikova et al., 2018), 

NEAT1/paraspeckles have been reported to influence hyperexcitability of neuron action. 

Following the identification of NEAT1 as upregulated in transcriptomic data from 

epilepsy patients, Barry and colleagues (2017) showed that in neurons derived from 

iPSCs, NEAT1 is expressed and associates with KCNAB2 and KCNIP1 proteins (Barry 

et al., 2017). These proteins are potassium channel-interacting proteins that are 

important for regulating neuronal excitability, and become dysregulated in epilepsy. 

Upon neuronal activation, NEAT1 levels were downregulated and KCNAB2 and KCNIP1 

proteins localised to the cytoplasm, suggesting that NEAT1 retains KCNAB2 and 

KCNIP1 in the nucleus. However, in this study, the different isoforms of NEAT1 were 

not addressed (Barry et al., 2017). 

 

1.4.3.7 Paraspeckles in immunity  

Paraspeckles and NEAT1 have an emerging role in the context of cellular immunity. 

Neat1-/- mice display abnormal monocyte-macrophage functions, as well as irregular T 

cell differentiation (Gast et al., 2019). In murine macrophages, Neat1 promotes the 

assembly of inflammosomes, enhancing subsequent caspase-1 activation, cytokine 

production, and pyroptosis (i.e. cell death upon infection). Here, Neat1 acts as a stress 

sensor for associated inflammasomes, influencing the antimicrobial and inflammatory 

responses of the innate immune system (Gast et al., 2019). Mechanistically, limited data 

supported a model in this study in which both isoforms of Neat1 translocated from the 

nucleus to the cytoplasm and bound to the NLRP3 inflammasome upon inflammatory 

stimulation (Zhang et al., 2019). Again, it is hard to reconcile this cytoplasmic role for 

Neat1, given the wealth of data on its nuclear role in forming paraspeckles.  

 

Many different types of virus can also trigger paraspeckle production following infection, 

including Japanese encephalitis, Rabies (Saha et al., 2006), Hepatitis Delta (Beeharry 
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et al., 2018), HIV (Zhang et al., 2013), influenza, and viral infection mimics such as poly 

I:C (Imamura et al., 2014). Following viral infection, paraspeckle production is part of the 

host cell defence mechanism, leading to altered cytokine levels such as IL-8 by SFPQ 

sequestration, as discussed above (Imamura et al., 2014), and also as a sink for 

paraspeckle-associated proteins that could otherwise be hijacked by the virus to 

promote viral processing (Greco-Stewart et al., 2006; Sikora et al., 2009).   

 

Overall, stresses such as proteasome inhibition, hypoxia and viral infection all cause an 

increase in NEAT1_2 and paraspeckle levels. It is understood NEAT1 has an essential 

stress response role. Without NEAT1, cells become less able to ‘cope’ with the induced 

stress.  

 

1.4.4 Paraspeckles and cancer 
The majority of the evidence for a role for NEAT1/paraspeckles in disease is concerned 

with cancer. There have been over 300 publications focussing on NEAT1 in cancer, 

however, these studies focus on transcriptomic data and clinical outcomes data from a 

particular cancer cohort and do not probe the mechanistic role of NEAT1. A meta-

analysis of these hundreds of studies on NEAT1 and cancer revealed that in general 

NEAT1 was associated with oncogenic activity and poorer patient outcome, however 

there were also many studies supporting a tumour-suppressive role (Li et al., 2018b).  

 

Unfortunately, in almost all these minor cancer related studies of NEAT1, in which 

expression levels of NEAT1 are measured in patient cohorts, in vitro or in vivo cancer 

models, the different isoforms of NEAT1 are not addressed; hence, it is difficult to 

distinguish a paraspeckle-mediated mechanism from perhaps a NEAT1_1, paraspeckle-

independent mechanism. Rather, effects of total NEAT1 in the particular cancer context 

are examined. One study that does delineate the isoforms was in colorectal cancer, 

where both NEAT1_1 and NEAT1_2 isoforms were higher in blood samples from cancer 

patients compared to normal controls (Wu et al., 2015). Interestingly, Wu and colleagues 

(2015) demonstrated that the two isoforms were conversely expressed, with higher 

NEAT1_1 expression being correlated with poor patient outcomes, whereas high 

expression of NEAT1_2 correlated with better patient outcomes. NEAT1_1 KD in 

colorectal cancer cell lines inhibited cell proliferation, whereas NEAT1_2 KD promoted 

cell growth (Wu et al., 2015). This study is one example that reveal distinct, opposing, 

roles for the two isoforms in cancer.  
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1.4.4.1 NEAT1 mechanism in cancer  

Mechanistically, studies investigating the role of NEAT1 in cancer propose a role for 

NEAT1 as a ceRNA, and do not invoke the established role of NEAT1 in paraspeckles. 

NEAT1 sponges tumour suppressor miRNAs, allowing the expression of the miRNAs’s 

oncogenic targets. In each study, generally a different miRNA, each targeting perhaps 

a different pathway has been examined. In breast cancer, NEAT1 was found to sponge 

miR-448, inhibiting the miRNA-mediated suppression of ZEB1, an oncogenic 

transcription factor known to promote cancer cell progression and metastasis (Jiang et 

al., 2018). In endometrial cancer, NEAT1 sponges and inhibits the tumour suppressor 

miR-361, preventing inhibition of expression of the oncogenic STAT3, a protein that has 

a role in cancer cell proliferation, invasion and sphere formation (Dong et al., 2019). In 

glioma cancer cells, NEAT1 was found to sponge the let-7 miRNA, which in this context 

was specifically found to target expression of NRAS transcripts. The NRAS protein was 

found to positively regulate glioma cell proliferation, migration and invasion, and reduced 

glioma cell apoptosis (Gong et al., 2016).  

 

An earlier detailed study in prostate cancer focused on alternative mechanistic 

explanations for NEAT1 oncogenic activity (Chakravarty et al., 2014). Here, NEAT1_1 

specifically was found to be an important mediator of the oncogenic ERα signalling 

pathways in prostate cancer. Both NEAT1_1 and ERα expression levels were found to 

be higher in high-risk prostate cancer patient tumour samples compared to benign 

tumour samples. NEAT1_1 was also found, using Chromatin Isolation by RNA 

Purification (ChIRP) (discussed further in Additional Section 4.3.3), to bind to promoters 

of ERα-target genes, recruiting ERα to induce epigenetic changes leading to active 

chromatin, therefore encouraging transcription of target genes. NEAT1 KO 

compromised the expression of ERα target genes, highlighting its importance in the 

oncogenic ERα signalling pathways (Chakravarty et al., 2014).  

 

Several studies have also explained mechanisms for NEAT1 in cancer as a p53 target 

gene. p53 is mutated or deactivated in the majority of tumours. In normal cells, p53 

regulates the cell cycle, cell apoptosis, and genomic stability. Upon stress signals such 

as DNA damage, p53 is activated through post-translational modifications, and can; i) 

activate DNA damage repair proteins; ii) arrest cell cycle at G1/S phase upon DNA 

damage recognition; iii) initiate apoptosis if DNA damage is irreversible; and iv) establish 

senescence once shortened-telomeres are recognised (Hafner et al., 2019; Joerger and 

Fersht, 2016; Mantovani et al., 2019). An in-depth study using the Neat1-/- mouse, also 
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encompassing multiple cancer sub-types (breast, neuroblastoma, osteosarcoma, lung 

and skin) as well as hESCs and fibroblasts, focused on a relationship between p53 and 

NEAT1 in tumour formation (Adriaens et al., 2016). Adriaens and colleagues (2016) 

used nutlin-3a to inhibit MDM2 protein activity, hence preventing p53 degradation. 

Stabilising p53 increased binding to a p53-target site in the NEAT1 promoter, increasing 

NEAT1_1 and NEAT1_2/paraspeckles in cancer cells, fibroblasts and hESCs. Using 

Neat1-/- mice and a topical skin cancer model, it was demonstrated that NEAT1 was 

required for the formation of skin cancers, as loss of NEAT1 resulted in the complete 

absence of tumour formation. Further experiments showed that NEAT1 prevented the 

accumulation of DNA damage and ‘replication stress’ by stabilising p53, forming a 

positive-feedback loop between Neat1 and p53 (Adriaens et al., 2016). This study 

showed that whilst the typical concept of p53 is as a tumour suppressor, there are some 

instances where p53 is required for the cell stress response to allow transformation. This 

property of NEAT1 and p53 may be more important in the transformation of normal cells 

to cancer cells, rather than in considering the biology of an already established cancer 

cell line. For example, a separate study using cancer cell lines also showed p53 binding 

to the NEAT1 promoter and increasing NEAT1 levels, however in this context, 

suppressing NEAT1 levels increased cell proliferation, suggesting p53 and NEAT1 were 

acting to prevent growth (Idogawa et al., 2017). A third study, this time using Neat1-/- 

mice crossed to a pancreatic cancer model, showed p53 increased NEAT1, but that 

here, NEAT1 was part of the tumour-suppressive program, as loss of NEAT1 enhanced 

the formation of pancreatic tumours in this model (Mello et al., 2017). Interestingly, this 

study showed that NEAT1_1 overexpression inhibited cancer cell transformation of 

MEFs and pancreatic cancer cells , suggesting that this pancreatic tumour-suppressive 

function may, at least in part, be driven by NEAT1_1 (Mello et al., 2017). Thus overall, 

it is established that p53 can increase transcription of NEAT1, however the phenotypic 

result of this increase in tumour formation or progression is varied depending on the 

cancer type and context.  

 

Although studies have utilised low-risk neuroblastoma cell lines to examine the role of 

NEAT1 in neuronal activity (Barry et al., 2017) and neurodegenerative diseases (An et 

al., 2019; Ke et al., 2019; Xie et al., 2019), an investigation into the potential role of 

NEAT1 in high-risk neuroblastoma is surprisingly lacking. Considering NONO has a 

prognostic role in neuroblastoma (Liu et al., 2014), this thesis explores NEAT1 in 

neuroblastoma, determining if NEAT1 has a tumour-suppressor or oncogenic role in this 

cancer context, and whether targeting this lncRNA holds therapeutic potential.  
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1.5 Hypotheses and Aims 

1.5.1 Aims and Hypotheses 
To understand why high NONO levels are correlated with poor patient outcome in 

neuroblastoma, I aimed to study the regulation of gene expression by NONO at the 

transcriptional, post-transcriptional and translational levels in high-risk neuroblastoma. I 

focused on the importance of the RNA binding capacity of NONO, and how this 

contributes to NONO’s prognostic role in high-risk neuroblastoma. The well-established 

role of NONO binding to NEAT1 in paraspeckles led to an aim to explore the role of 

NEAT1 and paraspeckles in neuroblastoma, which has not been previously examined. 

Finally, I aimed to develop tools to isolate the effects of one NEAT1 isoform from the 

other, to investigate the interplay of these isoforms in neuroblastoma. The major 

hypotheses within each chapter are as follows: 

 
Chapter 3: NONO – a regulator of gene expression in high-risk neuroblastoma 
Hypothesis: NONO KD will result in downregulation of cell growth and cell proliferation 

pathways, or will result in an upregulation of cell cycle arrest, cell programmed death 

and/or apoptotic pathways.  

 
Chapter 4: Paraspeckles induced by NEAT1 isoform-switching antisense 
oligonucleotides regulate differentiation in high-risk neuroblastoma 
Hypothesis: Considering previous studies showing NEAT1_1 has an oncogenic and 

NEAT1_2 has a tumour-suppressor role in cancer, I hypothesise the same will be 

reflected in neuroblastoma.  

 
Chapter 5: The importance of RNA binding by NONO in neuroblastoma  
Hypothesis: The pro-cancer function of NONO in neuroblastoma is dependent on the 

ability of NONO to bind to RNA transcripts. 
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1.5.2 Thesis Overview 
The remaining chapters in this thesis consist of Materials and Methods (Chapter 2), 

Results (Chapters 3, 4 and 5) and a General Discussion (Chapter 6).  

 

Chapter 2 outlines all Materials and Methods conducted and performed in this study. 

 

Chapter 3 is divided into Introduction, Results and Discussion Sections. Chapter 3 

presents NONO KD RNA-seq data, in which NONO KD in high-risk neuroblastoma cells 

was performed, and subsequent RNA library preparation and next generation 

sequencing (RNA-seq) was conducted. I observed transcriptome-wide differences 

between control and NONO KD cells, particularly in biological pathways and specific 

genes that have a known role in neuroblastoma progression. The influence of NONO on 

identified biological pathways was then validated.  

 

Chapter 4 begins with a Chapter Introduction on RNA therapeutics, followed by a 

Manuscript for publication, and an Additional Material Section. The manuscript in this 

chapter has been submitted to a journal for publication, and is currently in the peer-

review process (BMC Molecular Cancer; submitted September 2019). Formatting of the 

manuscript has been changed from the guidelines recommended by the journal to the 

format of the remainder of this thesis, done to maintain consistency. Author contributions 

are clearly outlined in the manuscript. The Additional Material for Chapter 4 contains i) 

a Results Section of data generated before manuscript submission that was not 

incorporated into the manuscript for publication; ii) a Results Section of data generated 

after manuscript submission; and iii) a General Discussion Section addressing all data 

presented in this chapter. Here, antisense oligonucleotides (ASOs) were developed to 

induce isoform switching of NEAT1_1 to NEAT1_2. Molecular and cell biology assays 

using these ASOs were performed to address the role of paraspeckles/NEAT1_2 and 

microspeckles/NEAT1_1 in neuroblastoma. These ASOs were dubbed Boost 

Paraspeckle (BoostPS) ASOs. RNA-seq in high-risk neuroblastoma cells treated with 

these BoostPS ASOs was conducted, and transcriptome-wide differences between 

control and ASO treated cells were observed. Specifically, changes in biological 

pathways and specific genes that have previously been associated with NEAT1 or 

neuroblastoma progression were considered in the BoostPS RNA-seq data. The 

influence of paraspeckle upregulation on affected biological pathways and/or expression 

of particular genes was validated. The effects of NEAT1_1 and NEAT1_2 

overexpression in high-risk neuroblastoma were also explored.   
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Chapter 5 outlines the Photoactivatable Ribonucleoside-Enhanced Crosslinking and 

Immunoprecipitation (PAR-CLIP) experiment conducted and subsequent RNA-seq 

performed, to identify the top RNA binding targets of NONO in low- versus high- risk 

neuroblastoma cells. Bioinformatics analyses were conducted, revealing both known 

and unknown RNA targets of NONO in the PAR-CLIP data, which were further 

investigated. Utilising the NONO KD RNA-seq data from Chapter 3, the role of NONO 

binding to these RNA targets was further explored. The NEAT1-NONO binding 

interaction was particularly examined, to decipher the influence of NEAT1_2 expression 

on NONO’s role in neuroblastoma. Mutant NONO, expressing NONO with reduced RNA 

binding ability, was utilised to determine the importance of NONO-RNA binding in 

neuroblastoma progression.  

 

A General Discussion (Chapter 6) outlining the significance of this study on the wider 

scientific understanding of NEAT1, paraspeckles, NONO and neuroblastoma concludes 

this thesis.  
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Chapter 2: Materials and Methods 

2.1 Cell culture 

2.1.1 Neuroblastoma cell lines  
Three neuroblastoma cell lines, KELLY, BE2C and SK-N-AS, were used in this study. 

Cells were obtained from Dr Tao Liu, Children’s Cancer Research Institute, NSW. Cells 

received were KELLY cell line at passage 5, BE2C cell line at passage 42 and SK-N-AS 

cell line at passage 12. KELLY cells were grown in Gibco™ RPMI 1640 Medium, without 

phenol red (ThermoFisher, 11835055) with 10% foetal bovine serum (FBS) (‘Serana’ 

from Fisher Biotec, FBS-AU-015) and 100U/mL penicillin-streptomycin (PenStrep) 

(ThermoFisher, 15140122), whereas the SK-N-AS and BE2C cell lines were grown in 

Gibco™ DMEM Medium high glucose, pyruvate media (ThermoFisher, 11995073) with 

10% FBS and 100 U/mL PenStrep. These are hereafter known as standard media. 

These adherent cell lines were trypsinised for routine passaging using Gibco™ Tryple 

Express (ThermoFisher, 12604021). All cells were cultured in a 37°C incubator supplied 

with 5% CO2. 

 

2.1.2 Mycoplasma testing 
Since the neuroblastoma cell lines had been previously handled in a wet-lab 

environment, exposed to potential contaminants, I first wanted to test these for 

mycoplasma contamination. Mycoplasma testing was conducted using polymerase 

chain reaction (PCR) to amplify potential genomic traces of 16S rRNA unit of the 

bacterial Mycoplasma species. During the passage of the neuroblastoma cell lines 

within T175 flasks, 100 µL of the cell suspension in standard media was pipetted into 

1.5 mL eppendorf tubes. They were spun down (1000 rpm for 5 min), and the 

supernatant removed. The cell pellets were frozen at -80°C overnight. The next day, a 

negative control of 20 µL of standard DMEM media only was obtained. As a positive 

control, a previously tested mycoplasma-positive tube of U2OS cells (previously 

pelleted) was obtained from -80°C storage. To each sample, 100 µL of 50 mM NaOH 

was added to tube. These five samples were heated to 100°C for 30 min, then 25 µL of 

1M Tris pH 8.0 was added to each tube.  
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PCR was carried out using primers that target the 16S ribosomal RNA (rRNA) unit of 

the bacterial Mycoplasma species (Peredeltchouk et al., 2011). The forward and reverse 

primers used were 5’-GGG AGC AAA CAG GAT TAG ATA CCC T-3’ and 5’-TGC ACC 

ATC TGT CTC TCT GTT AAC CTC-3’ respectively. Taq DNA Polymerase with Standard 

Taq Buffer (New England Biolabs (NEB), M0273S) was used in a master mix. Table 2.1 

shows the contents and volumes of the PCR master mix per reaction. Table 2.2 shows 

the PCR cycling conditions used to conduct the PCR. 

Component Volume per reaction (µL)  

Forward primer (10 pg/μL) 0.7 

 

Reverse primer (10 pg/μL) 0.7 

Standard Taq Buffer 2 

Taq DNA Polymerase 0.07 

MilliQ water 2.53 

Total volume 6 + 4 μL of sample 

 
 
 
Step Temperature Time Number of cycles 
Initial Denaturation 95°C 1 min  

Denaturation 95°C 30 s  

        41 x Primer Annealing 64°C 1 min 

Elongation 68°C 1 min 

Final Extension 68°C 5 min  

Hold 4°C hold  

 
  

Following PCR, a 1% agarose (SigmaAldrich, A9539) gel with added SYBR™ Safe DNA 

Gel Stain (ThermoFisher, S33102) was made up in 1x TAE buffer (see Appendix B). 

The five samples and 1 kb DNA ladder (ThermoFisher, 10787026), with 6x DNA loading 

dye (ThermoFisher, R0611) added, were run on a gel electrophoresis set up at 100 V 

for 30 min. The gel was visualised using a Bio-Rad ChemiDoc Imaging system.  

 

2.1.3 Freezing and thawing cell lines  
KELLY cells were frozen in Gibco™ RPMI 1640 Medium, without phenol red 

(ThermoFisher, 11835055) with 10% FBS and 10% dimethyl sulfoxide (DMSO) 

(SigmaAldrich, D8418-100ML), whereas the SK-N-AS and BE2C cell lines were frozen 

Table 2.2: The PCR program run to amplify bands targeting Mycoplasma. 

 

Table 2.1: The contents and volumes of the Mycoplasma rRNA PCR master mix per 

reaction.  
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in Gibco™ DMEM Medium high glucose, pyruvate media (ThermoFisher, 11995073) 

with 10% FBS and 10% dimethyl sulfoxide (DMSO). Cells were grown to approximately 

80% in a T175 flask. Cells were trypsinised, then re-suspended in 25 mL standard 

media. Cells were spun down at RT for 5 min at 1000 rpm. Then, media supernatant 

would be removed. Cells were resuspended in 20 mL tissue-culture PBS, then again 

were spun down at RT for 5 min at 1000 rpm. PBS supernatant would be removed. The 

pellet would be re-suspended in 8-10 mL freezing media, and aliquoted into 1 mL 

aliquots of 8-10 cryogenic vials. Frozen cell vials were stored in -80°C for 6-8 weeks, 

then moved to liquid-nitrogen. When thawing cells, a cell vial would be thawed at 37°C, 

then placed in 7-10 mL of standard media (warmed to 37°C) in a 37°C incubator supplied 

with 5% CO2. 

 

2.2 Transfections 

All transfections were performed in a forward transfection manner, with cells plated in 

transfection media consisting of 4% RPMI (KELLY cells) or DMEM (BE2C and SK-N-AS 

cells) without PenStrep one day prior to transfection. For cell viability and cell confluence 

assays, 96-well plates were used. Cells were plated in 100 µL volumes per well of the 

96-well plate at a cell density of 5x103 cells per well for KELLY, 1.5x103 per well for 

BE2C and 4x103 cells per well for SK-N-AS cells. For RNA isolation, protein lysate 

generation, or microscopy samples, 12-well plates were used. Cells were plated in 1 mL 

volumes per well of the 12-well plate at a cell density of 1x104 cells per well for KELLY, 

5x103 per well for BE2C and 1x104 cells per well for SK-N-AS cells. All transfection 

mixtures were made up in serum-reduced Gibco™ Optimem (ThermoFisher, 

11058021), with total 10 µL volumes used for transfection into 96-well and total 100 µL 

volumes used for transfection into 12-well plates. 

 

2.2.1 siRNA transfections  
Transfections of Silencer™ Select sirRNAs Negative Control No. 1 siRNA 

(ThermoFisher, 4390844), siR-NONO s9612 (ThermoFisher, 4392422) and siR-NONO 

s9613 (ThermoFisher, 4392420) were performed in the neuroblastoma cell lines.  

Henceforth, these siRNAs will be referred to as siR-NC (negative control), siR-NONO 1, 

and siR-NONO 2 respectively. To conduct transfections, the transfection reagent 

Lipofectamine ® RNAiMAX was used (ThermoFisher, 13778150). All siRNAs were 

diluted in RNase free water and stored at -20°C at a stock concentration of 10 µM. 
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Typically, final concentrations of 10 nM or 25 nM siRNAs were used to treat cell lines in 

this study and these concentrations are shown in Figure legends for each experiment. 

To optimise siRNA transfections within neuroblastoma cell lines, KELLY cells were 

transfected with siR-NC or siR-NONO 1 at various different concentrations of 10 nM, 20 

nM and 40 nM final concentration for 48 hours. All concentration points showed a 

reduction in NONO protein levels, however the greatest reduction was seen in 10 nM 

transfected cells, of up to 80% NONO protein reduction. Because the lowest 

concentration use avoids the non-specific binding of the siRNAs to other RNA 

transcripts, the 10 nM concentration was chosen for following experiments (outlined in 

Figure 3.6A).  

 

For NONO KD RNA-seq, KELLY cells were plated at a density of 3x105 cells per well in 

6-well plates, in 2 mL 4% FBS-RPMI media volumes per well, and placed in 37ºC 

incubator overnight. Transfections of siR-NC, siR-NONO 1 and siR-NONO 2 at a final 

concentration of 10 nM were conducted using Lipofectamine ® RNAiMAX and cells were 

left in transfection media for 72 hours. RNA isolations were conducted using Macherey-

Nagel Nucleozol™ reagent (see below). For each siRNA, 4 biological replicates were 

used. Samples were sent to the Australian Genome Research Facility (AGRF) (Perth 

and Melbourne, Australia) for library preparation and sequencing. RNA quality was 

confirmed using a Bioanalyser (Perkin Elmar, MA, USA), then libraries were prepared 

with the Illumina TruSeq Stranded Total RNA Library Prep Kit and ribosomal RNA 

depleted with the Illumina Ribo-Zero-Gold Kit. Following AGRF quality control, samples 

were sequenced across two lanes of an Illumina HiSeq 2000 to obtain single end, 50 bp 

reads at a depth of 17-19M reads per sample, per lane. Reads from each lane were 

pooled for each sample to generate 34-38M reads for each of the 12 samples. 

 

2.2.2 Plasmid transfections  
The plasmids peYFP-C1, peYFP-C1-NONO-s9612resistant and peYFP-C1-NONO-

s9612resistant-RRM1-deleted were used in experiments outlined in Chapter 5. 

Henceforth, they shall be called YFP-Control, YFP-NONO and YFP-dRRM1NONO 

respectively. YFP-NONO and YFP-dRRM1NONO plasmids contain silent mutations in 

the siRNA target region to render them siRNA resistant to siRNA s9612/siR-NONO 1, 

allowing these plasmids to be co-transfected with siR-NONO 1 (see Section 2.2.4). The 

plasmids sno-control and sno-NEAT1_1 were used in experiments outlined in Chapters 

4 and 5. Complete sequences can be found in Appendix D. Lipofectamine ® 3000 

(ThermoFisher, L3000075) was used for all plasmid-only transfections. Generally, 1 µg 
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of plasmid was transfected into cells in each well of a 12-well plate, and 100 ng was 

transfected into cells in each well of a 96-well plate.  

 

2.2.3 Antisense oligonucleotide transfections  
2’O methyl oligonucleotides (2’OMe) were synthesised in-house by the collaborative 

group of Steve Wilton and Sue Fletcher, from the Centre for Comparative Genomics at 

Murdoch University. 2’OMe ASOs were synthesised in-house on an Akta-OligoPilot plus 

10 using the 1 micromol synthesis protocol, and then stored at -20ºC. Morpholinos 

(PMO) were custom-ordered from Genetools ® and were stored at 4ºC. The 

complementary DNA oligonucleotide leash sequences were custom-ordered from 

Integrated DNA Technologies ®, Inc. All ASO sequences (2’OMe and PMO) are listed 

in Table 2.3. All leash sequences are listed in Appendix C. All ASOs used for 

transfections were taken from a 10 µM stock, with transfections conducted using 

Lipofectamine ® RNAiMAX for both 2’OMe or PMO ASOs. To ensure efficient annealing 

of the PMO strand with its DNA leash, all PMO solutions were re-annealed prior to every 

transfection by incubation at 95ºC for 2 mins, followed by incubation at 5ºC temperature 

decrements for 2 mins each until 20ºC was reached. Final concentrations of ASOs in 

96-well or 12-well plates ranged between 25 nM to 100 nM post transfection. Cells were 

lysed for protein or RNA, or coverslips fixed, 48 hours post-ASO transfection unless 

otherwise stated. All optimisations for these transfections are outlined in Additional 

Material for Chapter 4.  

For the BoostPS RNA-seq, KELLY cells were plated at a density of 3x105 cells per well 

in 6-well plates, in 2 mL 4% FBS-RPMI media volumes per well, and placed in 37ºC 

incubator overnight. A final concentration of 50 nM PMO:leash lipoplexes was used to 

transfect these cells, and RNA isolation was conducted 48 hours later in a semi-

extractible manner (explained in Chapters 3 and 4). For each PMO, 4 biological 

replicates were used. Samples were sent to AGRF and RNA quality was confirmed using 

ASO name ASO name 
2’O-Methyl Control CUA UAA CGC UUC ACA UUC CA 

2’O-Methyl BoostPS1 UUU AUU UGU GCU GUA AAG GGG AAG A 

2’O-Methyl BoostPS 2 UUU AUU UGU GCU GUA AAG GG 

PMO Control CTT CTA TAA CGC TTC ACA TTC CAG A 

PMO BoostPS1 TTT ATT TGT GCT GTA AAG GGG AAG A 

PMO BoostPS 2 TTT ATT TGT GCT GTA AAG GG 

Table 2.3: Sequences of the ASOs used. 
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a Bioanalyser (Perkin Elmar, MA, USA) prior to RNA-seq. Whole transcriptome library 

preparation using the TruSeq Stranded Total RNA Library Prep Kit (Illumina, CA, USA) 

and ribosomal RNA depletion with the Ribo-Zero-Gold kit (Illumina, CA, USA) was 

performed. Sequencing was performed using an Illumina HiSeq 2500 (Illumina, CA, 

USA) to generate 100 bp single end reads, resulting in an average 25 million reads per 

sample. 

 

2.2.4 Co-transfection of plasmid, ‘Rescue’ experiments  
Rescue experiments involved co-transfection of plasmid with either siRNAs or ASOs. 

For BrdU assays, 2.5 µL of Lipofectamine ® RNAiMAX was used to co-transfect 1 µg of 

plasmid with either PMO ASOs (final concentration 50 nM), or siRNAs (final 

concentration 25 nM) into 12-well plate with cells adherent to coverslips. Samples were 

fixed for anti-BrdU immunofluorescence 4 days post-transfection.  For RNA isolation, 

2.5 µL of Lipofectamine ® RNAiMAX was used to co-transfect 1 µg of plasmid with PMO 

ASOs, at a final concentration 50 nM, into 12-well plate of cells adherent to coverslips. 

Samples were lysed for RNA 4 days post-transfection.  

2.3 RNA Isolation 

To lyse cells for RNA isolation, Nucleozol™ (Macherey-Nagel, 740404.200) reagent was 

used. Cells were cultured in 12-well plates, and 250 µL of nucleozol was added to each 

well then incubated at RT for 5-10 min. Samples were transferred into 1.5 mL eppendorf 

tubes. 100 µL of DEPC-treated water was added and tubes shaken by hand vigorously 

for 15 s. All tubes were incubated at RT for 10 min, then centrifuged at 14,000 x g for 15 

min at RT, resulting in a supernatant and a pellet. Without disturbing the pellet, 250 µL 

of the supernatant was placed in another tube. 250 µL of isopropanol was added to each 

supernatant sample, with 0.5-1 µL of GlycoBlue™ coprecipitant (ThermoFisher, 

AM9516) (a mastermix of isopropanol:GlycoBlue™ would be made 250:1, of which 251 

µL was added to each sample). GlycoBlue™ coprecipitant was added during the 

isopropanol addition steps in order to visualise blue-coloured pellets more easily in 

subsequent ethanol washes. Samples were then incubated at RT for 10 min then 

centrifuged at 14,000 x g for 10 min at RT. Resulting blue-coloured RNA pellets were 

washed twice with 70% ethanol-DEPC water solution (400 µL per wash) and centrifuged 

at 8,000 x g for 2 min at RT. RNA pellets were then resuspended in 15-20 µL of DEPC 

water. ThermoFisher Nanodrop 2000 was then used to determine RNA concentration.  
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2.4 Reverse transcription and quantitative 
polymerase chain reaction (RTqPCR) 

RNA samples were reverse transcribed using the QuantiTect Reverse Transcription 

Kit™ (Qiagen, 205314). 500 ng of each RNA sample was diluted in a volume of 10  µL 

DEPC-treated water. A genomic DNA wipe out step was conducted prior to cDNA 

synthesis. This was to ensure all subsequent DNA in the qPCR reaction after the reverse 

transcription step corresponds to cDNA synthesised directly from RNA. To do this, a 

master mix of Qiagen gDNA enzyme™: DEPC-treated water (1:1 dilution) was made 

up, and 4 µL was added to each 10 µL RNA sample. Samples were heated for 42°C for 

2 min, and then cooled to 4°C. A reverse transcription (RT) master mix was made on 

ice, at dilution 4:1:1 of 5x Quantiscript RT Buffer:RT Primer Mix: Quantiscript Reverse 

Transcriptase. 6 µL of this RT mastermix was added to each sample (with final volume 

of each sample 20 µL). Samples were incubated for 15 min at 42°C, then 3 min at 95°C 

to deactivate the Quantiscript Reverse Transcriptase enzyme. The samples were then 

placed on ice, and 80 µL of DEPC water was added. 

 

Quantitative PCRs (qPCRs) were conducted using custom-made primers ordered from 

Integrated DNA Technologies Inc. All primers were designed to amplify an amplicon of 

at least 150 bp to maximum 300 bp, with annealing temperature of the primers being 

between 56°C to 60°C. All primers were designed and checked for self-complementarity 

using the Oligo Calc: ASO Properties Calculator developed by Northwestern University 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) (see Appendix C for primer 

sequences). The DNA polymerase with buffer used was the SensiMix (2x) SYBR No-

ROX Kit™ (Bioline, QT650-20). A qPCR master mix was made (Table 2.4). qPCR 

reactions were conducted in a Qiagen Rotogene Q machine (cycling conditions stated 

in Table 2.5). During analysis, Ct values were acquired, using a threshold of 0.075 for 

all sample sets, and the 2-ΔΔCt method was used for relative quantitation (Livak and 

Schmittgen, 2001). In addition, the comparative quantitation feature of the Rotogene Q 

software was used to obtain amplification (equivalent to a Ct value) and take-off values 

(representing primer efficiency) of total NEAT1 and NEAT1_2 amplicon data. These data 

were then analysed to determine ratios of NEAT1_1 and NEAT1_2 RNA levels where 

required.  
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Component  Volume per reaction (µL)  

Forward primer (10 µM) 0.25  

Reverse primer (10 µM) 0.25  

Bioline SensiMix (2x) 10  

DEPC-treated water 7.5  

Total volume 18  + 2 μL of cDNA sample 

 
Step Temperature Time Number of Cycles  
Polymerase activation  95°C 10 min  

Denaturation 95°C 1min  

        40x 
Primer Annealing 55 - 60°C 1min 

Elongation and SYBR Green 

signal acquiring at the end of 

the cycle 

72°C 1min 

 

2.5 Protein lysis and Western Blotting  

2.5.1 Lysis and Extraction Methods  
To lyse cells for protein lysis only, media was removed from the wells of the 12-well plate 

and cells were washed with 500 µL PBS (PBS was added, and plate gently swirled a 

few times, followed by removal of PBS). 150 µL of 2x protein lysis buffer (2x PLB; see 

Appendix B) was then added to the cells. The plate was left on ice for 10 min and the 

protein lysate sample was then transferred to a 1.5 mL eppendorf tube. All samples were 

heated to 95ºC for 10-15 min prior to loading into wells of SDS/PAGE. 

 

In some cases, additional extraction of proteins was required as removal of DNA, RNA, 

lipids and other cell debris from the protein lysate became important for acquiring total 

protein values during Western Blot normalisation. For RIPA buffer (see Appendix B) 

protein lysis and extractions, media was removed from a 12-well plate and cells were 

washed in PBS as above. 150 µL of RIPA buffer was then added to the cells, and the 

plate was left on ice for 10 min. The samples were then transferred to 1.5 mL eppendorf 

tubes. Samples were left on ice for 40 min, with vortexing done every 10 min. Then, 

Table 2.5: The PCR program routinely used on the Rotogene Q. 

 

Table 2.4: The components of a master mix made for qPCR purposes.  
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samples were centrifuged at 14,000 x g for 15 min. Without disturbing the pellet, the 

supernatant (approximately 80-100 µL) was transferred to another tube. 20-25 µL of 5x 

PLB buffer was then added, and protein samples were heated to 95ºC for 10-15 min 

prior to gel loading.  

 

2.5.2 Western blotting 
Protein samples were loaded into Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-

Rad, 4561086) and were run in Tris/Glycine Buffer (Bio-Rad, 1610771) at 200V for 30-

40 min. Trans-Blot ® Turbo™ Mini Nitrocellulose Transfer packs (Bio-Rad, 1704158) 

were used to conduct the transfer of proteins onto a nitrocellulose membrane. The 

membrane was then visualised using the Stain-Free Blot single channel on a Bio-Rad 

ChemiDoc Imaging system to visualise and acquire total protein amounts in each lane 

of the blot. These signals were used for subsequent normalisation of the signals 

detected from proteins of interest following antibody incubation.  

 

For antibody binding, all incubations and washes were carried out on a rocker for various 

times at RT, unless otherwise stated. 5% blocking buffer was made up in PBST, using 

skim milk powder or bovine serum albumin (BSA) (SigmaAldrich, 10735086001) 

powder. First, the membrane was incubated in 5% blocking buffer only for 1 hour. Then, 

using fresh 5% blocking buffer, primary antibody was diluted, and the membrane was 

incubated (see Table 2.6 for list of primary antibodies, dilutions, incubation times and 

blocking buffers used; anti-NONO antibody has been described in (Souquere et al., 

2010)).  Three PBST washes were conducted for 10 min each. Then, the membrane 

was incubated in 5% blocking buffer containing 1:10,000 HRP-conjugated secondary 

antibody for 1 hour at RT (See Table 2.7 for secondary antibodies, dilutions, incubation 

times).  Four PBST washes were conducted for 10 min each. For the SREBP1 (Abcam, 

ab28481), SREBP2 (Abcam, ab30682), ALK (CST, 3633) and TGFβ  (CST, 3711) 

antibodies, TBST was used instead of PBST throughout the whole Western Blotting 

protocol.  

 

1 mL of Crescendo Western HRP substrate (Merck, WBLUR0100) was placed on top of 

the membrane for 5 min. The HRP substrate was removed using blotting paper and the 

membrane was visualised using the Chemi Blot single channel on a Bio-Rad ChemiDoc 

Imaging system to visualise and acquire target protein bands.  
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2.5.3 Normalisation  
Bio-Rad Imagelab Version 5.2 was used to conduct normalisation and data analysis. 

The software was used to i) define lanes on each blot; ii) to detect protein bands and 

determine the molecular weight of the protein band (in kDa) within each defined; iii) set 

normalisation to ‘Total protein levels’; and iv) detect intensity of the target protein band 

and normalise it to its ‘total protein level’. These intensity values were used to indicate 

the amount of a target protein across different samples within a biological replicate. 

 



 

 

 

56 

 
 

 

 
 
 

Antibody Manufacturer Catalogue Number Primary incubation 
time/temperature 

Blocking 
buffer 

Dilution 
factor 

Organism 
developed in 

a-NONO In-house  - 1 hour at RT milk 1:1000 mouse 
a-N-Myc Santa Cruz sc-53993 1 hour at RT milk 1:500 mouse 
a-SREBP1 Santa Cruz sc-13551 overnight at 4°C milk 1:500 mouse 
a-ALK Santa Cruz sc-398791 1 hour at RT BSA 1:500 mouse 

a-SREBP1 Abcam ab28481 overnight at 4°C BSA 1:1000 rabbit 
a-SREBP2 Abcam ab30682 overnight at 4°C BSA 1:1000 rabbit 
a-PHOX2B Abcam ab183741 overnight at 4°C milk 1:500 rabbit 
a-ALK Cell Signalling Technology 3633 overnight at 4°C BSA 1:1000 rabbit 
a-TGFβ Cell Signalling Technology 3711 overnight at 4°C BSA 1:1000 rabbit 
a-GFP Roche 11 814 460 001 1 hour at RT milk 1:1000 mouse 
a-SFPQ Sapphire Bioscience ARP 40572_T100 1 hour at RT milk 1:1000 rabbit 

Antibody Manufacturer Catalogue 
Number 

Dilution 
factor 

Organism 
developed in 

a-Mouse Abcam ab97023 1:10 000 goat 
a-Rabbit Abcam ab97051 1:10 000 goat 

Table 2.6: List of primary antibodies used in the Western Blotting protocol.  
 

Table 2.7: List of secondary antibodies used in the Western Blotting protocol.  
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2.6 Immunofluorescence and fluorescence in situ 
hybridisation 

 2.6.1 Immunofluorescence 
Cells were plated on coverslips within a 12-well plate (diameter 18mm, thickness 1.5; 

Schott, G405-15) and allowed to settle 1 day prior to transfection (as outlined in Section 

2.2 above) or grown for different lengths of time prior to fixation. Generally, cells were 

left to incubate for 1, 2 or 4 days after plating or post-transfection. Cells were first washed 

in PBS, then fixed in 4% paraformaldehyde in PBS (SigmaAldrich, 30525-89-4) for 10 

min at RT, followed by copious washing with PBS. Fixed cells on coverslips were 

permeabilised by placing in individual wells of a fresh 6-well plate containing 1% Triton 

X-100 (SigmaAldrich, X100-500ML) in PBS. The 6-well plate was placed on a rocker for 

10 min at RT. Coverslips were rinsed 3-4 times in PBS.  

 

Figure 2.1: A hybridisation chamber was used to conduct immunofluorescence and 
fluorescence in situ hybridisation experiments. 
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For antibody incubation, coverslips were placed, cells facing up, on parafilm within a 

hybridisation chamber (see Figure 2.1). An optional blocking step was conducted prior 

to incubation with certain antibodies, in which 50 µL of 5% goat serum in PBST was 

pipetted onto each coverslip and left to incubate for 30 to 45 min at RT. After 2-3 PBS 

rinses in a 12-well plate, coverslips were placed again, cells facing up, on the parafilm. 

50 µL of primary antibody in PBST was pipetted onto each coverslip (see Table 2.8 for 

list of primary antibodies and dilutions). In cases of co-immunofluorescence 

experiments, the primary antibodies would be mixed and diluted in the same 50 µL 

volume per coverslip. Coverslips were incubated for 1 hour in the closed hybridisation 

chamber at RT. Coverslips were washed thrice for 10 min in PBST in wells of a 6-well 

plate placed on a rocker. Secondary antibody was made in PBST, and 50 µL was 

pipetted carefully onto each coverslip in the chamber and incubated for a further 1 hour 

(see Table 2.9 for list of secondary antibodies and dilutions). In cases of co-

immunofluorescence experiments, the secondary antibodies would be mixed and diluted 

in the same 50 µL volume per coverslip. When used, the anti-F-actin green-fluorescence 

(i.e. Alexa Fluor 488-conjugated) phalloidin reagent would be diluted 1:300 and 

incorporated in the secondary antibody incubation step. After incubation, coverslips 

were washed thrice for 10 min in PBST in wells of a 6-well plate placed on a rocker. 

PBST was removed and cells were incubated for 1 min in DAPI (SigmaAldrich, D9542-

5MG) solution, diluted 1:10,000 in DEPC water. Coverslips were then mounted onto 

microscope slides (Hurst, 7107) using VECTASHIELD® Mounting Medium (Abacus, H-

1000), and nail polish. Slides were stored in the dark at 4°C for up to 1 year.  

 

2.6.2 Fluorescence in situ hybridisation (FISH) 
Cells were fixed as in Section 2.6.1. For FISH permeabilisation, coverslips were 

incubated in 70% ethanol (in DEPC-treated water)  for up to 2-3 days at 4°C. Wash 

buffer was made using DEPC-treated water, containing 10% deionized formamide 

(Ambion, AM9342) and 10% of 20x SSC (see Appendix B). Following permeabilization, 

coverslips were incubated in wash buffer in wells of a 12-well plate for 2-5 min. 

Hybridisation buffer was made using DEPC-treated water, containing 10% 

formamide,10% of 20x SSC and 20% dextran sulfate (SigmaAldrich, D8906-10G), with 

0.5 µL of probes added per 50 µL of hybridisation buffer (see Table 2.10 for list of all 

probes). 50 µL droplets for each coverslip were carefully pipetted onto the surface of 

fresh parafilm in a hybridisation chamber (Figure 2.1). Coverslips were carefully inverted 

onto the droplets, cells side facing down, so that the entire 50 µL hybridisation buffer 

aliquot contacted the surface of the coverslip. A piece of tissue, wet with distilled water, 
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was placed in the side of the chamber, (away from the coverslips and parafilm), and the 

entire chamber wrapped securely in cling wrap. The hybridisation chamber was placed 

overnight in a 37°C oven, with the wet tissue providing a source of water for humidity. 

Coverslips were then returned to a 12-well plate, cells side facing up, covered in 1 mL 

wash buffer per well and incubated at 37°C for 30 min. Cells were then incubated for 1 

min in DAPI solution, diluted 1:10,000 in DEPC water. Coverslips were then mounted 

onto microscope slides (Hurst, 7107) using VECTASHIELD® Mounting Medium 

(Abacus, H-1000), and nail polish. Slides were stored at 4°C for up to 1 year. The probes 

used in this project are outlined in Table 2.10. For dual-probe FISH experiments to 

detect both total NEAT1 and NEAT1_2 RNA transcripts, NEAT1 5' (Quasar® 570 Dye) 

and NEAT1 Middle Segment (FAM Dye) respectively were used, with both probes added 

in the same hybridisation buffer reaction. 

 

2.6.3 Combined Immunofluorescence and fluorescence in situ 

hybridisation 
Cells were fixed, permeabilised and incubated with antibodies as described in Section 

2.6.1. After the final 10 min PBST wash post-secondary antibody incubation, coverslips 

were submerged in FISH wash buffer for 2-5 min. FISH was then carried out, as 

described in Section 2.6.2. Once the wash buffer was removed and coverslips were 

incubated in 1:10000 DAPI, they were mounted using VECTASHIELD® Mounting 

Medium (H-1000) and nail polish. Slides were stored at 4°C for up to 1 year.  

 

2.7 Microscopy and Image Analysis 

All images were acquired on a Deltavision Elite microscope (General Electric Company) 

using either a 60x or 100x objective. The accompanying SoftWoRx software was used 

to alter acquisition settings, acquire images and save images into TIF format. Acquisition 

parameters were kept consistent for samples compared between each other. To acquire 

an image of a cell where all paraspeckles can be visualised in one plane, z-stacks were 

used to image across the z-axis of the cells at between 0.2 to 0.5 micron intervals. Z-

stacks were compressed into one ‘projection’ image, saved as TIFF format with 

minimum and maximum intensities for each channel set equally across all samples in a 

group. 
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For subsequent quantification of paraspeckles in the TIFF images, Nikon NiS Elements 

software (Nikon, Version 4.3). Nuclei were defined as a ‘Region of Interest’ (ROI) 

manually using a drawing tool and the DAPI channel. Intensity threshold parameters for 

the red and green fluorescence channels within the ROI were then determined and kept 

constant across all samples. For example, the images in Chapter 4, Figure 4.3B, were 

obtained using FISH using NEAT1 5’-Quasar 570 Dye probe and NONO 

immunofluorescence detected with anti-mouse FITC secondary antibody. Nuclei were 

circled to define ROI. Thresholding using the Binary Threshold function of NiS was then 

carried out to allow the software to outline a red ‘object’ (i.e. paraspeckle), with the 

number of red ‘objects’ per nucleus quantified. To measure NONO levels in 

paraspeckles, the intensity of green fluorescence (i.e. NONO protein) was measured 

within each red ‘object’ (i.e. paraspeckle), using the Automated Measurements function 

of NiS. All Binary thresholds to define paraspeckles were set the same across all groups 

during paraspeckle number, paraspeckle area, nucleoplasmic NONO and paraspeckle-

NONO localisation quantitation in Nikon NiS Elements software. Unbiased raw data 

were obtained and analysed, with dot plots generated in GraphPad Prism 7. 
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Antibody Manufacturer Catalogue 
Number 

Blocking step 
done 

Dilution 
factor 

Organism developed 
in 

a-NONO In-house  - No  1:500 mouse 
a-SREBP1 Abcam ab28481 Yes 1:500 rabbit 
a-SREBP2 Abcam ab30682 Yes 1:500 rabbit 
a-ALK Cell Signalling Technology 3633 Yes 1:500 rabbit 

a-F-actin/Phalloidin ThermoFisher A12379 Yes 1:300 Amanita phalloides 

Antibody Manufacturer Catalogue 
Number 

Dilution 
factor 

Organism 
developed in 

FITC a-Mouse Jackson Laboratories 115-095-072 1:250 goat 
TRITC a-Mouse Jackson Laboratories 115-025-072 1:250 goat 
TRITC a-Rabbit Jackson Laboratories 711-026-152 1:250 goat 

Probe Manufacturer Catalogue Number 
NEAT1 5’ Segment with Quasar® 570 Dye Stellaris VSMF-2246-5 

NEAT1 Middle Segment with Quasar® 570 Dye Stellaris VSMF-2037-1 

NEAT1 Middle Segment with FAM Dye Stellaris VSMF-2248-5 

Table 2.8: List of all primary antibodies used in the immunofluorescence protocol.  
 

Table 2.9: List of secondary antibodies used in the immunofluorescence protocol.  
 

Table 2.10: List of probes used in the fluorescence in situ hybridisation protocol.  
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2.8 Structured Illumination Microscopy (SIM) and 
image processing 

Images were acquired using a Nikon N-SIM microscope (Nikon, Tokyo, Japan) using a 

100x objective (SR Apo TIRF objective, 1.49NA, automatic correction collar) and Andor 

iXON Ultra EMCCD camera, in 3D stack SIM mode. Stack volumes were determined 

visually, with top and bottom slices defined by reduction in corresponding paraspeckle 

fluorescence. Z step size was set to 120nm. Images were reconstructed using the SIM 

algorithm in NIS Elements (Version 5.2, Nikon, Tokyo, Japan). Images acquired showing 

midway through a paraspeckle of interest are shown in Chapter 4, Figure 4.4B, with 

intensity profile graphs obtained using NIS Elements (Version 4.3, Nikon). 

 

2.9 Patient Cohort Information 

All patient RNA expression graphs and Kaplan-Meier Curves were obtained from R2: 

Genomics Analysis and Visualization Platform (Available http://r2.amc.nl, August 2019), 

with three neuroblastoma datasets. Datasets Versteeg (n=88) and Kocak (n=649) were 

selected due to their examination in the (Liu et al., 2014) study, and dataset SEQC 

(n=498) was chosen due to its large sample size and containing patient data from all 5 

stages (1, 2, 3, 4, 4S). In the Versteeg dataset, the Affymetrix Human Genome U133 

Plus 2.0 Array was used to study gene expression profiles of 88 patient tumour samples, 

with normalisation occurring using the MAS5.0 algorithm recommended by the GCOS 

program of Affymetrix, and with probes 224566_at, 220983_s_at, 209757_s_at 

200057_s_at, 218371_s_at and 201586_s_at chosen to observe total NEAT1, 

NEAT1_2, MYCN, NONO, PSPC1 and SFPQ expression respectively. The Agilent-

020382 Human Custom Microarray 44k was used for both datasets Kocak and SEQC, 

where Kocak shows single-color gene expression profiles from 649 neuroblastoma 

tumours (Oberthuer et al., 2010), and SEQC shows gene expression profiles obtained 

from 498 primary neuroblastoma samples. Probes UKv4_A_24_P566916, 

UKv4_Hs457851.5, UKv4_A_24_P94402, UKv4_A_24_P151727, UKv4_Hs16364.1 

and UKv4_A_24_P105283 were chosen to study total NEAT1, NEAT1_2, MYCN, 

NONO, PSPC1 and SFPQ respectively for both datasets.  In the Kocak dataset, 173 out 

of 649 patient survival data was unavailable, and hence not included in the Kaplan-Meier 

Curves. All Kaplan-Meier Curves show overall survival probability of all patients, both 

relapse-free and otherwise. Two-sided Pearson’s coefficient was used to assess the 
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correlation between expression levels of two genes. Kaplan-Meier curves were 

assessed using two-sided log-rank t-test. 

2.10 Cell proliferation assays 

2.10.1  Incucyte™ S3 Live-Cell Imaging System 
For cell confluence experiments, cells were plated into clear nuncleon-coated 96-well 

plates (with 2-3 technical replicates used per biological replicate) on Day 0 and left in 

the incubator overnight. Following transfection, plates were then placed in Incucyte™ 

S3 Live-Cell Imaging System, and each well was scanned using the Phase channel with 

a 4x objective once daily for 2, 4 or 6 days with 1 image taken of each well per timepoint, 

unless otherwise specified. Fresh media was added (50 µL of 15% FBS RPMI or DMEM 

media per well) every second day. All final-day data points were normalised to 

confluence of same well on Day 0. All Incucyte data analyses were conducted using 

default settings, with Phase Segmentation Adjustment set at 0.5. All analytical 

parameters were done the same way between samples within a biological replicate.  

 

2.10.2 Promega™ Cell Titer Glo reagent 
For Cell Titer Glo assays, cells were plated into white-coloured opaque 96-well plates 

(with at least 3 and maximum 6 technical replicates used per biological replicate). 

Transfections were conducted in a forward transfection manner, and plates were 

cultured for 2, 4 or 6 days, unless otherwise specified. Fresh media was added (50 µL 

of 15% FBS RPMI or DMEM media per well) every second day. On the day of lysis, 10 

µL Cell Titer Glo reagent was added per well without removing or changing media and 

plates were shaken for 2 min. Luminescence activity was measured and recorded using 

the Fluostar Optima Instrument.  

 

2.10.3 BrdU reagent and subsequent immunofluorescence 
This protocol was conducted to determine extent of cell replication post PMO-leash 

lipoplex transfection (Chapter 4). Optimisations were conducted as outlined in flowchart 

in Figure 2.2. The BrdU protocol was adapted from the manufacturer’s website (Abcam, 

https://www.abcam.com/protocols/brdu-staining-protocol). I evaluated optimal 

parameters for: 1) BrdU incorporation time (1 hour or 2 hours) prior to fixing cells; 2) 

optional step outlined in Abcam protocol to incubate cells with sodium borate after 

incubation in 1 M HCl, to neutralise; and 3) primary antibody dilution (1:250 or 1:500 in 

PBST) for the subsequent immunofluorescence protocol. These were carried out over 
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eight coverslips with untreated KELLY cells (one of the coverslips was lost during the 

protocol). Later, slides were imaged (shown in Figure 2.2). Out of all the images for each 

condition, best image quality was the 2 hour BrdU incorporated, sodium-borate 

incubated samples incubated with 1:500 anti-BrdU primary antibody during 

immunofluorescence. Hence, these conditions were selected for all BrdU assays in all 

subsequent experiments.  

 

This protocol required cells to be treated with 5-Bromo-2′-deoxyuridine (BrdU) reagent, 

followed by immunofluorescence to detect DNA with incorporated BrdU. Only KELLY 

cells were used in this treatment. Cells were plated onto coverslips in 12-well plates. 

Cells were either left unperturbed or transfected and left for 2 or 4 days. 2 hours prior to 

fixation, media was replaced with media containing 10 nM 5-Bromo-2′-deoxyuridine 

(BrdU) (Merck, B5002-100MG). After coverslips were fixed, cells were permeabilised in 

1% Triton X-100/PBS for 10 min at room temperature. Coverslips were rinsed twice in 

500 µL of PBS, swirling coverslips in PBS for 10 s each time. The coverslips were 

incubated in 1 M HCl for 30 min, rinsed twice in PBS and then incubated in 0.1 M sodium 

borate for 30 min. After blocking in 5% goat serum in PBST (50 µL per coverslip), 

immunofluorescent staining was carried out using Anti-BrdU antibody (Abcam, ab8955) 

at 1:500 dilution in PBST, and anti-mouse TRITC secondary antibody (Jackson 

Laboratories, 115-025-072) at 1:300 dilution in PBST. Cells were imaged on the 

Deltavision microscope using 60X objective (see below). Cells that had incorporated 

BrdU into their DNA during replication (labelled by TRITC) were measured and 

expressed as a value relative to the total number of nuclei, as measured by DAPI  

staining.  
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Figure 2.2: Optimisation for BrdU incorporation and staining to design protocol for measuring extent of cell replication in KELLY cells. 
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2.11 NONO immunoprecipitation (NONO-IP) 

Protein lysates in RIPA buffer were used for NONO-IP (see Section 2.5.1). To conjugate 

IgG-only or NONO antibody to beads, 60 µL of Dynabeads (ThermoFisher, 10004D) 

were first washed 2-3 times in NP-40 lysis buffer (see Appendix B) using a magnetic 

rack following each wash to separate beads from liquid. Next, 150 µL of TN buffer was 

added to resuspend the beads. 12 µL of normal mouse IgG (SantaCruz, sc-2025) 

(concentration of 0.4 mg/ml) was added to 30 µL of the resuspended Dynabeads, and 

15 µL of anti-NONO monoclonal antibody (0.5 mg/ml) was added to the other 30 µL 

resuspended Dynabeads, and the tube was placed on a rotating wheel overnight at 4°C. 

The next day, a magnetic rack was used to remove the supernatant, and the beads were 

washed twice using 1mL volumes of 0.1 M sodium borate at pH 9.0. Then, 1 mL of 

sodium borate buffer containing 20 mM dimethyl pimelimidate (DMP) was then added 

to the each of the tubes, and mixed on a rotating wheel at RT for 30 min. Beads were 

collected using the magnetic rack, and 1 mL of fresh sodium borate buffer containing 20 

mM dimethyl pimelimidate (DMP) was again added to the beads. As before, beads were 

mixed on a rotating wheel at RT for 30 min. Beads were then collected, buffer was 

removed, and beads were washed twice in 50 mM glycine pH 2.5. Antibody-conjugated 

beads were then washed several times in NP-40 lysis buffer (See Appendix B), 

resuspended in 120 µL NP-40 lysis buffer, and stored at 4°C.  

 

To conduct the IP, KELLY, BE2C and SK-N-AS lysates were made from 80% confluent 

wells of cells within 12-well plates, with 150 µL of RIPA buffer added to each well. Then, 

350 µL of TN buffer was added to each lysate. 160 µL of this lysate was used, and the 

rest was stored at -80°C. Lysates were pre-cleared by adding 20 µL of washed (twice in 

TN buffer) Dynabeads that did not have antibody conjugates. These were left on a 

rotating wheel for 2 hours at 4°C. The supernatant was removed and stored, labelled 

pre-cleared lysate. Beads were disposed of.  

 

For the pull-down, 75 µL of the pre-cleared lysate was added to 30 µL of IgG-conjugated 

Dynabeads, 75 µL of the pre-cleared lysate was added to 15 µL of NONO antibody-

conjugated Dynabeads, and the remaining 25 µL was preserved as input. The -IP and 

+IP samples were left on a rotating wheel for 2 hours at 4°C. Beads were then washed 

twice using 150 µL RIPA buffer and once in 150 µL TN buffer for each sample. Beads 

samples were then each resuspended in 20 µL TN buffer.  
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Finally, 5x PLB was added to each of the samples; the IgG-IP sample, the NONO-IP 

sample and the pre-cleared lysate sample. Samples were heated to 95°C for 10-15 min, 

and Western Blot was carried out, as per outlined in Section 2.3.  

 

For the NONO-IP experiment in Figure 5.1A, RIPA extracts were obtained from each 

cell line and pre-cleared using Dynabeads only. NONO-IP was then conducted with a 

few changes to the general protocol above. Firstly, although a pre-clearing lysate step 

was conducted, pre-cleared lysate samples were not run on the protein gel. Secondly, 

the control (-) IP refers to pre-cleared lysate being left on a rotating wheel for 2 hours at 

4°C with Dynabeads only, and not with IgG-conjugated beads, as a negative control. 

Finally, KELLY and BE2C control (-) IP and NONO (+) IP samples were run together on 

one gel, where SK-N-AS control (-) IP and NONO (+) IP samples were run on a separate 

gel.  

 

2.12 Cloning of SREBF1 into vector  

Molecular biology to clone the active, cleaved genomic SREBF1 (see Section 3.1.4 and 

Figure 3.2) sequence (~1500 bp long) into a mCherry-C1 expressing plasmid was 

conducted, to utilise in SREBP1 overexpression experiments (Figure 3.12). Firstly 

mCherry-C1 plasmid was double-digested using restriction enzymes BglII (NEB, R0144) 

and BamHI (NEB, R0136), and 10x NEB 3.1 buffer (NEB, B7203S) to linearise the 

plasmid with overhangs. 1 µg of mCherry-C1 plasmid (see Appendix D, >mCherry-C1-

empty) was digested using 1 Unit of BglII and 1 Unit of BamHI in (now 1x) NEB 3.1 

buffer for 1 hour at 37°C in a 50 µL reaction. A negative control sample, containing no 

enzymes but all other components, was also conducted side-by-side. After digestion, 10 

µL of each sample was pipetted into separate tubes, and 6x DNA loading dye 

(ThermoFisher, R0611) was added to each sample. These aliquots were run on a 1% 

agarose-TAE buffer with added SYBR™ Safe DNA Gel Stain, and along with a 1 kb 

DNA ladder. The gel was run on a gel electrophoresis set up at 100 V for 30 min. The 

gel was visualised using a Bio-Rad ChemiDoc Imaging system.  

 

Next, primers to amplify the cleaved SREBF1 amplicon were designed. NCBI GeneBank 

was used to obtain the sequence of SREBF1 ORF (SREBF1 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001005291.2?report=GenBank). Primers 

were designed as such that the resulting amplicon post-PCR would possess overhangs, 

complementary to the BglII and BamHI cut sites within the C1-mCherry plasmid. To 
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design the primers, NEB™ Assembly builder was used (http://nebuilder.neb.com/, 

available June 2018) (See Appendix C for primer sequences). Table 2.11 below shows 

components of the PCR conducted. Using these primers, along with DNA polymerase 

called Phusion polymerase (NEB, M0530S), 5x Phusion GC buffer (NEB, B0519S), and 

cDNA from KELLY sample, PCRs were conducted. Negative control (-) PCRs containing 

no cDNA were also done in conjunction. 

 

 

 

 

 

Following PCR, 6x DNA loading dye was added to each sample. Samples were run on 

a 1% agarose-TAE buffer with added SYBR™ Safe DNA Gel Stain, and along with a 1 

kb DNA ladder, on a gel electrophoresis set up at 100 V for 30 min. The gel was 

visualised using a Bio-Rad ChemiDoc Imaging system. Product of approximately ~1500 

bp was excised, and purified using the QIAquick Gel Extraction Kit (Qiagen, 28706). 

Using the Nanodrop, yield of the product was obtained. A Gibson reaction was 

conducted using the Gibson Assembly Master Mix (NEB, E2611S), where linearized C1-

mCherry plasmid and the SREBF1 amplicon was assembled in a 10 µL reaction at 50°C 

for 1 hour (see Table 2.13).  

 

Component Volume per reaction (µL)  

Forward primer (10 µM) 2.5 

 

Reverse primer (10 µM) 2.5 

5x Phusion GC Buffer 10 

10mM dNTP mix 1 

MilliQ water 30.5 

Phusion Polymerase 0.5 

Total volume 47 + 3 μL of KELLY cDNA  

Step Temperature Time Number of cycles 
Initial Denaturation 98°C 30 s  

Denaturation 98°C 10 s  
        41x	Primer Annealing 58°C 30 s 

Elongation 72°C 60 s 

Final Extension 72°C 10 min  

Hold 4°C hold  

Table 2.12: The PCR program run to amplify bands targeting SREBF1.  

 

Table 2.11: The contents and volumes of the PCR master mix per reaction for SREBF1 

amplicon.  

 



 

 

 

69 

Component (-) control SREBF1-C1 Gibson  
Digested plasmid (20 ng/µL) 1 1 
SREBF1 amplicon (20 ng/µL) 0 3 
2x Gibson Master Mix  0 5 
MilliQ water 9 1 
Total Volume 10 10 

 

 

A 1 in 4 dilution of the Gibson reactions were then made, and 2 µL was gently pipetted 

into 50 µL aliquots of α-Select Competent Cells (Bioline, 85026) each. These cells were 

transformed for 30 min on ice, and then heat shocked for 30 s at 42ºC. Once the 

transformation was complete, cells were added to 500 µL of S.O.C medium 

(ThermoFisher, 15544034) in 1.5 mL eppendorf tubes, and shaken for 2 hours at 37°C 

at 120 rpm. LB-agar plates containing kanamycin (See Appendix B) were prepared, and 

the S.O.C samples with cells were plated on using a Bunsen burner in proximity. Plates 

were left overnight at 37ºC. The next day, colonies were picked, and added to 10 mL 

aliquots of LB broth containing 0.25 mg/mL kanamycin and shaken overnight at 37°C at 

120 rpm. The following day, the cultures were pelleted (3000 rpm at 4ºC for 15 min). 

Minipreps on each pellet was done using the QIAprep Spin Miniprep Kit (Qiagen, 

27106). Plasmids were then checked for amplicon integration using PCR, using the 

same primers and conditions as in Tables 2.11 and 2.12.  

 

The PCR samples were then run on a 1.5% agarose-TAE buffer with added SYBR™ 

Safe DNA Gel Stain, and along with a 1 kb DNA ladder, on a gel electrophoresis set up 

at 100 V for 30 min. The gel was visualised using a Bio-Rad ChemiDoc Imaging system. 

Plasmids containing products of approximately ~1500 bp were then selected for Sanger 

sequencing. Using the NCBI Basic Local Alignment Search Tool (BLAST) tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), the Sanger sequenced data was checked to 

see if entire SREBF1 amplicon was integrated into the C1-mCherry plasmids (see 

Appendix D and E for plasmid sequences). Henceforth, the C1-mCherry and C1-

mCherry-SREBF1 plasmids are dubbed mCherry-Control and mCherry-SREBF1 

respectively. Lipofectamine ® 3000 (ThermoFisher, L3000075) was used to transfect 

mCherry-Control and mCherry-SREBF1 plasmids into KELLY cells. Generally, 1 µg of 

plasmid was transfected into cells in each well of a 12-well plate, and 100 ng was 

transfected into cells in each well of a 96-well plate.  

 

Table 2.13: The contents and volumes of the Gibson Assembly reactions. 
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2.13 Phosphoactivatable Ribonucleoside-

Enhanced Crosslinking and Immunoprecipitation 

(PAR-CLIP) and unperturbed neuroblastoma cell 

line RNA-sequencing 

2.13.1 Unperturbed neuroblastoma cell line RNA-seq sample 

preparation 
KELLY, BE2C and SK-N-AS were plated into 6-well plates, four wells for each cell line, 

in 2 mL volumes per well at a cell density of 2x104 cells per well for KELLY, 1X105 per 

well for BE2C and 2x104 cells per well for SK-N-AS cells. Two days later, media was 

removed, a 500 µL PBS wash was conducted on each well, and each well was lysed 

using 1 mL of TRIzol™ Reagent (ThermoFisher, 15596026) pipetted directly onto each 

well. Plates were frozen at -80°C. The next day, RNA extractions for the 12 samples 

was conducted, as per TRIzol manufacturer instructions. Samples were transferred into 

1.5 mL eppendorf tubes. 400 µL of DEPC-treated water was added to each sample. 

Then, the tubes were shaken by hand vigorously for 15 s . All tubes were then incubated 

at RT for 10 min, then centrifuged at 14,000 x g for 15 min at 4°C, to achieve phase 

separation. 250 µL of soluble solution was carefully pipetted and placed in another tube 

for each sample. 250 µL of isopropanol was then added to each soluble-sample, along 

with 0.5-1 µL of GlycoBlue™ coprecipitant (a mastermix of isopropanol:GlycoBlue™ 

would be made 1000:1, of which 1001 µL was added to each sample). Samples were 

incubated at RT for 10 min. Samples were centrifuged at 14,000 x g for 10 min at 4°C. 

Resulting blue-coloured RNA pellets were washed twice with 70% ethanol-DEPC water 

solution (500 µL per wash) and centrifuged at 8,000 x g for 2 min at 4°C. RNA pellets 

were then resuspended in 15-20 µL of DEPC-treated water. RNA quality was confirmed 

using a Bioanalyser (Perkin Elmar, MA, USA) prior to RNA-seq. Out of four samples per 

cell line, the sample with the highest RNA Integrity Number (RIN > 8.0 for all three) was 

selected for further sequencing.  
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2.13.2 Neuroblastoma cell lines PAR-CLIP sample preparation 

  

All three cell lines, KELLY, BE2C and SK-N-AS, were plated in normal media into twenty 

14 cm dishes each, at 1x106, 5x105 and 8x105 cells per dish respectively, and grown for 

48 hours, and then treated for 14 to 16 hours with 100 µM of 4-thiouridine (4-SU) 

(SigmaAldrich, T4509-100MG). After two PBS washes, plates were irradiated at 

0.15J/cm2 with 365nm UV light, and cells were scraped and resuspended in 300 µL of 

NP-40 lysis buffer and incubated on ice for 10 min (SigmaAldrich, I3021). Further lysis 

using a 23G syringe, and centrifuging at 13,000 x g for 15 min at 4°C was done. The 

supernatant after centrifuging was placed in a separate tube, and 1 µL of RNase T1 

(ThermoFisher, FMTEN0541) was added per mL of lysate. The samples were incubated 

at RT for 5 min, then cooled on ice for 5 min. This RNase step ensured that all RNA 

molecules except only those that are bound by protein will be digested. 

Immunoprecipitation of lysates was then performed using Dynabeads conjugated with 

anti-NONO mouse monoclonal antibody (See Section 2.11). This step was followed by 

dephosphorylation, where beads were suspended in dephosphorylation buffer (see 

Appendix B). Calf intestinal alkaline phosphatase (NEB, M0290S) was added to a final 

concentration of 0.5 Units/µL and incubated for 10 min at 37°C. Beads were then 

Figure 2.3: A brief summary of the PAR-CLIP protocol. 
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washed twice with 1 mL phosphatase wash buffer, then twice with 1 mL polynucleotide 

kinase (PNK) buffer (see Appendix B). Beads were then resuspended in 50 µL PNK 

buffer. The bead samples were then transferred to a radioactive-lab environment. Here, 

beads were treated with radioactive phosphorus-32 (P32) (Perkin Elmer, 

BLU502A250UC). Here, P32-ATP was added to the 50 µL bead suspension, to a final 

concentration of 0.5 µCi/µL. T4 polynucleotide kinase (NEB, M0201S) was added to the 

suspension, to a final concentration of 0.8U/µL. The beads suspension was then 

incubated for 30 min at 37°C. Non-radioactive ATP was then added, to obtain a final 

ATP concentration of 100 µM, and incubated for another 5 min at 37°C. Beads were 

washed 5 times with 800 µL of PNK buffer. Then, beads were resuspended in 40-60 µL 

of 2x SDS buffer (40 µL for BE2C sample, 60 µL each for KELLY and SK-N-AS 

samples). The radiolabelled suspension was incubated at 95°C for 5 min to release 

protein-RNA complexes from the beads. Using a magnetic rack, supernatants were 

removed and placed into fresh 1.5 mL eppendorf tubes. 

 

Three NuPAGE™ 4-12% Bis-Tris 10-well Protein Gels (Invitrogen, NP0321BOX), one 

gel for each cell line sample, were prepared for SDS-PAGE electrophoresis. 20 µL of 

each sample were loaded per well of the gels (i.e. three lanes each for KELLY and SK-

N-AS, and two lanes for BE2C; see Figure 5.1B) and gels were run at 150 V for 1 hour 

and 10 min. Once complete, gels were wrapped in cling wrap and visualised on film 

(enabled by the P32 end-labelling; shown in Figure 5.1B). Gel bands containing the 

target crosslinked protein-RNA complexes were cut out. Gel bands were treated to 

electro-elution, eluting the protein-RNA sample into 2x SDS buffer, after which the 

sample was treated to proteinase K (ThermoFisher, FMTEO0491) treatment, and an 

RNA extraction was carried out using the miRNeasy Micro Kit (Qiagen, 217084). An 

overview of the PAR-CLIP protocol is shown in Figure 2.3 (Corcoran et al., 2011; Hafner 

et al., 2010; Spitzer et al., 2014). 

 

2.13.3 RNA-sequencing 
One sample each of the three neuroblastoma cell lines and all three PAR-CLIP samples 

were sent to AGRF (Perth and Melbourne, Australia), where RNA quality was confirmed 

using a Bioanalyser. Then, whole transcriptome library preparation using the TruSeq 

Small RNA Library Preparation Kit (Illumina, CA, USA) and ribosomal RNA depletion 

with the Ribo-Zero-Gold kit (Illumina, CA, USA) was performed. Sequencing was 

conducted using an Illumina HiSeq 2000 (Illumina, CA, USA) to generate 50 bp single 

end reads, resulting in an average 29 million reads per sample.  
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2.14 Bioinformatics 

Note: Bioinformatics analyses were conducted by Jack Aatto Laasonen Cooper (JALC). 

circRNA related bioinformatics analyses were conducted by Katherine Pillman (KP).  

 

For NONO KD RNA-seq data, reads were quality checked using FastQC (version 

0.11.5) with all files passing (data not shown). Quasi-alignment was performed using 

salmon (version 0.8.2) across a GRCh37-based index generated using the GENCODE 

v19 transcriptome. tximport (version 1.4.0) was used to generate gene-level read 

counts, and DESeq2 (version 1.16.1) was used to perform differential expression (DE) 

analysis. The four control samples were tested against eight NONO KD samples. 

Samples from the two NONO KD siRNAs were grouped in an attempt to correct for off-

target effects of the individual siRNAs. Gene ontology (GO) analysis was performed 

across differentially expressed genes using Metascape (http://metascape.org, (Tripathi 

et al., 2015)), separating genes by positive or negative log fold change (LFC). Gene Set 

Enrichment Analysis (GSEA, version 3.0) was also performed using the count data 

generated above and tested against the Biological Process gene sets maintained at 

MSigDB (https://software.broadinstitute.org/gsea/msigdb/). The Enrichment Map plugin 

for Cytoscape (version 3.5.1) was used to construct gene set networks from GSEA 

outputs, which uses the output of the biological process GSEA and examines the overlap 

of genes within related gene sets.  For circRNA analysis, our NONO KD RNA-seq raw 

reads after FastQC were sent to a circRNA lab in Adelaide. KP kindly performed 

bioinformatics analysis, using the Spliced Transcripts Alignment to a Reference (STAR) 

tool in conjunction with CIRCexplorer. These two tools acted as a combinatorial junction 

read re-alignment tool.  Raw circRNA reads were counted, which were then normalised. 

edgeR was used to perform DE analysis to identify circRNAs of interest. 

 

Data for the SREBP1 activation plots was accessed through the National Cancer 

Institute’s Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/), Project 

ID: TARGET-NBL. Transcriptome Profiling data was used for correlation analyses. 

Tumour sample expression counts were first normalised between samples using 

DESeq2. We used the expression of 28 SREBP1 targets which were differentially 

expressed in KELLY to calculate a standardised SREBP1 target ‘activation score’ for 

each tumour sample. We then compared the expression of NONO and SREBF1 RNA 

to the SREBP1 activation score. Then, using the 28 canonical SREBP1 targets whose 

expression was significantly decreased following NONO KD in KELLY, the expression 
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of each gene was standardised between samples. The mean standardised expression 

score for each of the 28 genes was then taken as the SREBP1 activation score.  

 

To observe differential usage in ALK RNA transcripts (Figure 3.18), differential usage 

testing was performed using DEXSeq and the coordinates of used introns and exons 

(i.e. differential usage (DU)) uploaded to the UCSC Genome Browser. Exon read density 

was calculated in reads/kbp. To predict the protein sequences expressed by ALK_1, 

ALK_2 and ALK_3 (for which, their DNA sequences were acquired on Ensembl), the 

Prosite tool in Expasy was utilised. Predicted protein sequences for each ALK isoform 

can be found in Appendix F.  

 

For the BoostPS RNA-seq data, raw sequencing files were quality checked using 

FastQC (0.11.7), with all files passing. No adapter contamination was identified, and 

reads were not trimmed. Transcript quantification was performed with salmon (0.8.2), 

using an index constructed from the Ensembl GRCh38.93 annotation. Transcript 

abundance was summarised to gene-level counts and imported into R using tximport 

(1.4.0). DE analysis was performed using DESeq2 (1.16.1) and the default parameters 

(alpha = 0.1). Three primary comparisons were performed: control (4) vs Boost PS1 (4), 

control vs Boost PS2 (4) and control (4) vs combined Boost PS1 and Boost PS2 (8). GO 

analysis was performed using GSEA (3.0) with 1000 gene set permutations and the 

msigdb ‘BP: GO biological process’ gene set. GO networks were constructed using the 

Enrichment Map plugin for Cytoscape (3.5.1), with cut-offs: p < 0.05, FDR < 0.1 and 

edge > 0.375. RNA-seq coverage tracks were generated using HISAT2 (2.1.0) for 

alignment to a GRCh38 genome index, samtools (1.4.1) for conversion to bam files and 

bamCoverage (3.1.2) for conversion to bigwig and upload to the UCSC genome browser 

(https://genome.ucsc.edu/index.html). 

 

The heatmaps of differentially expressed genes includes all genes that showed a 

significant change (padj < 0.1) and was constructed using the heatmap.2 function from 

R package gplots (3.0.1). To generate heatmaps displaying expression of genes, lists 

of target genes of transcription factors were acquired using published ChIP-seq data. 

For target genes of SREBP1, the study by Reed and colleagues (2008) was used. For 

SREBP2, target genes were acquired from the Harmonizome (Rouillard et al., 2016).  

For PHOX2B, two studies were collated (Cardani et al., 2018; Pla et al., 2008) and the 

list of genes analysed. For p53, the study by Fischer and colleagues (2017) was used 

(Fischer, 2017).  For MYCN, the study by Hsu and colleagues (2016) was used (Hsu et 

al., 2016). In each of these studies, overexpression or KD of the transcription factor of 
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interest was performed, and the effect this had on each of the target genes (determined 

with ChIP-seq) was published. The genes that were bound by the transcription factor 

and exhibited altered expression (either increase or decrease) with transcription factor 

activation were determined and termed transcription factor-responsive genes.  

 

Hence in this thesis, for heatmaps of MYCN, PHOX2B and p53 transcription factors, the 

list of genes that were both identified by ChIP-seq and had a response (alteration in 

expression) to transcription factor activation were used. The red and green bars 

displayed on the side of the heatmaps display the expression of genes that are 

transcription factor responsive. For example, changes in gene expression of MYCN-

target genes after NONO KD are displayed in Figure 3.17. Genes with green bars on 

the side changed in the same direction after NONO KD as that of MYCN activation 

(which was performed and demonstrated in the Hsu et al 2016 study). Genes with red 

bars on the side changed in the opposite direction after NONO KD as that of MYCN 

activation. Genes with no bars on the side (Figure 3.17A) are genes that showed no 

statistically significant changes in gene expression after NONO KD, but this does not 

mean they are not MYCN-responsive target genes. 

 

PARpipe (https://github.com/ohlerlab/PARpipe) was used to process PAR-CLIP 

datasets. In brief, after pre-processing, the pipeline uses PARalyzer (version 1.5) to 

identify reads containing T-to-C transitions (which are indicative of successful RNA-

protein crosslinking), and aggregates these reads into clusters to define RNA-protein 

binding sites. HOMER (version 4.9) was used to isolate RNA sequence motifs enriched 

at NONO binding sites. Coordinates tested include KELLY NONO binding clusters and 

RNA peaks identified using MACS2 (version 2.1.1.20160309). Coverage plots were 

generated using bam files produced by either HISAT2 (version 2.1.0, for RNA-seq) or 

bowtie (0.12.7 within PARpipe) and converted to bigWig for display in the UCSC 

Genome Browser. Cluster tracks were created by taking cluster coordinates (provided 

by PARpipe) and calculating T-to-C read density across each binding site. The RNA-

seq and PAR-CLIP tracks for KELLY, BE2C and SK-N-AS cell lines on UCSC Genome 

Browser (GRCh37/hg19) for a gene of interest have been displayed in column bar 

format. 
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2.15 Statistical Analyses 

All graphs show experiments from three biological replicates (n = 3), unless otherwise 

stated. All dot plot datasets were generated and analysed using Graph Prism 7.  A two-

tailed unpaired Student t-test was conducted assuming unequal variance for all dot plots. 

All dot plots with error bars show mean with standard deviation, unless otherwise stated. 

All column graphs were generated and analysed using Microsoft Excel 2013. For 

experimental data representing 3 (or more) independent experiments (n ≥ 3), p-values 

were calculated as a metric to measure significance using t-tests. A two-tailed unpaired 

Student t-test was conducted assuming equal variance for all RTqPCR datasets. For 

cell viability data sets, a two-tailed unpaired Student t-test was conducted assuming 

unequal variance. For all cell confluence datasets, a two-tailed unpaired Student t-test 

was conducted assuming equal variance. For all Western Blot datasets, a two-tailed 

unpaired Student t-test was conducted assuming equal variance. For any data 

representing 1 or 2 biological replicates only, t-tests were not conducted, and p-values 

were not calculated. All column graphs with error bars show mean with standard error 

mean, unless otherwise stated.  
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Chapter 3: NONO – a regulator of gene 

expression in high-risk neuroblastoma 

3.1 Introduction  

3.1.1 NONO depletion as a strategy to decipher the role of NONO 
NONO is a multi-functional protein, capable of binding to DNA, RNA and protein (Knott 

et al., 2015). In this chapter, I have explored the role of NONO on regulating gene 

expression. Specifically, I have investigated the consequences of altering NONO 

expression in high-risk neuroblastoma cells using NONO KD as a tool. NONO KD can 

be achieved either transiently using RNAi, or by creating NONO-/- mice or stable cell 

lines. Previously, transient NONO KD in cell lines have revealed the role of NONO in 

NHEJ-mediated DNA damage repair (Krietsch et al., 2012), in the activation of Erk-target 

genes (Cheng et al., 2018), and in driving proliferation in AML (Zhang et al., 2016). 

Stable NONO KD in cells includes mESCs from NONO-/- mice that display reduced 

expression of Erk-target genes and enhanced self-renewal capacity (Ma et al., 2016), 

and decreased senescence and increased cell proliferation in fibroblasts derived from 

NONO-/- mice (Kowalska et al., 2013). In vivo NONO-/- mice have been utilised to show 

NONO loss leads to intellectual disability and synaptic defects in the brain (Mircsof et 

al., 2015). NONO-/- mice also exhibit dysregulation of glucose homeostasis in the liver 

via altered post-transcriptional regulation of mRNAs encoding proteins important in 

glucose and fat metabolism (Benegiamo et al., 2018). NONO KD has previously been 

conducted in the neuroblastoma context, where NONO depletion resulted in reduction 

of RNA levels of lncUSMycN and MYCN, both of which are bound by NONO (Liu et al., 

2014). Overall, NONO KD has been an effective tool in investigating the various roles of 

NONO in mammalian cells (summarised in Figure 1.7), and NONO KD can be used to 

further examine the role of NONO in neuroblastoma. 

 

In this chapter, I conducted NONO KD using siRNAs in high-risk neuroblastoma cells, 

followed by RNA-sequencing and bioinformatic analyses. The NONO KD RNA-seq data, 

along with other molecular cell biology assays, were utilised to reveal the role of NONO 

in regulating gene expression at speculated transcriptional, post-transcriptional, 

translational and post-translational levels. Molecular factors that have been previously 

involved in neuroblastoma have been examined in this chapter, some of which were 
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discussed in Section 1.2.2 of Chapter 1. Additionally, other molecular factors and 

biological pathways of interest have emerged from the NONO KD RNA-seq data, which 

have been thoroughly explored in this chapter. Some of these include regulating 

expression of different isoforms of ALK, sponging of tumour-suppressive let-7 miRNAs 

by ceRNAs PVT1 and circPVT1, and the interaction of NONO with oncogenic 

transcription factor SREBP1. The remainder of this Section 3.1 provides background 

information about these molecular factors.  

 

3.1.2 The various isoforms of ALK 
Regulation of ALK expression can occur at transcriptional, post-transcriptional and post-

translational levels. Impairment of this regulation can lead to cancer. The full length ALK 

protein has a molecular weight of ~180 kDa (Figure 3.1), however the presence of 

alternative transcription initiation (ATI) sites or alternative splicing of ALK mRNAs, as 

well as post-translational modifications or cleavage events of ALK, lead to production of 

various ALK protein variants. Phosphorylation of the intracellular tyrosine kinase domain 

(TKD) (Figure 3.1; green) results in the activation of anti-apoptotic and cell-proliferative 

downstream signalling pathways (Chen et al., 2008b). N-linked glycosylation is a post-

translational modification in which glycan molecules bind to the nitrogen atoms in 

asparagine residues in a protein (Contessa et al., 2010). Glycosylation is necessary for 

proper protein folding and conformation, ensuring accurate localisation of proteins to 

sub-cellular locations (Gupta et al., 2009; Helenius and Aebi, 2001). Preventing 

glycosylation of receptor tyrosine kinases (RTKs) reduces their proteolytic processing 

and cell surface expression, and inhibits cell cycle progression and cell proliferation 

(Helenius and Aebi, 2001; Klaver et al., 2019). Glycosylation of ALK can occur at 16 

putative sites within the extracellular region at the N-terminus (Figure 3.1; orange). 

Glycosylation of some sites and not others also contributes to ALK diversity, resulting in 

variants with different molecular weights (Del Grosso et al., 2011; Morris et al., 1997). 

ALK glycosylation causes constitutive phosphorylation and activation of the intracellular 

TKD, positively regulating ALK and its downstream signalling pathways (Contessa et al., 

2008; Contessa et al., 2010; Del Grosso et al., 2011). Inhibition of ALK glycosylation 

reduces phosphorylation of the TKD, which therefore inhibits the pro-survival signalling 

pathways required for cancer progression (Del Grosso et al., 2011). Therefore, ALK 

glycosylation presents a novel interaction that can be targeted for therapeutics in 

neuroblastoma.  
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ALK can be cleaved at an extracellular site, resulting in a ~140 kDa protein embedded 

in the cell membrane, with the cleaved fragment containing the two MAM and one LDLa 

domains released into the extracellular matrix (Degoutin et al., 2009; Iwahara et al., 

1997; Moog-Lutz et al., 2005; Morris et al., 1997) (Figure 3.1; dark blue arrow). This 

membrane-embedded ~140 kDa protein has been reported in multiple neuroblastoma 

cell lines and patient cohorts, although the function of this fragment has not been 

extensively investigated (Huang, 2018; Moog-Lutz et al., 2005). However, it is 

speculated that this extracellular cleavage results in ligand-independent ALK activation 

(Huang, 2018), resulting in constitutive activation of the TKD and the subsequent anti-

apoptotic and cell-proliferative downstream signalling pathways (Chen et al., 2008b). 

 

In addition, ALK can be truncated at an intracellular site via caspase-3 during apoptosis 

(Allouche, 2007; Aubry et al., 2015; Mourali et al., 2006) (Figure 3.1; red arrow). 

Intracellular cleavage of ALK results in formation of a ~150 kDa membrane-bound and 

a free ~60 kDa cytoplasmic fragment of ALK, which leads to stimulation of pro-apoptotic 

pathways (Mourali et al., 2006). Both these fragments of ALK are implicated in the pro-

apoptotic signalling-transduction pathways, forming a part of the positive-feedback loop 

within programmed cell death (Allouche, 2007; Aubry et al., 2015; Mourali et al., 2006). 

Overall, these studies report that ALK undergoes post-translational cleavage after 

becoming embedded in the plasma membrane, and also suggest that specific cleavages 

can have cell proliferative, or conversely, pro-apoptotic pathway stimulation.  

Figure 3.1: The structure of the ALK protein. Post-translational modifications of ALK include 
glycosylation (orange) and phosphorylation (green). Cleavage events at both extracellular (blue 

arrow) or intracellular (red arrow) sites lead to formation of shorter ALK protein variants.  
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At transcriptional and post-transcriptional levels, both presence of ATI sites and 

alternative splicing result in multiple RNA isoforms of ALK. ATI sites of ALK have been 

reported in cancer, where ALKATI, produced from an ATI site in intron 19,  is expressed 

in ~11% of melanomas (Wiesner et al., 2015). The ALKATI mRNA encodes a ~60 kDa 

ALKATI protein containing the intracellular TKD, with the extracellular region and 

transmembrane domain (TMD) removed. ALKATI protein variants can homodimerize and 

auto-phosphorylate, leading to increased kinase activity (Wiesner et al., 2015). ALKATI 

proteins can induce epigenetic silencing by phosphorylating the a-kinase anchor protein 

8 (AKAP-8) protein, resulting in increased H3K9me3 levels; however, whether this 

silencing is specific to particular loci or occurs across the whole genome is unknown 

(Takakura et al., 2017). ALKATI proteins are also observed in sarcoma, where they 

interact with Myc to promote tumorigenesis (Xu et al., 2019). Interestingly, expression 

of the ALKATI isoforms is not dependent on point mutations in the ALK gene itself. Rather, 

the significant enrichment of H3K4me3 (the active-chromatin associated histone mark) 

and RNA polymerase II at the ATI site within intron 19 suggests that alternate binding of 

transcription factors or chromatin modifiers to this region in cancer is the basis for ALKATI 

production (Wiesner et al., 2015). A second ALK variant was identified in melanoma, 

called ALKRES translated from exons 18 to 29 and only containing the TMD and TKD. 

ALKRES is important in drug resistance (hence dubbed ALK RESistance) and is 

transferred to other non-ALKRES containing melanoma cells via extracellular vesicles 

(Giulia et al., 2018). Although ALK has been widely examined in the context of 

neuroblastoma, alternative splicing of ALK RNA transcripts in neuroblastoma has not 

been widely studied. In NSCLC, ALK transcripts can undergo alternative splicing with 

complete skipping of exons 23 or 27 (De Figueiredo-Pontes et al., 2014).  

 

Overall, the incidence of these shorter ALK protein variants is yet to be explored in the 

context of neuroblastoma. Examination of the potential role of NONO, a protein involved 

in alternative splicing and other gene-regulatory processes (see Figure 1.7), in 

regulating expression of ALK variants has been performed in this chapter.  
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3.1.3 The circularisation of the lncRNA PVT1 to circPVT1   
In another instance of examining the role of NONO in splicing, in this chapter I assessed 

a potential role for NONO in regulating formation and expression of circRNAs. CircRNAs 

are endogenous RNAs that are formed by exon skipping or back-splicing events, and 

have no 5’-/3’-end polarity, nor a poly(A) tail (Huang et al., 2017). The quaking protein 

(QKI) has been reported to have a role in both alternative splicing and in regulating 

circRNA formation (Conn et al., 2015; Katsel et al., 2019), and is recently also found to 

be associated with paraspeckles (Archa Fox, personal communication). I therefore 

evaluated the role of NONO in regulating circRNA expression by examining the NONO 

KD RNA-seq data. Through this exercise, circPVT1, a circRNA that can be back-spliced 

from the lncRNA PVT1, emerged as a circRNA of interest (Panda et al., 2017; Sebastian 

et al., 2013). 

 

The plasmacytoma variant translocation 1 (PVT1) gene on human chromosome 8 has 

an oncogenic role in cancer and expresses a ~2 kb long lncRNA (Cui et al., 2016). The 

lncRNA PVT1, like NEAT1, is heavily coated by proteins and hence semi-extractible 

(Chujo et al., 2017). The tumour-suppressive let-7 miRNA family can become 

dysregulated in neuroblastoma (Section 1.2.2.6). PVT1 is a ceRNA that can sponge let-

7 microRNAs in colorectal cancer, preventing let-7 miRNAs from binding to and 

downregulating LIN28 expression (He et al., 2019; Wang et al., 2012). Exon 3 of PVT1 

and its flanking introns can be back-spliced into the ~400 bp circPVT1. CircPVT1 is 

highly stable with a half-life of more than 24 hours, whereas the linear PVT1 exhibits a 

half-life of less than 4 hours in gastric cancer cell lines (Chen et al., 2017). PVT1 is 

preferentially localised to the nucleus, whereas circPVT1 is mostly found in the 

cytoplasm of gastric cancer cells (Chen et al., 2017). CircPVT1 has oncogenic roles in 

gastric cancer, NSCLC, and head and neck carcinoma, as it sponges tumour-

suppressive miRNAs, such as miR-125, miR-497 and let-7 (Chen et al., 2017; Li et al., 

2018d; Panda et al., 2017; Verduci et al., 2017). To date, the role of circPVT1 has not 

been explored in neuroblastoma.  

 

3.1.4 SREBP: Transcription factors responsible for sterol 

biosynthesis 
A recent study reported transcriptional upregulation of cholesterol metabolic pathways 

occurs in high-risk neuroblastoma cells, where high-risk cells exhibit increased 

expression of SREBP transcription factors (Liu et al., 2016a). Sterol regulatory element-

binding proteins (SREBP) are master HLH-containing transcription factors that regulate 
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the expression of genes involved in cholesterol and lipid biosynthesis (Horton et al., 

2002). There are three main SREBP isoforms that are transcribed from two genes. The 

SREBP1 protein isoforms SREBP-1a and SREBP-1c are transcribed from the SREBF1 

gene on chromosome 17, and SREBP2 is transcribed from the SREBF2 gene on 

chromosome 22 (Hua et al., 1995). SREBPs bind to sterol-regulatory elements (SRE) in 

promoters of target genes (Reed et al., 2008). SREBP-1a activates genes required for 

both fatty acid and cholesterol synthesis, SREBP-1c activates genes required for fatty 

acid synthesis only, and SREBP2 activates genes required for cholesterol synthesis 

(Horton et al., 2002; Shao and Espenshade, 2012). In this thesis, SREBP-1a and 

SREBP-1c have been collectively dubbed SREBP1, which regulates both fatty acid and 

cholesterol synthesis.   

 

SREBPs are synthesized as membrane proteins that are inserted into the endoplasmic 

reticulum (ER) with their N- and C- termini extending into the cytoplasm (Wang et al., 

1994). SREBP is cleaved into an active SREBP by the sterol regulatory element-binding 

protein cleavage-activating protein (SCAP) (Michael and Joseph, 1999). SCAP can 

sense sterol levels and can bind to SREBP (Matsuda et al., 2001). When cells are 

depleted of sterols, SCAP transports SREBPs from the ER to the Golgi apparatus via 

exosomes (Irisawa et al., 2009). At the Golgi, two proteases, site-1 protease (S1P) and 

site-2 protease (S2P), act sequentially to release the N-terminal HLH-containing active 

SREBP from the membrane. This active, cleaved SREBP enters the nucleus and binds 

Figure 3.2: The processing of SREBPs. SREBPs are cleaved using site-specific proteases to 
release the active, nuclear SREBP into the cytoplasm. Adapted from Horton et al (2002). 
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to sterol response elements (SRE) in the promoters of target genes, activating their 

transcription (Hua et al., 1995; Oliner et al., 1996; Reed et al., 2008). The SCAP/SREBP 

complex has a characteristic negative feedback loop function; when cellular cholesterol 

rises, the SCAP/SREBP complex is no longer incorporated into ER exosomes. SREBPs 

no longer reach the Golgi apparatus, and the cleaved, nuclear SREBP domain cannot 

be released from the membrane. As a result, transcription of SRE-containing target 

genes decreases (Horton et al., 2002; Madison, 2016; Shao and Espenshade, 2012). 

This has been outlined in Figure 3.2.  

 

In 2016, Zhu and colleagues found that NONO binds directly to the cleaved, nuclear 

SREBP1 protein in embryonic kidney HEK293 cells using co-immunoprecipitation 

experiments. It was found that NONO binds to SREBP1 via the DBHS-specific NOPS 

domain. NONO KD via siRNAs followed by MG132-mediated proteasome inhibition 

experiments were performed in HEK293 cells. MG132/siR-NONO treated cells had 

lower levels of SREBP1 compared to MG132/siR-Control treated cells, suggesting 

NONO binds to and stabilises SREBP1. Point mutations in the NOPS domain of NONO 

in MCF-7 cell lines inhibited NONO-SREBP1 binding. NONO KD using siRNAs in MCF-

7 cells resulted in downregulation of SREBP1-target gene expression and reduced lipid 

droplet formation. Conversely, NONO overexpression resulted in increased SREBP1-

target gene expression and higher lipid production overall (Zhu et al., 2016). Considering 

that NONO and SREBP1 interact during transcriptional control of SRE-containing genes 

in HEK293 and breast cancer cells, this NONO-SREBP1 association and its potential to 

regulate SRE-containing genes has been explored in neuroblastoma.  

 

3.1.5 Chapter aims and summary  
Previously, NONO KD in high-risk neuroblastoma cells showed a decrease in cell 

viability, as well as reduced MYCN mRNA and protein levels (Liu et al., 2014). However, 

beyond these observations, no broader function of NONO in neuroblastoma was 

investigated. Hence, in this chapter I aimed to explore NONO function further in both 

low- and high- risk neuroblastoma cell lines. I hypothesised that cell viability of low-risk 

cells would be less dependent on NONO, as NONO may be dispensable in low-risk 

neuroblastoma cells. On the other hand, higher NONO expression levels in high-risk 

neuroblastoma patients may be indicative of an essential role in pro-survival signalling 

pathways. NONO KD RNA-seq was conducted in high-risk neuroblastoma cells, and 

cholesterol biosynthesis emerged as a key pathway that was downregulated after 

NONO KD. Subsequently the association of NONO to SREBP1 and SREBP2 were 
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considered. I hypothesised NONO binds to and stabilises SREBPs, regulating SREBP-

target gene expression. I utilised the NONO KD RNA-seq data to decipher the 

importance of NONO on the expression of SREBF mRNAs, and also expression of 

SREBP-target genes. Assays including co-immunoprecipitation, co-

immunofluorescence and Western blotting were used to further examine the NONO-

SREBP interaction. Finally, the influence of NONO KD on ALK, let-7 miRNA, PVT1 and 

the DBHS proteins SFPQ and PSPC1 was examined, using Western blotting, 

RTqPCRs, co-immunofluorescence and the NONO KD RNA-seq data. 

3.2 Results 

3.2.1 NONO and MYCN expression is higher in high-risk 

neuroblastoma cells  
KELLY, BE2C and SK-N-AS cell lines have been used in this study. KELLY and BE2C 

cell lines have MYCN amplification and are considered high-risk neuroblastoma cells, 

whereas SK-N-AS cells do not have MYCN amplification and are low-risk cells  (Liu et 

al., 2014; Powers et al., 2016). Light microscopy images of all three cell lines were 

obtained (Figure 3.3A). Mycoplasma testing showed no bands occurring in the three 

neuroblastoma cell lines after PCR was conducted to amplify genomic traces of 16S 

rRNA unit of the bacterial Mycoplasma species. A PCR product was observed in the 

Mycoplasma positive U2OS cells (Figure 3.3B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: The neuroblastoma cell lines were not contaminated with Mycoplasma. (A) 

Phase images of the neuroblastoma cell lines KELLY, BE2C and SK-N-AS used in this study. 

Scale Bar: 100 µm. (B) Gel photo of DNA bands amplified using Mycoplasma primers, to test 
KELLY, BE2C and SK-N-AS cell lines for mycoplasma contamination. 
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I obtained three biological replicates of protein lysates from each cell line taken at three 

different passage numbers and days. Western blotting against NONO showed all three 

cell lines express NONO (Figure 3.4A). The levels of NONO protein in the high-risk 

KELLY and BE2C cell lines were approximately 1.3 times higher than in SK-N-AS cells, 

although this was not statistically significant when the three biological replicates were 

combined (Figure 3.4A). Next, I wanted to observe the NONO mRNA levels in all three 

neuroblastoma cell lines. I obtained three biological replicates, as before, and analysed 

NONO mRNA levels using RT-qPCR. NONO mRNA levels in the high-risk KELLY and 

BE2C cell lines were approximately 1.5 times higher than in SK-N-AS cells (Figure 

3.4B). These data support the published data that NONO expression is higher in high-

risk neuroblastoma cells, compared to low-risk neuroblastoma cells (Liu et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: High-risk neuroblastoma cells exhibit higher expression levels of NONO 

compared to the low-risk cells. (A) Western blotting shows NONO protein levels in KELLY, 

BE2C and SK-N-AS cell lines. n = 3 for each cell line. (B) NONO mRNA levels in SK-N-AS, 

KELLY and BE2C cell lines were measured using RTqPCR. n = 3 for each cell line. (*P<0.05, 

** P<0.001, ***P<0.0001).  
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Next, I analysed the levels of MYCN protein and RNA levels in all three neuroblastoma 

cell lines, to confirm the suitability of these cell lines to be model low- and high- risk cell 

lines to use in this study. Only KELLY and BE2C cell lines expressed MYCN protein, 

whereas SK-N-AS cells did not express detectable MYCN protein (Figure 3.5A). MYCN 

mRNA levels in KELLY and BE2C cell lines were approximately 100,000 times higher 

than in SK-N-AS cells (Figure 3.5B). These data prove that KELLY and BE2C cell lines 

are appropriate model high-risk neuroblastoma cells, and the SK-N-AS cell line is an 

appropriate model low-risk neuroblastoma cell line.  

 

Figure 3.5: High-risk neuroblastoma cells have higher expression levels of MYCN 

compared to low-risk neuroblastoma cells. (A) Western blotting shows MYCN protein 

levels in SK-N-AS, KELLY and BE2C cell lines. n = 3 for each cell line. (B) MYCN mRNA 

levels in SK-N-AS, KELLY and BE2C cell lines were measured using RTqPCR. n = 3 for 

each cell line. (*P<0.05, ** P<0.001, ***P<0.0001). 
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3.2.2 NONO KD reduces cell viability in high-risk, but not low-risk 

neuroblastoma cells 
Previously, NONO KD resulted in reduced cell viability of KELLY and BE2C cells; 

however, the effect of NONO KD on cell viability of SK-N-AS cells was not observed (Liu 

et al., 2014). Increased expression of NONO in high-risk neuroblastoma patients (Liu et 

al., 2014) and cell lines (Figure 3.4) suggests NONO is important in high-risk, but not 

low-risk, cells in neuroblastoma. After conducting optimisations with different 

concentrations of siRNAs against NONO (Figure 3.6), I performed transfections with 10 

nM siR-NC and siR-NONO 1 in KELLY and SK-N-AS cells, and measured cell viability 

using Cell Titer Glo. A reduction in cell viability in KELLY cells after NONO KD, but no 

changes in SK-N-AS cell viability, was observed (Figure 3.7A). I next transfected siR-

NC, siR-NONO 1 and siR-NONO 2 in KELLY and BE2C cells, and using the Cell Titer 

Glo assay, observed a reduction in cell viability (Figure 3.7B). These data indicate that 

NONO likely has a significant cell-proliferative role in high-risk neuroblastoma cells, but 

may be redundant in low-risk neuroblastoma cells.  

Figure 3.6: siR-NONO optimisation in the neuroblastoma cell lines. Western blotting 

shows NONO protein levels in KELLY cells 48 hours post-transfection of siR-NC and siR-

NONO 1 at various concentrations. Note the appearance of antibody-cross-reacting 

increased PSPC1 protein after NONO KD. The blot and the graph depict 1 independent 

experiment (or n = 1). 
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3.2.3 NONO KD leads to transcriptome-wide changes including 

downregulation of cholesterol biosynthesis pathways  
NONO KD RNA-seq was conducted to determine transcriptome-wide changes that 

occur with NONO KD. The rationale to perform NONO KD RNA-seq only in high-risk 

neuroblastoma cells was because they have high expression levels of NONO, and also 

because cell viability is reduced after NONO KD in high-risk and not low-risk cells. 

Transcriptome-wide changes in gene expression caused by NONO depletion would also 

provide clarity as to the exact mechanism of NONO’s prognostic role in high-risk 

neuroblastoma. KELLY cells (with BE2C cells excluded due to cost/budget issues) were 

Figure 3.7: NONO KD results in reduced cell viability exclusively in high-risk 

neuroblastoma cells, and not low-risk cells. (A) Relative number of viable cells in SK-N-AS 

and KELLY cells four days post-transfection of 10 nM siR-NC and siR-NONO 1 was measured 

using Cell Titer Glo reagent. (n = 3). (B) The relative number of viable cells in KELLY and BE2C 

cells four days post-transfection of 10 nM siR-NC, siR-NONO 1 and siR-NONO 2 was measured 
using Cell Titer Glo reagent. (n = 3). (*P<0.05, ** P<0.001, ***P<0.0001). 
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transfected with 10 nM siRNAs, and samples acquired for RNA-seq (see Section 2.2.1). 

Lysates showed a reduction in NONO to 40-50% of control protein levels (Figure 3.8A). 

Following RNA-seq, plotting the abundance of NONO mRNA (Figure 3.8B) shows 

NONO mRNA at 20% of control levels. Thus, these data indicate that a reduction in 

NONO mRNA and protein levels was successfully conducted in the RNA-seq samples.  

In the NONO KD RNA-seq data, a Principle Component Analysis (PCA) was first 

conducted to assess the clustering of all samples based on the gene-level read counts 

used for differential expression (DE) analysis. While the four samples from each group 

clustered closely, the two siRNA groups did not cluster well (Figure 3.9A). This indicates 

off-target effects or unique immunologic responses to each siRNA has likely occurred in 

these samples. Hence, during differential expression, the four control samples were 

compared to the eight NONO KD samples. This detected small but significant changes 

in a number of transcripts. Genes whose expression changed in the same direction for 

Figure 3.8: Successful NONO KD using siRNAs was conducted in KELLY cells for RNA-

sequencing. (A) Western blotting shows NONO protein levels in KELLY cells 48 hours post-

transfection of 10 nM siR-NC, siR-NONO 1 and siR-NONO 2. The blot depicts 1 representative 

experiment and the graph depicts 3 independent experiments (or n = 3). (B) NONO RNA levels 
in NONO KD KELLY cells (RNA-seq; n = 4). (*P<0.05, ** P<0.001, ***P<0.0001).  
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both siRNA groups were registered as differentially expressed. 3489 genes were 

differentially expressed between control and NONO KD (DESeq2 padj < 0.1), with no 

bias to up or down regulation (Figure 3.9B).  

 
 

Gene Ontology (GO) analysis was performed next, to observe which common biological 

pathways were shared between genes influenced by NONO KD, using log fold change 

(LFC). Genes upregulated following NONO KD were enriched for ontologies relating 

broadly to the category of negative control of transcription, whereas genes 

downregulated following NONO KD were enriched among a number of pathways 

relating to cholesterol biosynthesis and metabolism (Figure 3.10A). To explore these 

GO results further, Gene Set Enrichment Analysis (GSEA) was performed.  

 

 

Figure 3.9: NONO KD RNA-seq data was analysed for differential gene expression. (A) 

Principle component analysis (PCA) was performed on gene-level read counts following 

regularised logarithm transformation in DESeq2. (B) Comparison of control to NONO KD RNA 

expression fold change and mean gene expression for all expressed genes following testing with 
DESeq2 (n=20678). Red shows genes with significant differential expression between the four 

control and eight NONO KD samples (padj < 0.1, n=3489). 
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Figure 3.10: Transcriptome-wide downregulation of cholesterol biosynthetic pathway 

and upregulation of chromatin silencing pathways occurs after NONO KD in high-

risk neuroblastoma cells. (A) Gene Ontology analyses show the pathways downregulated 

(LFC < 0) and upregulated (LFC > 0) in KELLY cells compared between the four siR-NC 

samples and eight siR-NONO samples. (B) GSEA Enrichment score profile for the ‘sterol 

biosynthetic process’ gene set. (C) GSEA Enrichment score profile for the ‘chromatin 

silencing’ gene set. (D-E) Gene ontology term networks produced using significantly 
enriched terms (Cytoscape) following GSEA (FDR < 0.1, p < 0.01), where the size of the 

nodes represent the size of the gene sets. Red represents genes enriched in control group 

and blue represents genes enriched in NONO KD group. Connected nodes share at least 

50% of genes. (D) contains gene sets relating broadly to cholesterol and lipid biosynthesis, 

while (E) contains gene sets relating to the negative regulation of gene expression. 
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The most highly enriched pathways among the control group included GO:0016126 

‘sterol biosynthetic process’ (Figure 3.10B). The most highly enriched pathways among 

NONO KD group (those that increased in activity with NONO KD) included GO:0006342 

‘chromatin silencing’ (Figure 3.10C). Finally, GO networks were formed using 

significantly enriched terms (Cytoscape) following GSEA, which show that enriched 

terms shared a large gene overlap for both ‘biosynthetic processes’ and ‘gene silencing’ 

(Figure 3.10D and 3.10E). These data suggest that NONO KD leads to upregulation of 

negative control of gene expression and downregulation of sterol biosynthesis 

pathways. 

 

3.2.4 The relationship between NONO and the cholesterol 

biosynthesis pathway master transcription factor SREBP1 was 

explored 
Given the established role for NONO in stabilising SREBP1 in breast cancer (see 

Section 3.1.4), I wanted to test whether NONO positively influences SREBP1 activity in 

neuroblastoma. The expression of 37 SREBP1-target genes in the NONO KD RNA-seq 

data (target gene list obtained from (Reed et al., 2008)) was observed. Of these, 28 

showed significantly reduced expression in NONO KD cells (DESeq2 padj < 0.1, Figure 

3.11A).   

 

The connection between NONO and SREBP1 was further examined, by assessing the 

expression of SREBP1 targets in neuroblastoma tumour samples. To do this, correlation 

analyses using the TARGET Neuroblastoma dataset, consisting of 157 neuroblastoma 

patient tumour transcriptome profiling data, was conducted. These analyses showed 

that NONO expression was not correlated with SREBP1 target activation (Figure 3.11B 

left, grey), while the SREBF1 mRNA itself showed a positive correlation (Figure 3.11B 

right, grey). However, given the transcriptional heterogeneity of neuroblastoma tumours, 

I reason that NONO may exert a more pronounced gene regulatory effect among high-

risk, MYCN amplified samples, where the increased expression of NONO is negatively 

associated with survival. Indeed, in the subset of samples with MYCN amplified 

samples, NONO was positively correlated with SREBP1 target activation (Figure 3.11B 

left, black) while, interestingly, SREBF1 showed no association in this subset (Figure 

3.11B right, black).  

 

In my study, I conducted Phosphoactivatable Ribonucleoside-Enhanced Crosslinking 

and Immunoprecipitation (PAR-CLIP), along with unperturbed RNA-seq of KELLY, 
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BE2C and SK-N-AS cell lines for normalisation, which have been presented extensively 

in Chapter 5 of this thesis. Briefly, the PAR-CLIP data has identified RNA targets to 

which NONO binds, and determines (in arbitrary units) the extent of NONO binding to 

an RNA target in the three neuroblastoma cell lines. Considering the NONO KD RNA-

seq experiment was conducted only in KELLY cells, in this chapter only the PAR-CLIP 

tracks of the KELLY cells have been presented. These tracks show coverage or binding 

of NONO to an RNA transcript, with ‘clusters’ of NONO binding to a certain site 

represented by a peak in the track. The PAR-CLIP data shows that NONO binds 

extensively to SREBF1 mRNAs (Figure 3.11C), particularly within the first intron (red 

circle; Figure 3.11C).  

 

Figure 3.11: NONO may have a role in regulating cholesterol biosynthesis via SREBP1 

specifically in high-risk neuroblastoma. (A) Heatmap depicting gene expression levels of 

SREBP1 target genes in the four siR-NC and eight siR-NONO treated KELLY samples. (B) 

Relationship between overall expression of SREBP1-target genes and either NONO or SREBF1 

in RNA-seq of 157 neuroblastoma samples, as well as a subset showing MYCN amplification. 

(C) PAR-CLIP track representing NONO binding peaks along the SREBF1 mRNA transcript in 

KELLY cells.  

PAR-CLIP Reads aligned to antisense strand of DNA 
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The SREBP1-target gene expression levels changing upon NONO KD indicated a 

possible role for NONO in driving proliferation, and in enhancing lipid biosynthesis via 

SREBP1. I therefore hypothesised that overexpression of SREBP1 would increase cell 

viability in neuroblastoma cells, as was previously shown in breast cancer cells (Zhu et 

al., 2016). I PCR-amplified, then sub-cloned the cleaved, nuclear SREBF1 (and not the 

whole SREBF1 gene; see Figure 3.2) sequence into a mammalian C1-mCherry 

expression plasmid (see Section 2.11 for full protocol). mCherry-SREBF1 transfected 

KELLY cells showed red fluorescence localised to the nucleus. Conversely, mCherry-

Control transfected KELLY cells showed bright red whole-cell fluorescence (Figure 

3.12A). RTqPCR data showed significantly higher SREBF1 RNA levels in mCherry-

SREBF1 transfected KELLY cells compared to the mCherry-Control transfected KELLY 

cells (Figure 3.12B). Changes in NONO RNA levels, which could have occurred due to 

a regulatory feedback loop, were not detected after SREBF1 overexpression (Figure 

3.12C). A pattern of a slight increase in cell confluence of mCherry-SREBF1 transfected 

KELLY cells compared to the mCherry-Control transfected KELLY cells was observed, 

however this was not statistically significant (Figure 3.12D; n = 2). Overall, these data 

show that despite SREBF1 overexpression, no increase in NONO levels or cell 

confluence was observed.  

 

Next, I conducted NONO KD and NONO-IP experiments in KELLY cells to observe 

effects on SREBP1 levels and to test for an interaction between NONO and SREBP1. 

Contrary to the data indicated by Zhu and colleagues (2016), where decreased SREBP1 

levels were observed with NONO KD, instead I observed an increase in SREBP1 protein 

levels (Figure 3.13A). Probing this further, I found the NONO KD RNA-seq data also 

shows an increase in SREBF1 RNA levels, despite the decrease in its target gene 

signature (Figure 3.13B). Western blotting of NONO-IP samples against SREBP1 

showed no bands in either the IgG-IP or the NONO-IP lanes, despite the ‘input’ lysate-

only lane showing a band corresponding to SREBP1 (Figure 3.13C). To further 

interrogate binding of SREBP1 to NONO, co-immunofluorescence was conducted using 

anti-mouse NONO and anti-rabbit SREBP1 antibodies; however, no co-localisation of 

these two proteins was observed (Figure 3.13D).  
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Figure 3.12: Effect of SREBF1 overexpression in KELLY cells. (A) Images of KELLY cells in Incucyte 
S3 one day post-transfection of mCherry-Control and mCherry-SREBF1 plasmids (n = 1). Scale Bar: 

200 µm. (B-C) RTqPCRs were used to measure (B) SREBF1 and (C) NONO mRNA levels 48 hours 

post-transfection of mCherry-Control and mCherry-SREBF1 plasmids (n = 2) (D) Relative cell 

confluence of KELLY cells 5 days (normalised to Day 0) post-transfection of mCherry-Control and 

mCherry-SREBF1 plasmids was visualised using the Incucyte S3 (n = 2). (*P<0.05, ** P<0.001, 

***P<0.0001). 
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Figure 3.13: NONO KD results in a modest, but not significant increase in SREBP1, with no 

interaction between NONO and SREBP1 observed. (A) Western blotting against showing SREBP1 

protein levels (antibody sc-13551) in KELLY cells 48 hours post-transfection of 10 nM siR-NC, siR-

NONO 1 and siR-NONO 2. The blot depicts 1 representative experiment (or n = 1), and the graph 

depicts 3 independent experiments (or n = 3). (B) SREBF1 RNA levels in NONO KD KELLY cells 

(RNA-seq; n = 4). (C) Western blotting for SREBP1 (ab28481) of KELLY cell lysates following NONO-

IP (alongside IgG-IP control), along with pre-cleared lysate. (D) Fluorescence micrographs of co-

immunofluorescence using KELLY cells with NONO Ab (green) and SREBP1 (red). DAPI to stain DNA 
(blue). Scale Bar: 15 µm. (*P<0.05, ** P<0.001, ***P<0.0001). 
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3.2.5 Examination of NONO-SREBP2 association 
My interaction experiments did not suggest a direct NONO-SREBP1 association (Figure 

3.13C and 3.13D), nor reduced SREBP1 levels after NONO KD (3.13A). Hence, I next 

tested a potential association of NONO with SREBP2 in the neuroblastoma context. The 

rationale to investigate a NONO-SREBP2 interaction was because SREBP1 and 

SREBP2 have target genes in common (i.e. can bind any gene with a promoter 

containing SRE element) (see Section 3.1.4), and also because SREBP2 is the isoform 

primarily responsible for cholesterol biosynthesis (the pathway that showed the largest 

negative regulation after NONO KD in the RNA-seq data) (Madison, 2016).  

 

In contrast to SREBP1, NONO KD RNA-seq data showed a decrease in SREBF2 RNA 

levels (Figure 3.14A). In order to test whether NONO affects SREBP2 activity in 

neuroblastoma, the expression of  SREBP2-target genes between control and NONO 

KD was compared. Of these, 20 showed significantly reduced expression in NONO KD 

(DESeq2 padj < 0.1) (Figure 3.14B). Moreover, the PAR-CLIP data (see Chapter 5), 

revealed that NONO bound to SREBF2 mRNAs (Figure 3.14C) in a similar fashion to 

SREBF1 mRNAs (Figure 3.11C). Next, I conducted Western blotting against SREBP2 

in NONO KD samples. However, despite the RNA levels being decreased, SREBP2 

levels increased after NONO KD (Figure 3.15A). For NONO-IP experiments in KELLY 

cells, no bands in either the IgG-IP or the NONO-IP lanes were observed, however the 

‘input’ lysate-only lane did show a band corresponding to SREBP2 (Figure 3.15C). To 

further test for association of SREBP2 to NONO, co-immunofluorescence was 

conducted using anti-mouse NONO and anti-rabbit SREBP2 antibodies; again, as with 

SREBP1, no co-localisation of NONO and SREBP2 proteins was observed (Figure 

3.15B).  

 

Thus, my data indicated no direct binding of NONO protein to SREBP1 or SREBP2 

proteins in high-risk neuroblastoma KELLY cells. However, NONO protein does show 

evidence of binding to RNA transcripts encoding the SREBP proteins. Although a 

decrease of RNA levels of the SREBP-target genes was detected after NONO KD, 

paradoxically, a trend of increase of both SREBP protein levels was observed. 

 

 

 

 



   98 

 

 

 

  

 

 

 

Figure 3.14: NONO may have a role in regulating SREBP2 transcription factor activity in high-

risk neuroblastoma. (A) SREBF2 RNA levels in NONO KD KELLY cells (RNA-seq; n = 4). (B) 

Heatmap depicting gene expression levels of SREBP2 target genes in the four siR-NC and eight siR-

NONO treated KELLY samples. (C) PAR-CLIP tracks representing NONO binding peaks along the 

SREBF2 gene sense and antisense strands in KELLY cells. (*P<0.05, ** P<0.001, ***P<0.0001). 

PAR-CLIP Reads aligned to sense strand of DNA 



   99 

 

Figure 3.15: NONO KD results in a modest, but not significant increase in SREBP2, with no 

interaction between NONO and SREBP2 observed. (A) Western blotting shows SREBP2 protein 

levels in KELLY cells 48 hours post-transfection of 10 nM siR-NC, siR-NONO 1 and siR-NONO 2. 
The blot depicts 1 representative experiment (or n = 1), and the graph depicts 3 independent 

experiments (or n = 3). (B) Co-immunofluorescence of KELLY cell coverslips using NONO Ab with 

SREBP2 was conducted and imaged. Scale Bar: 15 µm. (C) KELLY cell lysates undergone NONO-

IP (alongside IgG-IP control) protocol were loaded, along with pre-cleared lysate. Western blotting 

was conducted for SREBP2.  (*P<0.05, ** P<0.001, ***P<0.0001).  
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3.2.6 NONO KD leads to an increase in MYCN RNA and protein 

levels  
MYCN is one of the key oncogenes in neuroblastoma (see Section 1.2.2.1), and is 

amplified in the KELLY cell line (Figure 3.5). Therefore, I next examined MYCN 

expression levels after NONO KD. Despite Liu and colleagues (2014) reporting 

decreased MYCN protein levels after NONO KD, MYCN protein levels subtly, but not 

significantly, increased after NONO KD in KELLY cells (Figure 3.16A). Further, NONO 

KD RNA-seq data also showed an increase in MYCN mRNA levels (Figure 3.16B). The 

direct protein binding of NONO to MYCN was explored because NONO is capable of 

binding to transcription factors, such as Erk and AR, and co-regulate the expression of 

their target genes (Kuwahara et al., 2006; Ma et al., 2016) (Figure 1.7). I speculated that 

perhaps one oncogenic function of NONO in high-risk neuroblastoma may be to interact 

with MYCN and co-regulate MYCN-target gene expression. Western blotting against 

MYCN in the co-IP showed that NONO could not co-precipitate MYCN, indicating that 

they are unlikely to associate together in a transcriptional complex (Figure 3.16C).  

 

In order to test whether NONO affects MYCN transcriptional activity in neuroblastoma, 

the expression of canonical, transcriptional targets of MYCN between control and NONO 

KD was compared. The heatmap in Figure 3.17A indicates that out of all MYCN-target 

genes (identified using CHIP-seq described in Section 2.14; green and red bars to the 

side), 156 out of 786 genes or ~20% of genes show significant changes (DESeq2 padj 

< 0.1). Figure 3.17B shows that within this ~20% of significantly altered target genes, a 

subset (depicted with green bars to the side of the genes) exhibited changes with NONO 

KD that were in the same direction as would be observed with MYCN activation. A 

separate subset (depicted with red bars to the side of the genes) exhibited changes with 

NONO KD that were in the opposite direction as would be observed with MYCN 

activation. Genes with no bars on the side (Figure 3.17A) indicate genes showing no 

statistically significant changes in gene expression. Within the ~20% of genes that show 

significant changes, a larger proportion change in the same direction after NONO KD as 

they would during MYCN activation (Figure 3.17B; green bars), compared to those that 

change in the opposite direction (Figure 3.17B; red bars). Because MYCN-target genes 

change as they would with MYCN activation in the NONO KD samples, this indicates 

that MYCN transcriptional activity is increased after NONO KD. 
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Figure 3.16: NONO KD leads to increase in MYCN RNA and protein levels. (A) Western 

blotting shows MYCN protein levels in KELLY cells 48 hours post-transfection of 10 nM siR-

NC, siR-NONO 1 and siR-NONO 2. The blot depicts 1 representative experiment (or n = 1), 

and the graph depicts 3 independent experiments (or n = 3). (B) MYCN RNA levels in NONO 
KD KELLY cells (RNA-seq; n = 4). (C) KELLY cell lysates undergone NONO (+) IP (versus a 

control  IgG-IP step) protocol were loaded, along with pre-cleared lysate and pre-cleared 

beads samples, and Western blotting was conducted for MYCN. (*P<0.05, ** P<0.001, 

***P<0.0001). 
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Figure 3.17: Expression levels of some MYCN-target genes are influenced after NONO KD. (A) Heatmap depicting gene expression levels of MYCN 

target genes in the four siR-NC and eight siR-NONO treated KELLY samples, both significant (red and green bars on side) and non-significant (no bars on 

side). (B) Heatmap depicting gene expression levels of MYCN target genes with significant differential expression in the four siR-NC and eight siR-NONO 

treated KELLY samples. Green bars on the side indicate genes that changed in the same direction with MYCN activation and NONO KD, and red indicates 

genes that changed in the opposite direction between MYCN activation and NONO KD. 

siR-NONO 2 siR-NONO 1 siR-NC 

siR-NONO 2 siR-NONO 1 siR-NC 
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3.2.7 NONO KD leads to modulation of production of ALK transcripts 
I next examined the association between NONO and ALK. I observed three main 

isoforms of ALK expressed in KELLY cells with coding potential (Figure 3.18). These 

three RNA isoforms, here called ALK_1, ALK_2 and ALK_3 code for proteins of sizes 

176 kDa, 135 kDa and 62 kDa respectively, and have been published on Ensembl 

(Zerbino et al., 2017) (see Appendix F for full protein sequences). These ALK variants 

arise from alternative splicing, and not from post-translational modifications/cleavages, 

nor the alternative transcriptional start sites which were discussed in Section 3.1.2. The 

PAR-CLIP data showed that NONO binds to the intronic regions of ALK, and that in 

ALK_1, the full length RNA transcript, the NONO peaks were the highest in the first 

intron (Figure 3.18; red circle). Following NONO KD, differential usage (DU) and read-

density analyses were conducted. Briefly, read counts of each individual intron and exon 

within a gene, and not read counts of the whole gene, were analysed for DE between 

control and NONO KD samples. DU analysis showed NONO KD increased usage of an 

early intron contained in ALK_1, and decreased usage of introns and exons contained 

in segments 2 and 3 (Figure 3.18). Thus, NONO KD led to increased ALK_1 RNA levels, 

and downregulation of the shorter ALK_2 and ALK_3 RNAs.  

 

Based on these data, I hypothesised that upregulation of the longer 180 kDa isoform 

and downregulation of the shorter isoforms of ALK would be reflected in the ALK protein 

levels after NONO KD. Figure 3.19A shows a representative Western blot showing two 

bands corresponding to full length ALK_1 (180 kDa) and glycosylated ALK_1 (gALK_1) 

(220 kDa) in control, and NONO KD KELLY samples, using an antibody detecting an 

epitope at the N-terminus. After NONO KD, both ALK_1 (Figure 3.19B) and gALK_1 

(Figure 3.19C) protein levels increased. This increase in ALK precursor appeared to 

mirror the downregulation of the ALK mRNA variants that correspond to the shorter 

isoforms. Unfortunately, an ALK antibody with a C-terminal epitope did not detect a clean 

band, as multiple overlapping bands appeared with Western blotting (data not shown), 

therefore I could not measure any changes at the protein level for the shorter ALK 

isoforms. Next, co-immunofluorescence was conducted using the antibody that targets 

the ALK C-terminus, along with the cytoskeletal marker F-actin in KELLY and BE2C 

cells. ALK was found in both the nucleus and the cytoplasm (Figure 3.19D), with some 

enrichment of ALK protein in the cytoplasm observed, but not quantitated. These data 

indicate that some of the effects of NONO KD on neuroblastoma cell health may be 

mediated by modulation of the important oncoprotein ALK, however further experiments 

would be required to test this further. 
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Figure 3.18: ALK RNA isoforms exhibit alternative splicing changes after NONO KD. The three protein coding transcripts of ALK defined in Ensembl were divided 

into three segments. The sum of normalised reads aligning to the exons of each segment were divided by the total length of all exons in the respective segment to 

calculate exon read density in reads/ kb. Assuming that exon read density is equal across the length of a transcript, the segment read densities were used to calculate 

the read density of each transcript. The height of each bar is proportional to the density of each transcript, with the relative expression of ALK_2 shown in green. DU is 

displayed with positive (+FC) changes in blue and negative (-FC) changes in red. 
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Figure 3.19: Full-length and glycosylated ALK protein levels increase after NONO KD. (A) 

Western blotting shows ALK protein levels in KELLY cells 48 hours post-transfection of 25 nM 
siR-NC, siR-NONO 1 and siR-NONO 2. The blot depicts 1 representative experiment (or n = 1). 

(B) Graph depicts full-length ALK protein levels (n = 3). (C) Graph depicts glycosylated full-length 

ALK protein levels (n = 3). (D) Co-immunofluorescence of BE2C and KELLY cell line coverslips 

using ALK antibody with green-fluorescence-conjugated F-actin. Co-immunofluorescence was 

conducted, and slides were imaged. Scale Bar: 20 µm. (*P<0.05, ** P<0.001, ***P<0.0001). 
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3.2.8 The circRNA PVT1 was downregulated after NONO KD  
NONO KD RNA-seq data was assessed using the Spliced Transcripts Alignment to a 

Reference (STAR) tool in conjunction with CIRCexplorer. Following this, differential 

expression analysis of NONO KD RNA-seq data was conducted using edgeR analyses, 

which differs to DESeq2 analysis. EdgeR takes into account both biological and 

technical variability whilst examining DE of replicated count data (conducted by 

Katherine Pillman in Adelaide). Following edgeR analysis, circRNAs that were 

differentially expressed in the NONO KD RNA-seq data were identified. These analyses 

indicated that the circPVT1 RNA, which acts as a ceRNA inhibiting the activity of the 

tumour-suppressive let-7 microRNA (see Section 3.1.3), is significantly downregulated 

after NONO KD (see Appendix I). Also, NONO PAR-CLIP data showed extensive 

binding to the lncRNA PVT1, the precursor to circPVT1 (Figure 3.20). Whilst expression 

of PVT1 as a whole did not change significantly with NONO KD (Figure 3.21A), individual 

segments of the different PVT1 transcripts were differentially expressed (DE) with either 

positive (+FC, blue) or negative (-FC, red) LFC. These tracks indicate some changes in 

splicing may occur in PVT1 RNA transcripts with NONO KD (Figure 3.20). The region 

encompassing exon 3 of PVT1, which can be expressed and back-spliced to form 

circPVT1, showed some NONO binding (Figure 3.20; red circle).  

 

PVT1 is a semi-extractible lncRNA. Semi-extractible RNAs are heavily bound by 

proteins resulting in their retention in the protein phase during RNA isolation (Chujo et 

al., 2017). Improved extraction of these ‘semi’-extractible RNAs is achieved with heating 

and vortexing steps integrated into a normal RNA isolation method (Figure 3.21B). As 

PVT1 is a semi-extractible RNA, and because the NONO KD RNA-seq sample 

extraction was done without heating and vortexing steps integrated, I hypothesised that 

PVT1 and/or circPVT1 may be trapped in the protein phase during extraction across all 

samples, resulting in inefficient isolation. To address this, KELLY cells were transfected 

with control and NONO KD siRNA then RNA isolations were conducted using either 

normal or heat and vortex-integrated isolations, in parallel (Figure 3.21B). RTqPCRs 

were conducted to assess levels of PVT1 and circPVT1, with circPVT1 primers designed 

to specifically span the back-spliced exon junctions (Figure 3.21C and 3.21D). Whilst all 

samples showed reduction in PVT1 and circPVT1 with NONO KD, only the heat and 

vortex samples showed a statistically significant change in circPVT1 levels (Figure 

3.22D). Thus, the data indicate that after NONO KD, the oncogenic PVT1 and circPVT1 

are both downregulated.  
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Figure 3.20: NONO binds to the lncRNA PVT1 transcript. (A)  PAR-CLIP track representing NONO binding peaks along the PVT1 RNA transcript. NONO KD 

RNA-seq data was used to display DU of PVT1. DU displayed with positive (+FC) changes in blue and negative (-FC) changes in red. 
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Figure 3.21: RNA expression levels of the semi-extractible lncRNA PVT1 and 

associated circPVT1 were lowered after NONO KD. (A) Overall RNA levels of PVT1 in 
NONO KD KELLY cells (RNA-seq; n = 4). (B) Overview of the RNA extraction process. 

Simultaneous heating (at 55ºC) and vortexing (at 1000 rpm) for 10 mins (in red boxes) allows 

for extraction of semi-extractible RNA transcripts. Image adapted from the Machary-Nagel 

Nucleozol™ website https://www.mn-net.com/tabid/12646/default.aspx; June 2019. (C-D) 

RNA levels of circPVT1 and PVT1 were observed in 25 nM siRNA transfected KELLY cells, 

with RNA extractions conducted 48 hours post-transfection in either (C) a normal manner or 

(D) a heat and vortex step integrated manner (n = 3). (*P<0.05, **P<0.001, ***P<0.0001). 
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3.2.9 SFPQ and PSPC1 were upregulated with NONO KD  
Previous studies have shown that after NONO KD, other DBHS proteins are upregulated 

to compensate. In Figure 3.6, I observed a band corresponding to PSPC1 that migrates 

slightly slower than NONO and is picked up by some degree of cross reaction with the 

NONO antibody. This PSPC1 band is detectable in NONO KD KELLY samples, 

compared to control KELLY samples, suggesting PSPC1 protein levels are upregulated 

after NONO KD. To determine if SFPQ, like PSPC1, was also upregulated with NONO 

KD, I carried out Western blotting against SFPQ and observed a subtle increase (Figure 

3.22A). Observation of SFPQ and PSPC1 RNA levels in the NONO KD RNA-seq data 

showed that RNA levels of both were upregulated after NONO KD (Figure 3.22B and 

3.22C). Next, I speculated whether higher expression levels of SFPQ and PSPC1 in 

patients with poor outcomes also occurs, as is the case with NONO. Patient datasets do 

not show a consistent and statistically significant trend of higher expression levels of 

SFPQ or PSPC1 correlating with lower survival probability and poor patient outcomes 

(Figure 3.23).  

 

In this chapter, I have utilised siRNAs to conduct NONO KD and have presented data 

from cell viability, RNA-seq and Western blotting experiments. NONO KD in high-risk 

neuroblastoma cells led to transcriptome-wide downregulation of expression of genes 

involved in cholesterol biosynthesis pathways. Hence, SREBP transcription factors, 

responsible for regulating expression of cholesterol biosynthesis genes, and their 

association with NONO were examined in this chapter. Co-immunoprecipitation and co-

immunofluorescence experiments were conducted to observe the binding of NONO to 

transcription factors like SREBPs or MYCN. I have utilised both NONO KD RNA-seq 

and PAR-CLIP data to demonstrate the direct binding of NONO to RNA transcripts of 

neuroblastoma-associated genes, such as ALK and PVT1, altering their splicing and 

expression. I have also examined the effect of NONO KD on the expression of other 

DBHS proteins in high-risk neuroblastoma cells.  
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Figure 3.22: NONO KD leads to an increase in RNA and protein levels of DBHS proteins 

SFPQ and PSPC1. (A) Western blotting shows SFPQ protein levels in KELLY cells 48 hours 

post-transfection of 10 nM siR-NC, siR-NONO 1 and siR-NONO 2. The blot depicts 1 

representative experiment (or n = 1), and the graph depicts 4 independent experiments (or n 

= 4). (B) SFPQ RNA levels in NONO KD KELLY cells (RNA-seq; n = 4). (C) PSPC1 RNA 

levels in NONO KD KELLY cells (RNA-seq; n = 4). (*P<0.05, ** P<0.001, ***P<0.0001). 



   111 

 

Figure 3.23: SFPQ and PSPC1 expression levels in neuroblastoma patient cohorts. Kaplan–

Meier curves showing the probability of overall survival of neuroblastoma patients according to SFPQ 

and PSPC1 RNA expression levels, obtained from three neuroblastoma patient datasets. All Kaplan-

Meier Curves show survival probability of all patients, both relapse-free and otherwise. Kaplan-Meier 

curves were obtained using two-sided log-rank t-test. (https://hgserver1.amc.nl/; available August 

2020). 
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3.3 Discussion  

In this chapter, the role of NONO in promoting cell proliferation, cell growth and pro-

survival signalling pathways has been investigated in neuroblastoma. Transcriptome-

wide differential gene expression analyses showed NONO KD resulted in 

downregulation of cholesterol biosynthesis pathways, and SREBP-target genes were 

downregulated.  Moreover, NONO and SREBP proteins did not demonstrate binding to 

each other, despite previously being shown to bind to and stabilise each other in other 

cellular contexts (Zhu et al., 2016). The role of NONO in positively regulating alternative 

splicing of ALK mRNA transcripts, which would code for truncated and potentially 

oncogenic ALK proteins, was observed. NONO KD resulted in increased expression of 

full-length ALK. Previously, NONO was found to bind the RNA transcripts of MYCN and 

lncUSMycN in high-risk neuroblastoma cell lines (Liu et al., 2014). I observed increased 

MYCN protein and RNA expression after NONO KD, contradicting data published by Liu 

and colleagues (2014). I demonstrated NONO KD potentially leads to reduced 

suppression of the tumour-suppressor let-7 microRNAs via its ceRNAs lncRNA PVT1 

and circPVT1. Finally, I observed a compensatory increase in protein and RNA 

expression of DBHS proteins SFPQ and PSPC1 after NONO KD.  

 

3.3.1 What is the mechanism responsible for downregulation of sterol 

biosynthesis pathway genes in NONO KD? 
A high dependency on cholesterol biosynthesis pathways is one of the few common 

features shared between MYCN amplified human neuroblastoma cells and a type of 

mouse xenograft/in vivo sphere-forming neuroblastoma equivalent (Liu et al., 2016a). 

Liu and colleagues (2016) also showed that the cholesterol biosynthesis pathways in 

both the cell lines and xenografts were largely driven specifically by SREBP1 and 

SREBP2 and, collectively, higher SREBF RNA levels were associated with risk status 

of the tumour. Our NONO KD RNA-seq data show NONO appears to regulate genes 

downstream of SREBP in neuroblastoma. Heatmaps displaying changes in expression 

levels of SREBP target genes (Figures 3.11A and 3.14B) after NONO KD generated 

from RNA-seq data support this. The most logical explanation for this downregulation 

was a reduction in SREBP protein with NONO KD, similar to the study previously 

reported in breast cancer describing the stabilisation of SREBP by NONO (Zhu et al., 

2016). However, SREBF1 and SREBF2 RNAs responded differently to NONO KD, with 

one increasing, and the other decreasing, and at the protein level, both proteins 
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increased with NONO KD. Given the increase in SREBP protein levels following NONO 

KD, it will be important in the future to also measure the abundance of the proteins 

encoded by the SREBP target genes. It is possible that the changes observed at the 

transcript level are not mirrored at the protein level. A further validation would be to 

measure lipid, fatty acid and cholesterol abundance in these cells directly after NONO 

KD.  

 

One explanation for the increase in SREBP levels with NONO KD, is that there may be 

a compensatory mechanism in KELLY cells that increases RNA and protein levels for 

SREBP when the function of the protein is compromised. The function of SREBP may 

depend on interaction with NONO; for example, NONO may direct SREBP correctly to 

the chromatin, as depicted in Figure 1.7. For this reason, I tested for a SREBP-NONO 

binding interaction in KELLY cells. However, I was unable to detect direct NONO-

SREBP binding with co-immunoprecipitation (co-IP) experiments (Figures 3.13C and 

3.15C). One possibility is that a direct interaction could not be observed for technical 

reasons, or that the interaction detected in the earlier breast publication was not 

reproducible. Indeed, it is curious that in their study, Zhu and colleagues (2016) used 

HEK293 for their co-IP experiments, instead of MCF-7, the breast cancer line they used 

elsewhere in that study (Zhu et al., 2016). As NONO interactions with SREBP may be 

transient in vitro, an optimised co-IP protocol with cross-linking of protein-protein could 

be conducted.  Formaldehyde, or the cell-permeable dithiobis (succinimidyl propionate) 

(DSP) are widely used for IP crosslinking. DSP also has an advantage as it induces 

formation of reversible di-sulfide bonds, readily cleaved by β-mercaptoethanol in SDS 

protein loading buffer and heating (Ongay et al., 2018; Zhang et al., 2007). Further, a 

positive control could be integrated into future co-IP experiments. This could be done 

with both KELLY and HEK293 cell line lysate simultaneously, as HEK293 cell lysate was 

used to establish NONO-SREBP1 binding in the study. An alternative possibility is that 

the NONO-SREBP interaction previously observed is cell line specific, hence, the 

SREBP-target gene downregulation by NONO KD may be caused by NONO interacting 

with an unknown molecule, which then in turn affects SREBP activity. Beyond testing 

for a direct NONO-SREBP interaction, a future experiment might be SREBP ChIP-seq, 

or ChIP-PCR, to determine if targeting of SREBP proteins to chromatin is indeed 

reduced by NONO KD. 

 

In addition, I speculated that NONO influences SREBP-target gene activity by 

modulating SREBF RNA. NONO binds to both SREBF1 and SREBF2 RNA transcripts 

with a similar density and distribution (Figure 3.11C and 3.14C). However, this binding 
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does not equate to a consistent control of overall RNA abundance, as SREBF1 RNA 

levels increase and SREBF2 RNA levels decrease after NONO KD (Figure 3.9B and 

3.10A). Whilst the consequences of NONO binding to the transcripts is not known, it is 

nevertheless interesting that, at the RNA level, the two transcripts respond differently to 

NONO KD. Given that overexpression of SREBP1 had little effect on the KELLY cells 

(Figure 3.8), it may be that SREBP2 is more important in this biological context. GO and 

GSEA analyses from the NONO KD dataset show that it is cholesterol biosynthesis that 

is more significantly downregulated, a pathway for which SREBP2 is the transcription 

factor primarily responsible (Figure 3.10A, 3.10B and 3.10D). Further, new evidence 

suggests that SREBP2 may be the more influential transcription factor in this protein 

family, regulating SREBP1 activity, therefore indirectly regulating both cholesterol and 

fatty acid biosynthesis (Madison, 2016). This regulation of SREBP1 is additional to the 

control of cholesterol biosynthesis mediated by SREBP2. Evidence for the upstream 

control of SREBP1 by SREBP2 includes dependence of SREBP1 on SREBP2 in murine 

liver after SREBP2 KD (Vergnes et al., 2016), and SREBP2 interaction with SCAP within 

the SREBP2/SCAP complex in the ER membrane, regulating SCAP activity in a 

feedback loop, affecting level of cleavage of SREBP1 and SREBP2 proteins from ER 

into the cytoplasm (Irisawa et al., 2009). It would be interesting in the future to attempt 

SREBP2 overexpression, and also repeat the bioinformatic analysis of the 

neuroblastoma patient tumours (as in Figure 3.11B) to determine if SREBP2 target 

genes correlate with the levels of NONO, MYCN, or disease severity.  

 

The regulation of SREBF RNAs and SREBP proteins is yet to be fully determined in 

neuroblastoma. Does MYCN amplification drive increased SREBP levels? In Figure 

3.11B, no correlation of SREBF1 RNA levels with MYCN RNA levels was found. 

However, a recent proteomic study showed that higher SREBP1 and SREBP2 protein 

levels occurred in MYCN amplified cell lines compared to non-MYCN amplified 

neuroblastoma cell lines (Zaatiti et al., 2018). It is interesting to speculate that functional 

SREBP activity may be controlled at the protein level, rather than the RNA level, in 

neuroblastoma cells, to regulate sterol biosynthesis pathways.  

 

Interestingly, NONO KD data in the myelocytic leukaemia cell line K562 for the ENCODE 

project does not display differentially expressed SREBP target genes compared to 

control (Dunham et al., 2012). Therefore, NONO regulation of SREBP targets may not 

be a universal mechanism in cancer. However, outside the cancer context, there is 

evidence for NONO having a strong role in regulating metabolism in the liver after 

feeding, with NONO knockout mice showing lower hepatic glycogen and lipid levels 
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(Benegiamo et al., 2018). Therefore, a connection between NONO and lipid metabolism 

is likely robust.  

 

3.3.2 NONO and MYCN 
In this study, I aimed to clearly identify the role of NONO in the context of MYCN 

amplification, carrying out NONO KD in high-risk neuroblastoma cells. The high-risk 

neuroblastoma cell lines KELLY and BE2C had reduced cell viability after NONO KD 

(Figure 3.7B). In contrast, I found that SK-N-AS cells when treated with siR-NONOs did 

not show reduced cell viability (Figure 3.7A), indicating that the role of NONO in 

promoting oncogenicity may be less important for proliferation in low-risk neuroblastoma 

cells compared to high-risk neuroblastoma cells.  

 

In the NONO KD KELLY cells, I examined MYCN protein levels and surprisingly found 

they increased after NONO KD (Figure 3.16A) as opposed to the previously published 

data showing a decrease with NONO KD (Liu et al., 2014). The stark difference in MYCN 

protein levels may have arisen due to the degree of NONO KD. A more dramatic 

reduction in NONO to such low levels that NONO bands could not be detected by 

Western blotting was achieved by Liu and colleagues (2014). However, our NONO KD 

resulted in a 50-80% reduction in NONO protein levels. Another possible explanation for 

the increased MYCN levels is the compensatory 2-fold increase in SFPQ protein (Figure 

3.22A) after NONO KD. DBHS proteins are positive regulators of translation of the Myc 

family of proteins. MYCN, Myc and L-Myc RNA transcripts have internal ribosome entry 

sites (IRES) (Catherine and Anne, 2001) that are sensitive to NONO and SFPQ levels 

(Cobbold et al., 2008). Moreover, SFPQ has the highest affinity of any DBHS protein, 

specifically for the MYCN IRES, over that of the other transcripts in this family. Hence, 

given SFPQ levels increase after NONO KD this may positively regulate the IRES-

facilitated translation of MYCN, resulting in increased MYCN protein levels in the KELLY 

cells. Nevertheless, what is intriguing with our observations is that, despite the apparent 

increase in the oncogenic MYCN, there is nevertheless a reduction in cell viability with 

NONO KD. As with the SREBP proteins, this again suggests a mechanism of increase 

in master gene regulators to compensate for the loss of NONO.  

 

Another possible reason for MYCN protein overexpression may be due to the NONO-

Erk association. It was initially understood that NONO binds to MYCN RNA and post-

transcriptionally increases MYCN expression. However, paradoxically, my data show 

NONO KD increases both RNA and protein levels of MYCN (Figure 3.16). Hence, I 
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speculate that NONO may regulate MYCN in other ways, such as at the translational, 

and/or post-translational level. One possibility is that NONO may positively enhance 

MYCN function by activating Erk. NONO positively regulates Erk at a post-translational 

level, influencing Erk-downstream signalling pathways (Cheng et al., 2018; Ma et al., 

2016). In turn, Erk is a known modifier of MYCN, phosphorylating serine 65 and 

consequently stabilising  MYCN protein (Marshall et al., 2011). Hence, whilst I observed 

an increase in MYCN protein with NONO KD, there may actually be a decrease in 

phospho-MYCN with NONO KD. Future Western blotting experiments with a phospho-

specific MYCN antibody could test this idea. If this hypothesis is proved true, the 

increase in MYCN RNA and unphosphorylated MYCN protein that I observed could be 

a compensatory increase in MYCN expression to account for the loss of stable, 

functional, phospho-MYCN. I speculate both IRES-facilitated translation of MYCN by 

increased levels of SFPQ protein, as well as downregulation of Erk activity, are two 

contributing factors to the upregulation of MYCN protein levels occurring after NONO 

KD that should be investigated further.  

 

Interestingly, Valentijn and colleagues (2012) show that it is a signature of 157 genes 

regulated by MYCN, and not actual overexpression of MYCN RNA and protein, that has 

an influence on prognosis of neuroblastoma patients (Valentijn et al., 2012). Another 

study shows that the amplification of the 130 kb amplicon containing MYCN is of much 

higher importance in cancer survival, than simply increased MYCN RNA or protein levels 

(Weber et al., 2006). This 130 kb amplicon may have cis-gene regulatory influences on 

neighbouring loci, that NONO may also be associated with.  

 

NONO does not seem to bind directly to the MYCN protein (Figure 3.16C), indicating 

NONO does not act as a transcriptional co-regulator with MYCN, as it does with other 

transcription factors including as AR and Erk (Kuwahara et al., 2006; Ma et al., 2016) 

(Figure 1.7). Also, ~80% of MYCN-target genes did not exhibit changes in gene 

expression after NONO KD, indicating NONO may not have a substantial influence on 

MYCN-target gene expression at a post-translational level. Nevertheless, ~20% of 

MYCN-target genes did show significant changes after NONO KD, and the proportion 

of genes changing in the same direction as MYCN activation was higher (Figure 3.17B; 

green bars), indicating some MYCN transcriptional activity was upregulated after NONO 

KD. MYCN-target genes that do change after NONO KD could be examined using GO 

and GSEA analyses. Considering MYCN has known gene-regulatory role in initiation of 

differentiation (Guglielmi et al., 2014), perhaps the MYCN-target genes activated after 

NONO KD (Figure 3.17B; green bars) have a role in differentiation pathways or perhaps 
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other pro-apoptotic pathways. Similarly, MYCN-target genes downregulated after 

NONO KD (Figure 3.17B; red bars) could be factors involved in various other MYCN-

driven oncogenic pathways (Figure 1.3). Overall, an in-depth investigation of the MYCN-

target genes both significantly upregulated and downregulated after NONO KD (Figure 

3.17B) may provide further knowledge about the oncogenic function of NONO in relation 

to MYCN in high-risk neuroblastoma.  

 

3.3.3 NONO and epigenetic gene regulation in neuroblastoma 
GO and GSEA analyses showed pathways such as chromatin silencing and epigenetic 

negative regulation of gene expression were upregulated after NONO KD (Figure 3.10). 

The largest GO term to be upregulated in the NONO KD RNA-seq data was histone 

deacetylase (HDAC) activity (Figure 3.10A). HDACs remove acetyl groups from 

histones, leading to increased DNA compaction around histones and heterochromatin 

formation (Verdone et al., 2006). These data suggest NONO has a role in chromatin 

organisation in high-risk neuroblastoma, and that NONO KD is potentially leading to 

chromatin silencing and heterochromatin formation. This result is not surprising, as 

NONO has an established role in transcriptional regulation of gene expression, binding 

to transcription factors as a co-activator, recruiting and mediating assembly of 

transcription proteins, binding to distal enhancer elements and controlling recruitment of 

transcription factors to the promoter of the target gene (Figure 1.7). In the future, it would 

be interesting to conduct NONO ChIP-seq experiments in KELLY and SK-N-AS cells to 

observe and detect changes to NONO binding sites in MYCN amplified and non-MYCN 

amplified neuroblastoma cells. Despite not possessing a DNA binding domain, NONO 

is capable of binding to chromatin, demonstrated by a study where NONO ChIP-seq 

data showed NONO binding to DNA mostly within promoters of genes (Ma et al., 2016). 

NONO also had functional activity whilst binding to DNA, acting as a chromatin regulator 

cooperating with Erk to control mESC pluripotency (Ma et al., 2016). Possibly, 

differences in the DNA-binding of NONO between the KELLY and SK-N-AS cell groups 

would provide further information about the role of NONO in high-risk neuroblastoma. 

Specifically, it would tell us which pathways are controlled by NONO binding to DNA, 

with one candidate being the SREBP-target genes. However, it would be important to 

also take into account the compensatory role for SFPQ, and possibly, PSPC1 as well, 

in any gene regulation assays. Ideally ChIP-seq experiments would be carried out with 

all three DBHS proteins in the neuroblastoma context, identifying unique, as well as 

overlapping peaks. However, only NONO, and not PSPC1 nor SFPQ (Figure 3.23), has 

a prognostic role in high-risk neuroblastoma. Therefore, only NONO binding sites 
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identified in possible future KELLY and SK-N-AS ChIP-seq experiments could provide 

insight into the precise mechanism of NONO in transcriptional gene regulation, and how 

this NONO mechanism may perhaps contribute to neuroblastoma progression.  

 

Another potential interaction for explaining a role for NONO in neuroblastoma, that was 

not investigated in this study, is an interaction with the androgen receptor (AR). NONO 

can bind to AR to co-activate transcription of AR-target genes (Dong et al., 2007; Ishitani 

et al., 2003; Kuwahara et al., 2006). In neuroblastoma, AR activation leads to increased 

cell proliferation, migration, cell sphere formation and tumour growth, whereas AR 

inhibition reduced these pro-growth phenotypes  (Sun et al., 2017). Interestingly, AR 

mediates the activity of SREBP2 by downregulating a SREBP inhibitor, the liver X 

receptor (LXR), that prevents cholesterol accumulation (Krycer and Brown, 2011). Given 

that NONO is purportedly binding both AR and SREBP1, and that AR indirectly positively 

mediates SREBP activity, it is possible that NONO KD mediated cholesterol 

biosynthesis downregulation may be due to a lack of NONO-SREBP-AR function. It 

would thus be interesting in the future to determine if AR target genes are downregulated 

in our RNA-seq dataset, in a similar manner to the SREBP target gene set, or if NONO 

interacts with AR in neuroblastoma cells.  

 

3.3.4 NONO influences ALK and PVT1 abundance 
NONO KD has resulted in changes to the important neuroblastoma protein, ALK, and to 

the potential oncogenic PVT1/circPVT1 genes in high-risk neuroblastoma cells. Whilst 

these observations are still preliminary, they nevertheless represent interesting avenues 

for future experiments.  

 

After NONO KD, an increase in full length ALK (ALK_1) was observed at both the RNA 

and protein levels (Figure 3.18 and Figure 3.19), and decreased expression of shorter 

ALK_2 and ALK_3 RNA transcripts was also apparent (Figure 3.18). ALK_2, if 

translated, would produce protein of 135 kDa (predicted using Prosite in Expasy; see 

methods) with a similar molecular weight to the ~140 kDa ALK protein previously 

published, which arises due to extracellular cleavage (See Figure 3.1; dark blue arrow) 

and has been reported in multiple neuroblastoma cell lines and patient cohorts, although 

the function of this protein has not been investigated (Huang, 2018; Moog-Lutz et al., 

2005). However, the speculated 135 kDa ALK_2 seen here does not contain one MAM, 

nor the LDLa domain, only retaining the MAM domain closer to the TMD. In contrast, 

the previously published ~140 kDa ALK contains neither MAM domain, nor the LDLa 
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domain in between, and is embedded in the cell membrane, with the cleaved fragment 

released into the extracellular matrix (Degoutin et al., 2009; Iwahara et al., 1997; Moog-

Lutz et al., 2005; Morris et al., 1997) (Figure 3.1; dark blue arrow). I speculate that the 

ALK_2 isoform in my NONO KD RNA-seq data is similar but not identical to the 

previously published ~140 kDa variant of ALK. Oddly, despite having more amino acids 

than the ~140 kDa ALK variant, ALK_2 has faster migration down the gel with an 

apparent molecular weight of ~135 kDa. I speculate that this may be due to post-

translational modifications such as phosphorylation at the TKD part of the ~140 kDa ALK 

occurring constitutively, resulting in a larger molecular weight, despite shorter peptide 

length. The ~140 kDa ALK is constitutively activated, causing overactivation of anti-

apoptotic and cell-proliferative downstream signalling pathways (Chen et al., 2008b), 

promoting cancer phenotype. It has been previously reported that inhibition of 

extracellular cleavage of ALK leads to reduced cell growth (Degoutin et al., 2009; 

Iwahara et al., 1997; Moog-Lutz et al., 2005; Morris et al., 1997).  

 

I speculate that if the ~140 kDa ALK is produced due to a post-translational cleavage, 

then the ~135 kDa variant occurs due to alternative splicing. The rationale for this is that 

if NONO had a role in the extracellular cleavage of ALK, then it would likely not be 

reflected in transcriptomic changes occurring after NONO KD. The NONO KD RNA-seq 

data suggests NONO alters levels of different ALK mRNA, to support production of a 

mRNA that will encode and translate ~135 kDa ALK protein. It is unfortunate that I was 

not able to use the ALK antibody targeting the C-terminal epitope for Western blotting 

(data not shown), although I could see the full length protein (transcribed from ALK_1; 

size ~180 kDa) and its glycosylated form (gALK_1; size ~220 kDa) with the N-terminal 

epitope antibody (Figure 3.19). These data show NONO has a post-transcriptional role, 

likely in alternatively splicing ALK transcripts, that is reflected in ALK protein levels. 

Future proteomic experiments would be insightful for characterising the different ALK 

fragments and protein isoforms that are affected by NONO KD in high-risk 

neuroblastoma cells. I could also further optimise the antibody targeting the C-terminus 

of ALK in Western blotting.  

 

The role of both PVT1 and circPVT1 is yet to be explored in neuroblastoma, and my 

observations for the first time hint at a possible role for these molecules in this cancer 

context. PVT1 has an oncogenic role in multiple cancer types, primarily by acting as a 

ceRNA, and by regulating protein stability of oncogenic proteins such as Myc (Colombo 

et al., 2015). In a breast cancer context, amplification of the MYC gene had no influence 

on cancer progression. However, co-amplification of the genomic region containing both 
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MYC and PVT1 (albeit along with genes CCDC26 and GSDMC) was shown to be 

oncogenic. Dependence of Myc on PVT1 was also observed, with a reduction of Myc 

protein levels following PVT1 lncRNA KD (Tseng et al., 2014). Hence PVT1 may have 

a role regulating expression and activity of members of the Myc protein family in the 

neuroblastoma context.  

 

PVT1 and circPVT1 are ceRNAs that sponge let-7 miRNAs, suppressing the activity of 

this microRNA family; however, it is speculated that circPVT1 may be more efficient at 

sponging let-7 miRNAs, because it is present in the cytoplasm (compared to the nuclear 

PVT1) and also has a comparatively longer half-life than PVT1 (Chen et al., 2017). The 

rationale to examine the role of NONO in circRNA expression was because the 

paraspeckle protein QKI (Archa Fox, personal communication) has been reported to 

have a role in alternative splicing and circRNA formation (Conn et al., 2015; Katsel et 

al., 2019). I hypothesised that NONO binds to and mediates PVT1 splicing into 

circPVT1; that NONO has a role in promoting expression of a more stable ceRNA, 

thereby inhibiting activity of tumour-suppressive let-7 miRNAs. Indeed, I did observe 

NONO binding to PVT1, with some NONO binding detected around the circPVT1-

associated exon 3 (Figure 3.20; red circle). However, a decrease in both PVT1 and 

circPVT1 levels, and not only of circPVT1, was observed after NONO KD (Figure 3.21D). 

Hence, it is plausible that downregulation of circPVT1 in the NONO KD RNA-seq data 

is likely due to the reduction of the precursor PVT1. Therefore, the data in this chapter 

suggests that NONO does not post-transcriptionally mediate back-splicing of circPVT1.  

Perhaps NONO regulates PVT1 in other ways, such as at a transcriptional level. Further 

analyses to determine the influence of NONO in circRNA expression needs to be 

performed. A limitation of my own NONO KD RNA-seq study is lack of sequencing depth 

and long enough read length to be able to observe splicing and back-splicing changes 

that occur after NONO KD. To properly address the role of NONO in back-splicing RNAs 

into circRNAs the NONO KD RNA-seq should be repeated with increased read length 

to detect splicing changes, as well as with an RNase R treatment step incorporated to 

degrade all RNAs except circularised RNA. Overall, examining the role of NONO, QKI 

or potentially other paraspeckle proteins in circRNA regulation could be considered in 

future studies focussing on RNA splicing function of these proteins.     
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3.3.5 Limitations and Conclusions 
Our NONO KD RNA-seq had some technical limitations. The PCA showed that the four 

samples from each group clustered closely, however, the two siRNA groups did not 

cluster well (Figure 3.9A). I speculate that off-target effects or individual immunological 

responses for each siRNA are responsible for this, and hence the decision to compare 

the four control samples to the eight NONO KD samples was made. Ideally, the RNA-

seq experiment should be repeated with additional siRNAs against NONO, to try to 

eliminate some of these differences. Moreover, a further criticism of the RNAi mediated 

KD of NONO is that it is a transient way of studying its effects and functions in normal 

cells. However, a more permanent KD of NONO, with gene editing, would likely be 

ineffective, especially in cells such as high-risk neuroblastoma where NONO is essential 

to maintain normal cell proliferation (Figure 3.7). Considering SK-N-AS cells are not 

reliant on NONO, NONO knockout using gene-editing may be achieved in those cells 

without compromising normal cell health. However, this approach would be 

compromised as SK-N-AS cells do not model high-risk neuroblastoma. In the future, 

RNA-seq and proteomic analysis of tumours formed by crossing NONO-/- mice with 

neuroblastoma mouse models would be informative, as would similar experiments with 

inducible genome edited neuroblastoma cell lines. One mouse model that could be used 

with NONO-/- mice is the TH-MYCN model, which over-expresses MYCN in neural crest 

cells during embryogenesis, resulting in a mouse with human-neuroblastoma-patient 

like characteristics (i.e. emergence of primary tumours in sympathetic nervous system, 

followed by high-risk neuroblastoma metastases pattern) (Weiss et al., 1997).  

 

In conclusion, for this chapter, I have investigated how NONO regulates the 

transcriptome of high-risk neuroblastoma cells; with the most dramatic observation 

being a strong link between NONO levels and transcripts encoding lipid and cholesterol 

biosynthesis pathway proteins that are SREBP-target genes. However, this link is not 

likely based on NONO binding to SREBP; an alternative theory would need to be 

proposed as to how NONO potentially transactivates the SRE-containing genes. 

Further, NONO may have a novel post-transcriptional role in inhibiting tumour 

suppressive let-7 activity, through stabilisation of the ceRNAs lncRNA PVT1 and 

circPVT1. Finally, NONO may support the alternative splicing of ALK, driving production 

of potentially constitutively activated truncated isoforms. Overall, the role of NONO in 

regulating multiple levels of gene expression has been explored. The role of NONO in 

neuroblastoma is further explored in Chapter 5, with the importance of its RNA-binding 

capacity in helping progress cell proliferation discussed. 
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