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Abstract 

The long non-coding RNA ANRIL is transcribed from a gene, antisense to the CDKN2B locus, 

that encompasses multiple disease-associated polymorphisms. Divergent reports have suggested 

both concordant and discordant expression of ANRIL and CDKN2A or CDKN2B in different 

tissues and cell types. In view of these conflicting studies, and given the recurrent involvement 

of the CDKN2A gene (which encodes two tumour suppressor proteins p16INK4 and p14ARF) in 

melanoma, we examined the relationship of ANRIL and CDKN2A in patient-derived metastatic 

melanoma cell lines. 

Gene expression analyses using quantitative RT-PCR revealed that ANRIL and CDKN2A 

expression are positively correlated in a panel of melanoma cell lines. We confirmed that 

p16INK4a mRNA is expressed in several cell lines in which p16INK4a protein is not detectable, 

ruling out transcriptional suppression of p16INK4a by ANRIL. This suggested that an epigenetic 

mechanism may regulate p16INK4a mRNA function post-transcriptionally. 

Multiple isoforms of ANRIL have been identified and several functions have been associated 

with ANRIL. In our judgement, studies on ANRIL functionality are premature pending a more 

complete appreciation of the complexity of isoforms. Multiple circular forms of ANRIL 

(circANRIL) were identified along with linear isoforms in melanoma cells using quantitative 

RT-PCR. Further characterisation of circANRIL in two melanoma cell lines using outward-

facing primers against each exon, followed by cloning and sequencing, revealed the existence 

of an assortment of circular isoforms with varying lengths, exon-exon junctions and exon 

combinations. Moreover, in these two cell lines, the complements of circANRIL isoforms were 

almost completely different. This reveals the dynamic nature of the locus and constitutes a basis 

for investigating the functions of ANRIL in melanoma. 

We also found the family of linear ANRIL was enriched in the nucleus, whilst the circular 

isoforms were enriched in the cytoplasm and they differed markedly in stability. This variability 

in localization pattern suggests the hypothesis that ANRIL may have dual functions in 

melanoma.  

RNAi studies targeting circANRIL revealed negative regulation of linear ANRIL and p16INK4A 

mRNA. This further is suggestive of ANRIL functioning either at transcriptional or post-

transcriptional levels. Based on our findings, we hypothesise that ANRIL is a multiplicity of 

transcripts that have wholly distinct dual sets of functions in melanoma. 
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Literature Review 

Epigenetics doesn't change the genetic code; it changes how that's read. Perfectly normal genes 

can result in cancer or death. Vice-versa, in the right environment, mutant genes won't be 

expressed. Genes are equivalent to blueprints; epigenetics is the contractor. They change the 

assembly, the structure. 

- Dr. Bruce H. Lipton  

 Introduction 

Melanoma, a malignant tumour of melanocytes, is considered to be the most aggressive of all 

skin cancers (1). The strongest risk factors for melanoma are a family history of melanoma, 

multiple benign or atypical nevi, and a previous melanoma. Immunosuppression, sun sensitivity, 

and exposure to ultraviolet radiation are additional risk factors. Each of these risk factors 

corresponds to a genetic predisposition or an environmental stressor that contributes to the 

genesis of melanoma (2). The genesis and progression of melanoma arise from complex changes 

in multiple signalling pathways that control cell proliferation and the ability to evade cell death 

processes. The development of effective treatment options, as well as improved diagnosis and 

prognosis, therefore requires greater understanding of the genetic and epigenetic changes that 

underlie melanoma development. This chapter summarises the remarkable progress that has 

been achieved in understanding melanoma pathogenesis in terms of genetic alterations. 

However, the focus of this chapter is about the recent studies that have demonstrated the 

complex involvement of epigenetic mechanisms in the regulation of gene expression, affecting 

the functioning of key signalling pathways that influence each other, intersect and form 

networks in which local perturbations disturb the activity of the whole system. A glimpse of 

how epigenetic events intertwine with these pathways and contribute to the molecular 

pathogenesis of melanoma is given in this chapter. 
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 Melanoma as a disease 

 Incidence of melanoma in New Zealand 

Malignant melanoma of skin accounts for 232,000 new cases worldwide (1.6% of new cancers) 

according to GLOBOCAN 2012. The regions affected are largely those with white populations 

(of European origin), with by far the highest incidence in both males and females in Australia/ 

New Zealand (close to 55 per 100,000) followed by Northern and Western Europe (Figure 1.1) 

(3). Recent statistics from the Ministry of Health indicate that the incidence of melanoma in 

New Zealand has steadily increased since 1996 and stands with over 2000 cases per year 

reported in the period from 2007 – 2015, with mortality rates of around 300 per year in the same 

period (Figure 1.2) (4, 5). To check or reduce incidence and mortality rates, understanding of 

the underlying cellular and molecular processes leading to melanomagenesis is crucial. 

 

Comparative graph showing incidence (blue) and mortality (red) rates of melanoma worldwide. 

Data sourced from Globocan 2012 (3).  

Figure 1.1: Incidence and mortality rates of melanoma worldwide. 



Chapter 1 

 

3 

 

 

 

Comparative graphs showing incidence (blue) and mortality (red) rates of melanoma recorded from 1948 – 2015. Mortality data for 2014 and 2015 

not available. Data sourced from Ministry of Health, New Zealand (4, 5). 

  

Figure 1.2: Incidence and mortality rates of melanoma in New Zealand from 1948-2015. 
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 Diagnosis and staging of malignant melanoma 

As poor prognosis in melanoma is directly proportionate to the depth of the neoplasm, detection 

of melanoma in its early stages is of crucial importance in decreasing mortality rates (6). Initially 

melanoma typically grows horizontally within the epidermis (melanoma in situ). In time, it 

penetrates the dermis (invasive melanoma). The vertical depth of the melanoma (measured 

downward from the top of the stratum granulosum [granular cell layer] of the epidermis) has 

been shown in multivariate analyses to be the factor that best correlates with prognosis (6). 

Therefore, accurate diagnosis at an early stage, leading to earlier treatment, is crucial to 

successful management. 

In 2000, an updated TNM staging system based on the original staging system (Breslow’s depth) 

for melanoma was established by the American Joint Commission on Cancer (AJCC) (7). The 

system incorporates depth of primary tumour (absolute thickness in millimetres) represented by 

‘T’, presence of cancer cells in lymph nodes, represented by ‘N’ and metastasis to distant skin 

and other organs, represented by ‘M’ (7, 8). This staging also helps distinguish between micro- 

and macro- metastasis, which is important as macro-metastases, which are clinically evident 

lymph node metastases, carry a worse prognosis than micro-metastases. The total number of 

positive lymph nodes continues to be a consideration, and patients with more than three positive 

lymph nodes are assigned a more advanced stage than those with fewer positive lymph nodes. 

Most patients diagnosed as having cutaneous malignant melanoma (CMM) (>80%) present with 

localised disease and are in AJCC I or II stage (Figure 1.3) (7). 

  



Chapter 1 

 

5 

 

 

Figure 1.3: Melanoma ‘TNM’ staging system. 

Comparison between healthy skin and skin affected by malignant melanoma. Presentation of 

five stages in malignant melanoma evolution process. Figure taken from Jaworek-Korjakowska 

and Kłeczek (9) licensed under CC BY 4.0. 

  

https://creativecommons.org/licenses/by/4.0/
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 Treatment of melanoma 

Therapeutic options for melanoma are decided by the stage of the disease at the time of diagnosis 

(7). Stage 0 and I melanoma are usually treated by surgical excision. Adjuvant therapy 

(treatment with interferon) is advised for patients in whom lymph nodes are found to contain 

cancer cells, following surgical excision of the tumour at Stage II. Surgical treatment for Stage 

III involves wide excision of the primary tumour, along with lymph node dissection, followed 

by options of adjuvant treatment, vaccines under clinical trial or radiation therapy. Additional 

treatment options include targeted therapy, immunotherapy, chemotherapy, or a combination of 

immunotherapy and chemotherapy. Stage IV tumours are hard to cure as they have already 

spread to distant lymph nodes or other areas of the body (7, 10). However, treatment at this stage 

of melanoma has advanced in the recent years and involves the use of improved immunotherapy 

(checkpoint inhibitors, e.g. pembrolizumab, nivolumab, and ipilimumab) (11) and targeted 

drugs (e.g. vemurafenib, in the case of BRAFV600E mutations) (12). Despite the major advances 

in treatment options available, the high incidence and poor prognosis of melanoma makes 

understanding of its underlying pathology critical. Thus, there is a great need not only for 

improved therapy but also for a better understanding of the molecular mechanisms underlying 

melanoma pathogenesis. 

 Normal biology and function of melanocytes 

Melanocytes are found in the deep layer of the epidermis. During embryonic development 

melanocytes originate from the multipotent and highly migrating neural crest, and undergo 

lineage specification to form melanocyte precursors known as melanoblasts. After migration 

and proliferation between the somites and ectoderm, and later invasion into the ectoderm, 

melanoblasts differentiate into melanocytes (13). Several key players are involved in the 

regulation of melanocyte development, migration and survival (Figure 1.4). The transcription 

factor microphthalmia-associated transcription factor (MITF) appears to be the master regulator 

of melanocyte identity and is embedded within a transcriptional network that controls the 

development of melanocytes from the neural crest (14). Gene transcription and post-

translational modifications of MITF are influenced by multiple upstream pathways which 

include KIT (a protein that belongs to the type III receptor kinase family), which triggers 

downstream pathways such as the ERK/MAP-kinase (MAPK)-pathway and plays a major role 

in coordinating the balance between melanocyte differentiation and proliferation via modulation 

of MITF signalling (15, 16). The Wnt signalling pathway plays a role in terminal differentiation 

of melanoblasts, by inducing the MITF expression. Other key players that induce expression of 
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MITF include SOX10 and PAX3 (17). α-melanocyte-stimulating hormone (MSH) is the ligand 

that induces activation of the melanocortin receptor (MC1R), following which MC1R stimulates 

adenyl cyclase, thereby activating cyclic AMP (cAMP) response element binding protein 

(CREB) and induces MITF expression. Post-translational phosphorylation of MITF, in turn, 

trans-activates the expression of genes coding for anti-apoptotic (BCL2) and differentiation 

genes such as MART1, TYR and TYPR1 (15, 17). 

Following the maturation of melanocytes, melanin production starts in special organelles, 

namely melanosomes (13). Melanin is associated with a photo-protective role as it is responsible 

for UV light absorption, free radical scavenging, coupled oxidation-reduction reactions and ion 

storage (18). The process by which melanocytes produce melanin is termed melanogenesis (18). 
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Figure 1.4: Schematic of pathways that play important roles in melanocyte 

differentiation. 

Schematic of melanocyte differentiation through the MITF axis. KIT receptor and kit ligand are 

essential for melanocyte development. NRAS, BRAF and MITF are activated by the KIT 

receptor. The expression of the MITF transcription factor is regulated by α-MSH that binds to 

MC1R. MITF is phosphorylated by ERK. Activation of MITF controls expression of genes that 

help regulate melanocyte proliferation, differentiation, pigmentation and survival. 

Mutant MITF, NRAS, BRAF and KIT are known melanoma oncogenes. Figure taken from 

Sarkar et al. (1) licensed under CC BY 3.0. 

https://creativecommons.org/licenses/by-nc/3.0/
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 Emergence and progression of melanoma 

There are several endogenous and exogenous (environmental) risk factors associated with 

developing malignant melanoma, of which previous history of melanoma, family history of 

melanoma, and multiple dysplastic or benign (common/banal) nevi reveal the strongest 

association (19). Immunosuppression, sensitivity to sun and exposure to UV radiation are 

accounted as some additional risk factors. Each of these risk factors is linked to either genetic 

predisposition or an environmental stressor which may trigger some oncogenic activation 

leading to cellular changes that contribute to melanomagenesis (2). Melanocyte transformation 

may also happen through the sequential accumulation of genetic and epigenetic molecular 

alterations that are heritable and may contribute to cellular changes leading to eventual 

malignancy. Cellular changes can result in a generation of melanocytic clones with a growth 

advantage over surrounding cells (20). 

The progression of melanoma has been depicted by The Clark model, which describes the 

stepwise transformation of melanocytes to melanoma (Figure 1.5). The model depicts the 

proliferation of melanocytes in the process of forming nevi and the subsequent development of 

dysplasia, hyperplasia, invasion, and metastasis (2). Melanoma is classified into four types: 

Superficial spreading, Nodal, Acral Lentiginous and Lentigo Maligna (2). 
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Melanoma tumour progression based on the ‘Clark model’ depicts a slow but steady progression 

from benign melanocytic nevi to metastatic melanoma which includes loss of key regulatory 

genes like CDKN2A and PTEN which initiates uncontrolled proliferation of cells. The cells then 

undergo epithelial-mesenchymal transition (EMT) with the loss of E-cadherin in some and 

become malignant. Figure taken from Arrangoiz et al. (21), licensed under CC BY 4.0. 

The genesis and progression of melanoma arise from complex changes in multiple signalling 

pathways that control cell proliferation and the ability to evade cell death processes. Aberrant 

behaviour of key signalling pathways, such as RAS/RAF/MAPK, JNK, PI3K/Akt, Jak/STAT, 

and MITF, can affect cell cycle progression and apoptosis control, contributing eventually to 

the development of melanoma (1). Causes of aberrant behaviour include alteration of DNA 

sequences (genetic) and alteration of gene expression (epigenetic regulation).  

 Genetic alterations in development of melanoma 

Disruptions in the genes and pathways occur in melanoma. These are due to the acquisition of 

germline or somatic mutations in regulatory genes (genetic events) and alterations of gene 

expression (epigenetic events). 

 Germline genetic factors 

Genetic predisposition is a known risk factor associated with melanoma and accounts for 10% 

of melanoma cases (1). Many melanoma susceptibility genes have been identified and classified 

into high, medium and low penetrance genes (22). Examples of some of these genes are as 

follows. 

 High penetrance genes  

CDKN2A 

 A tumour suppressor protein, p16, is encoded by CDKN2A and this locus is a key player in 

controlling melanoma. The p16 protein directly inhibits CDK4 and CDK6 responsible for the 

phosphorylation and functional inactivation of the retinoblastoma protein (RB1) at the 

restriction point in the G1 phase of cell cycle progression. RB1 phosphorylation by the CDKs 

prevents its interaction with the pro-proliferation factors E2Fs. Loss of p16 leads to formation 

of dysplastic nevi, representing a discrete step in cutaneous malignant melanoma (CMM) 

development (23). Mutations in the CDKN2A gene play a role in familial melanoma, which 

comprises approximately 10% of all CMM cases (23).  

Figure 1.5: Melanoma tumour progression. 

https://creativecommons.org/licenses/by/4.0/
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Along with p16 protein, CDKN2A also produces another protein known as p14. This protein 

helps in regulation of the cell cycle and apoptosis via the p53 and pRB pathways, by interacting 

with MDM2 and E2F1. However in spite of the dual coding capacity of this locus, the possibility 

of p14 being a melanoma susceptibility gene remains conflicted (24). 

CDK4  

As mentioned before, cyclin-dependent kinases (CDKs) drive cell-cycle progression, control 

transcriptional processes, and thus regulate cell proliferation. Rare melanoma-prone families 

have activating mutations in CDK4 that make CDK4 insensitive to inhibition by p16 (25, 26). 

This is due to missense mutation at codon 22 or 24 of CDK4 (27). Amplification of CDK4 is 

reported without loss of CDKN2A (p16 or p14) expression, important regulators of the pRB and 

p53 pathways, which are commonly lost or mutated in melanoma. These results suggest that 

amplification of CDK4 may substitute for the loss of p16 and p14 function in a subset of 

melanomas (25). CDK4 is therefore listed as another high penetrance locus for melanoma 

susceptibility. However, these mutations are rare (28). 

 Medium penetrance genes 

MC1R 

MC1R encodes the G-protein coupled receptor MC1R, which binds α-MSH and triggers a 

subsequent cascade via downstream MITF and tyrosinase to stimulate melanocyte proliferation, 

dendricity, and eumelanin pigment synthesis (29). 

The MC1R gene locus is highly polymorphic, and several MC1R variant alleles are reported to 

have nonsynonymous base substitutions within the coding region (30). These substitutions lead 

to reduced receptor functions, increased levels of pheomelanin and a fair skin phenotype. This 

subpopulation is more sensitive to the effects of UV irradiation, demonstrated by a lack of 

tanning ability, and is also at increased risk of developing CMM, by mechanisms yet to be fully 

understood (30). 

MITF 

MITF gene is a medium-penetrance melanoma susceptibility gene and regulates several other 

genes whose functions in melanocytes include development, differentiation, survival, cell cycle 

regulation, and pigment production (see above) (31). An uncommon MITFE318K variant allele is 
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found to occur at a significantly higher frequency in genetically enriched patients affected with 

melanoma when compared with a control population (29, 31). 

 Low penetrance genes  

A series of genome-wide association studies (GWAS) have identified a set of low susceptibility 

genes that do not act via pigmentation pathways but instead are involved in other cellular 

processes such as DNA repair and cell cycle control; these include genes in or near ATM, 

CASP8, CCND1and MX2 (32-35). The minor allele frequencies for these genomic variants are 

in the range of 1–49 %, and the risk of melanoma associated with the risk allele is in the range 

of a 1-2 fold increase (34). On their own, each of these variants only slightly increases risk of 

melanoma; however, carrying several variants can significantly increase melanoma risk, which 

may also be further modified by environmental factors such as UV exposure (22). 

 Somatic ‘driver’ mutations in key regulatory genes 

BRAF 

The most common oncogene mutated in melanoma is BRAF. A principal melanocyte-specific 

signalling pathway which controls proliferation and differentiation operates through activation 

of BRAF. Additionally, this gene is found to be mutated in most melanomas. These facts taken 

together suggests a possible explanation for the high frequency of BRAF mutation in melanomas 

relative to other cancer types (36). Approximately 60% of all melanomas harbour activating 

mutations in BRAF, making the product of this gene a prime therapeutic target. So far, over 65 

distinct mutations in BRAF gene have been identified (37, 38). However, amongst the 65 

different mutations that occur in more than 30 BRAF codons, a single base missense T to A 

substitution (at nucleotide 1,799) is prevalent in 90% of BRAF-mutant melanomas, causing a 

change of valine (V) to glutamic acid (E) at codon 600 (V600E) in exon 15. Glutamic acid 

causes a conformational change in protein structure and the protein remains constitutively in its 

activated form. This results in continuous phosphorylation of MEK and downstream MAP 

kinases which lead to hyperactivation of the ERK/MAPK pathway. Mutated BRAF thereby 

triggers survival pathways and cell division to promote tumour development (38, 39). 

During the evolution of neoplasia, the first cellular change that normal melanocytes undergo is 

the development of benign melanocytic nevi. The melanocytic nevus is shown to contain BRAF 

mutations and this has been regarded as a first step in melanomagenesis. In 82% of BRAF 

mutations, this initially triggers growth in these lesions which stop proliferating after a while 
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and remain benign. Following this, gain of a second mutation causing the loss of a tumour 

suppressor gene can cause a transition from nevi with mutated BRAF to melanoma (17, 40). 

NRAS 

Nearly 15% of melanomas contain somatic mutations that over-activate the NRAS gene product. 

The NRAS GTPase functions upstream of RAF serine-threonine kinases and upon its activation 

binds RAF and induces RAF kinase activity and initiates a kinase cascade that signals through 

the dual specificity kinases, MAPK/ERK kinases 1 and 2 (MEK1/2), to ERKs 1 and 2 (17). 

Most melanoma associated NRAS mutations involve the substitution of glutamine at residue 61 

(usually with arginine, lysine or leucine) (27). This results in constitutive activation of 

downstream signalling pathways involving RAF serine - threonine kinases and leads to over-

proliferation and survival of melanoma cells (17). Congenital nevi are shown to frequently 

harbour NRAS mutations but no BRAF mutations (23). 

c-KIT 

This gene encodes a tyrosine-protein kinase membrane receptor that acts as a cell-surface 

receptor for the cytokine KIT ligand/stem cell factor (KITLG/SCF). KIT-SCF signalling is 

essential for melanocyte development, differentiation, proliferation, survival and migration (41).  

It has been shown that c-KIT is involved in melanocyte development, as KIT-deficient 

melanoblasts show loss of migration and melanocytes do not develop normally, the relationship 

is evidently seen in piebaldism (40). KIT mutations are found in 11% acral, 21% mucosal and 

17% melanomas appearing on chronically sun-damaged sites (40). 

PTEN 

The PTEN gene has gained substantial attention as somatic mutations of this gene have been 

found in approximately 10% of primary CMM cases. PTEN encodes a negative regulator of 

extra cellular growth signals that are transmitted via the phosphatidylinositol-3-kinase (P13K)-

AKT pathway. In response to growth signals, PI3K phosphorylates phosphoinositides in the 

plasma membrane and converts them into an intracellular second messenger (PIP3) which 

triggers the activation of AKT. Activated AKT regulates a network of factors that control cell 

proliferation (27). Therefore, the loss of PTEN eliminates the negative regulation of AKT, and 

PTEN loss in melanocytes with mutant BRAF leads to the malignant transformation of the nevi 
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(23). Interestingly, BRAF mutations are found in conjunction with the loss of PTEN in 

approximately 20% of CMM cases (23). 

 Epigenetic events involved in development of melanoma. 

In addition to several well-documented gene mutations associated with the development of 

melanoma, considerable attention is now being focused on the influence of epigenetic events. 

The interplay between epigenetic events affects the regulation of transcriptional and/or 

translational activities. The epigenetic mechanisms involved in the initiation and progression of 

melanoma, which in recent times include the addition of long non-coding RNAs (lncRNAs), 

may be aberrant methylation of the promoter regions, histone modification, chromatin 

remodelling, and the positioning of nucleosomes. 

 DNA Methylation 

DNA hypermethylation of CpG islands at promoter sites is believed to contribute to 

tumorigenesis through transcriptional silencing of tumour suppressor genes (42). 

Hypermethylation of specific tumour suppressor genes, including those involved in cell cycle 

regulation, cell signalling, transcription, DNA repair, and apoptosis, has been consistently 

reported in melanoma (43, 44). More recent studies have shown the methylation of gene bodies, 

and suggests that this correlates positively with transcription (45). Despite our expanding 

knowledge of DNA methylation, future studies investigating the mechanisms involved in gene 

regulation in promoter regions and in gene bodies remain priorities for melanoma research. 

Analysis of melanoma cell lines by gene expression microarrays has identified a large cohort of 

hypermethylated genes (42). However, how the hypermethylated status of these genes 

contribute to the pathogenesis of melanoma remains largely unknown. Gene transfer and RNA 

interference techniques are being employed to understand the roles of these genes (43). Despite 

considerable effort and advances in cataloguing methylation changes in melanoma, many 

questions remain unanswered (46). 

The effects of gene hypomethylation have been relatively little studied, but the phenomenon is 

common. Lian et al. (47), have shown that 5mC is converted to 5hmC by the ten eleven 

translocase (TET) family of dioxygenase enzymes in melanoma, and they functionally 

characterised this novel epigenetic marker and its impact on melanoma progression. A high level 

of 5hmC is identified as a distinctive epigenetic signature for melanocytes and nevi, whereas it 

is found at lower levels in primary and metastatic melanoma. This pattern suggests that the loss 
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of 5hmC in melanoma can be used as a diagnostic or prognostic marker in patients. 

Downregulation of TET-family enzymes, with the most dramatic decrease in TET2, is detected 

in melanoma as compared to nevi (47, 48). 5hmC is the most abundant intermediate of active 

DNA demethylation and acts as a positive transcriptional regulator in normal development and 

cancer. The study of molecular mechanisms underlying the global loss of 5hmC through altered 

TET family and isocitrate dehydrogenase (IDH2) activities remains to be unravelled in 

melanoma. 

 Histone Modification 

The close association between aberrant DNA methylation and histone modification is well 

established (49). Investigation of histone modifications in melanoma, therefore, would facilitate 

interpretation of the available DNA methylation data. Aberrant acetylation of histones, in 

particular hypoacetylation, is thought to influence the pathobiology of melanoma by disrupting 

the same pathways as are affected by mutations and CpG island hypermethylation (23). In 

melanoma, gene expression profiles revealed loss of expression of tumour suppressor genes 

through reversible deacetylation of lysine residues in local histones by histone deacetylases 

(HDACs) (50). CDKN1A is one such tumour suppressor gene, and expression of its product, 

p21cip1, is upregulated following inhibition of histone deacetylase. This indicates that aberrant 

histone deacetylation leads to the loss of tumour suppressor mechanisms in melanoma. 

Histone hypoacetylation has been linked to the downregulation of certain pro-apoptotic proteins 

like Bim, Bax, and Bak, which belong to the BCL-2 family (51). A recent study revealed that 

phosphatidylinositol-4, 5-biphosphate 5-phosphatase A (PIB5PA) has a tumour suppressive role 

and is commonly downregulated in melanoma. PIB5PA overexpression blocks PI3K/Akt 

signalling, inhibits proliferation and reduces survival of melanoma cells in vitro. 

Downregulation of PIB5PA, found in some melanomas, is due to histone hypoacetylation 

mediated by histone deacetylases through binding to the transcription factor Sp1 at the PIB5PA 

gene promoter (52). HDAC inhibitors are currently being considered for treatment of melanoma 

despite limited data available on post-translational modifications of histones (53). 

The histone methyltransferase SET Domain, Bifurcated 1 (SETDB1) is upregulated in 

melanoma and accelerates tumour development in zebrafish melanoma models harbouring the 

BRAFV600E mutation. SETDB1 catalyses the trimethylation of histone H3K9 and thereby 

promotes the repression of target genes (54). Unlike the BRAFV600E mutation, which is present 

in both melanoma and benign nevi (55), SETDB1 protein is elevated in melanoma but not in 
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benign nevi or normal melanocytes (54). This indicates that an unknown trigger may lead to the 

upregulation of SETDB1. The genes that are targeted by elevated levels of SETDB1 remain 

unknown. Taken together these studies provide further evidence that genetic mutation interacts 

with epigenetic events during the progression of melanoma. 

 Chromatin remodelling 

Histone modifications are closely associated with the function of polycomb group (PcG) 

proteins, which are transcriptional repressors (56). This association leads to structural changes 

in the organisation of the chromatin that regulates gene expression. PcG proteins function 

through the formation of the polycomb repressor complexes PRC1 and PRC2, both of which are 

implicated in tumour development. Enhancer of zeste homolog 2 (EZH2) is the H3K27 

methyltransferase catalytic subunit of PRC2, and plays a role in the pathogenesis of melanoma. 

The protein levels of EZH2 increase from benign nevi to melanoma. Depletion of EZH2 in 

melanoma cells leads to the removal of histone deacetylases from, and normalises the 

acetylation of, the CDKN1A locus, and restores apoptosis (57). Increased expression of EZH2 

is tightly associated with uncontrolled proliferation in melanoma. Key pathways involved in 

melanoma biology, such as those including RAS/RAF/MEK, AKT, and E2F1, also regulate 

EZH2 activity. Knockdown of BRAFV600E reduces EZH2 expression levels, which suggests that 

deregulated BRAF activity contributes to the abnormal overexpression of EZH2 seen in 

melanoma (58). High levels of EZH2 are associated with an increased Ki-67 index, thicker 

primary melanomas, and increased invasion (59). One of the key genes that EZH2 targets is 

CDKN2A (60), which is hypermethylated frequently in melanoma (61). EZH2 is regulated by 

E2F1, a transcription factor that acts downstream of the CDKN2A product p16. Upregulation of 

E2F1 leads to increased levels of EZH2, this represses Bim, a pro-apoptotic factor (60). In 

summary, aberrant BRAF signalling and increased E2F1 activity can lead to high expression of 

EZH2, resulting in increased DNA methylation and silencing of tumour suppressor genes 

(CDKN2A and CDKN1A). 

ATP-dependent chromatin-remodelling enzymes found in multiprotein complexes also alter 

chromatin structure non-covalently (reviewed in (62)). These complexes have been sub-

classified into different families and their different cellular functions are summarised in Wang 

et al. (62). SWI/SNF complexes are an example of such a family and consist of ATP-dependent 

chromatin remodelling enzymes. Deregulation of this complex is linked to the development of 

melanoma (63). 
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BRG1, a SWI/SNF complex subunit, promotes survival of melanoma cells exposed to UV-

radiation through stable activation of ML-IAP, a potent inhibitor of apoptosis and a MITF target 

gene (64). De la Serna (65), suggested that MITF recruits SWI/SNF complexes to melanocyte-

specific promoters, where chromatin remodelling takes place and gene expression is activated 

(65). BRG1 is found to remodel chromatin on the ML-IAP promoter and to facilitate MITF and 

coactivator binding. Expression of ML-IAP is associated with increased histone acetylation 

though recruitment of histone acetyltransferases and decreased levels of histone methylation 

marks through decreased recruitment of EZH2. Thus, this mechanism promotes the pro-survival 

function of MITF by remodelling chromatin structures (64).  

Chromatin assembly factor-1 (CAF-1), a trimeric protein complex formed by the p48, p60, and 

p150 subunits, promotes histone incorporation into chromatin and acts in strict association with 

both the S-phase and DNA repair processes. Overexpression of the p60 subunit is regarded as a 

novel proliferation and prognostic marker in melanoma (66). 

 Regulatory role of non-coding RNA (ncRNA) in melanoma  

A remaining question is how epigenetic marks are targeted to specific genes. Based on the 

evidence accumulated over the last decade, ncRNAs have been added to the growing list of 

gene-regulatory effector molecules (67) that contribute to epigenetic regulation of gene 

expression and their deregulation is associated with the development of cancer, including 

melanoma (68). NcRNAs are classified into two broad categories based on their size: small 

ncRNA (<200 bp) and long ncRNA (lncRNA, >200 bp). Small ncRNAs are further classified 

into micro RNA (miRNA), piwi-interacting RNA (piRNA), small nucleolar RNA (snoRNA), 

and many others with yet uncharacterised functions (67). Among the different types of small 

ncRNAs mentioned, miRNAs are the best-studied class in melanoma. Many miRNAs have been 

identified and are shown to play a role in the progression of melanoma (69, 70). 

 miRNA 

Significant progress has been made in identifying miRNAs and characterising their specific 

functions in skin morphogenesis and normal regulation. Extensive reports indicating the roles 

of various miRNAs in melanomagenesis have been published (reviewed in (1)). miRNAs can 

act as onco-miRNAs or tumour suppressive miRNAs. Regulation of miRNA is associated with 

several hallmarks of melanoma pathogenesis, such as the promotion of proliferative signalling 

(e.g., miR-137, miR-221), resistance to cell death (miR-18b and miR-26a), replicative 

immortality (e.g., miR-205, miR-203), and invasion or metastasis (miR-214, let-7a) (70). MiR-
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31 is located at chromosome 9p21.3, which is often deleted in melanoma. It acts as a tumour 

suppressor in melanoma by negatively regulating the expression of EZH2 and other oncogenes. 

EZH2 may epigenetically regulate the expression of miR-31 in a mutually antagonistic feedback 

loop. DNA methylation at the promoter region of miR-31 has been shown in a melanoma cell 

line (71). It has also been reported that miR-101 (72, 73) and miR-31 (71) both negatively 

regulate EZH2 and aid cancer progression. These observations provide insight into the 

functional interactions of mRNA, miRNA, chromatin modifying complexes and DNA 

methylation, and point to a new era of research in complex regulatory networks in melanoma. 

Some miRNAs, such as miR-21, miR-125b, miR-150, miR-155, miR-205 and miR-211 may 

serve as markers to discriminate between benign and malignant cells (69, 74). 

 LncRNA mediated epigenetic regulation of gene expression 

LncRNAs, like miRNAs, play crucial roles in epigenetic control, with diverse modes of action 

and functional consequences. Therefore, it is likely that aberrant expression of lncRNAs 

contributes to melanoma development as it does with other cancer types (67). 

Some of the mechanisms by which lncRNAs perform these functions are summarised in (Figure 

1.6). LncRNAs act as transcriptional regulators by recruiting histone modifying complexes (e.g., 

PRC) to target loci in cis or trans mode (Figure 1.6A). As a consequence of this, the target loci 

are either silenced (Figure 1.6A) or activated (Figure 1.6 B-C) depending on the histone marks 

(75). Interaction with and recruitment of histone modifying complexes is the most well-studied 

mechanism employed by lncRNAs to exercise control over gene regulation (75). An alternative 

mode of action involves the binding of regulatory proteins by lncRNAs, thereby inhibiting 

transcription of protein coding genes (Figure 1.6D) (76). Another class of lncRNA influences 

splicing patterns via physical interactions with an alternative splicing regulator (Figure 1.6E) 

(77). Many lncRNAs are known to host snoRNAs, and are called sno-lncRNAs. The functions 

of many of the host lncRNAs are not known, although some are associated with the modulation 

of splicing patterns (Figure 1.6 F-G) (77). SnoRNAs themselves are involved in the modification 

of rRNAs, although the targets of many of these remain to be identified. Linear or circular 

lncRNAs function as miRNA decoys and sequester miRNAs from their target mRNAs (Figure 

1.6H) (78, 79). It has also been proposed that pseudogene transcripts with high homology to 

mRNAs can act as miRNA decoys and act as competitive endogenous RNAs (ceRNA) to 

regulate translation, since they have common miRNA recognition elements (MREs) (80). Many 

lncRNAs are associated with ribosomes and it is speculated that they help in maintaining the 

ribosome complex, thereby stabilising the translational machinery (Figure 1.6G) (81). Some 
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lncRNAs influence the stability of protein complexes by interacting with RNA-binding domains 

of components of those complexes (Figure 1.6I) (82). 

Figure 1.6: Schematic illustrating different functions proposed for lncRNAs. 

A-D indicate functions regulating transcription, while E-I show posttranscriptional regulatory 

mechanisms. (A) LncRNAs can suppress transcription by interacting with PRCs or other 

chromatin modifying proteins. This leads to heterochromatin formation and gene suppression. 

(B) Trithorax complexes interact with lncRNA and induce transcription. Chromatin is retained 

in its euchromatin, actively transcribed state. (C) LncRNAs may be transcribed at enhancer 

regions, and establish and maintain enhancer-promoter looping and gene induction. (D) 

LncRNAs, e.g., those with decoy function, may bind to transcription factors and suppress their 

activities, leading to diverse changes in cells. (E) LncRNAs regulate alternative splicing by 

interacting with the spliceosomal machinery or mRNA. (F) Intronic regions of many lncRNAs 

encode snoRNAs. The processed lncRNA may be exported to the cytoplasm and perform roles 

yet undefined. The snoRNAs remain in the nucleus. (G) Many lncRNAs localise in the cytoplasm 

and most of them are associated with polysomes. (H) LncRNAs, either as linear or as circular 

molecules, may sequester and inactivate miRNAs or mRNAs. The functions of many ribosome-

associated lncRNAs are not known; but antisense lncRNAs, such as UCHL1AS, regulate the 

translation of their associated mRNAs. (I) Decoy lncRNAs, present in the cytoplasm, may bind 

to proteins and regulate their functions. Figure taken from Sarkar et al. (1) licensed under CC 

BY 3.0. 

https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
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 LncRNA involved in regulation of normal skin homeostasis 

Functional studies using mammalian skin as a model system have revealed that lncRNAs control 

normal tissue homeostasis as well as transitions to melanoma (68). Summarised below are some 

lncRNAs that are associated with maintaining normal homeostasis in skin. 

 Anti-differentiation non-coding RNA (ANCR) 

ANCR (also known as differentiation antagonising non-protein coding RNA (DANCR), 

maintains keratinocyte progenitors in their non-differentiated state (83, 84). ANCR is located on 

human chromosome 4 and produces an 855 bp transcript. This locus consists of 3 exons and 

harbours a miRNA (miR-4449) and a snoRNA (SNORA26) in introns 1 and 2, respectively (83). 

ANCR is downregulated during the differentiation of progenitor-containing populations. It 

represses a substantial portion of the epidermal differentiation program, both in vitro and in 

regenerated organotypic human epidermal culture (83). Kretz et al.(83), proposed a functional 

requirement for ANCR in maintaining the undifferentiated state that is characteristic of 

progenitor cells. 

Decreased levels of ANCR is reported in the case of osteoblast differentiation by Zhu et al. (84). 

This study indicates that ANCR is involved in maintaining the undifferentiated state of 

osteoblasts, as with the epidermis (83). Zhu et al. (84), found that ANCR recruits EZH2 which 

catalyses formation of H3K27me3 in the Runx2 gene promoter. Runx2, a transcription factor 

required for osteoblast differentiation, is not expressed, and osteoblast differentiation is 

attenuated (84). Following along the same lines, ANCR modulates the stability of EZH2 (the 

Enhancer of Zeste Homolog 2), a key epigenetic regulator and EMT inducer in breast cancer 

(85). ANCR is proposed to interact with EZH2 and promote its phosphorylation, which 

facilitates EZH2 degradation and suppresses breast cancer progression (85). 

The mechanism of action of ANCR in melanoma is yet to be studied, although it is known that 

the interplay between keratinocytes and melanoma cells affects the invasive potential of 

melanoma (86). The expression pattern and role of ANCR, as well as the miRNA and snoRNA 

derived from it, needs further investigation. 

 Tissue differentiation-inducing non-protein coding RNA (TINCR) 

Another lncRNA, TINCR, is highly induced during differentiation. The locus is located on 

human chromosome 19, between SAFB2 and ZNRF4, and produces a 3.7 kb RNA transcript 

(87). Knockdown studies using siRNA against TINCR showed its requirement for maintaining 
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a high mRNA abundance of key differentiation genes, such as filaggrin and loricrin, which are 

responsible for epidermal barrier function (87). 

Genome-scale RNA interactome analysis revealed that TINCR is associated with a range of 

different mRNAs involved in epidermal differentiation. Human protein microarray analysis also 

identified TINCR-binding proteins of relevance to epidermal differentiation control, including 

Staufen1 (STAU1) protein. STAU1-deficient tissue showed impaired epidermal differentiation, 

as is seen with TINCR depletion. Gene set enrichment analysis (GSEA) performed using siRNAs 

specific for STAU1 and TINCR showed that the set of transcripts that is suppressed overlapped 

markedly with the keratinocyte differentiation signature. This indicates that TINCR, together 

with STAU1, acts to maintain stability of RNAs associated with the differentiated phenotype 

(88). These studies indicate the importance of TINCR as an inducible lncRNA required to 

stabilise mRNAs required for differentiation. 

The interaction between keratinocytes and melanocytes is of prime importance for epidermal 

homeostasis, and growth of melanocytes is strictly regulated by keratinocytes. Initiation of 

melanoma has therefore been thought of as a consequence of the initial escape of melanocytes 

from the growth control exerted by keratinocytes, leading to benign melanocytic lesions (86). 

Therefore, increased expression of ANCR and decreased expression of TINCR may lead to 

maintenance of keratinocyte progenitors in undifferentiated states and, consequently, to 

melanomagenesis. This indicates that a delicate balance needs to be maintained in the expression 

levels of ANCR and TINCR to secure the optimum effect of keratinocytes upon melanocytes. 

Any association between these two lncRNAs needs further investigation. 

 LncRNAs and their implicated role in melanoma  

Several lncRNAs have been shown to have potential roles in the transition of normal 

melanocytes to melanoma (68). Summarised below and in Table 1.1 are some lncRNAs with 

putative or confirmed roles in the development of melanoma. 

 BRAF-activated non-coding RNA (BANCR) 

RNA-seq analysis identified BANCR, a 4-exon transcript of 693 bp that is highly induced by 

BRAFV600E in melanocytes. It is located on chromosome 9 and overexpressed in human 

melanomas. BANCR is identified as a potential regulator of melanoma cell migration, as 

profound migration defects are observed following BANCR depletion (89). The mechanism by 

which BANCR regulates gene expression remains to be identified. 
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A recent study confirmed the contribution of BANCR to the proliferation of melanoma cells and 

that the expression of BANCR increases with tumour stage. This study also demonstrated that 

BANCR can promote melanoma proliferation by activating the ERK1/2 and JNK MAPK 

pathways both in vitro and in vivo. This link between BANCR and the MAPK pathways points 

to a novel mechanism in the regulation of melanoma proliferation (90). In a previous section, it 

was mentioned that BRAFV600E is associated with increased EZH2 expression and H3K27 

trimethylation of tumour suppressor genes. It will be interesting to see if there is any correlation 

between the expression of BANCR and EZH2 or poor prognosis. 

 HOX transcript antisense RNA (HOTAIR) 

This lncRNA originates from the HOXC cluster and acts in trans to regulate transcription of the 

HOXD cluster (91). There is growing evidence that HOTAIR has pro-metastatic activity in 

several cancer types like breast (92), pancreatic (93), and hepatocellular carcinoma (94). 

HOTAIR ranks among the six lncRNAs most consistently expressed in metastases compared to 

matched primary tumours (95). Knockdown of HOTAIR inhibits the motility and invasiveness 

of melanoma cells, with decreased degradation of the extracellular matrix (95). Tian et al. (96), 

reported no statistical difference in expression levels of HOTAIR lncRNA between melanoma 

and adjacent normal tissue. This observation was attributed to the inclusion criteria of the study 

that restricted samples only to superficial spreading and nodular melanomas (96). 

HOTAIR recruits PRC2 to specific target genes, leading to H3K27 trimethylation and epigenetic 

silencing of metastatic suppressor genes (97). In breast cancer cells, HOTAIR may indirectly 

increase expression of STAT3. HOTAIR suppresses expression of HOXD which produces miR-

7, this inhibits expression of the histone methyltransferase SETDB1, which is required for 

STAT3 transcription (98). SETDB1 is recurrently amplified in melanoma and accelerates tumour 

development in zebrafish melanoma models harbouring the common BRAFV600E mutation (54). 

Reports of pro-metastatic activity in multiple pre-clinical model systems, support the hypothesis 

that this lncRNA is a potential target for melanoma metastasis therapy. 

 SPRY4-IT1 

SPRY4-IT1 is derived from an intron of the Sprouty 4 (SPRY4) gene and reportedly contains 

several long hairpins in its predicted secondary structure. This lncRNA was identified by 

Khaitan et al. (99), who compared lncRNAs in melanoma cell lines, melanocytes, and 

keratinocytes using a lncRNA microarray (99). SPRY4-IT1 is found elevated in the melanoma 
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cell lines. Knockdown of this lncRNA causes defects in cell growth and differentiation, and 

elevates apoptosis rates in melanoma cell lines (99). 

RNA-FISH analysis showed that this lncRNA predominantly localised in the cytoplasm of 

melanoma cells (81), and is associated with polysomes (100). SPRY4-IT1 associates with, and 

reduces the abundance of, the lipid phosphatase lipin 2 and may suppress apoptosis arising from 

lipid metabolism and lipotoxicity (100). SPRY4 is an inhibitor of the MAPK signalling pathway 

and may have a tumour suppressor role (99). SPRY4-IT1 and SPRY4 have concordant expression 

profiles (99), although they are transcriptionally and functionally independent (100). A recent 

study in non-small cell lung cancer (NSCLC) has found evidence that SPRY4-IT1 controls 

epithelial-mesenchymal transition (EMT) through regulation of E-cadherin and vimentin 

expression leading to cell proliferation and metastasis (101). 

 Llme23 

The mouse lncRNA VL30-1 binds to polypyrimidine tract-binding (PTB) protein associated 

splicing factor (PSF) and inhibits the PSF tumour suppression function in mouse (102). Since 

PSF protein is highly conserved from humans to mice, Wu et al. (102), employed RNA-SELEX 

affinity chromatography to select human PSF-binding lncRNAs from the nuclear RNA 

repertoire of the human melanoma line YUSAC. This study identified a novel 1,600 base 

lncRNA termed Llme23 (102). Gel-shift, UV-crosslinking assays and RNA 

immunoprecipitation further verified that Llme23 binds to PSF proteins. Llme23 is also found 

to be exclusively expressed in human melanoma lines. Significant growth defects following 

Llme23 knock out suggests that Llme23 plays an oncogenic role in human melanoma (102). 

PSF promotes tumour suppression by binding to the promoter of the proto-oncogene Rab23, 

which encodes a RAS-related small GTPase. VL30-1 inhibits this function in mice when it binds 

to the RNA-binding domain of PSF. Identification of a conserved PSF-targeting sequence 

embedded in the promoter region of the human Rab23 gene suggests that Rab23 is a target for 

PSF in human cells. Concordant expression of Rab23 and Llme23 is reported, indicating that 

the activation of the Rab23 proto-oncogene is involved in the oncogenic role of PSF-binding 

Llme23 (102). Taken together, these studies provide evidence that Llme23 is involved in the 

aetiology of human melanoma. 
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 Antisense non-coding RNA in INK4 locus (ANRIL) 

Sequence-tagged site (STS) real-time PCR-based gene dose mapping of the entire CDKN2A/B 

locus in a melanoma-neural system tumour (NST) family identified an antisense lncRNA ANRIL 

(103). ANRIL consists of 19 exons, spans a region of 126.3 kb and is transcribed as a 3,834-bp 

lncRNA in the antisense orientation relative to the CDKN2A/B gene cluster (103). Interestingly, 

GWAS identified a single nucleotide variant rs1011970 (intron 9 of the ANRIL isoform with 19 

exons) that is associated with melanoma risk, but only for the variant T-allele homozygote. This 

polymorphism is also associated by GWAS with breast cancer risk (104). These results strongly 

suggest that ANRIL is involved in the aetiology of melanoma. 

A cis-acting silencing mechanism, mediated by specific ANRIL transcripts is proposed to 

negatively regulate CDKN2A/B expression via chromatin remodelling (82, 105). Given the role 

of CDKN2A as a tumour suppressor (106) and the fact that it was discovered in familial 

melanoma (103), the role of ANRIL in melanoma needs further clarification. A recent paper 

observed overexpression of ANRIL in both cutaneous and uveal melanoma which coincides with 

aberrant expression of the CDKN2A/B gene cluster (107). The authors further suggest a “domino 

effect-like” therapeutic approach in uveal melanoma which involves targeting the suppression 

of abnormal ANRIL and consequently triggering endogenous autocorrection of CDKN2A/B 

defects (107). 

 Urothelial carcinoma-associated 1 (UCA1) 

This lncRNA was originally identified in bladder transitional cell carcinoma and the 1.4 kb 

transcript consists of 3 exons. As it is highly expressed in bladder transitional cell carcinoma, it 

was proposed as a biomarker for the diagnosis of bladder cancer (108). Subsequently, another 

isoform (2.2 kb) was identified by a different group as a cancer upregulated drug resistant 

(CUDR) gene in a doxorubicin-resistant subline of human squamous cell carcinoma A431 cells. 

UCA1 also promotes breast cancer cell growth both in vitro and in vivo, in addition to its role in 

embryonic development (109). In a study that investigated the roles of six cancer-related 

lncRNAs in paired melanoma and adjacent normal tissues, elevated expression of UCA1 in 

melanomas was reported, especially at advanced stages (96). Knockdown of UCA1 suppresses 

migration of melanoma cells in vitro, suggesting that UCA1 might contribute to tumour 

dissemination (96). 

Functional studies carried out to determine the mechanism of action of this lncRNA have 

revealed that UCA1 negatively regulates p27 (a tumour suppressor gene) in breast cancer (109). 
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Phosphorylated heterogeneous nuclear ribonucleoprotein 1 (hnRP1) found in cytoplasm forms 

a complex with UCA1 and increases UCA1 stability. hnRP1 enhances translation of p27 mRNA 

by interacting with its 5’-untranslated region, and the interaction of UCA1 with hnRNP1 

suppresses the p27 protein level by competitive inhibition (109). However, the mechanisms by 

which UCA1 promotes melanoma progression remain to be identified. 

 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) 

This lncRNA is also known as nuclear-enriched transcript 2 (NEAT2). It was discovered as a 

prognostic marker for lung cancer metastasis but has been linked to several other human tumour 

types (110). MALAT1 is highly expressed in melanoma compared to adjacent normal tissues 

(96). Knockdown studies showing an effect of MALAT1 on migration of melanoma cells suggest 

that MALAT1 may promote melanoma spread as with UCA1 (96). 

 SAMMSON 

Another lncRNA, survival associated mitochondrial melanoma specific oncogenic non-coding 

RNA (SAMMSON), is implicated in melanomagenesis and is found to be co-amplified with 

MITF in melanoma (111). Transcription of SAMMSON is regulated by the lineage-restricted 

transcription factor, SOX10. Knockdown of SAMMSON leads to decreased viability of 

melanoma cells regardless of their transcriptional cell state (invasive or proliferative, which is 

defined by expression of low or high MITF respectively (112)) and BRAF, NRAS or TP53 

mutational status. A mechanism of action for SAMMSON has been proposed which involves 

interaction with p32 and enhancement of the mitochondrial localisation and function of p32, 

which is required for the maintenance of oxidative phosphorylation, thereby promoting 

melanoma survival (111).  

 PAUPAR 

PAUPAR is a CNS-expressed, unspliced, and chromatin-associated intergenic lncRNA that is 

divergently transcribed 8.5 kb upstream of Pax6 and that regulates neural growth and 

differentiation (113). PAUPAR is expressed at reduced levels in uveal melanoma tissues and 

cell lines. Such expression is associated with migration (114). PAUPAR may silence the 

transcription regulator HES1, which plays a crucial role in survival of immature melanoblasts 

and melanocyte stem cells by preventing the initiation of apoptosis. PAUPAR modulates 

expression of HES1 expression by inhibiting histone H3K4 methylation, which significantly 

reduces tumour metastasis (114).  



Chapter 1 

 

26 

 

 RMEL3 

A human EST database was mined bioinformatically for sequences derived exclusively from 

melanoma and a subset of three previously uncharacterised genes restricted to melanoma and 

melanocytes was validated. The genes termed RMEL1, RMEL2 and RMEL3. RMEL3 show 

strong up-regulation in nevi and are lost in metastatic tumours (115). Interestingly, correlations 

of RMEL2 and RMEL3 expression are associated with improved patient outcomes, suggesting 

that these genes have tumour and/or metastasis suppressor functions (115). 

Further investigation by Sousa et al., reveal a strong correlation between RMEL3 and BRAFV600E, 

which indicates that RMEL3 may be involved in cell proliferation and/or survival (116). 

Knockdown of RMEL3 results in inactivation of the critical MAPK and PI3K signalling 

pathways, indicating that RMEL3 can affect malignancy through stimulation of MAPK and 

PI3K (116). 

 SLNCR1 

Profiling of lncRNAs expressed in patient-derived melanomas revealed another lncRNA called 

SRA-like non-coding RNA (SLNCR), because it contains a conserved approximately 300 nt 

region which is similar to steroid receptor activator 1 (SRA1). SLNCR is found abundantly 

expressed and associated with poor melanoma survival (117).  

SLNCR1 physically interacts with both androgen receptor (AR) and brain-specific homeobox 

protein 3a (Brn3a), to form a ternary complex with a high affinity for proximal transcription 

binding sites in the MMP9 promoter. This interaction leads to transcriptional activation of 

MMP9, thereby increasing melanoma invasion (117).  
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Table 1.1: LncRNAs involved in melanoma progression. 

 

LncRNA 
Expression in 

Melanoma 
Function in Melanoma Mechanism of Action Reference 

BANCR Upregulated 
Migration and proliferation of melanoma 

cells 
Activation of MAPK/ERK pathway (89, 90) 

HOTAIR Upregulated 

Promotes motility and invasion with 

decreased degradation of extracellular 

matrix 

Epigenetic silencing of metastasis 

suppressor genes through recruitment 

of PRC2  

(95, 97) 

SPRY4-IT1 Upregulated Promotes melanoma progression Unknown (99) 

Llme23 Upregulated Encourages metastasis 
Binds to PSF and promotes activation 

of proto-oncogene Rab23 
(102) 

ANRIL Upregulated 
Promotes cell proliferation and survival 

(Uveal melanoma) 

Overexpressed ANRIL coincides with 

aberrant CDKN2A/B gene cluster. 
(107) 

UCA1 Upregulated Promotes melanoma progression Unknown (96) 

MALAT1 Upregulated Promotes migration of melanoma cells Unknown (96) 

SAMMSON Upregulated  Increases viability of melanoma cells 
Interacts with p32 and rewires 

localisation to mitochondria 
(111) 

PAUPAR Downregulated Promotes migration of melanoma cells Modulates expression of HES1 (114) 

RMEL3 Upregulated Promotes cell proliferation and survival Stimulates MAPK/PI3K pathways (116) 

SLNCR1 Upregulated Promotes invasion of melanoma cells 
Interacts with AR and Brn3a, which 

promotes transcription of MMP9 
(117) 
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Recently several lncRNAs and protein coding mRNAs have been reported to exist in linear as 

well as circular isoforms (118-120). For instance, lncRNA ANRIL was found to occur as a 

circular isoform in addition to its linear forms (121). Since a major part of this thesis revolves 

around circular ANRIL (circANRIL), the next section therefore, reviews published literature and 

recent advances in the field of circular RNAs.  

 Circular RNAs as regulatory molecules 

A recent addition to the world of non-coding regulatory molecules is the class of circular RNAs 

(circRNAs). These were discovered in 1976 as viroid RNA and were believed to be by-products 

of aberrant RNA splicing with little functional potential (122). However, circRNAs have re-

surfaced and have garnered a lot of attention in the past few years due to the availability of high-

throughput deep sequencing (118, 123, 124). The increasing number of circRNAs reported (123, 

125-127), suggests that they are of functional importance. Apparently, 10% of expressed genes 

(both coding and non-coding) can produce circRNAs (128). They lack terminal 5’ caps and 3’ 

tails, and are an abundant, stable, diverse and conserved class of RNA molecules with an 

indispensable role in the RNA interaction network (129, 130). CircRNAs are classified into 

three classes: exonic, intronic and exon-intronic (elciRNA) (131). CircRNAs are associated with 

several diseases, including cancer (132-137), which lends support to  examination of these 

molecules as functional moieties.  

CircRNAs are formed by pre-mRNA back-splicing of exons, this results in the exclusion of a 

circular RNA molecule with a junction site formed by the 3’ end of a 3’ (downstream) exon 

joined to the 5’ end of a 5’ (upstream) exon (138) . CircRNAs have been discovered in 

metazoans, from fruit flies and worms (139, 140) to mice and humans (118, 141). The first step 

towards the detection of circRNAs involves the generation of non-polyadenylated 

transcriptomes or the enrichment of circRNAs by treatment with RNase R, an enzyme with the 

ability to digest linear RNA but not circRNAs. This is followed by RNA-seq and specific 

computational pipelines that are designed to identify reads spanning the back-splicing junctions 

in a reversed orientation (118, 119, 138). Expression of circRNAs, like those of lncRNAs, are 

cell or tissue specific (142, 143) and some circRNAs are more abundant than their linear 

counterparts (144). Additionally, no clear correlations are found in the abundance of circRNAs 

and their corresponding linear RNAs (119, 142, 144). These studies therefore suggest the 

functional potential of circRNAs and indicate that they are not simply by-products of RNA 

processing. 
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 Biogenesis of circRNAs 

Several studies have investigated processes that produce circRNAs and the following models 

for biogenesis of circRNAs have been proposed (Figure 1.7).  

 

Four proposed routes lead to the formation of circRNAs. (A) Spliceosome-dependent circRNA 

formation involves sequential assembly of spliceosomal small nuclear ribonucleoproteins 

(snRNPs) on the pre-mRNA, following which a downstream 5’ splice donor site of an exon 3 is 

joined to an upstream 3’ splice acceptor site, forming a circRNA (145). (B) Pairing of intronic 

inverted repeat elements flanking either sides of exons leads to formation of circRNA (118). (C) 

Alternative splicing mechanism ‘exon skipping’ leads to mRNA consisting of exons 1 and 4 as 

well as a lariat structure containing the skipped exons 2 and 3 (118). (D) RNA binding proteins 

(RBPs) bind to recognition sites in introns near the circRNA-forming splice sites and promote 

circularisation by bringing the circle forming exons into close proximity (146). 

Figure 1.7: Proposed models of circRNA biogenesis 
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 Spliceosomal machinery dependent circRNA biogenesis 

Recent reports indicate that circRNAs are products of co-transcription and that their biogenesis 

competes with pre-mRNA splicing (138). Additionally, most circRNAs are derived from back-

spliced exons (147). Taken together, these findings indicate that the circRNAs are produced by 

spliceosomes.  

The mechanism proposed for circRNA production via the spliceosomal machinery involves 

spliceosome-mediated backsplicing (or reverse splicing) of the pre-mRNA, which connects a 

downstream splice donor site (5′ splice site) to an upstream acceptor splice site (3′ splice site) 

(Figure 1.7A) (145). Splicing regulatory rules for circRNA biogenesis are found to be different 

from those for linear splicing (145). Investigation using minigenes derived from natural 

circRNAs provide evidence of the requirement for canonical splice sites and the potential use 

of cryptic sites (143). Certain signal sequences such as polypyrimidine tracts in the spliceosomal 

machinery are also found to affect circularisation (143). However, details of the mode of 

involvement of the spliceosomal machinery and the mechanism by which the spliceosome 

selects only certain exons to circularise remain unknown. 

 Pairing of inverted repeat elements present in flanking introns 

CircRNAs are generated co-transcriptionally and their production rate is determined mainly by 

intronic sequences (138). Cis-acting sequence elements proximal to backsplicing sites were 

therefore analysed for enriched motifs. The analysis revealed that the highest information-

bearing motif that is shared by both upstream and downstream introns is the canonical Alu repeat 

(118). The intronic flanks adjacent to circularised exons are approximately two-fold more likely 

to contain an Alu repeat than non-circularised exons. This preference to contain Alu repeats is 

noted for both single exon as well as multiple exon splicing (118). Following this, it was 

demonstrated that short repeat elements in the flanking introns are critical for circularisation of 

some intervening exons and that the repeats must be complementary, which further indicates 

that the splice sites must be brought into close proximity to each other to promote backsplicing 

(Figure 1.7B) (142). 

 Lariat formation via ‘exon skipping’ 

An alternative splicing mechanism, ‘exon skipping’, commonly associated with splicing of pre-

mRNA, is proposed to be responsible for circRNA biogenesis. Splicing sequencing reads 

corresponding to the exon skipping events of 45% of the circRNAs were identified by Jeck et 

al. (118). Further, analysis of genome-wide RNA-seq data sets discovered a positive correlation 
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between exon skipping and the production of circRNAs that contain the skipped exon in the 

case of circRNAs generated after stimulation of primary human endothelial cells with tumour 

necrosis factor α or transforming growth factor β (148). 

In an exon skipping event, a single pre-mRNA transcript can yield both a linear spliced mRNA 

and a circRNA comprising the skipped exons. This process involves the generation of a lariat 

intermediate containing the excised exons, after which the introns in the lariat are removed,this 

generates circRNA (118) along with a linear transcript, excluding the skipped exon(s) (149) 

(Figure 1.7C). However, such a trend of circRNA biogenesis beginning as a lariat structure 

during alternative splicing (148, 149) was not observed in a separate study using different 

biological samples (120). 

 Regulation by RNA-binding proteins (RBPs). 

Recent studies revealed the involvement of certain RBPs in the process of circularisation of 

RNA (138, 146). CircRNAs are found to be upregulated during EMT and a splicing factor, 

Quaking (QKI), is shown to facilitate circularisation. QKI enhance circularisation by binding to 

the recognition elements within introns, near the circRNA-forming splice sites. This may 

promote circularisation by bringing the circle-forming exons into close proximity (146). 

Another splicing factor, Muscleblind (Mbl) is proposed to regulate circRNA production from 

its own pre-mRNA (138). Like QKI, Mbl promotes circularisation by binding to multiple Mbl-

binding sites identified in introns flanking the circularised exon in the Mbl pre-mRNA. 

Additionally, introduction of both QKI and Mbl binding sites to the introns flanking the 

circularising exons encourages circularisation, further cementing their involvement in circRNA 

formation (Figure 1.7D) (138, 146). 

 Function of circRNAs 

Evidence showing tissue-specific expression, high abundance and stability has solidified the 

case for the functional potential of circRNAs. Some functions of circRNAs have recently 

surfaced. As with lncRNAs, the proposed functions of circRNAs are dependent on their 

localisation in the cell (Figure 1.8).  
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Figure 1.8: Proposed functions of circRNA in cells. 

In the cytoplasm (A) multiple circRNAs have been shown to act as miRNA sponges (e.g.; 

CDR1as) (150) and (B) certain circRNAs possess binding sites for RBPs, for instance 

circFOXO3) can act as a protein sequestering molecule (126). In the nucleus, (C) circRNAs can 

influence transcription of their parental genes by interacting with the U1 small nuclear 

ribonucleoprotein particle (U1snRNP) and RNA polymerase II (151) and (D) can affect 

alternative splicing of transcripts, thus altering gene expression (152).  

 miRNA sponge  

A large majority of the annotated back-spliced circRNAs are reported to be localised in the 

cytoplasm (118, 120). However, the mechanism/s by which circRNA are trafficked into the 

cytoplasm is/are remain unknown till this date. Following this, certain circRNAs are found to 

possess binding sites for miRNAs, thereby inhibiting the functions of those miRNAs by 

redirecting them away from their targets (Figure 1.8A) (153). For instance, a circRNA known 

as ciRS-7 or CDR1as (circular RNA sponge for miR-7 or antisense to the cerebellar 

degeneration-related protein 1 transcript) is highly associated with Argonaute (AGO) proteins 

in a miR-7-dependent manner and reportedly contains more than 70 selectively conserved 

miRNA target sites (79, 150, 154). Similarly, Sry circular transcripts originate from the sex-

determining region Y and are found to contain 16 putative target sites for miR-138, and these 

may compete for endogenous RNAs and possibly regulate cellular functions at the 

transcriptional level (79). In this way circRNAs compete with mRNAs for miRNA binding in 

the cytoplasm and affect the regulation of the miRNA targeted genes (118).  
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This association between circRNAs and miRNAs has also been linked to several human diseases 

including osteoarthritis (155), diabetes (150), neurodegenerative pathologies (156) and cancer 

(157, 158). High stability, abundance and tissue specific expression patterns further make 

circRNA sponges very attractive targets to be exploited for clinical research.  

 Regulation through interaction with RNA-binding proteins (RBPs) 

As mentioned in the previous section, RBPs may play a role in the biogenesis of circRNAs 

(138). However, circRNAs with binding sites for RBPs may also function as scaffolds to 

facilitate protein interactions, to regulate protein function, or to sequester the bound protein. 

circFoxo3, another circular RNA downregulated in cancer cells, forms a RNA-protein complex 

with cyclin-dependent kinase 2 (CDK2) and p21, which disrupts the interaction of CDK2 with 

cyclin A and cyclin E. Thus, interaction between circFOXO3, CDK2 and p21 blocks cell cycle 

progression (126). In this way, circRNAs possess the ability to sequester proteins in the 

cytoplasm and prevent their entry into the nucleus (Figure 1.8B).  

 Transcription regulation  

Certain circRNAs have been demonstrated to regulate the expression of the parental genes in a 

cis-acting manner (Figure 1.8 C-D) (159). Zhang and colleagues found these circRNAs to be 

abundant in the nucleus with fewer miRNA target sites. Knockdown of these circRNAs led to 

reduced expression of their parental genes (124, 152). Such a trend is seen with circPAIP2, 

which influences the transcription of its parental gene by interacting with the U1 small nuclear 

ribonucleoprotein particle (U1snRNP) and RNA Polymerase II (Pol II) (Figure 1.8C) (151). 

CircRNAs may also possess the ability to affect alternative splicing and transcription by binding 

to RNA Pol II (Figure 1.8D) (152). 

 Complexity and epigenetic regulation of the CDKN2A locus 

 CDKN2A/B locus  

The CDKN2A/B locus became a subject of interest as genetic linkage studies demonstrated the 

association between mutations or deletions on chromosome 9p21 and with familial 

predisposition to melanoma (Figure 1.9) (160). Following this, homozygous deletions on 9p21 

are reported to be the most frequent cytogenetic events linked to a wide variety of tumours (160). 

Three candidate tumour suppressor genes have been identified in this region: CDKN2B (cyclin 

dependent kinase inhibitor-2B alias INK4B) which encodes for p15 protein, and CDKN2A (alias 
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INK4A/ARF) which produces two transcripts p16INK4A and p14ARF with alternative reading 

frames, and two tumour suppressor proteins p16 and p14 respectively. The p14ARF and p16INK4A 

transcripts differ only in their first exon (exon 1b in the case of p14 and exon 1a in the case of 

p16) (Figure 1.9). The proteins are encoded by exons 2 and 3 in different reading frames. As a 

result of this, proteins p16 and p14 share no homology at the amino acid level and have 

significantly different functions. Transcriptional complexity makes it a difficult locus to 

investigate (106).  

 p16/CDKN2A is currently the most clinically relevant melanoma susceptibility gene in 9p21 

(103). However, in spite of dual coding capacity of CDKN2A, the possibility of p14ARF being a 

melanoma susceptibility gene remains disputed (24). This is supported by knockout mouse 

models for p14ARF (p19ARF in mice) which, in spite of being tumour prone, did not develop 

melanoma. On the other hand, combined p16INK4A-/- and p19ARF+/- genotype mouse models did 

develop melanoma, as a result of a reduced dosage of p19ARF and the absence of functional p16 

protein (24). 

The CDKN2B gene that produces p15 protein lies near CDKN2A, separated by 25 kb. p15 

protein also functions as a tumour suppressor (Figure 1.9), and therefore it can be a candidate 

melanoma susceptibility gene. However no germline mutations for CDKN2B are detected in the 

9p21-linked melanoma prone families (161). 
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 Epigenetic regulation of the CDKN2A/B locus 

As mentioned previously CDKN2A is a high penetrance susceptibility gene associated with 

melanoma (162). Frequent modifications of the CDKN2A/B locus in cancer may be a result of 

its activation in response to aberrant oncogenic signalling. The members of this locus are 

Figure 1.9: CDKN2A/B locus and its signalling pathway. 

The top panel illustrates the genomic organisation of the CDKN2A/B locus. CDKN2A encodes for 

two proteins, p14ARF and p16INK4a, which have identical DNA sequences in exons 2 and 3, while 

their first exons (E1a and E1b) are different. These proteins have different open reading frames 

and act in separate pathways. CDKN2B is located upstream of CDKN2A and encodes p15. p16INK4a 

and p15 are inhibitors of CDK4 and CDK6, which phosphorylate pRB, leading to progression from 

G1 to S phase. p14ARF acts as an inhibitor for HDM2 which regulates p53. The suppression of 

p16INK4A at this locus is the most common event reported in melanoma. Figure taken from Sarkar 

et al. (1) licensed under CC BY 3.0. 

 

https://creativecommons.org/licenses/by-nc/3.0/
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induced in pre-malignant lesions to serve as key effectors of oncogene-induced senescence 

(OIS) and help restrict tumour progression. Progression to a more malignant state therefore 

requires silencing of the CDKN2A locus through deletions, mutations or through epigenetic 

regulation (160). 

The locus is maintained in a repressed state under normal circumstances, but without losing the 

ability to induce its expression when required. CDKN2A loss is observed in cases of dysplastic 

nevi (162) and gradual inactivation of CDKN2A in cases of melanoma may require the 

involvement of various epigenetic mechanisms. One of the most common and well-studied 

mechanisms of inactivation of the CDKN2A locus is aberrant promoter methylation, which is 

reported to be present in 25-27% of cutaneous melanoma metastases (163, 164).  

Another well-known mechanism of epigenetic regulation is through Polycomb (Pc) repressive 

complexes (PRC1 and 2) (165). The repressive H3K27me3 chromatin mark is established by 

the PRC2 complex via histone methyltransferase catalytic activity of EZH2. H3K27me3 is then 

recognised by the CBX component of the PRC1 maintenance complex and additionally mono-

ubiquitinates histone H2A (160).  

The main role of PRCs in regulating the CDKN2A locus is evidenced by the fact that over-

expression of different PcG members such as Bmil, Cbx7 or Cbx8 results in repression of the 

locus and this repression bypasses or delays senescence (166). However, the process of PRC 

recruitment to the site of action remained unknown until the advent of lncRNAs. LncRNAs are 

now known to facilitate recruitment of PRC components (75). ANRIL is one such lncRNA that 

is associated with epigenetic silencing of the CDKN2A/B locus in prostate cancer and normal 

fibroblasts (82, 167). The implicated role of ANRIL in repression of the CDKN2A locus, and 

frequent CDKN2A inactivation in melanoma taken together, make ANRIL a worthy target to be 

investigated as a possible regulator of the CDKN2A locus in melanoma.  

 Regulatory role of lncRNA ANRIL 

As mentioned in section 1.9.5 ANRIL was identified in melanoma-neural system tumour (NST) 

family (103). ANRIL consists of 19 exons, spans a region of 126.3 kb and is transcribed as a 

3,834-bp lncRNA in the antisense orientation relative to the CDKN2A/B gene cluster (Figure 

1.10) (103). Genome-wide association studies (GWAS) have identified the ANRIL gene as a 

genetic susceptibility locus for many disorders such as coronary artery disease (CAD), 

intracranial aneurysm , type 2 diabetes , and several cancers, including breast cancer , basal cell 
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carcinoma and glioma (168). ANRIL is also found to be associated with the regulation of 

CDKN2A/B expression via a cis-acting mechanism and it has been implicated in proliferation 

and senescence as mentioned above (82, 167). These factors taken together necessitate the 

importance of studying this locus to gain further insight into possible functions of ANRIL.  

 Expression of ANRIL 

Expression of ANRIL is low which is consistent with the expression levels that have been 

reported for other functional lncRNAs. However, the expression is detectable through reverse 

transcription PCR (RT-PCR) (103). Pasmant et al. (103), who first discovered ANRIL, quantified 

its expression levels in 22 normal tissues and found that ovary had the highest expression levels, 

with skeletal muscles having the lowest. Recently RNA-seq data for a series of normal tissues, 

demonstrated highest ANRIL expression levels in colon and small intestine (Figure 1.11). 

Expression of ANRIL co-clusters with that of p14, p16 and p15 in normal human tissues and a 

panel of breast tumour tissues, with higher correlations between ANRIL and p14 than between 

ANRIL and p16 or between ANRIL and p15 (103).  

Following this, a set of studies found upregulation of ANRIL in several cancers as compared to 

the normal tissues (169-171) and this is associated with poor survival. Knockdown studies 

involving ANRIL resulted in reduced invasion and proliferation indicating that ANRIL has a role 

in tumour progression (170-172). Additionally, some studies showed negative correlations 

between p16, p15 and p14 and ANRIL, indicating that ANRIL negatively regulates the CDKN2A 

locus, supporting the thesis that it has a pro-cancerogenic role (82, 105, 167). High-throughput 

studies carried out by several groups also indicate that expression of ANRIL and the CDKN2A/B 

Figure 1.10: Schematic map of the CDKN2A/B locus with the ANRIL gene. 
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gene cluster are positively correlated (121, 173, 174). In view of the conflicting findings of the 

expression studies, it is difficult to state a generalised function of ANRIL. Additionally, the 

disease-associated SNPs associated with ANRIL expression suggest that ANRIL may play a role 

in influencing disease susceptibility (173). Comparison of the direction of cis-acting effects of 

SNPs on expression of CDKN2A, CDKN2B and ANRIL, reveal significant associations with 

expression of each gene. Alleles associated with overexpression of CDKN2A are also associated 

with overexpression of ANRIL. In contrast, alleles associated with overexpression of CDKN2B 

are associated with ANRIL under-expression (173). GWAS identified a single nucleotide variant 

rs1011970 (intron 9 of the ANRIL isoform with 19 exons) that is associated with melanoma risk, 

but only for the variant T-allele homozygote. This polymorphism is also associated by GWAS 

with breast cancer risk (104). These results strongly suggest that ANRIL is involved in the 

aetiology of melanoma. All these factors taken together make ANRIL a crucial, albeit a difficult, 

locus for more thorough investigation.  
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Figure 1.11: Expression of ANRIL in normal tissue. 

Expression values are shown in RPKM (Reads Per Kilobase of transcript per Million mapped reads), calculated from a gene model with isoforms 

collapsed to a single gene. No other normalization steps have been applied. Box plots are shown as median and 25th and 75th percentiles; points 

are displayed as outliers if they are above or below 1.5 times the interquartile range. The data used for the analyses described in this thesis were 

obtained from the GTEx Portal on 05/16/17. 

https://gtexportal.org/home/
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 Splice variants of ANRIL 

The ANRIL transcript discovered by Pasmant et al., consisted of 19 exons (103). However, next 

generation sequencing revealed a disparity in the expression levels of exons, reflecting their 

abundance, and indicative of the presence of multiple splice variants of ANRIL (121). Several 

isoforms of ANRIL have since then been reported, including various short and long isoforms, 

and a recently discovered circular isoform (121, 174, 175). This discovery suggests that 

alternative splicing modifies ANRIL structure (121), which indicates the importance of complete 

characterisation of ANRIL isoforms in different cells and tissues, which except in a few cases 

(121, 174, 175) remains mostly incomplete at this date. Variation of ANRIL transcripts is not 

limited to just the linear isoforms and extends to circular isoforms of ANRIL as well, and 

circANRIL isoforms so far have been characterised in two fibroblast cell lines (121). 

Considering the vast leap that the circRNA field has taken in the past 3-4 years with regards to 

the functions of circRNA, ranging from transcriptional regulation to protein sequestration as 

discussed above, it bears mentioning that circANRIL isoforms remain ignored and 

characterisation of circANRIL transcripts incomplete. All these factors taken together, 

emphasise the need for careful consideration while designing experiments for functional studies 

involving ANRIL and the need to characterise both linear and circular ANRIL isoforms in cells 

and tissues.  

 Functions of ANRIL  

Several studies have reported that expression of ANRIL and the CDKN2A/B genes is negatively 

correlated. Supporting this, a cis-acting silencing mechanism, mediated by specific ANRIL 

transcripts, is proposed to negatively regulate CDKN2A/B expression via chromatin remodelling 

(82, 105) and remains one of the most widely accepted functions of ANRIL (Figure 1.12). ANRIL 

associates with components of both PRC1 and PRC2 complexes, CBX7 and SUZ12 

respectively, to regulate histone modification in the CDKN2A/B gene cluster (82, 105, 167). 

Competitive inhibition of ANRIL binding to CBX7 by expression of an antisense sequence 

impairs CBX7-mediated repression of the CDKN2A locus and causes a concomitant shortening 

of cellular life span. Several RNA loop structures formed by the ANRIL transcript specifically 

bind CBX7, and at least one of them participates in CBX7 recognition of H3K27 which is 

required for the monoubiquitination of histone H2A lysine 119 (H2A-K119). This in turn results 

in maintenance of repression in the locus (82). Binding of SUZ12 (a PRC2 component) results 

in transcriptional repression of CDKN2B and influences cell proliferation or prevents premature 

cell senescence (167).  
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Regulation of the CDKN2A/B locus by ANRIL indicates that it has a major role in controlling 

cell proliferation (176) and facilitates cell proliferation after DNA damage repair (DDR) (177). 

ANRIL is induced by the E2F1 transcription factor in an ATM-dependent manner after DNA 

damage. In this case, elevated expression levels of ANRIL in later stages of DDR suppress 

CDKN2A/B expression (Figure 1.12) (177). ANRIL is involved in progression of gastric cancer 

(GC) also through induction by E2F1. ANRIL-mediated growth promotion in GC is partially due 

to epigenetic suppression of miR-99a and miR-449a in trans (controlling the mTOR and 

CDK6/E2F1 pathways) by binding to PRC2, thus forming a positive feedback loop that 

promotes GC cell proliferation (171). High miR-449a expression reduces HDAC expression and 

consequently inhibits cell proliferation, while downregulation of miR-449a is associated with 

cell growth. miR-449a is downregulated in melanomas of older patients compared to melanomas 

of young adult melanomas (178). This indicates that ANRIL might promote progression of 

melanoma through a similar (proliferative) process. Inappropriate transcription of a genuine 

polycomb-target gene may recruit PRC2 through promiscuous RNA binding H3K27me3 marks, 

stimulation of PRC2 histone methyltransferase activity and restoration of repression (179, 180). 

Therefore, cautious measures need to be taken while considering a similar function of ANRIL in 

melanoma. 

In the past 4 years, ANRIL has been associated with various other tissue-specific functions. For 

instance, ANRIL is shown to regulate key genes of glucose and fatty acid metabolism (181) and, 

since it is regulated by interferon-gamma-STAT1 signalling, it is predicted to have possible 

roles in inflammatory responses (182). Following this, since ANRIL is found to be associated 

with coronary artery disease (CAD), function of ANRIL was determined in endothelial cells 

(183). ANRIL expression determined under pathological stimuli, showed significant induction 

of ANRIL by pro-inflammatory factors. RNA sequencing revealed that knockdown of ANRIL 

dysregulated expression of inflammatory genes like IL6 and IL8 under TNFα treatment (Figure 

1.12) (183). Melanocytes being phagocytic cells that play a role in the inflammatory response, 

and melanoma being highly immunogenic; there is scope to explore an immune-regulatory role 

of ANRIL in melanoma. 

In contrast to the several functions that have been associated with linear ANRIL (linANRIL) 

isoforms, not much is known about circANRIL isoforms in regard to its possible function. Only 

one study till date investigated the functional role of circANRIL in atherosclerosis, owing to the 

strong association between ANRIL and CAD (127). The study characterised circANRIL isoforms 

in several cell lines and tissues and found one circANRIL isoform containing exons 5, 6 and 7 

with exon 7 back-spliced to exon 5 to be the most abundant. Functional studies done using this 
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circANRIL isoform reveal that it confers atheroprotection by controlling ribosomal RNA 

(rRNA) maturation and modulating pathways of atherogenesis (127). The functions of other 

circANRIL isoforms remain unknown.  

Schematic of pathways associated with ANRIL. ANRIL is associated with proliferation and 

invasion by repression of p15, p16, p14, KLF2 and p21 via PRC1 and PRC2 complexes (82, 

170). ANRIL is induced by activation of the NF-κB pathway, and forms a complex with 

transcription factor YY1 to exert transcriptional regulation of inflammatory genes IL6 and IL8 

(183). ANRIL is up-regulated by the transcription factor E2F1 in an ATM-dependent manner 

following DNA damage, and elevated levels of ANRIL suppress the expression of INK4a, 

INK4b and ARF at late stages of the DNA damage response, allowing cells to return to normal 

at the completion of DNA repair (177) . Green and red lines indicate induction and suppression 

respectively. Figure taken from Sarkar et al. (184), licensed under CC BY 4.0. 

  

Figure 1.12: Functional overview of ANRIL and pathways. 

 

 

https://creativecommons.org/licenses/by/4.0/
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 Thesis objectives 

This introductory chapter emphasises the importance of CDKN2A as a tumour suppressor (106) 

and, the role of ANRIL in melanoma needs to be clarified because of the fact that it was 

discovered in a case of familial melanoma. It was found that carriers of T-allele polymorphism 

rs3088440 of CDKN2A (3’ UTR of CDKN2A) had an elevated melanoma risk. This variant 

tagged a total of 6 SNPs, of which 3 are found to be located in the intergenic region and the 

others in intron 1 of CDKN2A, the 3’ UTR of CDKN2B and intron 3 of ANRIL (104). 

Additionally, contradictory findings reported previously with regards to ANRIL’s divergent 

relationship with CDKN2A need to be examined in melanoma. Further elucidation of ANRIL 

regarding its possible function in the CDKN2A/B locus will help a great deal in understanding 

its role in melanoma. ANRIL has potential as a therapeutic target, or a diagnostic marker for 

early detection of melanoma. Additionally, GWAS identified a single nucleotide variant 

rs1011970 (intron 9 of the ANRIL isoform with 19 exons) that is associated with melanoma risk, 

but only for the variant T-allele homozygote. This polymorphism is also associated by GWAS 

with breast cancer risk (104). These results strongly suggest that ANRIL is involved in the 

aetiology of melanoma. Previous study undertaken by Clare Stones indicated loss of p16 protein 

in 90% of melanoma cell lines examined. p16 RNA expression analysis performed by Dr. 

Marjan Askarian-Amiri showed considerable levels p16 RNA expression in cell lines which 

showed loss of p16 protein expression. This thesis therefore tested the hypothesis that the 

lncRNA ANRIL may be post-transcriptionally regulating the expression of p16 in melanoma. 

However, the existence of multiple isoforms of ANRIL, both linear and circular, make it difficult 

to perform functional studies. Prior characterisation of ANRIL isoforms in melanoma cells is 

therefore crucial before undertaking any functional investigation.  

This thesis examined the relationship between CDKN2A/B and ANRIL in melanoma. For this 

study, cell lines derived from metastatic melanoma tumours of New Zealand patients (NZM) 

and developed at the Auckland Cancer Society Research Centre (ACSRC) served as a great 

resource and a model to study and characterise ANRIL in melanoma. Initial investigation 

involved transcriptional analysis of CDKN2A/B and ANRIL, followed by translational analysis 

of p16. Characterisation of ANRIL was then attempted, followed by investigation of subcellular 

localisation to shed some light into possible functions of ANRIL isoforms, both linear and 

circular, in melanoma. 
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  Main aims of the thesis 

The thesis tested the hypothesis that the lncRNA ANRIL post-trancriptionally regulates p16 

expression in melanoma. 

1) Expression pattern was analysed to determine the trend of expression between p16, p14, 

p15 and ANRIL in a panel of melanoma cell lines and protein expression of p16 in the 

same samples.  

Research design and method 

Total RNA was isolated from melanoma cells and expression patterns determined using 

quantitative PCR (qPCR) for p16, p14, p15 and ANRIL. p16 protein expression was 

determined using immunoblotting, chemiluminescence and immunofluorescence 

techniques. 

2) In view of the published circular ANRIL isoforms, characterisation of circANRIL 

isoforms was undertaken in melanoma cells. 

Research design and technique  

CircANRIL isoforms were identified using outward-facing primers and RT-PCR, 

followed by cloning and sequencing. 

3) Due to presence of multiple ANRIL isoforms and in order to determine their potential for 

regulatory function, stability of circular and linear ANRIL isoforms was examined in 

melanoma cells. 

Research design and technique 

Actinomycin D treatment of melanoma cells, followed by qPCR was performed to 

determine half-lives of linear and circular ANRIL isoforms.  

4) In order to get some insight into the probable function of the linear and circular ANRIL 

isoforms, including possible interaction with p16, subcellular localisation of ANRIL and 

p16 transcripts was determined in melanoma cells. 

Research design and technique 

Fractionation and separation of the cellular compartments into cytoplasmic and nuclear 

comonents were performed, followed by RT-PCR and qPCR for determining 

localisation of ANRIL and p16 transcripts in melanoma cells.  

5) Function of circANRIL was determined by manipulation of circANRIL isoform 

abundance, followed by examination of any effect on p16 expression and other potential 

phenotypic effects of reduced expression on melanoma cells.  
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Research design and technique 

Knockdown of circANRIL using shRNA strategy against back-spliced exons, followed 

by qPCR and other phenotypic studies.  

 

 



 Chapter 2 

 

46 

 

 

Materials and Methodology 

 Materials and equipment used. 

Table 2.1: Reagents  

Reagent Name Company Catalogue 

Number 

Actinomycin D Sigma, USA A1410 

Agarose Invitrogen, Auckland, New Zealand 15510-027 

Albumin Sigma, USA A8806 

Alpha Minimal Essential 

Medium (α – MEM) 

Life Technologies, USA 12000-063 

Ampicillin sodium salt Sigma-Aldrich, USA A9518 

Antibiotics: Penicillin, 

Streptomycin Sulphate 

Life Technologies, USA 15140-122 

Anti-p16 antibody (Primary) CINtec, Roche, USA 725-4713 

Anti--Actin primary 

antibody 

Millipore, USA MAB 1501R 

Boric Acid Sigma, USA B6768 

Bovine Serum Albumin 

Standards 

Thermo Scientific, USA 23209 

Chloroform Merck Millipore, USA 102445 

Cycloheximide Sigma, USA C7698 

DAPI Invitrogen, USA D3571 

Deoxynucleoside 

Triphosphate (dNTP) Set 

Roche Diagnostics, Germany 11969064001 

Dextran Sulphate Sigma-Aldrich, New Zealand 42867 

Dithiothreitol (DTT) Invitrogen, USA D1532 

DNA 1kb plus Ladder Invitrogen, USA 10787018 

DNase I (RNase-free) Invitrogen, USA AM2222 

EDTA Sigma-Aldrich, New Zealand  E-0455 



 Chapter 2 

 

47 

 

Ethanol Merck Millipore, USA 100983 

Ethidium Bromide Invitrogen, USA 15585011 

Fetal Calf Serum (FCS) Moregate Biotech, New Zealand 76827101 

Fluorodeoxyuridine (FUdR)  Sigma Aldrich, USA F-0503 

Formaldehyde Merck Millipore, USA 104003 

Formamide Sigma-Aldrich, New Zealand F9037 

Glycine Sigma Aldrich, New Zealand G8898-1kg 

Goat anti-Mouse IgG, Alexa 

Fluor® 488 

Life Technologies, USA R37120 

Goat anti-mouse IgG-HRP 

(Secondary) 

Santa Cruz Biotechnology, USA Sc2055 

Heparin Sigma, USA H3149 

HEPES Life Technologies, New Zealand 11344041 

Hoechst 33342 Life Technologies, USA H1399 

Insulin-transferrin-sodium 

selenite supplement  

Roche, Germany 11 074 574 001 

Isopropanol Fisher Chemical, USA 67-63-0 

LB Agar Life Technologies, USA 22700-025 

Luria Broth Base (LB) Life Technologies, USA 12795-027 

Magnesium Chloride  Merck Millipore, USA 105833 

Methanol Merck Millipore, USA 106009 

M-MLV Reverse 

Transcriptase 

Sigma-Aldrich, New Zealand 

 

M1302-40KU 

 

New Zealand Melanoma Cell 

lines 

Auckland Cancer Society Research 

Centre, NZ 

- 

Nonidet P40 substitute Sigma, USA 74385 

NuPAGE® MES SDS 

Running Buffer (20X) 

Life Technologies, USA NP0002 

Opti-MEM Gibco, USA 31985-070 

Pierce BCA protein assay Thermo Fisher, USA 23223 

Potassium Chloride Merck Millipore, USA 104936 

Precision Plus Protein™ 

Kaleidoscope™ Prestained 

Protein Standards 

Bio-Rad, USA 161-0375 
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Table 2.2: Kits used  

Kit Company Catalogue Number 

Lipofectamine 3000 

transfection kit 

Invitrogen, USA L3000-015 

pGEM(R)-T Easy Vector 

System 

Promega, USA PMA1360 

PureLink PCR Purification 

Kit 

Invitrogen, USA K3100-01 

PureLink Quick Plasmid 

Maxiprep Kit 

Invitrogen, USA K210006 

Primers (Custom-designed 

DNA oligos) 

Integrated DNA Technologies, USA - 

Protease (pronase)  Merck Millipore, Germany 53702 

Puromycin Gibco, USA A11138-03 

Scintillation fluid  Perkin Elmer, USA  - 

shRNA constructs Genecoepia, USA  

Sodium Acetate Merck Millipore, USA 106268 

Sodium Chloride Merck Millipore, USA 106404 

Sucrose (Extra Pure) ECP Ltd, New Zealand 51201 

SuperSignal™ West Pico 

Chemiluminescent Substrate 

Thermo Fisher, USA 34078 

SYBR Green PCR Mastermix Applied Biosystems (Thermo Fisher), 

USA 

4364346 

Taq Polymerase Fraser Laboratory, The University of 

Auckland, NZ 

- 

Trichloro acetic Acid  Merck, USA 100807.025 

Tris hydrochloride Roche, Germany 812846 

Tritiated thymidine Perkin Elmer, USA NET027A250UC 

Trizma base Sigma, USA T1503 

TRIzol Reagent Ambion RNA (Life technologies), USA 15596018 

Trypsin:EDTA (0.5%) Thermo Fisher Scientific, USA 15400054 

Tween-20 Sigma, USA P1379 

VECTASHIELD Antifade 

Mounting Medium 

Vector Laboratories, USA H-1000 
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PureLink Quick Plasmid 

Miniprep Kit 

Invitrogen, USA K2100-11 

 

Table 2.3: Equipment used  

Equipment Company Catalogue Number 

EnSpire 2300 Multimode 

Plate Reader 

Perkin Elmer, USA - 

FACSVantage Cell Sorter BD Biosciences, USA - 

FLoid™ Cell Imaging 

Station 

Thermo Fisher, USA 4471136 

LAS-4000 

Chemiluminescence & 

Fluorescence Imaging 

System 

J&M Scientific, USA JMS0088 

Nanodrop 2000  Thermo Fisher, USA - 

PCR thermocycler Eppendorf, Germany 6331000017 

QuantStudio™ 6 Flex Real-

Time PCR System 

Applied Biosystems, USA 4485699 

Sorvall ST 8 Small Benchtop 

Centrifuge 

Thermo Fisher, USA 7500720 

Sorvall WX 100 

Ultracentrifuge 

Thermo Fisher, USA 75000100 

SureSpin™ 630 swinging 

bucket rotor 

Thermo Fisher, USA 79368 

TomTec cell harvester Tomtec, USA - 

Trilux cell counter Perkin Elmer, USA - 

Wheaton™ Dounce Tissue 

Grinders 

Fisher Scientific, USA 06-435A 

Zeiss Axioplan2 

fluorescence microscope 

Zeiss, Germany - 

 

Table 2.4: Software used. 

Software Version 

Primer3 Input 0.4.0 

ImageJ  
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Photoshop 13.0.01 x32 

Illustrator  16.0.3  

Geneious 9.0.2 

MetaMorph 7.8.3 

Graphpad Prism 7.00 

Sigma Plot 13.0 

 Cell culture 

All tissue culture was carried out in a laminar flow hood using sterile techniques. 

Reagents and materials 

Alpha-modified minimal essential medium (α-MEM) 

0.05% Trypsin-EDTA (Trypsin-EDTA lyophilisate was reconstituted in 5 mL PBS and diluted 

in 45 mL 1X PBS. It was stored at -20 oC). 

Foetal Bovine Serum (FBS) 

Penicillin and Streptomycin (Pen/Strep) 

Plasticware (tissue culture flasks, test tubes) 

Glass and plastic pipettes 

1X Phosphate Buffer Saline (PBS) 

Haemocytometer (for cell counting) 

Medium preparation: α-MEM or RPMI  

Foetal calf serum (5% v/v)  

Penicillin (60 μg/ mL) and Streptomycin (100 μg/ mL)  

Insulin-Transferrin-Selenium (ITS)  

1X Phosphate Buffered Saline (PBS)  

Na2HPO4 10.9 g  

NaH2PO4 3.2 g  

NaCl 90 g  

Milli-Q water up to 1000 mL final volume  

0.05% Trypsin 

Trypsin-EDTA 5 mL  

1X PBS 45 mL  

2X Freezing medium  

α-MEM 10 mL  

Foetal calf serum (FCS) 6 mL  

DMSO 4 mL 



 Chapter 2 

 

51 

 

 Maintenance of melanoma cell lines 

Melanoma cell lines were derived from patients with metastatic melanoma who were treated at 

two independent national sites (Auckland City Hospital and Palmerston North Hospital). 

Tumours pathologically confirmed to be metastatic melanoma were developed into cell lines. 

Prior to enrolment written informed consent was obtained from all participants and all 

investigative procedures were approved by the Northern Health and Disability Ethics 

Committee. As clinically required, patients underwent skin, lymph node or distant organ 

biopsies for diagnosis, staging and therapeutic treatment. Following this, excess tissue was used 

to establish melanoma cell lines as described in (185). Cultures were classified as cell lines after 

they could be regularly and reproducibly sub-cultured, and designated the name NZM (New 

Zealand Melanoma cell lines). 

NZM cell lines to be used for RNA and protein analysis were chosen randomly, and all were 

passaged less than 30 times during the period of experimental use. Cells were maintained in 25 

or 75 cm2 flasks to 75-80% confluency in a low-oxygen humidified incubator (37 oC, 5% O2 

and 5% CO2). Cultures were maintained in Alpha-modified Minimal Essential Medium 

containing 5% foetal calf serum (FCS), penicillin (60 μg/mL), streptomycin (100 μg/mL), 

insulin (5 μg/mL), transferrin (5 μg/mL) and sodium selenite (5 ng/mL). Melanoma cells were 

sub-cultured weekly to maintain them in a proliferative state. 

 RNA extraction from melanoma cell lines 

RNA isolation  

TRIzol Reagent  

Filter barrier tips 

Chloroform 

Cell scrapers 

DNase and RNase free microcentrifuge tubes 

100% isopropanol 

70% and 100% cold ethanol 

Refrigerated centrifuge 

Nanodrop spectrophotometer 

Treatment with DNase I 

DNase I enzyme 

10X DNase I reaction buffer 

Dry heat block 
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RNA re-precipitation 

3M Sodium Acetate 

70% and 100% Ethanol 

 RNA extraction  

Cells were grown in 25 cm2 flasks to about 75-80% confluency and 1 mL of TRIzol added after 

aspirating the medium, followed by washing with 1X PBS. The cells were scraped from the 

flask using a cell scraper and transferred to a DNase/RNase-free tube. For every 1 mL of TRIzol 

added 200 μL of chloroform was added, and the contents vigorously shaken and centrifuged at 

12000 × g for 15 min at 4 oC. The aqueous phase was separated carefully and transferred into a 

fresh tube containing 600 μl of cold 100% isopropanol, followed by centrifugation again at 

12000 × g for 30 min at 4 oC. The supernatant was aspirated, avoiding the RNA pellet and 

washed with 1 mL of 70% ice-cold ethanol followed by centrifugation at 12000 × g for 5 min 

at 4 oC. Ethanol was aspirated and the RNA pellet air dried. The RNA pellet was dissolved in 

an appropriate volume (10-20 μL) of milli-Q water and the RNA concentration checked using a 

Nanodrop spectrophotometer.  

 DNase treatment of samples after RNA extraction 

DNA was digested to obtain pure RNA by adding approximately 1-2 U of DNase I per 1 µg 

total nucleic acids present along with 10X DNase I buffer added to 1X concentration in the 

solution. For DNase treatment, the samples were incubated at 37 oC for 30 min, followed by 

incubation at 75 oC for 5 min to heat-inactivate the DNase I. RNA was then re-precipitated by 

adding 3 M sodium acetate (1/10 the volume of RNA) and 100% ice-cold ethanol (2.5 times the 

volume of the RNA solution) and stored at -80 oC overnight. The following day the samples 

were centrifuged at 12000 × g for 30 min at 4 oC, the supernatant aspirated and the RNA pellet 

washed with 1 mL of 70% ice-cold ethanol at 12000 × g for 5 min at 4 oC. Ethanol was then 

aspirated and the RNA pellet air-dried. RNA concentration was checked again using a 

spectrophotometer after dissolving the RNA pellet in milliQ water. The purity of the RNA was 

ensured by checking the 260/230 and 260/280 ratios and ratios >1.8 were accepted. 

 cDNA synthesis 

RNA 0.5-1.0 µg 

50 nM Random hexamers or oligo dT 

10 mM dNTP 

10X M-MLV reverse transcriptase buffer containing DTT  
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M-MLV Reverse Transcriptase 

Milli-Q water 

Methodology 

0.5-1.0 µg RNA, 1 µl random hexamer and 1 µl dNTPs were mixed and volume made up to 10 

µl using milli-Q water. The samples were incubated at 70 oC for 10 min. Following this, the 

tubes were removed and placed on ice. 2 µl of 10X M-MLV reverse transcriptase buffer, 1 µl 

M-MLV reverse transcriptase and 7 µl milli-Q water were added to each tube. The final mixture 

was incubated at 37 oC for 50 min. M-MLV reverse transcriptase was denatured by incubating 

the reaction tubes at 85 oC for 10 min. For conventional RT-PCR and real time PCR, cDNA was 

diluted 1:10 with milli-Q water or sterile water. 

 RT-PCR and real time PCR 

 Primer design 

Primers were designed using an online software Primer3 (v. 0.4.0). Primer stocks were made up 

to a concentration of 400 μM using milli-Q water and diluted to 10 μM and 8 μM for use in RT-

PCR and qPCR respectively. All the diluted primers were stored at -20 oC. 

Table 2.5: List of primers used*. 

Primer 

set 

Sequence  Target Expected 

product 

size (bp) 

p16INKA, p14ARF and p15INK4B   

p16-F GACCTGGCTGAGGAGCTGGGC Exon 1 

(p16INKA) 

118 

p16-R GGATGTCTGAGGGACCTTCC 

p14-F GCCGCTTCCTAGAAGACCAGG Exon 1 

(p14ARF) 

113 

p14-R GGGTCGGGTGAGAGTGGCGG 

p15-F TTGTACAGGAGTCTCCGTTGG Exon 1 

(p15INK4B) 

114 

p15-R GGTGAGAGTGGCAGGGTCTGC 

Linear ANRIL 

1F CCCTGTCGAGGAACAGCTAA Exon 4 – 

exon 5 

106 

1R ATCTGGTGGCCAGAAAACAG 

2F TACATCCGTCACCTGACACG Exon 1 177 

2R CCTCGCTTTCCTTTCTTCCT 

3F GCCTCATTCTGATTCAACAGC Exon 5-6 171 

3R GACTCGGGAAAGGATTCCAG 



 Chapter 2 

 

54 

 

4F AACCGGGGAGATCTATTTGG Exon 6-7 169 

4R GGTGTGGTGTCTCACACCTG 

5F TTTCCTACGAAGCTGGGTGA Exon 13b 

(Short 

isoform) 

150 

5R AAACCCAACAAGATAGAGAA 

6F TGCTTACCTAGTGCCAGATGC Exon 19 

(Long 

isoform) 

164 

6R TCAAATCCCAGCCAATTACC 

CircANRIL exon 14–5 junction and outward facing primers against individual exons of 

ANRIL 

J1-F AGTGGCAGGAATTTGGGAAT Exon 14-5 170 

J1-R ATCTGGTGGCCAGAAAACAG 

J2-F AATTTGGGAATGAGGAGCAC Exon 14-5 

(Burd et al) 

125 

J2-R TGCTGTTGAATCAGAATGAGG 

Exon 2-F GTTAGGGTGTGGTATGTGC Exon 2 - 

Exon 2-R GAGAGGAGCTGAGGAATCA 

Exon 3-F GGTGGGCAGCAGACAATTTA Exon 4 - 

Exon 3-R CCCTGGTGTAGTGAAGAGAAAAG 

Exon 4-1F GACTACCTGCCTGCCCTGTC Exon 4 

(Burd et al) 

- 

Exon 4-1R TATTTAACTTCTCTCTTTCT 

Exon 4-F ATGATGAAGCCAGAATTTGAGC Exon 4 - 

Exon 4-R TCTCTCTTTCTGTGGTTTCTCAA 

Exon 6-F AATGTATCTAACTCCAAAGAAACCATC  Exon 6 

(Burd et al) 

- 

Exon 6-R CACACCTAACAGTGATGCTTGAAC 

Exon 7-F CCCGGCGGATAGAGAGAATT Exon 7 - 

Exon 7-R ACACCTGTAATCCCAGCACT 

Exon 8-1F TGGGAATTCTGGGAGAAACA Exon 8 

splice 

variant 

- 

Exon 8-1R CCTCCCACCATGATTCTGAG 

Exon 10-F CCAGTGTCTTCTCCAAGGTG Exon 10 - 

Exon 10-R CCACTGGTGACGTTGCCTGTG 

Exon 12-F TGAGCAGCTGGGACTACAGA Exon 12 - 

Exon 12-R TTCAAGGTTGCAGTGAGCTG 

Exon 13-F GCCTAACGCACTATGGTATGG Exon 13 - 

Exon 13-R GGAGGGAGCATGTCTGTTTC 

Exon 14-F GGGGCCATTCATATGAGAGTT Exon 14 - 

Exon 14-R ATCACTGTGCTCCTCATTCC 

Exon 16-F TACACACTTGAAGATGGTGAAGGA Exon 16  - 
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Exon 16-R CTATTGCATTTGATCTTACGTCTATGTT (Burd et al) 

Exon 17-F CCAGTGCAAGTATGGTCTGTG Exon 17 - 

Exon 17-R TGCTCTGAGCTAACTTATGGTGA 

Exon 18-F GGCTGAGAGCATGGGAGATA Exon 18 - 

Exon 18-R CAGTGTGCTGCAAAGCATAAA 

Exon 19-F GAAGTTGCACCGCTGGTAAT Exon 19 - 

Exon 19-R GGTTCTGCCACAGCTTTGAT 

circANRIL back-spliced junction primers  

J4-F GCCACCTTGGAGAAGACACT Exon 10-4 - 

J4-R AGGCAGGTAGTCCAGTGGTT 

J5-F GGACTACAGATGCACCACCAT Exon 12-4 - 

J5-R CAGGCAGGTAGTCCAGTGGT 

J6-F CCGGCGGATAGAGAGAATTT Exon 7-4 - 

J6-R CAGGCAGGTAGTCCAGTGGT 

J7-F AGTGGCAGGAATTTGGGAA Exon 14-4 - 

J7-R TGATGTGGTCTTTGACAGGAA 

J8-F CCGGGGAGATCTATTTGGAA Exon 6-4 - 

J8-R GAGCTCAAATTCTGGCTTCA 

J9-F GCCACCTTGGAGAAGACACT Exon 10-6 - 

J9-R AGATCTCCCCGGTTTTCTTC 

J10-F GCCACCTTGGAGAAGACACT Exon 10-5 - 

J10-R ATCTGGTGGCCAGAAAACAG 

J11-F GCCACCTTGGAGAAGACACT Exon 10-2 - 

J11-R TGGCACATACCACACCCTAA 

J13-F CCGGGGAGATCTATTTGGAA Exon 6-4N1 - 

J13-R AACAGAAGGTCACCATGCAC 

J14-F CTCCCTCAACATGTGGGAAT Exon 8-5 - 

J14-R GGTGGCCAGAAAACAGAAGT 

J15-F CATTGGGGATACGAAGCTCT Exon 16-5 - 

J15-R GGTGGCCAGAAAACAGAAGT 

J16-F CATTGGGGATACGAAGCTCT Exon 16-6 - 

J16-R GATCTCCCCGGTTTTCTTCT 

J17-F CATTGGGGATACGAAGCTCT Exon 16-4 - 

J17-R GAGCTCAAATTCTGGCTTCA 

*F- Forward primer, R- Reverse primer 
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 RT-PCR 

10X PCR Buffer (20 mL) 

1 M KCl 10 mL 

1 M Tris-HCl (pH 9.0) 2 mL 

Triton X-100 200 μL 

Milli-Q water 

Methodology 

Tubes for primer-specific RT-PCR were prepared as given in the table. 

Table 2.6: RT-PCR reaction mix. 

Reagent Volume 

Milli-Q water Up to 20 μL 

25 mM MgCl2 2 µL 

10 mM dNTPs 0.5 µL 

Taq Polymerase 0.1 µL 

10 µM Primer 0.75 µL 

cDNA (1:10) 3-5 µL 

A master mix of the PCR reagents was prepared according to the required number of reactions 

to be run and Taq polymerase was added to each tube just before putting them in the PCR 

thermocycler. RT-negative samples which contained no reverse transcriptase during cDNA 

synthesis were used as negative controls and run in parallel with the samples. Primers were 

optimised and ideal PCR conditions determined for each primer set as follows.  
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Table 2.7: RT-PCR conditions used for different primer sets. 

Primer set 
Product 

size (bp) 

PCR conditions (temperature, time) 
No. of cycles 

Denaturation Annealing Elongation 

p16 F-R 118 

94 oC, 30 sec 60 oC, 30 sec 75 oC, 30 sec 30X 

LinANRIL  

3F-R (Exon 5-6) 171 

4F-R (Exon 6-7) 169 

5F-R (Exon 13b) - short 150 

Table 2.8: Touch down RT-PCR conditions used for certain primer sets. 

Primer set Product 

size (bp) 

Step 1 Step 2 No. of 

cycles (Tm + 10 oC) to (Tm) - 10X cycles Denaturation Annealing Elongation 

Denaturation Annealing Elongation 

LinANRIL  95 oC, 30 sec 70 oC – 60 oC, 45 sec 75 oC, 30 sec 94 oC, 30 sec 60 oC, 30 sec 75 oC, 30 sec 25X 

2F-R (Exon 1) 177 

6F-R (Exon 19) 164 

Table 2.9: RT-PCR conditions used for circANRIL primer sets. 

Primer set PCR conditions (temperature, time) No. of cycles 

Initial 

denaturation 

Denaturation Annealing Elongation 

Outward-Facing Primers 95 oC, 15 min 94 oC, 30 sec 60 oC, 30 sec 75 oC, 60 sec 35X 

Junction Primers 
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 Real-time PCR (qPCR) 

Primer amplification efficiency was determined for each primer set prior to using it for qPCR, 

and describes the rate at which a PCR amplicon is generated. qPCR using serial dilutions of 

cDNA with each primer set was done and a standard curve generated by plotting CT values 

obtained for each cDNA dilution. The slope of the standard curve was used to estimate the PCR 

amplification efficiency using the following formula, 

Efficiency =  10−1/slope 

Primer efficiencies determined for different ANRIL primers are given in Supplementary Figure 

10.1. After determining primer efficiencies, qPCR reactions were prepared in 384 well plates 

with each reaction in triplicate. To perform qPCR, mastermix containing SYBR Green PCR 

reagent (5 µL/reaction) and 8 µM of pre-mixed forward and reverse primers (0.5 µL/reaction) 

was prepared according to the required number of reactions for each primer set. A combination 

of two housekeeping genes, either HPRT/GAPDH or 18S/28S was used for every qPCR plate. 

In order to avoid template saturation due to high abundance of rRNA, and to contain CT values 

within an acceptable range of 10-20, a 1:1000 cDNA dilution was used for 18S/28S primers. 

Resulting CT values were used to calculate either relative expression or fold change using the 

following formulae. 

Relative Expression =  
ERef

ETarget
 

Where E = Efficiency 

Fold Change =  2−ΔΔCT 

Where, ΔΔCT =  ΔCT (test sample) −  ΔCT (control sample) 

and ΔCT = CT(target) − CT (ref) 

 Expression analysis using SKCM data from TCGA 

Level 3 released gene and exon level expression from 255 SKCM samples obtained using RNA-

seq of SKCM was retrieved from the TCGA database. The RNAseq gene expression at level 3 

contains normalised read count data represented as Reads per Kilobase per Million mapped 

reads (RPKM). Correlation analysis between CDKN2A, CDKN2B and ANRIL was performed 

using Spearman rank order corrleation in Sigmaplot 13.0. Exon expression data represented the 

calculated normlised read count data of an exon of a gene, per sample represented as Fragments 
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Per Kilobase of transcript per Million mapped reads (FPKM). ANRIL exon expression was then 

determined using the average FPKM measure of each exon for 255 melanoma samples. 

 DNA gel electrophoresis 

1% Agarose 

1X TBE buffer 

1 kb plus DNA ladder 

Loading dye (bromophenol blue stock and 100% glycerol mixed in 1:1 ratio)  

Ethidium bromide 

2X TBE (1L) 

Trizma base 21.6 g 

Boric Acid 11g 

0.5 M EDTA 4 mL 

Milli-Q water 

1kb plus ladder (100 μL) 

Stock ladder solution 20 μL 

Glycerol 5 μL 

Bromophenol Blue 5 μL 

1 M Tris-HCl (pH 9.0) 1 μL 

Milli-Q water 

After completion of the PCR reactions, the tubes were briefly centrifuged and 4 μL of 

bromophenol blue loading dye was added to 13 μL of post PCR product and run on a 1-2% 

agarose gel for ~35 minutes at 100V, along with a 1kb plus ladder, until the dye bands had run 

two-thirds the length of the gel. The agarose gel contained the DNA intercalating agent ethidium 

bromide which was added during preparation of the agarose gel. The amplified cDNA was 

visualised under UV light using the GelDoc system (Bio-Rad). The DNA ladder run alongside 

the samples ascertained that the amplification products were of the expected size. 

 Immunohistochemistry 

4% (w/v) Formaldehyde 

0.5% (v/v) Triton X-100 

Haematoxylin 

2% (w/v) CuSO4 (in 1X PBS) 

1X PBS 

Autoclaved glass coverslips 

Superfrost™ Plus microscope slides 

Histomount mounting solution 
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Included in CINtec p16 histology kit 

Peroxidase-blocking reagent (3% hydrogen peroxide, containing 15 mmol/L sodium azide 

(NaN3) 

Mouse anti-human p16 antibody (monoclonal mouse anti-human p16 antibody, Clone E6H4 

supplied in 50 mmol/L Tris buffer pH7.2, containing 15 mmol/L sodium azide (NaN3) and 

stabilising protein). 

Negative reagent control (monoclonal mouse anti-Rat oxytocin-related neurophysin antibody, 

supplied in 50 mmol/L Tris buffer pH7.2, containing 15 mmol/L sodium azide (NaN3) and 

stabilising protein). 

Visualisation reagent (Polymer reagent conjugated to horseradish peroxidase and affinity 

purified goat anti-Mouse Fab’ antibody fragments, supplied in stabilizing solution). 

DAB buffered substrate (substrate buffer solution, pH 7.5, containing < 0.1% hydrogen 

peroxide, stabilizers, enhancers and an anti-microbial agent). 

DAB chromogen (3, 3’-diaminobenzidine chromogen solution) 

Methodology 

Autoclaved glass coverslips were placed in the wells of 6-well culture plates. Cells were seeded 

at a density of 1 X 105 per well in the 6-well culture plate. After a day in culture, or when the 

cells reached a confluency of around 70%, the medium was aspirated and cells were washed 

twice with PBS. The cells were fixed with 4% PFA for 10 min at room temperature (RT), 

followed by washing with PBS three times. The cells were then incubated with peroxidase-

blocking buffer for 5 min at RT. The cells were washed thrice with PBS and incubated with 

mouse anti-human p16 antibody or the negative reagent control for 30 min at RT. The cells were 

then washed with PBS thrice and incubated with visualisation reagent for 30 min at RT, followed 

by washes with PBS three times. Substrate-chromogen solution (one drop of DAB chromogen 

added to 2 mL of DAB buffered substrate) was added to the cells and incubated for 10 min at 

RT. The cells were washed three times with PBS, followed by immersion in 2% CuSO4 for 2 

min. The cells were then washed thrice with milli-Q water, immersed in haematoxylin for 2 min 

and excess stain washed off, followed by washes with milli-Q water again three times. The 

coverslips were air-dried and mounted on microscope slides using Histomount mounting 

solution. The cells were visualised using a brightfield microscope. 

 Immunofluorescence 

10% (w/v) BSA 

1% (v/v) Triton X-100 

1X PBS 
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4% (w/v) Paraformaldehyde (PFA) 

CINtec anti-p16 antibody 

Goat anti-Mouse IgG, Alexa Fluor® 488 

1 mg/mL DAPI  

Vectashield mounting medium 

ZEISS AXIOPLAN2: Fluorescence Microscope 

Autoclaved cover slips 

6-well sterile tissue culture plates 

Superfrost™ Plus microscope slides 

IF Buffer (for blocking and diluting antibodies) 

10% (w/v) BSA 1 mL 

1% (v/v) Triton X-100 5 mL 

1X PBS 44 mL 

Permeabilisation buffer 

1% (v/v) Triton X-100 3 mL 

1X PBS 27 mL 

 

Methodology 

The protocol was modified from Sawicka et al. (186). Autoclaved glass coverslips were placed 

in the wells of 6-well culture plates. Melanoma cells were seeded at a cell density of 1 X 105 per 

well on the coverslips. After one day in culture, the medium was aspirated and the cells were 

washed twice with PBS. The cells were fixed in 4% PFA for 10 min, washed thrice with PBS 

and permeabilised using 0.1% Triton X-100 in PBS for 5 min at room temperature (RT), 

followed by washes with PBS three times. The cells were blocked to avoid unspecific binding 

of antibody using blocking buffer (0.2% BSA and 0.1% Triton X-100, in PBS) for 1 h at RT. 

They were incubated with primary CINtec anti-p16 antibody (either undiluted or diluted in the 

range between 1:5 – 1:10 in blocking buffer) for 2 h at RT in a humidified chamber, washed 

thrice with PBS, and incubated with 1:400 dilution of Goat anti-Mouse IgG, Alexa Fluor® 488 

secondary antibody and DAPI (2 μg/mL) in blocking buffer for 2 h at RT in a dark humidified 

chamber. After a final wash with PBS, the cells on coverslips were mounted using Vectashield 

on Frost microscope slides and sealed using nail polish. The slides were visualised using ZEISS 

AXIOPLAN2: Fluorescence Microscope.  
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 Western blotting 

1M DTT 

Lysis buffer 

60 mM Tris buffer 

2% (w/v) SDS 

20% (v/v) Glycerol 

10X Transfer Buffer (1 L) pH 8.3 (adjust with HCl) 

Tris 30 g 

Glycine 144 g 

Milli-Q water 1 L 

1X Transfer Buffer (1 L) 

10X Transfer buffer 100 mL 

100% Methanol 200 mL 

Milli-Q water 700 mL 

1X MES-SDS Running Buffer (1 L) 

10X MES-SDS 50 mL 

Milli-Q water 950 mL 

5% Skim Milk (50 mL) 

Skim Milk 2.5 g 

1X TBST-Tween Buffer (TBST) 50 mL 

 Protein extraction 

All protein samples were extracted using lysis buffer. Cells were grown in 25 cm2 culture flasks 

until a confluency of 70-80%, harvested by aspirating culture medium, followed by washing 

with PBS twice. 200 μL of lysis buffer was added and the flasks transferred on ice. The cells 

were recovered using a cell scraper while resting on ice and cell lysate transferred to 1.5 mL 

microcentrifuge tubes. Protein concentration was measured immediately using the BCA assay 

and cell lysates were stored at -80 oC to be used later. 

 BCA assay for determination of protein concentration 

Protein concentrations of the melanoma cell lysates were determined using the BCA assay, to 

ensure that equal amounts of protein from each sample were used in Western blot. A BSA 

standard curve was used to determine the protein concentration of samples. In a 96 well plate, 2 

mg/mL BSA was pipetted in 1 μL increments from 0 to 9 μL, in duplicate. After sonicating 
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protein samples for 10 secs at 45% power, different volumes (1, 2 and 5 μL) of protein samples 

were pipetted into the same 96 well plate, in duplicate. Bicinchoninic acid (BCA) reagent was 

mixed in a 50:1 proportion with 4% copper sulphate solution (in water) and 100 μL of this 

solution was added to each well containing BSA standard and protein sample. The plate was 

then mixed for 1 min on an orbital shaker and incubated for 30 min in a 37 ºC incubator for the 

BCA reaction to occur. Absorbance was measured at 550 nM using an EnSpire™ plate reader. 

Protein concentration was determined using the equation obtained from the standard curve. 

 Running western blot 

 Protein electrophoresis 

Protein samples were prepared by thawing aliquots on ice and diluting in lysis buffer according 

to the calculation from the BCA assay. Loading dye (6X) and 1 μl of 1 M DTT were also added 

to 25 μg of protein and the total volume to be loaded was restricted to between 10-15 μL. 

Samples were incubated at 95 °C for 5 minutes and then kept at room temperature until loading 

commenced. 

The gel was placed in an electrophoresis gasket (XCell SureLock™ Mini-Cell Electrophoresis 

System, Invitrogen). The samples and 5 μL of molecular weight marker were loaded in the gel 

and run using 1X MES buffer at 100 V for 45-60 min.  

 Protein transfer from gel to PVDF membrane 

PVDF membrane was initially soaked in 100% methanol until the membrane became 

transparent and was then rinsed with transfer buffer. Following which, the PVDF membrane, 

two Whatman filter papers and two foam pads were pre-soaked in cold 1X transfer buffer and 

rocked for at least 5 min. For transferring the protein from the gel, the gel was carefully removed 

from the electrophoresis gasket and the transfer cassette prepared in the order of foam pad, filter 

paper, gel, PVDF membrane, filter paper and foam pad. The transfer cassette was prepared while 

soaking in cold 1X transfer buffer, and finally transferred into the transfer tank (Mini Protean 

Tetra System, Biorad) containing an ice coolant block and remaining transfer buffer. The 

transfer cassette was placed in the transfer tank with the gel side of the transfer cassette facing 

the cathode and the PVDF side facing the anode. The transfer of protein from gel to the PVDF 

membrane was carried out for 60 min at 100 V.  
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 Blocking and antibody addition 

After transfer, the PVDF membrane to which the proteins are now bound was taken out of the 

transfer cassette and blocked with 5% milk powder dissolved in PBS with 0.1% tween (PBST) 

for 30 min with rocking. The membrane was cut at the 25 kDa mark as indicated by the protein 

reference ladder, as ß-actin was used as control. Antibody working dilutions were prepared in 

3% BSA in PBST for ß-actin (1:5000) and in 5% milk powder in PBST for p16 (1:200 or 1:100). 

The portion of the PVDF membrane containing >25 kDa proteins was incubated with anti-ß-

actin antibody and the other portion containing >25 kDa proteins was incubated with anti-p16 

antibody overnight at 4 oC. The membranes were then washed 3X using PBST for 5 min and 

incubated with goat anti-mouse IgG-HRP secondary antibody (1:2500 for ß-actin and 1:2000 

for p16) in PBST for 1 h at RT.  

The membrane was then washed 3X with PBST for 5 min, and Chemiluminescent substrate 

(ECL) added. Membranes were encased between plastic overhead transparency sheets. Air 

bubbles were removed with a tissue and the membrane was developed using the Fujifilm LAS 

3000 imager, with the exposure set at auto. 

 Cloning and sequencing for circANRIL isoform characterisation 

LB Broth  

LB Agar plates 

100 mM CaCl2 (autoclaved) 

100 mM MgCl2 (autoclaved) 

Ampicillin (100 mg/mL) 

Autoclaved Eppendorf tubes 

Shaking incubator 

Centrifuge and autoclaved centrifuge bottles 

Competent DH5 cells 

Glycerol  

pGEM(R)-T Easy Vector System 

PureLink PCR Purification Kit 

PureLink Quick Plasmid Miniprep Kit 

Autoclaved milliQ water 

100% isopropanol 

100% ethanol 

 Making competent DH5 cells 

Frozen DH5 cells were retrieved from -80 oC storage on dry ice, following which the top 

surface in the vial was scraped and streaked on an LB agar plate. The agar plate was incubated 

overnight at 37 oC upside down to prevent formation of condensation on the agar surface. Next 
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day one colony was scraped from the plate using a pipette tip and inoculated into 15 mL of LB 

broth. The culture was incubated overnight in a shaking incubator (200 rpm) at 37 oC. OD600 

(optical density) of the overnight culture was checked the next day and the overnight culture 

was used to inoculate 500 mL LB broth. The culture was returned to the shaking incubator at 37 

oC and OD600 checked every 30 min till it measured between 0.4 - 0.6 and the culture was 

immediately put on ice to stop further growth. The culture was transferred to cold centrifuge 

bottles and centrifuged at 2900 rpm for 5 min at 4 oC. The bacterial pellet was resuspended in 

35 mL of ice-cold 100 mM MgCl2 and centrifuged for 5 min at 2900 rpm at 4 oC and this step 

was repeated twice. The bacterial pellet was resuspended in 30 mL of ice-cold 100 mM CaCl2 

and incubated on ice for 30 min. The cell suspension was centrifuged at 3000 rpm for 5 min at 

4 oC. The bacterial culture was resuspended in 30 mL of 100 mM CaCl2/15% glycerol solution 

and 200 μL aliquoted in pre-cooled sterile microcentrifuge tubes and stored at -80 oC. 

 Transformation efficiency of DH5 cells 

For calculating transformation efficiency, 50 μL of competent cells were transformed using 0.1 

ng of control plasmid DNA and 14 colonies were obtained the following day. Transformation 

efficiency was calculated using the following formula. 

14 cfu 0.1 ng⁄ = 140 cfu 1 ng⁄ = 1.4 × 105 cfu 1 μg⁄  DNA 

 RT-PCR product purification and optimisation of insert:vector molar ratios 

RT-PCR products obtained either using back-spliced junction or outward-facing primers for 

circANRIL were purified using the PureLink PCR Purification Kit according to recommended 

instructions with a few modifications. Prior to using the kit, as instructed, 100% isopropanol 

was added to the binding buffers and 100% ethanol added to the wash buffer provided and in 

our case binding buffer B3 was used, as the intention was to just remove primer dimers and 

spurious PCR products. A 4X volume of binding buffer (B3) was added to 1X volume of the 

RT-PCR product and mixed well. The mix was transferred to a spin column and centrifuged at 

10,000 x g for 1 min at RT. The flowthrough was discarded and 650 µL of wash buffer added 

to the spin column and centrifuged at 10,000 x g for 1 min at RT. After discarding the 

flowthrough, the column was again centrifuged at maximum speed at RT for 2-3 min to remove 

any residual wash buffer and the column was transferred into a fresh tube. For eluting DNA, 

MilliQ water was added to the centre of the column and incubated at RT for 10 min. The column 

was centrifuged at maximum speed for 2 min and the concentration of the purified PCR product 

measured using a Nanodrop spectrophotometer.  
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In order to calculate the appropriate amount of DNA required for ligation and transformation, 

first insert:vector ratios were decided based on the largest PCR product obtained in the case of 

the outward-facing primers and the ratios used ranged from 5:1 to 2:1. The following equation 

was used to calculate the amount of PCR product or insert to include in the ligation reaction. 

ng of vector × kb size of insert

kb size of vector
 ×  insert: vector molar ratio = ng of insert 

 Ligation reaction and transformation of DH5α cells 

Ligation reactions were set up for PCR products (inserts), along with negative or background 

control as follows, 

Table 2.10: Ligation reaction mix. 

Reaction Component Standard 

Reaction 

Background 

Control 

2X Rapid ligation buffer 5 µL 5 µL 

pGEM-T vector (25 ng) 0.5 µL 0.5 µL 

PCR product X µL - 

T4 DNA ligase 0.5 µL 0.5 µL 

MilliQ water to a final volume of  10 µL 10 µL 

The reactions were mixed by pipetting and reactions incubated overnight at 4 oC.  

The following day, depending on the number of reactions, LB agar plates containing ampicillin 

(70 µg/mL) was equilibrated to RT. 10 µL of each ligation reaction was then mixed with 50 µL 

of thawed competent DH5α cells by flicking the tubes gently and incubating them on ice for 20 

min. The cells were heat-shocked for 45 sec in a water bath at 42 oC, and the tubes immediately 

returned to ice for 2 min. 900 µL of LB broth was added to the cells and the tubes incubated for 

1½ h at 37 oC in a shaking incubator. The tubes were centrifuged at 1,000 × g for 10 min, 

following which 700 µL of LB broth was removed. The remaining cells in the tube were 

resuspended in the remaining LB medium in the tube and plated on LB agar plates. The plates 

were incubated overnight at 37 oC.  

 Selection of colonies and sample preparation for sequencing 

In order to screen colonies with positive inserts, RT-PCR was done using the same primer sets 

initially used to obtain the PCR products. Colonies were picked and transferred to PCR reaction 

mix, and a master plate was also prepared in parallel which was incubated overnight at 37 oC. 
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Colonies with positive inserts were identified by visualising colony PCR products on 1% 

agarose gels, and colonies for sequencing selected based on the size of the insert.  

Colonies of interest were picked from the masterplate and inoculated into 5 mL of LB broth 

containing ampicillin (70 µg/mL) and incubated overnight in a shaking incubator at 37 oC. The 

cultures were centrifuged at 3000 rpm for 10 min and the medium removed. Plasmids were 

isolated using PureLink Quick Plasmid Miniprep Kit using the recommended protocol. The cell 

pellet was resuspended using 250 µL of resuspension buffer, followed by addition of 250 µL 

lysis buffer and mixed gently by inverting the tubes. The tubes were incubated for 5 min at RT. 

350 µL of precipitation buffer was added and mixed immediately by shaking the tubes 

vigorously until the mixture looked homogenous. The lysate was centrifuged at >12,000 × g for 

10 min. The supernatant was loaded onto a spin column and centrifuged at 12,000 × g for 1 min. 

The flow through was discarded and 700 µL of wash buffer was added and the column 

centrifuged 12,000 ×  g for 1 min. The flowthrough was discarded and the column was 

centrifuged at 12,000 × g for 1 min to remove residual wash buffer in the column. The column 

was transferred to a fresh tube and 50 µL of milliQ water was added to the centre of the column 

and incubated for 15 min at RT. The columns were centrifuged at 12,000 × g for 2 min, and the 

concentration of the purified plasmids checked using a Nanodrop spectrophotometer.  

The plasmid samples were diluted appropriately and sent to University of Otago, according to 

the recommended instructions. Sequencing was performed in both directions using an ABI 

Prism 3730xl Genetic Analyzer with the ABI PRISM Big Dye Terminator Cycle Sequencing 

Ready Reaction kit, version 3.1 (Applied Biosystems, CA). Sequences were aligned using 

Geneious software and the UCSC genome browser. 

 In Situ hybridisation using Stellaris RNA FISH probes 

Hoechst 33342 stain (1 mg/mL) 

Vectashield mounting medium 

1X PBS 

70% Ethanol 

Autoclaved coverslips 

6-well sterile tissue culture plates 

Superfrost™ Plus microscope slides  

20X SSC (pH 7.0) 

3 M Sodium Chloride (175 gm/L) 

0.3 M Sodium Citrate Dihydrate (88 gm/L) 
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Fixation buffer (50 mL) 

37% (v/v) Formaldehyde 5 mL 

10X PBS 5 mL 

MilliQ water 40 mL 

Hybridisation buffer (10 mL) 

 

Dextran Sulfate 1 g 

20X SSC 

Deionised Formamide 1 mL 

MilliQ water 8 mL 

 

Wash buffer (50 mL) 

 

20X SCC 5 mL  

Deionised Formamide 5 mL 

MilliQ water 40 mL 

 

Table 2.11: Probe details and concentration used. 

RNA probe Dye Excitation 

(nm) 

Emission (nm) Concentration 

GAPDH Quasar 570 548 566 50 nM 

p16 CAL Fluor Red 610 

(Texas Red) 

590 610 250 nM 

ANRIL FAM (Fluorescein 

FITC) 

495 520 250 nM 

Dried probes were reconstituted using 200 µL TE buffer to give a stock solution of 25 µM mixed 

oligonucleotides and 20 µL were aliquoted/tube, which were stored at -20 oC.  

Methodology 

100,000 cells were seeded on 22 mm X 22 mm coverslips in a 6-well plate. When cells reached 

around 60-70% confluency, the growth medium was aspirated and the cells washed 2X with 

PBS. 1 mL of fixation buffer was added to each well, with incubation for 10 min at RT. The 

cells were then washed 3X with 1X PBS and permeabilised with 70% ethanol for an hour at 4 

oC. After washing 3X with 1X PBS, the coverslips were transferred and inverted on 30 µL of 

probe diluted to the desired concentration in hybridisation buffer. The coverslips were incubated 

in a dark humidified chamber overnight at 4 oC, followed by transfer and inversion of coverslips 

in 100 µL of wash buffer and incubation again for 30 min at 37 oC. In order to stain the nuclei, 

the cells were inverted on 50 µL of Hoechst 33342 nuclear stain (2 µg/mL) diluted in wash 
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buffer and incubated for 30 min at 37 oC in the dark. The coverslips were mounted using 

Vectashield and sealed with nail polish. The cells were visualised using a ZEISS AXIOPLAN2: 

Fluorescence Microscope. 

 Cell fractionation 

Hypotonic Buffer 

10 mM HEPES (pH 7.9) 

1.5 mM MgCl2   

10 mM KCl 

0.5 M DTT 

Milli Q Water  

Sucrose Buffer 1  

0.25 mM Sucrose 

10 mM MgCl2   

Milli Q Water  

Sucrose Buffer 2 

0.88 mM Sucrose  

0.5 mM MgCl2 

Milli Q Water 

Methodology 

Cell lines to be fractionated were grown in two 175 cm2 (T175) flasks to about 80-90% 

confluency. Cells were washed with PBS to remove any residual medium and cells were 

detached from both flasks by treating the cells with 0.05% Trypsin: EDTA solution. Tryptic 

activity was inhibited with serum-containing medium and pooled into a single 50 mL centrifuge 

tube. The cells were collected by centrifugation at 218 × g for 5 min and the supernatant 

aspirated followed by two ice-cold PBS washes at 1000 rpm for 5 min. Before the second spin 

with PBS, a small proportion of the cells was transferred to a 1.7 mL microcentrifuge tube as 

‘unfractionated or whole cell control’, collected by centrifugation at 1000 rpm for 5 min, and 

after aspiration of supernatant, homogenised using 1 mL of Trizol and stored at -80 oC. The 

supernatant after the second centrifugation was aspirated and 5 mL of hypotonic buffer was 

added to the rest of the cells. After 5 min of incubation on ice, the cells were checked by phase 

contrast microscopy to check if the cells had become swollen. The cells in hypotonic solution 

were then transferred to a Dounce homogeniser in which they were fragmented to separate the 

cytoplasm from the nucleus. The cells were checked under the microscope after every 10 strokes 

to ensure that the cells had burst (with caution that the cytoplasm did not completely detach 
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from the cells) for around 90% of the cells with the nucleus intact. The cells were spun down 

again at 1000 rpm for 5 min at 4 oC. The resulting supernatant contained the cytoplasmic 

fragment while the nuclear fraction settled as a pellet at the bottom of the tube. 5 mL of Trizol 

was added to the cytoplasmic fraction and stored at -80 oC while the nuclear pellet was re-

suspended in sucrose buffer 1 and layered over sucrose buffer 2, followed by centrifugation at 

1430 × g for 15 min at 4 ºC. The supernatant was aspirated and the clean nuclear fraction was 

re-suspended in Trizol and stored at -80 ºC. RNA was isolated from the cytoplasmic and nuclear 

fractions as described in section 2.3 and cDNA synthesis was performed as described in section 

2.4, followed by RT-PCR and qPCR.  

 Polyribosome profile analysis 

7-47% sucrose gradients 

Sucrose (extra pure) 

50 mM NH4Cl 

50 mM Tris-Acetate (pH 7.0) 

12 mM MgCl2 

1 M DTT 

Lysis Buffer 

20 mM HEPES (pH 7.4) 

15 mM MgCl2 

200 mM KCl 

1% (v/v) Triton X-100 

100 µg/mL cycloheximide 

2 mM DTT 

1 mg/mL heparin 

Ultracentrifuge 

Ultracentrifuge tubes 

 Preparation of 7-47% sucrose gradients 

Sterile 7% and 47% sucrose stock solutions containing final concentrations of 50 mM NH4Cl, 

50 mM Tris-Acetate pH 7.0 and 12 mM MgCl2 were prepared. For 6 gradients 7% and 47% 

sucrose stock solutions were mixed in proportions as described below (Table 2.12). 1 M DTT 

was added to each sucrose solution to a final concentration of 1 mM. 
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Table 2.12: Proportions for making sucrose gradients. 

Final Sucrose 

Concentration  

7% 

Sucrose  

47% 

Sucrose 

7% 4 0 

17% 3 1 

27% 2 2 

37% 1 3 

47% 0 4 

 

In order to prepare the sucrose gradient, 2.4 mL of 47% sucrose solution was first pipetted into 

a 17 mL, 16x102 mm Polyallomer tube. The tube was stored at -80 oC until the sucrose solution 

froze. The tube was then taken out and 2.4 mL of 37% sucrose gradient was layered over the 

frozen 47% sucrose gradient. The tube was again returned to -80 oC to freeze the next layer. The 

same steps were repeated for the 27%, 17% and 7% sucrose solutions. After the final sucrose 

solution was added, the tube was left at 4 oC to thaw and enable a continuous gradient to be 

formed between the different sucrose layers, before the cell lysate was layered over the top. 

 Preparation of extracts from melanoma cells 

Melanoma cells were grown in 12 175 cm2 flasks to about 75-80% confluency. After aspirating 

the medium and washing the cells with PBS, cycloheximide was added to 100 µg/mL (in PBS). 

The cells were then incubated at 37 oC for 15 min, followed by a wash with cold PBS. Trypsin 

was added to release the cells from the flasks, and after inhibiting trypsin action with serum-

containing medium, cells from all the flasks were pooled into one 50 mL centrifuge tube. The 

cells were centrifuged at 1000 rpm for 5 min. After aspirating the supernatant, the cells were 

resuspended in cold PBS and centrifuged again at 1000 rpm for 5 min. 3 mL of cell lysis buffer 

was added and cells transferred to a sterile and cold Dounce homogeniser. The cells were 

ruptured using approximately ten strokes and centrifuged at 14,000 × g for 5 min in refrigerated 

micro-centrifuge. Fresh cell lysate was transferred to the sucrose gradient, and layered carefully 

over the top-most layer. The gradients were centrifuged at 100,000  × g (23,000 rpm in a 

Surespin 630 rotor) for 4 h at 4 oC. 

 Collection of fractions and polyribosome profile analysis 

After the spin, the tubes were carefully removed from the buckets and clamped on to a stand 

without disturbing the gradients. The bottom of the tube was carefully pierced using a 21-gauge 
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needle ensuring a drop-wise flow of the sucrose gradient. Fractions were collected drop-wise 

serially in a 96-well plate with approximately 300 µL per well. Absorbance of the collected 

fractions was measured at 260 nm using a Nanodrop spectrophotometer to obtain a 

polyribosome profile.   

 Actinomycin D treatment of cells to determine half-life of RNA transcripts 

2 mg/mL Actinomycin D 

1X PBS 

Cell scrapers 

 

Methodology 

Melanoma cells were seeded using equal cell densities in six 25 cm2 culture flasks. After the 

cells reached around 50-60% confluency, culture medium was aspirated and Actinomycin D 

diluted to a concentration of 10 μg/mL (in culture medium) was added to each flask and cells 

incubated at 37 oC. Cells were harvested at different time points at 2, 4, 6, 8 and 12 h for RNA 

extraction, after aspirating the Actinomycin D-containing medium and washing the cells with 

PBS. For RNA, 1 mL of TRIzol was added to each flask and cells scraped off the bottom of the 

flask using a cell scraper. Cells with TRIzol were then transferred into a 1.5 mL microcentrifuge 

tube and stored at -80 oC for RNA extraction later. RNA extraction was followed by cDNA 

synthesis and RT-PCR or qPCR. 

 Knockdown of circANRIL using shRNA 

Competent DH5α cells 

LB agar plate (autoclaved) 

250 mL LB broth (autoclaved) 

Shaking incubator 

50 mL Falcon tubes 

PureLink Quick Plasmid Maxiprep Kit 

1X Opti-MEM medium 

Lipofectamine 3000 transfection kit 

12-well sterile tissue culture plates 
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Table 2.13: ShRNA construct plasmid details 

shRNA 

target 

Vector Reporter 

gene 

Antibiotic 

resistant 

gene 

Sequence 

Exon 14-4 

junction 

Mammalian 

psi-H1 

vector with 

H1 

promoter 

eGFP Puromycin TGACTTAGATATTGAGAAACC 

Exon 5-6 eGFP Puromycin AAAGAGAGGGTTCAAGCATCA 

Exon 14-5 

junction 

mCherry Puromycin GTGACTTAGAGTCCCTTTTGAT 

 Maxi-prep for shRNA plasmid constructs 

The shRNA plasmid constructs were bulked up initially by transfecting 5 ng of each plasmid 

construct into competent DH5α cells using the transformation procedure described in section 

2.10. Few colonies were inoculated into 5 mL of LB broth and left overnight in a shaking 

incubator at 37 oC. In order to scale up the production of plasmids, 5 mL of the culture was 

inoculated into 250 mL of LB broth containing 70 µg/mL ampicillin and incubated overnight at 

37 oC in a shaking incubator. The next day, plasmids were purified using the PureLink Quick 

Plasmid Maxiprep Kit. The cells were harvested by centrifuging the culture at 4000 × for 10 

min and the medium was removed. The cell pellet was resuspended in 10 mL of resuspension 

buffer containing RNase A. 10 mL of lysis buffer was added and mixed gently by inverting the 

capped tube until the lysate mixture looked thoroughly homogenous. The mixture was incubated 

for 5 min at RT. 10 mL of precipitation buffer was added and mixed immediately by inverting 

the tube until the mixture was thoroughly homogenous, following which the cell lysate was 

loaded onto an equilibrated filter column (which had been equilibrated by applying 30 mL of 

equilibration buffer directly into the filtration cartridge and allowing the solution to drain 

through the column by gravity flow). The lysate was allowed to run through the filter by gravity 

until the flow stopped and the flowthrough was discarded along with the inner filtration 

cartridge. The maxi column was washed with 50 mL of wash buffer and the solution allowed to 

drain by gravity flow, following which the flowthrough was discarded again. A sterile 50 mL 

centrifuge tube was placed under the maxi column and 15 ml of elution buffer added to the 

column. The solution was again allowed to drain by gravity flow. 10.5 mL of 100% isopropanol 

was then added to the tube containing the eluted DNA and incubated for 1 h for better yield. 

The tube was centrifuged at 13,000 × g for 30 min at 4 oC. The supernatant was discarded and 

5 mL of cold 70% ethanol added to resuspend the DNA pellet and the tube was again centrifuged 

at 12,000 × g for 10 min at 4 oC. The supernatant was discarded and the pellet air-dried for 10-
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15 min. The pellet was resuspended in 500 L of milliQ water. The concentration of the purified 

DNA was measured using a Nanodrop spectrophotomoter. 

 Transfection of melanoma cells 

In order to transfect the melanoma cells, they were seeded in 12-well sterile culture plates and 

allowed to grow until they reached a confluency between 70-80%. Growth medium was 

aspirated and 1 mL of fresh supplemented medium (-MEM) added to the cells.  

3 wells were used for each shRNA transfection and the cells were then transfected using 

Lipofectamine 3000 transfection kit as summarised in Table 2.14.  

Table 2.14: Lipofectamine reaction mastermix for transfection of melanoma cells 

Component Amount per well Steps 

Adherent cells 70-80% confluency  

Lipofectamine 3000 reagent 3 L Lipofectamine 3000 reagent 

diluted in Opti-MEM medium 

and mixed well. 
Opti-MEM medium Made up to 100 L 

DNA (shRNA plasmid) 5 g Master mix of DNA prepared 

by diluting DNA in Opti-MEM 

medium, and then P3000 

reagent was added and mixed 

well. 

P3000 reagent (2 L/g DNA) 10 L 

Opti-MEM medium Made up to 100 L 

Diluted DNA (with P3000 

Reagent) 

100 L Diluted DNA mixed with 

diluted Lipofectamine 3000 

reagent (1:1 ratio). 
Diluted Lipofectamine 3000 

reagent 

100 L 

The mixture was incubated for 10-15 min at RT and 200 L of the transfection mix was added 

dropwise to each well. The cells were incubated for 24 hrs and the percentage of transfected 

cells analysed using a FLoid™ Cell Imaging Station, which revealed around 50-60% of the cells 

to be transfected. The medium containing the Lipofectamine reagents was aspirated and 

replaced with appropriate medium containing puromycin (3 g/mL) to select the transfected 

cells. Transfected cells were isolated using fluorescence activated cell sorting (FACS) based on 

the reporter genes present in each shRNA plasmid construct. Knockdown efficiency for each 

shRNA plasmid was quantified by isolating RNA, followed by cDNA synthesis and qPCR. 
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 Sulforhodamine B (SRB) colorimetric assay 

40% (v/v) Trichloroacetic acid (TCA) 

10 mM unbuffered Tris base (pH 10.5) 

1% (v/v) Acetic Acid 

96-well sterile culture plate 

0.4% Sulforhodamine B solution 

Sulforhodamine (SRB) 4 g 

Acetic acid 10 mL  

MilliQ water 986 mL 

Methodology 

For performing the SRB assay, cells were seeded at a density of 2000 cells/well in a 96 well 

plate with 150 µL of medium added per well. The cells were cultured for the desired number of 

days following which the cells were fixed by layering 50 µL of 40% cold TCA on top of the 

culture medium in each well to produce a final TCA concentration of 10%. The plates were 

incubated at 4 oC for 1 h and then washed with tap water to remove TCA and growth medium. 

The plates were air-dried and stored until staining with SRB. 50 µL of 0.4% (w/v) SRB stain 

was added to each well of TCA-fixed cells and the plates incubated in the dark for 30 min at 

RT. SRB stain was removed by flicking the contents of the plate over a sink and the plate quickly 

washed four times with 1% acetic acid to remove unbound dye. Residual liquid in the wells was 

removed by inverting the plates onto absorbent sheets. The plates were air-dried until no 

standing moisture was visible. The bound dye was solubilised using 10 mM unbuffered Tris 

base for 30 min on a gyratory shaker at RT. Absorbance at 490 nM was measured using a plate 

reader. Wells containing medium and no cells were used as background controls.  

 Thymidine incorporation assay 

Tritiated thymidine (3H TdR) (1 mCi/mL) 

800 nM Fluorodeoxyuridine (FUdR) 

Non-tritiated thymidine (TdR) 

4 mM Na4EDTA in PBS 

Pronase  

-MEM  

96-well sterile culture plates 

Plate harvester 

Membrane 

Scintillation fluid with clear plastic pockets 

Cell counting instrument 
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Methodology 

Cells used for thymidine incorporation assay were plated at a density of 2000 cells/well in 96-

well plates with 125 L of medium in each well and left in the incubator at 37 oC for 24 h. The 

following day, a mastermix for 96 well-plate including a few surplus wells containing complete 

medium, tritiated thymidine, FUdR and TdR was prepared as given in Table 2.15. 

Table 2.15: Thymidine reaction mastermix 

Reagent Volume for 

one 96-well 

plate 

Final 

concentration 

Tritiated thymidine (3H TdR) (1 

mCi/mL) 

4.2 L 1.4 Ci/mL 

100 M Fluorodeoxyuridine (FUdR) 16.8 L 10 nM 

100 M Non-tritiated thymidine (TdR) 16.8 L 10 nM 

-MEM  2.06 mL  

 

20 L of this thymidine mastermix was added to each well and the plate incubated with these 

reagents at 37 oC for 6 h. Protease (pronase) was dissolved in 4 mM Na4EDTA in 1X PBS to a 

final concentration of 2 mg/mL. 150 L of pronase was then added to each well and incubated 

at 37 oC for 20-30 min or until the cells detached. The cells were harvested onto a membrane 

(glass-fibre filter) using a TomTec harvester, after which the membrane was dried overnight at 

RT and then sealed into a plastic pocket with scintillation fluid (4 mL). The membrane was 

placed into a cassette which was loaded into a Trilux scintillation counter (Wallac Microbeta 

1450-021) for counting. Proliferation rates were analysed using GraphPad software.  
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Transcriptional analysis of 

ANRIL/CDKN2A/B locus and p16 protein 

expression analysis in melanoma 

A part of this chapter has been published in the following article, 

Sarkar, D., Oghabian, A., Bodiyabadu, P., Joseph, W., Leung, E., Finlay, G., Baguley, B. and 

Askarian-Amiri, M. (2017) “Multiple Isoforms of ANRIL in Melanoma Cells: Structural 

Complexity Suggests Variations in Processing”. International Journal of Molecular Sciences, 

18, 1378. 

 Introduction 

Genome-wide correlations between expression levels of mRNA and protein are known to be 

notoriously poor (187). This is attributed to other levels of regulation that lie between transcript 

and protein product (187), which in most cases involves post-transcriptional regulatory 

mechanisms. Considering the importance of CDKN2A inactivation and its role in 

melanomagenesis, functionality of the CDKN2A/B locus was therefore analysed in a panel of 

New Zealand melanoma cell lines, both at the transcriptional and translational levels. 

Transcriptional analysis was assessed using quantitative RT-PCR (qPCR) while p16 protein 

expression was determined in the same panel of melanoma cell lines using a combination of 

semi-quantitative and sensitive methods such as western blotting, immunohistochemistry and 

immunofluorescence.  

 Regulation of the CDKN2A locus and melanoma 

The CDKN2A locus encodes for two tumour suppressor proteins p14 and p16 which cause cell 

cycle arrest through p53-dependent or p53-independent signalling pathways respectively (188). 

The interest in the CDKN2A locus originated from genetic linkage studies showing an 

association of mutations or deletions on chromosome 9p21 with familial disposition to 

melanoma (189). The p16 gene is the most frequently mutated gene, second to p53, in human 

cancers (190), highlighting the crucial role of this gene in cancer progression. The estimated 
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frequency of p16 inactivation also differs in human tumours, including melanoma in which the 

frequency ranges from 50-70% (191). Oncogenic alterations that disrupt the p16INK4A: cyclin D-

CDK4/6:RB1 functional unit can initiate melanomagenesis, and may be critical early oncogenic 

events that drive tumour progression (192). Therefore, to maintain a coordinated balance 

between tumour suppression and aging, it is crucial that transcription from this locus be kept 

under tight regulation.  

Investigations into CDKN2A locus aberrations that are found in tumour cells were therefore 

taken up by a number of groups and several mechanisms that lead to abnormal expression were 

reported. These include inactivation of the CDKN2A locus due to genetic changes such as 

homozygous deletions, loss of heterozygosity and point mutations (193-196). Epigenetic events 

such as hypermethylation of the CDKN2A promoter and chromatin modification were also found 

to cause loss of expression of the gene (106). 

Analysis of melanoma cell lines developed at the ACSRC by a previous PhD student (197) has 

shown that approximately 90% of the cell lines lack expression of p16 protein (Figure 3.1). 

 

  

Figure 3.1: Western blot for p16 protein expression in NZM cell lines done by Clare 

Stones. 
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Further investigation revealed that the loss of p16 in 30% of the cell lines was due to deletion 

of the CDKN2A locus (198). Additionally, methylation of the CDKN2A locus is reported to be 

a rare event in melanoma which would account for silencing of the locus in 10% of the cell lines 

(199). Thus, the mechanism (or mechanisms) leading to the loss of p16 expression in the 

remaining 60% of the melanoma cell lines is still not understood. 

Initial investigation into the loss of p16 expression was done by Dr. Marjan Askarian-Amiri and 

Mr. Vahid Seyfoddin who analysed the melanoma cell lines for expression of p16 mRNA. 

Interestingly, it was found that 65% of the melanoma cell lines expressed p16 mRNA, but did 

not express p16 protein. This suggested that transcriptional gene silencing may not be the main 

mechanism for suppression of p16 mRNA expression. Instead, post-transcriptional 

contributions in which mRNA is transcribed but not translated may be the dominant mechanisms 

involved in gene silencing, prompting investigation of other possible mechanisms of regulation 

of p16 expression. 

 ANRIL and epigenetic regulation of the CDKN2A/B locus 

As already mentioned in Chapter 1, ANRIL was reported to negatively regulate CDKN2A 

expression (Table 3.1) via chromatin remodelling by targeting polycomb repressive complexes 

(PRCs) to this locus (82, 167). 

Table 3.1: Published positive Vs negative relationship between p16 mRNA and ANRIL. 

Targeted ANRIL 

region 

Cell/Tissue type Relationship 

p16 Vs ANRIL 

Reference 

ANRIL 1-2 Human aortic vascular smooth 

muscle cells 

Positive (176) 

Whole  Peripheral blood T lymphocytes Positive (121) 

Exon 1-2 Peripheral blood Positive (173) 

Exon 18-19 Aorta Positive (174) 

Exon 15 -16 Normal Tissue, Breast tumour tissue Positive (103) 

Exon 1-2 Prostate Cancer Negative (82) 

Exon 1-2 Fibroblast cell line Negative (167) 

However, studies that showed negative regulation of the CDKN2A locus via ANRIL investigated 

only the 5’ exons (exon 1 and exon 2) in contrast to the studies of Pasmant et al, who, along 

with a few other groups, reported coordinated transcriptional regulation (Table 3.1) of ANRIL 

and CDKN2A (103, 121, 174, 200) and this concordant expression was shown by high 
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throughput studies taking into consideration the whole length of ANRIL. Further, previous 

studies also used different tissue types which could explain this conflict in findings, as lncRNAs 

along with their isoforms are known to be tissue specific. However, to our knowledge no 

mechanism has yet been reported to account for concordant expression between ANRIL and 

CDKN2A/B. 

In view of these conflicting studies, and given the high susceptibility of the CDKN2A gene to 

aberrant expression in melanoma, we attempted to analyse the relationship of ANRIL and 

CDKN2A/B expression in a panel of New Zealand patient-derived metastatic melanoma cell 

lines (NZM). 

 Results 

Following preliminary observations, expression of ANRIL, p16 and CDKN2B transcripts were 

compared in NZM cell lines. 14 of the 45 cell lines tested for transcript expression were used to 

determine p16 protein expression using western blot, immunohistochemistry and 

immunofluorescence.  

 Transcriptional expression analysis of ANRIL and CDKN2A/B in melanoma cell 

lines 

Transcript levels of ANRIL, p16, p14 and p15 were analysed in a panel of 16 New Zealand 

melanoma (NZM) cell lines. mRNA expression levels were then compared for ANRIL vs p16, 

ANRIL vs p14 and ANRIL vs p15. A positive correlation was found to exist between ANRIL vs 

p16 (p = 0.0266, r2 = 0.212). However, no relation between expression of ANRIL vs p14 (p > 

0.05, r2 = 0.008), and ANRIL vs p15 (p > 0.05, r2 = 0.008) was found.  

Gene expression was also analysed using publicly available genome-wide RNA transcript 

profiles from The Cancer Genome Atlas (TCGA) database for skin cutaneous melanoma 

(SKCM) cases (n=255). Expression levels of CDKN2A, CDKN2B and ANRIL were determined 

in these samples and data for all cases were analyzed using SigmaPlot V13.0 (Figure 3.2 E-F). 

Spearman correlation coefficients were also determined for each pair of genes. Expression data 

confirmed that there was a statistically significant positive correlation between expression of 

ANRIL and CDKN2A along with ANRIL and CDKN2B in the TCGA samples as well. 
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Figure 3.2: Expression analysis of p16, p14, p15 and ANRIL in melanoma. 

(A) Quantitative RT-PCR (qPCR) expression analysis of p16 vs ANRIL in 16 melanoma cell 

lines. (B) qPCR expression analysis of p14 vs ANRIL in 16 melanoma cell lines. (C) qPCR 

expression analysis of p15 vs ANRIL. (D) Table showing statistical significance and Spearman 

correlation coefficients between expression of p16, p14, p15 and ANRIL in 16 melanoma cell 

lines. Expression of ANRIL was determined using primer pair 1F/1R (Table 2.5) (E) RNA-seq 

expression analysis of CDKN2A vs ANRIL in 255 skin cutaneous melanoma patients from 

TCGA database. This includes p14 and p16 expression. (F) RNA-seq expression analysis of 

CDKN2B vs ANRIL in 255 skin cutaneous melanoma patients from TCGA database. Expression 

analysis of TCGA-SKCM samples was performed using normalized FPKM data. Each dot 

represents one sample and colour key for dots in panel A, green - positive for both p16 RNA 
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and p16 protein (for NZM25 see the discussion section 3.3), red - positive for p16 RNA but 

absence of p16 protein and blue - deleted CDKN2A locus.  

 Expression analysis of different exons of ANRIL 

To determine general expression levels, ideally the total length of the ANRIL transcript should 

be considered. Therefore, five primer sets were designed targeting exons common to all the 

reported isoforms of ANRIL which included 5’ exon 1, the middle exons (exon 5 – exon 6 and 

exon 6 – exon 7) and the last 3’ exons to distinguish between short (exon 13) and long (exon 

19) isoforms (Figure 3.3 A). Last exon of the short isoform was renamed 13b in order to 

differentiate it from exon 13 in the long isoform which was renamed exon 13a (Figure 3.3 A). 

The primer sets also covered all the common exons in most of the ANRIL splice variants. 

Differential expression of exons was observed in all the 6 melanoma cell lines that were tested 

(Figure 3.3 B-G). The proximal exons (exon 1 and exon 5 – exon 6) were highly expressed, in 

comparison to the distal exons (exon 13b and exon 19) which showed significantly lower levels 

of expression. An elevated expression of exon 13b (last exon of the short isoform) in comparison 

with exon 19 (last exon of the long isoform) indicates greater abundance of the shorter isoform 

as compared to the longer isoform of ANRIL. 
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Figure 3.3: Differential expression of ANRIL exons/isoforms in melanoma cell lines. 

(A) Schematic of two isoforms (long and short) of ANRIL and the primer sets used to target 

distinct exons of ANRIL. The arrows indicate primer sets used to detect different exons and 

isoforms of ANRIL. F and R represent forward and reverse for each primer set, respectively. 

Primer set 2F/2R is targeted to the first exon, and 3F/3R along with 4F/4R target middle exons 
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which are common in all isoforms. Primer sets 5F/5R and 6F/6R target the last exons of the 

short (exon 13b) and long (exon 19) isoform of ANRIL, respectively, and were used to 

distinguish between them. qPCR showing expression levels of different exons of ANRIL, using 

primer sets in (A) in melanoma cell lines (B) NZM6, (C) NZM7, (D) NZM37, (E) NZM40, (F) 

NZM48 and (G) NZM55. Error bars represent standard error (n=2). 

 p16 protein expression analysis using immunofluorescence with Millipore anti-p16 

antibody 

Western blot analysis was performed for 42 of 45 melanoma cell lines by Mr. Vahid Seyfoddin. 

Similar results as mentioned previously in section 3.1, were observed for certain cell lines which 

showed loss of p16 protein. However, transcriptional analysis of the same cell lines (section 

3.2.1) showed considerable variability of p16 mRNA expression. Following this, 

immunofluorescence, a more sensitive procedure, was used in an attempt to detect low levels of 

p16 protein expression or a low frequency of positive cells in mixed populations in our 

melanoma cell lines.  

For initial validation purposes, both positive (MDA-MB-468 and NZM7, wild type at the 

CDKN2A locus) and negative (MCF7 and NZM3 – deleted CDKN2A locus) cell line controls 

for p16 protein expression were tested (Figure 3.4 A-D). Non-specific binding of p16 antibody 

however was evident as considerable signal was detected even in the negative control cell lines 

MCF7 and NZM3 (Figure 3.4 A and C) used for p16 antibody when compared with the positive 

control cell lines expressing p16 protein MDA-MB-468 and NZM7 (Figure 3.4 B and D). 
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 p16 protein expression analysis using immunohistochemistry with CINtec p16 

antibody 

To improve specificity, a second p16 antibody was chosen to analyse p16 protein expression in 

the melanoma cell lines. CINtec p16 antibody is regularly used for immunohistochemistry (IHC) 

assay for the qualitative detection of the p16 protein on slides prepared from formalin-fixed, 

paraffin-embedded cervical biopsies (186). The specificity of this antibody was therefore 

expected to be considerably more reliable in comparison to the other commercially available 

Figure 3.4: Validation of Millipore anti-p16 antibody for p16 protein analysis using 

immunofluorescence in melanoma and breast cancer cell lines. 

A) MCF7 and (C) NZM3 cells used as negative controls with deleted CDKN2A locus. (B) MDA-

MB-468 and (D) NZM7 cells used as positive cell line controls with intact CDKN2A locus. Scale 

bars represent 200 μm. 
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Millipore anti-p16 antibody used previously. Investigation of p16 protein expression for our 

panel of melanoma cell lines was attempted using IHC, as the CINtec anti-p16 antibody is 

routinely used in IHC assays.  

As mentioned in the previous section, initial validation was performed using both positive 

(MDA-MB-468, NZM7 and HeLa – wild type at the CDKN2A locus) and negative (MCF7 and 

NZM3 – deleted CDKN2A locus) cell line controls (Figure 3.5). Strong staining was observed 

for the positive cell line controls MDA-MB-468, NZM7 and HeLa (Figure 3.5 A-C). Staining 

for p16 was not observed in the case of the negative cell line controls MCF7 and NZM3 (Figure 

3.5 D-E) which established the specificity of the anti-p16 antibody used. 

Following validation of the CINtec anti-p16 antibody for use in melanoma cell lines, IHC was 

performed initially for a few melanoma cell lines (Figure 3.6). Compared to NZM7 (Figure 

3.6A) which served as a positive control, p16 expression was found for NZM48 (Figure 3.6H). 

At the same time, ambiguous staining was observed for NZM15 (Figure 3.6C), NZM17 (Figure 

3.6D) and NZM26 (Figure 3.6G) cell lines, due to high background staining. NZM12 (Figure 

3.6B), NZM22 (Figure 3.6E), NZM23 (Figure 3.6F) and NZM50 (Figure 3.6I) cells showed 

absence of p16 protein. For cell lines in which p16 protein expression was indeterminate through 

IHC analysis, an attempt was made to separate the non-specific nuclear staining from p16-

Figure 3.5: Optimisation/validation of CINtec anti-p16 antibody for p16 protein analysis 

using immunohistochemistry.  

(A) MDA-MB-468, (B) NZM7 and (C) HeLa cell lines were used as positive cell line controls in 

which the CDKN2A locus is intact. (D) MCF7 and (E) NZM3 were used as negative cell line 

controls as they have deleted CDKN2A loci. 
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stained areas using an image analysis software package. The high background however made it 

difficult to separate nuclear staining from the p16 staining. Lack of clear results therefore led us 

to use immunofluorescence (IF), as use of different excitation and emission wavelengths would 

allow discrimination between non-specific nuclear staining and p16 protein staining. 

Figure 3.6: Representative images of immunohistochemistry for p16 protein expression in 

a panel of NZM cell lines using CINtec anti-p16 antibody. 

Brown staining indicates positive signal for p16, blue staining using haematoxylin indicates 

nucleus. Scale bars represent 50μm. Isotype controls have been provided in Supplementary 

Figure 10.2. 

 p16 protein expression analysis using western blot with CINtec anti-p16 antibody 

Before proceeding to immunofluorescence, we attempted to validate the results of western blot 

obtained previously using the non-specific anti-p16 antibody (Millipore) by the alternate use of 

CINtec anti-p16 antibody in western blot in selected melanoma cell lines. 
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Initial optimisation as mentioned in previous section was done using positive (MDA-MB-468 

and NZM7- wild type for CDKN2A locus) and negative (NZM3 and MCF7- deleted CDKN2A 

locus) cell line controls for p16 protein expression (Figure 3.7). Different dilutions of anti-p16 

antibody were tested (Figure 3.7 A-B), with a highest concentration of 1:25 to the lowest dilution 

of 1:500. As is evident from the results, a dilution of 1:200 was found to be the most ideal as it 

allowed clear detection of the p16 protein without background noise (Figure 3.7A-B). Western 

blot was then performed for 16 of the 45 melanoma cell lines used initially for transcriptional 

analysis (Figure 3.7C). NZM3 and NZM7 served as negative and positive controls respectively 

(Figure 3.7C). Strong p16 protein expression was observed for NZM6, NZM71, NZM76, 

NZM87 and NZM55 (Figure 3.7C). Weak p16 protein expression was obtained for NZM21 and 

NZM70 (Figure 3.7C). NZM25, NZM37, NZM42, NZM44, NZM48, NZM53 and NZM40 cell 

lines showed loss of p16 protein expression (Figure 3.7C). 
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Figure 3.7 Western blot for p16 expression using CINtec anti-p16 antibody. 

(A) Validation of anti-p16 antibody using positive (MDA-MB-468) and negative (MCF7) cell 

line controls for CDKN2A locus. (B) Titration of anti-p16 antibody using positive (NZM7) and 

negative (NZM3) melanoma cell lines along with MDA-MB-468, another positive cell line 

control. (C) Western blot for p16 protein expression in a panel of melanoma NZM cell lines. 

Results of second biological replicate are given in Supplementary Figure 10.3. 

 p16 protein expression analysis using immunofluorescence with CINtec anti-p16 

antibody 

Following western blotting of extracts of 16 of the 45 cell lines for analysis of p16 protein 

expression, immunofluorescence was attempted using the CINtec anti-p16 antibody to ensure 

that the inability to detect p16 protein in certain cell lines was not due to low expression or low 

frequency of positive cells in mixed populations.  

Immunofluorescence using CINtec anti-p16 antibody with different dilutions was optimised 

using positive (MDA-MB-468 and NZM7- WT/CDKN2A) and negative (NZM3 and MCF7- 

del/CDKN2A) cell line controls for p16 protein expression (Figure 3.8). p16 staining was 

observed for all dilutions of the p16 antibody used in case of MDA-MB-468 and NZM7 (Figure 

3.8 A and C) as compared to MCF7 and NZM3 (Figure 3.8 B and D) cell lines. Background 

fluorescence was checked using isotype controls for all cell lines (Figure 3.8 A-D). 
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Figure 3.8: Titration of CINtec anti-p16 antibody in breast and melanoma cell lines  

(A) MDA-MB-468 and (C) NZM7 cell lines were used as positive cell line controls. (B) MCF7 

and (D) NZM3 were used as negative cell line controls. 

Following validation of the CINtec anti-p16 antibody, immunofluorescence was performed for 

melanoma cell lines NZM25, NZM37, NZM40, NZM42, NZM48 and NZM53 (Figure 3.9 C-

H), all of which showed absence of p16 protein by western blot assays (Figure 3.7C) despite 

positive p16 mRNA expression (Figure 3.2A). The immunofluorescence panel also included 

NZM3 and NZM7 which served as negative and positive cell line controls as mentioned before 

for p16 protein expression (Figure 3.9 A and B). Absence of p16 protein expression was 

observed in NZM37, NZM40, NZM42, NZM48 and NZM53 (Figure 3.9 D-H) even with 

immunofluorescence. NZM25 was the only cell line that presented as a case of mixed population 
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with a rare sub-population of p16 protein-expressing cells (Figure 3.9C). Secondary or isotype 

controls were run in parallel for all the cell lines to check background and baseline fluorescence 

levels. 
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Figure 3.9: Representative images of immunofluorescence using CINtec antibody in a panel 

of melanoma cell lines. 

(A) NZM3, (B) NZM7, (C) NZM25, (D) NZM37, (E) NZM40, (F) NZM42, (G) NZM48 and (H) 

NZM53. Scale bars represent 100μm. Passage numbers are shown. 

Results for a second independent experiment are provided in Supplementary Figure 10.4. 
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 Discussion 

The results described in this chapter show that there is a strong positive correlation between 

expression of ANRIL and transcripts from the CDKN2A/B gene cluster in the melanoma cell 

lines. Differential expression of the ANRIL exons was also observed in all the melanoma cell 

lines tested. In addition to this, it was also found that certain melanoma cell lines did not express 

p16 protein despite expressing p16 mRNA. 

  Expression analysis reveals positive correlation between CDKN2A/B and ANRIL 

in melanoma cell lines 

Gene expression analyses demonstrated that there is a positive correlation in the expression of 

ANRIL and p16 transcripts in a panel of melanoma lines (Figure 3.2A). Analyses using TCGA 

database have revealed similar results, which further support our findings (Figure 3.2 E). This 

observation is also in agreement with previous studies which reported a positive correlation 

between ANRIL and p16 transcript abundance. At the same time, our results contradict the 

findings of others (82, 167) who reported negative correlations between p16 and ANRIL 

expression (Table 3.1). However, no relation was found to exist between the expression of 

ANRIL vs p14 and ANRIL vs p15 in the melanoma cell lines (Figure 3.2 B-C) which contradicts 

the significant positive correlation that was found between ANRIL and CDKN2A/B gene cluster 

in case of TCGA data analysed (Figure 3.2 E-F). The discrepancy observed in the correlation 

between ANRIL, p14 and p15 expression could possibly be due to small sample size used in this 

study. 

Functional studies done by a few groups to investigate the negative correlation between ANRIL 

and CDKN2A have demonstrated that ANRIL binds to two polycomb proteins: CBX7 (a 

component of PRC1) and SUZ12 (a component of PRC2), to regulate histone modification in 

the CDKN2A/B locus (82, 167). Negative regulation of the CDKN2A/B locus by ANRIL is now 

widely accepted.  

The conflicting findings that describe either a concordant or a discordant relationship between 

ANRIL and CDKN2A/B can be attributed to a variety of factors. The groups that demonstrated 

a negative correlation between CDKN2A and ANRIL targeted only exon 1 of ANRIL in their 

studies. In contrast, high-throughput studies investigated ANRIL expression across the entire 

length of the lncRNA in which case expression of CDKN2A and ANRIL was found to be 

positively correlated. Expression of lncRNAs is also known to be cell and/or tissue specific, and 

the studies done so far also varied in the use of cell and/or tissue type which could also explain 

the variation in results. In addition to this, several studies have reported numerous splice variants 
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of ANRIL (121, 174, 175) and the characterisation of the isoforms in different cell lines and 

tissues is still incomplete. 

Cunnington et al., reported that the total expression levels of CDKN2A, CDKN2B and ANRIL, 

which reflect the combined influence of cis- and trans- acting factors, were positively correlated 

and suggested that expression of these genes is co-regulated (173). In addition, they 

demonstrated that SNPs associated with diseases including CAD, diabetes, and cancers are 

highly associated with ANRIL expression, suggesting that modulation of ANRIL expression may 

mediate disease susceptibility (173). Interestingly, when the direction of cis-acting effects of 

SNPs on gene expression was compared, the alleles associated with over-expression of 

CDKN2A were also associated with overexpression of ANRIL. In contrast, SNPs had an inverse 

effect on ANRIL and CDKN2B expression, supporting a role of antisense transcription in 

CDKN2B regulation (173).  

Various factors therefore have a huge influence on the expression of ANRIL and due to the 

dynamic nature of the locus itself, it will be a challenge to determine the true function of ANRIL.  

 Differential expression of exons indicates presence of splice variants 

Differential expression of exons was observed in the entire panel of melanoma cell lines tested 

(Figure 3.3 B-G). These results indicate that multiple isoform variants of ANRIL are expressed 

in the selected panel of melanoma lines. Consistent with our results, next-generation sequencing 

(RNA-seq) also revealed differences in the abundance of ANRIL exons, with low expression of 

the central exons and high expression of the proximal and distal exons (121). In addition to this, 

of the characterised linear isoforms of ANRIL, transcripts with proximal exons 1-7 and distal 

exons 13-19 were found to be most abundant and exons from 8 to 12 were skipped in majority 

of mature transcripts (121, 174, 175). 

The existence of multiple ANRIL species was also evident in the RNA-seq data extracted and 

analysed from TCGA for melanoma samples by Dr. Marjan Askarian-Amiri. Expression levels 

of exons 1, 5 and 6 in our panel of melanoma cell lines (Figure 3.3 B-G) were consistent with 

that of TCGA data (Figure 3.10). However, combined expression of exon 6-7 and distal exons 

19 in melanoma cells was low as compared to TCGA data (Figure 3.3 B-G and Figure 3.10). 

The discrepant expression levels may reflect the homogeneity of melanoma cells as cultured 

lines as opposed to the heterogeneity of cell populations present in tumours (TCGA), or a cell 

culture as opposed to in vivo tumour environment. Genomic deletions leading to fusion of 5′-

MTAP and 3′-ANRIL sequences have been described in melanomas (201). The relatively higher 

abundance of 3′-ANRIL sequences in TCGA samples might reflect a higher frequency of 
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melanomas with such deletions and thus divergent aetiologies. However comparison to results 

obtained using TCGA data should be treated cautiously. There are several limitations associated 

with using RNAseq as a methodology to determine expression levels (202). The data obtained 

using RNAseq is largely dependent on the parameters used, for instance, the sequencing 

coverage depth set, which refers to the average number of reads mapping which is low for TCGA 

data. Lower coverage will therefore permit only reporting on the highly expressed exons (202). 

Furthermore, from the computational  point of view, the choice of the appropriate algorithm for 

pre-processing, mapping, filtering, normalisation and differential expression levels is quite 

chanllenging and still under evaluation (202). For these reasons, qRT-PCR data is still regarded 

as gold-standard for determining expression levels (203). 

Study of the expression levels of this locus is complex, as certain SNPs are reported to influence 

the expression of ANRIL either in cis or trans mode (173). The diversity of transcript variants 

reported in both diseased and normal tissues (121, 174, 175), along with our data, requires that 

the effects of these SNPs on transcript generation should be investigated. 

 Loss of p16 protein despite presence of p16 mRNA transcript 

Several techniques were employed to investigate the presence of p16 protein in our panel of 

melanoma cell lines. As mentioned in section 3.1.2, previous investigation of a cohort of 

melanoma cell lines undertaken in the ACSRC revealed that 90% of them underwent a loss of 

p16 protein (197), 30% of which was due to gene deletion (198). Promoter methylation is 

reported as a rare event (approximately 10%) in malignant melanoma (199). Thus, the 

mechanisms leading to the loss of p16 protein expression in the remaining 60% of melanoma 

cell lines are still not understood.  

Figure 3.10: Mean expression levels of each exon of ANRIL, from TCGA RNA-seqV2-

2013 data; n = 255 
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The CDKN2A locus was therefore investigated at the transcriptional level followed by 

expression at the translational level. Interestingly, initial investigation revealed that melanoma 

cell lines showed loss of p16 protein despite the presence of p16 mRNA transcripts. The 

phenomenon of p16 protein loss despite the presence of p16 mRNA was observed in an even 

larger cohort of melanoma cell lines.  

Initially, the inability to detect p16 protein in cell lines that had readily detectable expression of 

p16 transcripts was attributed to low levels of p16 protein expression, or low frequencies of 

positive cells in mixed populations. Immunofluorescence is more sensitive than other methods 

(western blotting, IHC) and was therefore used to investigate cell lines which showed absence 

of p16 protein according to western blot analysis. Validation of anti-p16 antibody for use in 

immunofluorescence revealed a tendency of antibody to bind non-specifically (Figure 3.4). 

Following this, another anti-p16 antibody routinely used for qualitative detection of the p16 

protein on slides prepared from formalin-fixed, paraffin-embedded cervical biopsies was chosen 

for p16 protein analysis in selected melanoma cell lines. After checking the reliability of the 

clinical grade anti-p16 antibody, the presence of p16 protein was analysed using IHC (Figure 

3.5 and Figure 3.6). Expression of p16 protein in 14 of the 45 cell lines tested previously for p16 

mRNA expression was again analysed using western blot chemiluminescence. This result was 

found to be consistent with results obtained using the previous anti-p16 antibody (Millipore) 

(Figure 3.7). 

Problems of high background staining and lack of contrast however, made it difficult to interpret 

the results obtained through immunohistochemistry to identify cases of low p16 expression 

levels and cases of infrequently expressing cells in mixed populations. Immunofluorescence 

being more sensitive was therefore used to detect extremely low levels of p16 expression. 

Additionally, immunofluorescence enabled distinction between nuclear and cytoplasmic 

staining, thereby eliminating the lack of contrast that was seen in immunohistochemistry. 

Consistent with the immunoblot results, p16 protein expression was not detected in NZM37, 

NZM40, NZM44 and NZM53 by immunofluorescence (Figure 3.9 D-I). NZM25 was the only 

cell line which presented as a case of mixed populations of cells in reference to p16 expression 

(C). The absence of p16 protein despite the presence of p16 mRNA in certain cases of melanoma 

cell lines therefore indicates the possibility of an alternative post-transcriptional regulatory 

mechanism as opposed to suppression of CDKN2A/B transcription by chromatin modifying 

complexes regulated by ANRIL. 

Loss of p16 protein expression in cases wherein there was considerable expression of p16 

mRNA transcripts may be attributed to instability of p16 mRNA transcript (204) or to a failure 
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of p16 transcript to translocate to the cytoplasm and thereby undergo translation into protein. 

Recently, a lncRNA TINCR was reported to act in differentiation of skin cells in organism post-

natally. It was suggested that TINCR may control a class of mRNA molecules associated with 

differentiation post-transcriptionally, by directly binding to them, thereby conferring increased 

stability upon them (87). 

A similar role may be hypothesised for ANRIL. In this case, ANRIL may bind to p16 mRNA 

thereby preventing its translation. Such a mechanism may account for those melanoma cases in 

which p16 protein loss is seen despite the presence of p16 transcript. Hence, loss of p16 protein 

in the panel melanoma lines tested here needs to be investigated further on the basis of the 

possible causes mentioned here. 

 Summary 

This chapter examined the transcriptional relationship between p16, p14, p15 and ANRIL, which 

revealed a strong correlation between the expression levels of ANRIL and p16 in the melanoma 

cells tested. No correlation was found between the expression of ANRIL, p14 and p15 in the 

same melanoma cells. Differential expression of various exons of ANRIL was also observed 

which indicates the existence of multiple isoforms of ANRIL in melanoma cell lines. 

Translational analysis of p16 protein in the same cells, revealed loss of p16 protein expression 

in certain melanoma cell lines, despite the presence of p16 mRNA. This indicates post-

transcriptional regulation of the p16 mRNA and ANRIL as a possible regulator of p16 mRNA. 

A more detailed understanding of the properties of ANRIL will need to be gained before such 

questions can be answered and such work will be the focus of the subsequent chapters. 
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Characterisation of circANRIL isoforms in 

melanoma 

A part of this chapter has been published in the following article, 

Sarkar, D., Oghabian, A., Bodiyabadu, P., Joseph, W., Leung, E., Finlay, G., Baguley, B. and 

Askarian-Amiri, M. (2017) “Multiple Isoforms of ANRIL in Melanoma Cells: Structural 

Complexity Suggests Variations in Processing”. International Journal of Molecular Sciences, 

18, 1378. 

 Introduction 

ANRIL is transcribed by RNA polymerase II (82), and spliced into several linear isoforms (103, 

174), including ANRIL-MTAP fusion transcripts in melanomas (121). Some of the splicing 

variants have been reported to be tissue-specific (121, 174), suggesting their physiological 

relevance and underlining the complexity of their regulatory function. In addition to linear 

ANRIL (linANRIL) transcripts, evidence has also been provided for the existence of circANRIL 

isoforms (121). Despite the numerous splicing variants that have been described, the 

characterisation of the isoforms in different cell lines and tissues is still incomplete. 

Identification of isoforms is critical as the function of ANRIL may vary with the type of transcript 

variant expressed in each cell or tissue type. The function may also largely vary with the 

secondary structure which would depend on the length of isoforms. Characterisation of isoforms 

was therefore the first step towards determining the function of ANRIL in melanoma. 

 CircANRIL isoforms expressed in different cell types 

The presence of multiple non-collinear ANRIL species was first shown by 3’ to 5’ RACE using 

primers directed against exons 4 and 6 (121). The structure of these non-collinear species was 

further validated using a Taqman strategy using outward-facing primers to detect transcripts 

containing the non-collinear exon 14-5 junction. Priming with random hexamers but not oligo-

dT for conversion of RNA to cDNA, enabled detection of an exon 14-5 junction which further 

confirmed that these transcripts were not polyadenylated. The circular nature of these transcripts 

was established by determining transcript sensitivity to the RNA exonuclease, RNase R (121). 
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Treatment of equal quantities of RNA treated with or without RNase R, showed a marked 

reduction in linear transcripts and simultaneous enrichment of ANRIL molecules with an exon 

14-5 junction with RNAse R treatment. This confirmed the circular structure of the ANRIL 

molecules with exon 14-5 back-spliced junction as RNase R digests both structured and non-

structured linear RNAs, but spares RNA circles and lariats (121).  

Following this, expression of circANRIL with an exon 14-5 junction was found in a wide variety 

of cell lines which included melanoma cell lines (121). Expression of circANRIL further 

correlated with CDKN2A transcription, which suggested that alternative splicing events 

modified ANRIL structure leading to changes in PcG-mediated CDKN2A repression (121). 

Given the positive correlation found between expression of ANRIL and CDKN2A (Figure 3.2A) 

and differential expression of ANRIL exons in a panel of melanoma cell lines as shown in this 

thesis (Figure 3.3), we investigated the existence of circANRIL in the same cell lines. 

 Results 

Characterisation of circANRIL isoforms in melanoma was attempted using the novel primer 

strategy as used by Burd et al. (121). The primer strategy involved the forward primer targeting 

the 3’ end of an exon and the reverse primer targeting the 5’ end of the same exon. 

 Detection of exon 14-5 junction in melanoma cell lines  

The presence of transcripts with an exon 14-5 back-spliced junction was confirmed in fibroblasts 

and this junction was reported to be predominant over another back-spliced exon 14-4 junction 

(121). The presence of exon 14-5 junction was also reported in established melanoma cell lines. 

We therefore attempted to investigate if the same exon 14-5 junction was present in the panel 

of melanoma cell lines studied here. Two primer sets were used to target the exon 14-5 junction 

using the same primer strategy as previously reported (121), with the forward and reverse 

primers against exon 14 and exon 5 respectively (Figure 4.1A). One primer set (J2) was the 

same as used in the published report (121), and the other primer set (J1) was designed in-house. 

Optimisation for these primer sets was done using the NZM7 cell line, and RT-PCR was 

performed using the same PCR conditions as described (121). The PCR revealed expected 

product sizes of 170 bp and 125 bp for primer sets J1 and J2 respectively (Figure 4.1B). 

However, in addition to the expected product size, a larger band of around 300 bp was also seen 

in the case of both primer sets. Nested primer sets J3 and J4 (Figure 4.1A) were also designed 

to confirm primer and PCR product specificity obtained using primer sets J1 and J2. 

Optimisation for these primer sets was also done using NZM7 cells and the expected product 
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size of around 100 bp was seen (Figure 4.1C). In addition to the expected product of 100 bp, a 

larger band with an approximate size between 200-300 bp was also detected in the case of both 

primer sets J3 and J4 (Figure 4.1C). PCR products obtained using primer set J1 were then diluted 

(1:1000) and RT-PCR for the diluted product was done using the J3 nested primer set using 

different volumes of the diluted product (Figure 4.1D). In addition to the expected product size 

of around 100 bp, a larger band of around 250 bp was detected here as well (Figure 4.1D). PCR 

products obtained using both primer sets J1 and J2 were then cut out of the agarose gel, purified 

and sent for sequencing. Sequencing confirmed the presence of the exon 14-5 junction in the 

melanoma cell line NZM7 (Figure 4.1E). The larger band could not be cut out of the gel and 

sent for sequencing because of contamination with the smaller band. Following confirmation of 

the exon 14-5 junction, qPCR was done in a panel of 16 melanoma cell lines to investigate 

general expression levels of circANRIL (Figure 4.1F).  

Expression levels of circANRIL were compared to those of linANRIL (Figure 4.1G) and p16 

(Figure 4.1H). Analysis using Spearman correlation did not show any significant correlation, 

however the trend appeared positive between circANRIL and linANRIL (Figure 4.1G, p = 0.143, 

R2 = 0.148) and circANRIL and p16 (Figure 4.1H, p = 0.428, R2 = 0.122). 
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Figure 4.1: Isoforms of circANRIL with exon 14-5 junction detected in melanoma cell lines. 

 (A) Primer map showing strategy for detecting the exon 14-5 junction indicative of circANRIL 

isoform as found by Burd et al. (121), with forward primer against exon 14 and reverse primer 

against exon 5. Primer sets J1 (designed in-house) and J2 (121) were used to detect the exon14-

5 junction. Nested primers J3 and J4 were used for confirmation of primer and product 

specificity obtained using primer sets J1 and J2. (B) RT-PCR for optimisation and detection of 

the exon 14-5 junction in NZM7 cells using primer sets J1 (170 bp) and J2 (125 bp). (C) 

Optimisation of RT-PCR for nested primer sets J3 (100 bp) and J4 (100 bp) for confirmation of 

product specificity (exon 14-5 junction) obtained using primer sets J1 and J2 in NZM7 cells. 

(D) PCR showing confirmation of PCR product obtained in (A) by using nested primer set J3 

and different volumes of the diluted PCR product (1:1000). (E) Exon 14-5 junction indicative 

of circANRIL isoform confirmed using Sanger sequencing. (F) Expression of exon 14-5 junction 

relative to expression of 18S and 28S rRNA in NZM cells. (G-H) Correlation between 

expression levels of circANRIL and linANRIL (p = 0.143, R2 = 0.148) (G) and circANRIL and 

p16 (p = 0.428, R2 = 0.122) (H) in 16 melanoma cell lines. Analysis done using Spearman 

correlation. Each dot represents one melanoma cell line.  

 Exon 14-4 back-spliced junction detected in melanoma cell lines 

In an effort to investigate the presence of a larger product in addition to the expected product 

obtained in the case of primer sets J1, J2, J3 and J4, another primer set was designed with the 

forward and reverse primers targeted against exons 13 and 5 (Figure 4.2A). Optimisation for 

primer set J5 was done using NZM7 cells, and the same PCR conditions as described in (121) 

were used (Figure 4.2B), with primer set J1 as technical control. Negative reverse transcriptase 

(-RT) controls were also run in parallel (Figure 4.2B). In addition to an expected product size 

of around 260 bp, a larger product of around 460 bp was detected (Figure 4.2B). PCR products 

obtained using primer set J5 were purified and cloned into pGEM-T easy vector. PCR was done 

for several colonies obtained using primer set J5 to detect and identify insert sizes to be sent for 

sequencing (Figure 4.2C). Two different insert sizes of around 260 bp (colonies 1-7, 10-12, 15-

17) and 460 bp (colonies 13, 14 and 18) were detected. The respective colonies were grown, 

plasmids purified from colonies 6, 7, 11 and 12 (260 bp) and colonies 14 and 18 (460 bp) and 

analysed by Sanger sequencing. Sequencing confirmed the presence of an exon 14-4 junction in 

addition to the exon 14-5 junction (Figure 4.2D) in the NZM7 cell line. 

During preliminary investigation of circANRIL isoforms, we also detected a splice variant of 

exon 8 (Supplementary Figure 10.5) which had a deleted region of bases from 1400-1705 from 

the full length of linANRIL transcript using a different primer set which targeted a different set 

of exons.  
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 Design and optimisation of outward-facing primers for detecting circANRIL 

isoforms 

A similar strategy, as described in a previously published report (121) was used, which required 

the use of outward-facing primers against the middle exons of ANRIL with the forward primer 

against the 3’ end of each exon and the reverse primer against the 5’ end of the same exon 

(Figure 4.3A). Outward facing primers were initially designed against exons 2, 3, 4, 7, 8, 10, 

12, 13, 14, 16, 17, 18 and 19 (Figure 4.3A). Primers could not be designed for exons 5 9, 11 and 

15 due to their comparatively shorter length (<100 bp). Primer sets were then optimised using 

Figure 4.2: Isoform of circANRIL with exon 14-4 junction detected in a melanoma cell line. 

(A) Primer map showing the strategy for detecting the larger band obtained in (Figure 4.1B) with 

the forward primer targeting exon 13 and the reverse primer against exon 5 (J5). (B) Optimisation 

of RT-PCR for primer set J5 (260 bp) using NZM7 cells. (C) PCR showing colony screen using 

primer set J5 after PCR products in (B) obtained using the same primer set were purified and 

cloned. (D) Exon 14-4 junction confirmed using Sanger sequencing (larger bands in (C) indicated 

with red arrowheads). +RT = with reverse transcriptase, -RT = without reverse transcriptase. 
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NZM7 cells. The same PCR condition as mentioned in the previous sections, with an increased 

elongation time, was used. RT-PCR showed a ladder pattern of products for exons 2, 4, 7, 12 

and 14 (Figure 4.3B), indicating the presence of a range of circANRIL isoforms in these 

melanoma cells. No products were detected for exons 3, 8, 10, 13, 16, 17, 18 and 19 (Figure 

4.3B). Following this, another set of primers was used against exons 4, 6, 8 and 16, of which 

primer sets for exons 4, 6 and 16 were the same as used by Burd et al. (121). The purpose of 

using the same outward facing primer set for exon 4 as used by Burd et al. (121) was because 

this primer set was already validated and served as a control for our primer set targeted against 

exon 4. No products were detected using the primer set targeted against the full region of exon 

8 (Figure 4.3B). The confirmed presence of a splice variant of exon 8 (Supplementary Figure 

10.5) as mentioned in section 4.2.2 therefore prompted the outward facing primer set to be 

targeted against the spliced region of exon 8. Optimisation for the new primer sets was also done 

using NZM7 cells and using the same PCR conditions. The ladder pattern of products was 

observed for all exons 4, 6, 8 and 16, with the ladder pattern being more prominent for exons 4 

and 8 (Figure 4.3D). Prominent bands obtained using the exon 4 primer set as Burd et al. (121), 

prompted further experiments to be performed using the products obtained with this primer set. 
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Figure 4.3: Design and optimisation of outward-facing primers for detection of circANRIL 

isoforms in melanoma cells. 

(A) Primer map showing design strategy for outward-facing primers against exons 2, 3, 4, 7, 8, 

10, 12, 13, 14, 16, 17, 18 and 19 of ANRIL. (B) PCR showing products obtained using outward-

facing primers against exons 2, 3, 4, 7, 8, 10, 12, 13, 14, 16, 17, 18 and 19 in NZM7 cells. (C) 

Schematic showing design strategy for outward facing primers against exons 4, 6 and 16 (121) 

and the splice variant of exon 8 (deletion involving bases 1400-1705 of the full length ANRIL 

transcript as found in the UCSC genome browser). (D) RT-PCR showing products obtained 

using primers against exons 4, 6 and 16 (121) and splice variant of exon 8 in NZM7 cells. 

  Isoforms of circANRIL detected using outward-facing primers against ANRIL 

exons. 

Following optimisation of outward-facing primers against ANRIL exons, the products obtained 

were purified and cloned. Further characterisation of circANRIL isoforms using outward facing 

primers against exon 2 after purification of the PCR products obtained in Figure 4.3 was 

performed by Ms. Kaveesha Bodiyabadu.  

 Exon 4 

Products obtained using outward-facing primers against exon 4 (Figure 4.3D) were purified and 

cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect colonies 

with the correct inserts. At least 30 colonies using the same outward-facing primer set against 

exon 4 (Figure 4.4A) were PCR-screened. Based on different insert sizes, colonies 1, 7, 12, 13, 

15, 17, 18, 19, 20, 21, 22, 23, 25, 26 and 30 were selected and plasmids of the corresponding 

colonies purified and analysed by Sanger sequencing (Figure 4.4A). Several circular isoforms 

were identified with different exon combinations, along with novel exons (Figure 4.4B). Several 

new back-spliced junctions were also detected with exons 6-4, 7-4, 10-4 and 12-4, including 

one with the novel exon N-E4-6 (Figure 4.4C). 
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Figure 4.4: Isoforms of circANRIL detected in NZM7 cells using outward-facing primers 

against exon 4. 

(A) Result of colony-screen-PCR after PCR products (shown in Figure 4.3D) obtained using 

outward-facing primers against exon 4 were purified and cloned. (B) Confirmation using Sanger 

sequencing and alignment of the circANRIL isoforms against the sequnce of linANRIL with 

corresponding clones. (C) Schematic of circANRIL isoforms detected using outward-facing 

primers against exon 4 with back-spliced junctions. Brackets indicate back-spliced junctions 

and new exon N-E4 is indicated in dark red. 

 Exon 6 

Products obtained using outward facing-primers against exon 6 (Figure 4.3D) were purified and 

cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect colonies 

with the right inserts. At least 30 colonies using the same outward-facing primer set against exon 

6 (Figure 4.5A) were PCR-screened. Based on different insert sizes, colonies 1, 4, 5, 6, 7, 8, 9, 

10, 11, 12, 13, 16, 18, 20, 21 and 23 were selected and plasmids of the corresponding colonies 

purified and analysed by Sanger sequencing (Figure 4.5A). Several circular isoforms were 

identified with different exon combinations, along with novel exons (Figure 4.5B). Several 

back-spliced junctions were also detected with exons 6-4, 7-5, 10-4, 10-2, and 10-5, along with 

the known 14-5 junctions (Figure 4.5C). Two junctions which included the novel exons were 

also found N1-4-6 and N2-4-6 ( Figure 4.5 B and C). 
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Figure 4.5: Isoforms of circANRIL detected in NZM7 cells using outward-facing primer 

against exon 6. 

(A) Result of colony-screen-PCR after PCR products (shown in Figure 4.3D) obtained using 

outward-facing primers against exon 6 primer set were purified and cloned. (B) Confirmation 

using Sanger sequencing and alignment of circANRIL isoforms against the sequence of 

linANRIL. (C) Schematic of circANRIL isoforms detected using outward-facing primers against 

exon 6 with back-spliced junctions. Brackets indicate back-spliced junctions and new exons N1-

E4 and N2-E4 are indicated in dark red. 

 Exon 7 

Products obtained using outward-facing primers against exon 7 (Figure 4.3B) were purified and 

cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect colonies 

with the right inserts. At least around 30 colonies using the same outward-facing primer set 

against exon 7 (Figure 4.6A) were PCR-screened. Based on different insert sizes, colonies 1, 3, 

8, 9, 10, 11, 12, 13, 15, 16, 17, 18, 20, 23, 27 and 28 were selected and plasmids of the 

corresponding colonies purified and analysed using Sanger sequencing (Figure 4.6A). Only one 

circANRIL isoform was identified and confirmed using the outward-facing primer set against 

exon 7 (Figure 4.6B) in the case of colony 3. The rest of the clones did not provide sequence 

matches with ANRIL, possibly due to mis-priming of the exon 7 primer set. A new back-spliced 

junction with exons 7-5 was also identified (Figure 4.6C). 
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Figure 4.6: Isoforms of circANRIL detected in NZM7 cells using outward-facing primers 

against exon 7. 

(A) Result of PCR-colony-screen after products (shown in Figure 4.3B) obtained using outward-

facing primers against exon 7 were purified and cloned. (B) Confirmation using Sanger 

sequencing and alignment of circANRIL isoforms against the sequence of linANRIL. (C) 

Schematic of a circANRIL isoform detected using outward-facing primers against exon 7 with 

back-spliced junctions. Bracket indicates back-spliced junction. 

 Exon 8 

Two outward-facing primer sets were designed for exon 8, one primer set was designed taking 

into consideration the whole length of exon 8 (Figure 4.3A) and the second primer set was 

designed against the splice variant of ANRIL identified using a different primer set (Figure in 

appendix and Figure 4.3C). Products obtained using the primer set against the spliced variant of 

exon 8 (Supplementary Figure 10.5 and Figure 4.3D) were purified and cloned into pGEM-T 

easy vector. PCR-colony-screening was then performed to detect colonies with the right inserts 

At least 30 colonies using the same outward-facing primer set against the splice variant of exon 

8 (Figure 4.7A) were PCR-screened. Based on different insert sizes, colonies 2, 5, 6, 10, 11, 13, 

17, 28 and 30 were selected and plasmids of the corresponding colonies purified and analysed 

by Sanger sequencing (Figure 4.7A). Several circular isoforms were identified with different 

exon combinations (Figure 4.7B). Several new back-spliced junctions were also detected with 

exons 8-5 and 10-5, in addition to the already confirmed exon 14-5 junction (Figure 4.7C).   
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Figure 4.7: Isoforms of circANRIL detected in NZM7 cells using outward-facing primers 

against the exon 8 splice variant (deletion involving bases 1400-1705 of the full length 

ANRIL transcript as found in the UCSC genome browser region). 

(A) Result of PCR-colony screen after PCR products (shown in Figure 4.3D) obtained using 

outward-facing primers against the splice variant of exon 8 were purified and cloned. (B) 

Confirmation using Sanger sequencing and alignment of circANRIL isoforms against the 

sequence of linANRIL. (C) Schematic of circANRIL isoforms detected using outward-facing 

primers against exon 8 with back-spliced junctions. Brackets indicate back-spliced junctions. 

 Exon 12 

Products obtained using outward-facing primers against exon 12 (Figure 4.3B) were purified 

and cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect 

colonies with correct inserts. At least around 30 colonies using the same outward-facing primer 

set against exon 12 (Figure 4.8A) were PCR-screened. Based on different insert sizes, colonies 

1, 3, 4, 8, 10, 17 and 21 were selected and plasmids of the corresponding colonies purified and 

analysed using Sanger sequencing (Figure 4.8A). However, no circANRIL isoforms were 

detected in case of this outward-facing primer set against exon 12 due to mis-priming issues. 

Figure 4.8: CircANRIL isoforms detected in NZM7 cells using outward-facing primers 

against exon 12. 

(A) Result of PCR-colony-screen after PCR products obtained in (Figure 4.3B) using outward-

facing primer set against exon 12 were purified and cloned. 
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  Exon 14 

Products obtained using outward-facing primers against exon 14 (Figure 4.3B) were purified 

and cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect 

colonies with the correct inserts. Owing to the low frequency of inserts found in the colonies, in 

this case around 100 colonies using the same outward-facing primer set against exon 14 (Figure 

4.9A) were PCR-screened. Based on different insert sizes, colonies 1, 3, 16, 26, 29, 33, 34, 35, 

36, 37, 41, 43, 45, 46, 47, 49, 52, 60, 66, 68, 71, 77, 78, 80 and 86 were selected and plasmids 

of the corresponding colonies purified and analysed using Sanger sequencing (Figure 4.9A). 

Several circANRIL isoforms were identified using this primer set again with multiple exon 

combinations (Figure 4.9B). Exons identified in other linANRIL transcripts (transcripts other 

than the one with 19 exons) were also revealed in a few cases (Figure 4.9B). No new back-

spliced exon junctions other than the already confirmed 14-5 and 14-4 junctions were found 

using the outward-facing primer set against exon 14 (Figure 4.9C). However, one new 

backpliced exon 16-8 junction was found in case of the circANRIL isoform in which exon 8 

aligned with the sequence of exon 8 of the linANRIL transcript with 15 exons (Figure 4.9 C and 

D). 
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Figure 4.9: Isoforms of circANRIL detected in NZM7 cells using outward-facing primers against exon 14. 

(A) Result of PCR-colony-screen after PCR products in (Figure 4.3B) obtained using outward-facing primers against exon 14 were purified and 

cloned. (B) Confirmation using Sanger sequencing and alignment of circANRIL isoforms against the sequence of linANRIL. (C) Alignment of 

circANRIL isoforms against the sequence of another linANRIL transcript with 15 exons (indicated in light blue). (D) Schematic of circANRIL 

isoforms detected using outward-facing primers against exon 14 with back-spliced junctions. Brackets indicate back-spliced junctions. 
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 Exon 16 

Products obtained using outward-facing primer against exon 16 (Figure 4.3D) were purified and 

cloned into pGEM-T easy vector. PCR-colony-screening was then performed to detect colonies 

with right inserts. At least 30 colonies using the same outward-facing primer set against exon 

16 (Figure 4.10A) were PCR-screened. Based on different insert sizes, colonies 2, 11, 12, 16, 

17, 19, 21, 24 and 28 were selected and plasmids of the corresponding colonies purified and 

analysed using Sanger sequencing (Figure 4.10A). Several circular isoforms were identified 

with different exon combinations (Figure 4.10B). However, no novel exons were found in this 

case. Several new back-spliced junctions were also detected with exons 16-15, 16-4, 16-6, 16-5 

and 19-16 junctions (Figure 4.10C). 
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Figure 4.10: Isoforms of circANRIL detected in NZM7 cells using outward-facing primers 

against exon 16. 

(A) Result of PCR-colony-screen after PCR products (shown in Figure 4.3D) obtained using 

outward-facing primers against exon 16 were purified and cloned. (B) Confirmation using 

Sanger sequencing and alignment of circANRIL isoforms against the sequence of linANRIL. (C) 

Schematic of circANRIL isoforms detected using outward-facing primers against exon 16 with 

back-spliced junctions. Brackets indicate back-spliced junctions. 

 Discussion 

Expression of circANRIL in melanoma cell lines was initially confirmed by detection of the 

exon 14-5 junction as found previously (121). Further characterisation of circANRIL species in 

melanoma cells was done using outward-facing primers which revealed multiple circANRIL 

transcripts with a variety of exon combinations and more back-spliced junctions. In addition, 

novel exons and spliced variants of published exons were also found.  

 CircANRIL species and expression of p16 displayed a positive trend for correlation 

in melanoma 

Differential expression of exons (Figure 3.3 B-G) in melanoma cell lines initially indicated the 

presence of multiple ANRIL transcripts. The presence of circANRIL isoforms in melanoma cell 

lines was investigated by considering the expression of the exon 14-5 splice junction which had 

been found to predominate over that of the exon 14-4 junction in the case of fibroblasts (121). 

Both exon 14-5 (Figure 4.1E) and exon 14-4 (Figure 4.2D) junctions were confirmed to be 

present in the melanoma cell lines. CircANRIL expression was found to be variable between 

melanoma cell lines examined (Figure 4.1F). However, no trend in expression was found 

between classes of melanoma cell lines described in the previous chapter (Chapter 3) wherein 

some cell lines expressed both p16 mRNA and protein, and certain cell lines showed loss of p16 

protein despite p16 mRNA expression. Expression levels of circANRIL were also found to be 

higher than those of linANRIL which may be due either to higher biogenesis rates, or  to higher 

stability than their linear counterparts in the cell, as circRNA can withstand exonuclease activity 

(205). 

Expression of linear and circular ANRIL was found to be weakly positively correlated 

(statistically non-significant) (Figure 4.1G). This indicates that the processing of the back-

splicing reaction occurs in parallel and requires canonical spliceosomal machinery (129). A 

positive trend was also found for the expression of circANRIL and p16 (Figure 4.1H). 

Experiments with a larger panel of lines might indicate whether a significant relationship exists. 

A significant relationship between expression of circANRIL and p16 may indicate the possibility 
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that circANRIL along with linANRIL may be required for transcriptional or post-transcriptional 

regulation of p16. 

A significant positive correlation between circANRIL and p16 was observed by Burd et al. (121), 

and a model further explaining this relationship was proposed. The model justified the 

repression of p16 by ANRIL by hypothesising that the efficiency of PcG mediated repression 

was dependent upon the length of the lncRNA. Thus, shorter ANRIL variants (i.e. those lacking 

the middle exons) generated by exon skipping events may be less efficient in repressing the 

CDKN2A locus (121). The model however failed to explain the positive correlation between 

linANRIL and p16 observed here, in particular because Yap et al. (82), showed induction of p16 

after knock down of the proximal exons of ANRIL. 

The function of circANRIL in melanoma therefore needs to be investigated further. Amongst the 

circANRIL isoforms identified in HEK293 cells, a human monocytic cell line, primary smooth 

muscle cells and adventitious fibroblasts, an isoform containing exons 5, 6 and 7 with exon 7 

non-canonically back-spliced to exon 5 was found to be the most abundant and a function has 

been reported for this isoform recently. A study has provided evidence that this isoform provides 

atheroprotection by controlling ribosomal RNA (rRNA) maturation and modulating pathways 

of atherogenesis (127). CircANRIL was found to disrupt exonuclease-mediated pre-rRNA 

processing and ribosome biogenesis in vascular smooth muscle cells and macrophages by 

binding to pescadillo homologue 1 (PES1), an essential 60S-preribosomal assembly factor 

(127). As a consequence, circANRIL induced nucleolar stress and p53 activation, resulting in 

induction of apoptosis and inhibition of proliferation, and so opposing key functions in 

atherosclerosis (127). CircANRIL however was found to act independently of the CDKN2A/B 

locus (127), unlike the findings described in previous reports which suggested that linANRIL 

negatively affected expression of p16 (82, 167). It is plausible that circANRIL expressed in 

melanoma may have the same function, but given the more diverse population of circANRIL 

isoforms found in our panel of melanoma cell lines (Table 4.1), and also the fact that the function 

and expression of lncRNAs are tissue specific (206), it is also possible that circANRIL in 

melanoma may have alternative functions.  

Several reports have also suggested that circRNAs have the ability to act as miRNA sponges. 

For instance, the circRNA cirRS-7 (circular RNA sponge for miR-7), is produced from the 

vertebrate cerebellar degeneration-related 1 antisense transcript (CDR1as) and found to contain 

74 miR-7 binding sites (124, 207). The binding of miRNA to CDR1as competes with the binding 

between the miRNA and target coding gene transcripts, and thereby reduces the effect of 

miRNA-mediated post-transcriptional repression (79, 124). Functional studies involving 
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knockdown of CDR1as showed downregulation of miR-7 targets and therefore it was concluded 

that this circRNA served as an miRNA sponge (124). More diverse populations of circANRIL 

species therefore, may be serving as miRNA sponges in melanoma, and thereby preventing 

miRNA from targeting the transcripts of protein coding genes like p16, p14 and p15. This could 

also explain the positive correlation found between p16 and circANRIL. Presence of possible 

miRNA seed sequence complementarity on ANRIL was analysed using bioinformatics and has 

been discussed in Chapter 9. 

Certain circRNA species are associated with regulation of gene transcription by feedback 

inhibition. For example, in the fly brain, the abundant circRNA from the mbl gene binds to 

excess MBL protein and sequesters this protein. Thus, MBL protein level in the cells is 

autoregulated by the circRNA from the mbl gene (138). This study showed that each circRNA 

molecule of mbl can bind and sequester multiple copies of the MBL protein. In addition, the 

study showed that binding of the MBL protein to both of the introns flanking the circularized 

mbl exon is required for circRNA biogenesis. This suggests that circRNA is a key component 

of a feedback circuit regulating the abundance of this essential RNA-binding protein in the fly 

brain (208). 

However, several studies have rigorously tested the general function for circRNA as a miRNA 

sponge, through both biochemical and computational analysis, and found no evidence for a 

model where circRNA functions to regulate miRNA-7 (208). Similarly, the function of the mbl 

circle also seems exceptional: genes hosting highly expressed circRNA isoforms have not been 

reported as enriched for RNA-binding proteins (208). Together, this suggests more general and 

yet-to-be discovered functions for circRNAs, and circANRIL in melanoma may therefore have 

novel functions. 

 Diverse populations of circANRIL transcripts found in melanoma  

Characterisation of circANRIL isoforms was done in two melanoma cell lines, NZM7 and 

NZM37 (the latter being done by Ms. Kaveesha Bodiyabadu) (Table 4.1). These two cell lines 

were selected based on p16 expression at transcriptional and translational levels (Figure 3.2A 

and Figure 3.7) with NZM7 expressing both p16 mRNA and protein, and NZM37 on the other 

hand showing loss of p16 protein despite the presence of p16 mRNA. CircANRIL 

characterisation was done in these two cell lines to compare and investigate if the loss of p16 

protein in the case of NZM37 was due to variation in circANRIL transcripts expressed and 

whether the isoforms expressed influenced p16 protein expression. 
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Table 4.1: List of circANRIL isoforms identified in NZM7 and NZM37 cells. 

Target 

Exons 
NZM7 CircANRIL Isoforms 

NZM37 CircANRIL 

Isoforms 

Exon 2 2-5-6-2 No products 

Exon 4 

4-5-6-9-10-4 (10-4)  

4-5-6-7-10-12-4 (12-4)  

4-5-6-7-4 (7-4)*  

4-5-6-13-14-4 (14-4)  

4-5-6-10-13-14-4 (14-4)  

4-5-13-14-4 (14-4)  

4-5-6-12-13-14-4 (14-4)  

4-5-6-4 (6-4)  

4-5-6-10-11-12-4 (12-4) 

4-5-6-7-4 (7-4)*  

4-5-6-7-13-14-4 (14-4) 

Exon 6 

6-4-5-6 (6-4)*  

6-14-5-6 (14-5)* 

6-7-9-10-5-6 (10-5)*  

6-9-10-5-6 (10-5)  

6-10-2-5-6 (10-2)  

6-4(N1)-4(N2)-5-6 (6-4N1)  

6-4(N2)-4-5-6 (6-4N2)  

6-7-5-6 (7-5)  

6-10-5-6 (10-5) 

6-10-4-5-6 (10-4) 

6-7-10-4-5-6 (10-4)  

6-7-10-5-6 (10-5)  

6-14-5-6 (14-5)*  

6-7-9-10-5-6 (10-5)*  

6-4-5-6 (6-4)* 

Exon 7 7-5-6-7 (7-5) Mispriming^ 

Exon 8 

8-5-6-8 (8-5)  

8-5-6-7-8 (8-5)  

8-9-10-5-6-7-8 (10-5)  

8-13-14-5-6-8 (14-5)  

8-10-13-14-5-6-8 (14-5) 

No products 

Exon 14 

14-4-5-6-7-14 (14-4)* 

14-4-5-6-14 (14-4)  

14-5-6-8(A1)-13-14 (14-5) #  

14-5-6-7-13-14 (14-5)  

14-15-16-8(A1)-13-14 (16-8(A1))# 

14-5-6-14 (14-5)  

14-5-6-13-14 (14-5)  

14-4-5-6-7-14 (14-4)*  

14-5-6-7-13-14 (14-5)  

14-4-5-6-7-9-14 (14-4)  

14-4-5-6-7-13-14 (14-4)  

14-5-6-7-10-13-14 (14-5)  

14-5-6-7-9-10-13-14 (14-5)  

14-4-5-6-7-10-13-14 (14-4)  

14-5-6-7-10-12-13-14 (14-5) 

Exon 16 

16-15-16 (16-15)  

16-5-6-7-13-14-15-16 (16-5)  

16-6-7-13-14-15-16 (16-6)  

16-19-5-6-10-13-14-15-16 (19-5)  

16-4-5-6-7-13-14-15-16 (16-4) 

No products 

* Isoforms common to NZM7 and NZM37 have been indicated in bold. Brackets indicate the 

back-spliced junctions. #8(A1) indicates exon 8 in ANRIL (1) (Figure 4.9C). ^Primers were found 

to have off-target effects. 

A wide diversity of circANRIL isoforms with different exon combinations, along with novel 

exons, was identified in NZM7 and NZM37 cells. However, it is interesting that these two cell 
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lines had almost wholly non-overlapping sets of circRNA species. Except for five isoforms, no 

other variants of the identified circANRIL transcripts were found to be common to NZM7 and 

NZM37 cells, suggesting that the difference in the species of circANRIL found in the two cells 

may be due to diverse regulatory environments. This could further indicate the functional 

importance of circANRIL and therefore, suggests that circANRIL diversity cannot be disregarded 

as transcriptional noise. At the same time, differences in handling of these two cells can also be 

held accountable for the lack of common isoforms found between cell lines NZM7 and NZM37. 

Further characterisation of circANRIL in normal melanocytes may provide possible clues for 

causes of differential regulation observed in melanoma cells.  

Comparison of back-spliced exon junctions between NZM7 and NZM37, along with published 

back-spliced junctions found in the case of established cell lines by Burd et al. (121) (Figure 

4.11), revealed some non-canonical back-spliced junctions that were common to all the samples 

(exon 14-5, 7-4, 10-5 and 14-4). However, the diversity of back-spliced junctions was greater 

with NZM7 as compared to NZM37 cells (Figure 4.11). In addition, some novel exons were 

found, but only in NZM7 cells. Amongst these junctions, exon 19-5 junction was the only case 

where the splice variant of last exon 19 was involved in a back-splice junction with exon 5, 

which is quite uncommon in circRNA biogenesis (118). Novel exons N1-E4 and N2-E4 present 

upstream of exon 4 were also found to be involved in forming back-spliced junctions in NZM7. 

Figure 4.11: Venn diagram indicating common and novel back-spliced exon junction in 

NZM7 and NZM37 cells, and the published dataset in Burd et al. (i3 indicates intron 3). 
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Similar to published reports (127), we identified exons 4, 5 and 6 as the most frequently included 

exons of all the circANRIL transcripts (Figure 4.12 and Table 4.1). Exons 7, 10, 13 and 14 on 

the other hand were found less frequently (Figure 4.12 and Table 4.1). CircANRIL isoforms 

containing exon 8 were found only in NZM7 and not in NZM37 cells. However, full-length 

exon 8 was not identified in circANRIL (Supplementary Figure 10.5), but only a truncated form 

involving deletion of bases from 1400-1705 of the full length ANRIL transcript as found in the 

UCSC genome browser region. These observations taken together suggest that longer exons are 

excluded from multi-exon circular RNAs.  

Decreased variability of isoforms could also indicate possible dysregulation of ANRIL in 

NZM37. The reduced diversity of circANRIL species (in NZM37 cells) may suggest a reason 

for the loss of p16 protein if all ANRIL is involved in promoting p16 translation in some way in 

a post-transcriptional manner. 

Next-generation RNA-seq revealed that that the middle exons 4 -12 were the least expressed in 

HeLa cells in comparison to the proximal and distal exons (121). However, analysis of TCGA 

data for the SKCM cases revealed the expression of the middle exons to be quite abundant 

(Chapter 3) and this was consistent with the expression of the middle exons of ANRIL found in 

the case of our panel of melanoma samples (Chapter 3). This indicates tissue specific expression 

of ANRIL and possible variation in isoform expression. Additionally, the middle exons are 

abundant in circANRIL species identified in NZM7 and NZM37 cells. 

Figure 4.12: Abundance of exons in the circANRIL species identified in melanoma cell 

lines.  

Relative abundance for each exon was analysed as frequency of appearance with respect to 

total number of isoforms reported for each cell line. 
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Further, given the diversity of circANRIL transcripts identified here, might suggest that 

circANRIL is a mere by-product of an alternative splicing mechanism via ‘exon skipping’ (121). 

However, an already established atheroprotective function of circANRIL (127), does indicate 

the possibility of a functional role of circANRIL in melanoma and cannot be discarded or 

igonored as a mere by-product of splicing process. Diverse populations of circANRIL could also 

arise due to the presence of SNPs in the melanoma cell lines investigated, as certain SNPs are 

highly associated with ANRIL expression and splicing (173). The presence of possible SNPs in 

melanoma cell lines and their possible association with particular circular isoforms therefore 

needs to be investigated. 

 Summary 

Characterisation of circular isoforms of ANRIL in melanoma cell lines NZM7 and NZM37, 

using outward-facing primers against each exon, followed by cloning and sequencing, revealed 

the existence of an assortment of circular isoforms with varying lengths, exon-exon junctions 

and exon combinations. This reveals the dynamic nature of the locus and adds further 

complexity to investigating the function of ANRIL in melanoma. 
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Stability of ANRIL and p16 transcripts in 

melanoma 

A part of this chapter has been published in the following article, 

Sarkar, D., Oghabian, A., Bodiyabadu, P., Joseph, W., Leung, E., Finlay, G., Baguley, B. and 

Askarian-Amiri, M. (2017) “Multiple Isoforms of ANRIL in Melanoma Cells: Structural 

Complexity Suggests Variations in Processing”. International Journal of Molecular Sciences, 

18, 1378 

 Introduction 

The specific half-life of each mRNA was proposed to be closely related to its physiological 

function (209, 210). Following this, Tani et al. (211), found a direct relationship between RNA 

half-lives and their function. The study revealed that RNAs with a long half-life (t1/2 ≥ 4 hrs) 

included a major proportion of ncRNAs as well as mRNAs which were involved in 

housekeeping functions, whereas RNAs with a shorter half-life (t1/2 < 4 hrs) were found to 

include regulatory ncRNAs and regulatory mRNAs (211). The same study found the half-life of 

ANRIL to be around 2.4 hrs in HeLa cells (211).  

Stability of linANRIL examined in HeLa cells by Ms. Carolin Niklas in our group revealed a 

half-life of approximately 3 hours. However, differential expression of ANRIL exons in our 

panel of melanoma cells as described in Chapter 3 motivated the examination of half-life of 

ANRIL by taking into consideration the multiple isoforms of ANRIL present in melanoma cells. 

This would give an insight into a possible regulatory role of ANRIL in melanoma. Additionally, 

another study found that circRNAs were much more stable than their associated linear mRNAs, 

with transcript half-lives exceeding 48 hrs, compared to the latter which exhibited half-lives of 

< 20 hrs (118). Therefore, half-life of circANRIL in melanoma cells was also considered, to 

examine whether the same trend existed in melanoma cells.  

Stability of p16 transcripts was also examined in HeLa cells by Ms. Carolin Niklas which 

revealed a half-life of approximately 11 hours. Following this, the half-life of p16 transcripts 

was also examined in melanoma cell lines, to compare p16 mRNA turnover rates in cells which 
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contained p16 protein with those which lacked detectable p16 protein despite the presence of 

p16 mRNA. This was also done to examine whether half-life or stability of ANRIL perhaps 

played a role in modulating the abundance of p16 mRNA transcripts in the melanoma cells.  

 Results 

The stability of ANRIL (both linear and circular isoforms) and p16 transcripts was determined 

in two melanoma cell lines NZM7 and NZM37 using qPCR following treatment of cells with 

actinomycin D. 

 Stability of linear and circular ANRIL transcripts in NZM7 and NZM37 cells 

Transcript levels of ANRIL (both linear and circular) were analysed in NZM7 and NZM37 cells 

in three independent experiments (Figure 5.1 and Figure 5.2). The cells were treated with 

actinomycin D (10 µg/mL) and harvested after 0, 2, 4, 6, 8 and 12 hrs, followed by RNA 

isolation. qPCR was then performed to examine the levels of ANRIL exons 1, 13b (last exon of 

short isoform) and 19 (last exon of long isoform) which represented linANRIL transcripts for 

both NZM7 (Figure 5.1 A-D) and NZM37 (Figure 5.2 A-C) cells. CircANRIL levels were also 

analysed at the given time points by qPCR using primers specific for the back-spliced exon 14-

5 junction for NZM7 (Figure 5.1 E-F) and NZM37 (Figure 5.2 D-E) cells. Fold change was 

calculated at each time point with respect to ANRIL transcript levels at time point zero for all 

the ANRIL exons analysed. Following this, half-lives of ANRIL exons 1, 13b, 19 and the exon 

14-5 junction were calculated using the linear regression equation obtained for each using three 

different software packages Microsoft excel, GraphPad Prism 7.00 and SigmaPlot 13.0. 

Exon 1 and 13b transcript levels in the NZM7 cell line  significantly decreased (Figure 5.1 B-C 

and Table 5.1) but the reduction was not significant for exon 19 (Figure 5.1D and Table 5.1) 

because of an increased expression at 8 and 12 hrs, which could be due to an experimental 

anomaly. Reduction in transcript levels was reflected in the half-lives calculated for exons 1, 

13b and 19 by using the straight-line equations obtained for each exon by substituting the value 

of y with 0.5 (Table 5.1and Supplementary Tables 10.1-10.3). However, calculated half-life for 

the same ANRIL exon differed between the analysis software used due to variability in the linear 

regression equations obtained (Supplementary Tables 10.1-10.3). Half-life for exon 1, exon 13b 

and exon 19 calculated using Microsoft excel was found to be 5.6, 3.6 and 2.9 hrs respectively 

(Table 5.1 and Supplementary Table 10.1). In contrast, half-life for exon 1, exon 13b and exon 

19 calculated using GraphPad Prism and SigmaPlot was found to be 10.3, 5.6 and 3.8 hrs 

respectively (Table 5.1 and Supplementary Tables 10.2 and 10.3). 
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CircANRIL levels were found to be relatively stable compared to those of the linear exons 

(Figure 5.1 and Table 5.1). Calculated half-life of circANRIL again varied between analysis 

packages used due to variability in the linear regression equations obtained (Supplementary 

Tables 10.1-10.3). Half-life of circANRIL calculated using Microsoft excel was found to be 12.3 

hrs (Table 5.1 and Supplementary Table 10.1) and 26.4 hrs in case of GraphPad Prism and 

SigmaPlot (Table 5.1 and Supplementary Tables 10.2 and 10.3).  
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Figure 5.1: Stability of isoforms of ANRIL in NZM7 after actinomycin D treatment. 

(A) Schematic of ANRIL transcripts (long isoform with 19 exons and short isoform with 13 

exons) showing the position of the primers used. The stability of linANRIL exons with respect 

to GAPDH were analysed using fold change and linear regression for (B) exon 1, (C) exon 13b 

and (D) exon 19, n = 3. (E) Schematic for detecting circANRIL isoform using primers specific 

for back-spliced exon 14-5 junction. (F) Stability analysed for circANRIL using linear regression 

for back-spliced exon 14-5 junction, n = 3. Error bars indicate SEM. 



 Chapter 5 

132 

 

Table 5.1: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM7 cells using three analysis packages. 

 

Compared to NZM7 cells (Figure 5.1 B-D), transcript levels in NZM37 were found to decrease 

but not significantly for exons 1 and 13b (Figure 5.2 B-C and Table 5.2). The half-life of exon 

19 could not be assessed due to extremely low levels of expression at zero-time point (Chapter 

3). Reduction in transcript levels was reflected in the half-lives calculated for exons 1 and 13b, 

by using the straight-line equations obtained for each exon by substituting the value of y with 

0.5 (Table 5.2 and Supplementary Table 10.4-10.6). However, like NZM7 calculated half-life 

for the same ANRIL exon differed between the analysis software used due to variability in the 

linear regression equations obtained (Supplementary Tables 10.4-10.6). The half-life for exon 1 

and exon 13b calculated using Microsoft excel was found to be 7.6 and 9.5 hrs respectively 

(Table 5.2 and Supplementary Table 10.4). In contrast, the half-life for exon 1 and exon 13b 

calculated using GraphPad Prism was found to be 14.8 and 18.2 hrs respectively (Table 5.2 and 

Supplementary Table 10.5). The half-life for ANRIL calculated using SigmaPlot was found to 

be 11.5 and 10.5 hrs for exon 1 and exon 13b respectively (Table 5.2 and Supplementary Table 

10.6).  

CircANRIL levels in NZM37 cells were found to be relatively stable compared to the linear 

exons (Figure 5.2E). Calculated half-life of circANRIL again varied between analysis packages 

used due to variability in the linear regression equations obtained (Supplementary Tables 10.4-

10.6). Half-life of circANRIL calculated using Microsoft excel was found to be 20.0 hrs (Table 

5.2 and Supplementary Table 10.4) and 37.6 and 11.1 hrs in case of GraphPad Prism and 

SigmaPlot respectively (Table 5.2 and Supplementary Tables 10.5 and 10.6).  

 

  

NZM7 

(n=3) 

Microsoft Excel GraphPad Prism 7.00 SigmaPlot 13.0 

Half-life R2 Half-life P R2 Half-life P-

value 

R2 

Exon 1 5.6  0.826 10.3 0.015 0.803 10.3 0.016 0.754 

Exon 13 3.6 0.912 5.6 0.012 0.820 5.6 0.013 0.775 

Exon 19 2.9 0.491 3.8 0.187 0.387 3.8 0.187 0.234 

Exon 14-5 12.3  0.667 26.4 0.063 0.619 26.5 0.063 0.524 
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Table 5.2: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM37 cells using three analysis packages. 

NZM37 

(n=3) 

Excel GraphPad Prism 7.00 SigmaPlot 13.0 

Half-life R2 Half-life P R2 Half-life P-

value 

R2 

Exon 1 7.6 0.266 14.8 0.292 0.269 11.5 0.008 0.469 

Exon 13 9.5 0.061 18.2 0.610 0.071 10.6 0.228 0.056 

Exon 14-5 20.0 0.038 37.6 0.662 0.053 11.1 0.296 0.019 

 

Figure 5.2: Stability of ANRIL in NZM37 after actinomycin D treatment. 

(A) Schematic of ANRIL transcripts (long isoform with 19 exons and short isoform with 13 

exons) showing the position of primers used. The stability of linANRIL exons with respect to 

GAPDH were analysed using fold change and linear regression for (B) exon 1 and (C) exon 13b, 

n = 3. (D) Schematic for detecting circANRIL isoforms using primers specific for the back-

spliced exon 14-5 junction. (E) Stability analysed for circANRIL using linear regression for 

back-spliced exon 14-5 junction, n = 3. Error bars indicate SEM. 
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Clark et al. (212), calculated transcript half-lives by modelling each transcript with one phase 

exponential decay and linear decay. The model that returned R2 >0.7 were utilised to determine 

the half-life of transcript. In order to test this, the same data was fit into one-phase decay model 

and half-life for linear and circular ANRIL estimated using the formula T1/2 = ln2/Kdecay. 

(Supplementary Table 10.10). Similar half-lives were observed for exons 1, 13 and circANRIL 

with not much difference in R2 values in case of NZM7. However, for exon 19 a better R2 value  

(Supplementary Table 10.10) was obtained using the one phase decay model indicating a more 

appropriate fit for NZM7. For exons 1 and 13, fitting the data into one phase decay model 

returned better R2 values as compared to linear regression in NZM37. Yet the R2 values remained 

<0.7. Nevertheless, the half-life for exon 1 was similar to that obtained using linear regression 

for NZM37. At the same time, the half -life for exon 13 obtained using one phase decay was 

highly variable. The half-life for circANRIL could not be determined using one-phase decay 

model because of a more horizontal trend for NZM37.  

 Half-life of p16 transcripts in NZM7 and NZM37 cells 

The half-life of p16 transcripts was examined in NZM7 and NZM37 cells, following treatment 

of cells with actinomycin D as mentioned before and harvesting cells at the same time points of 

0, 2, 4, 6, 8 and 12 hrs in 3 independent experiments. RNA was isolated and qPCR was done to 

analyse levels of p16 transcripts in both NZM7 and NZM37 cells (Figure 5.3). Fold change was 

calculated for each time point with respect to p16 transcript levels at the zero-time point (Figure 

5.3 A-B). The half-life of the p16 transcript was calculated using the linear regression equation 

obtained using three different analysis packages for each of the cell lines (Table 5.3). p16 

transcript levels were found to decrease in both NZM7 and NZM37 cells. However, the 

reduction in transcript levels was not significant in either cell line (Table 5.3). The reductions 

in p16 transcript levels in both cell lines were reflected in the half-lives of p16, and were found 

to be similar in NZM7 and NZM37 cells, within range of 8 and 10 hrs respectively (Table 5.3 

and Supplementary Tables 10.7 and 10.8).  

As mentioned in section 5.2.1, the half -life of p16 transcript in NZM7 and NZM37 was also 

estimated using one phase decay model. The R2 values obtained in both NZM7 and NZM37 

were >0.7, indicating that the one-phase decay model is a better fit to estimate the half life of 

p16. The half-life of p16 was found to be similar between NZM7 and NZM37 using the one 

phase decay model (Supplementary Table 10.10). 
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Table 5.3: Summary of linear regression analysis and calculated half-life of p16 mRNA in 

NZM7 and NZM37 cells using three analysis packages. 

(n=3) Excel GraphPad Prism 7.00 SigmaPlot 13.0 

Half-life R2 Half-life P R2 Half-life P-

value 

R2 

NZM7 8.1 0.331 10.7 0.249 0.312 11.0 0.05 0.171 

NZM37 10.1 0.617 7.4 0.067 0.607 8.6 0.414 0.042 

 Discussion 

The half-lives of ANRIL (both linear and circular) were determined in NZM7 and NZM37 cells, 

and circANRIL was found to be more stable than its linear counterpart in both cases. The 

turnover rate of the p16 transcript was found to be similar for NZM7 and NZM37 cells. 

 Variable half-lives of ANRIL isoforms  

The NZM7 and NZM37 cell lines were selected based on the initial expression levels of ANRIL, 

as shown previously (Chapter 3), and the lack of p16 expression in NZM37 cells, despite the 

presence of p16 mRNA. This was done to examine if there was any difference in stability of 

ANRIL isoforms expressed in NZM7 and NZM37 cells. The half-lives of exon 1 were found to 

be similar in both NZM7 and NZM37 cells relative to each analysis software used, indicating 

that they possessed the same stability (Table 5.1 and Table 5.2) and indicating the possibility of 

a common regulatory mechanism. However, the half-life of exon 13b (last exon – short isoform) 

was found to be lower in NZM7 than in NZM37 cells (Table 5.1 and Table 5.2). This could 

indicate dysregulation of ANRIL turnover in NZM37 cells, or the possible effects of SNPs. 

Figure 5.3: Stability of p16 transcripts in NZM7 and NZM37 cells after actinomycin D 

treatment. 

Stability of p16 with respect to GAPDH analysed using fold change and linear regression for (A) 

NZM7 cells, and (B) NZM37 cells, n = 3. Error bars indicate SEM. 
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Certain SNPs such as rs10811661, rs564398 and rs11515 have been found to affect expression 

of CDKN2A/B gene cluster and splicing pattern of genes (173). Therefore, possible presence of 

SNPs can lead to generation of more stable splice variants for ANRIL. 

 CircANRIL more stable than linANRIL isoforms 

CircANRIL was found to be more stable than linANRIL (both long and short isoforms) in 

melanoma cells and a similar trend was reported by Jeck et al. (118), for all exonic circular 

RNAs. The stability of circANRIL was found to be similar for NZM7 and NZM37 cells, with an 

average half-life of around 18 hrs. 

Considering the generally low levels of linANRIL, the comparatively high expression levels of 

circANRIL are possibly due to the accumulation of circANRIL in the melanoma cells due to their 

highly stable nature. In particular, due to their structure circRNAs manage to evade predominant 

mechanisms of linear RNA degradation which are based on exo-nucleolytic degradation from 

either the 3’ or 5’ end further enabling their endurance in the cells (213). 

Considering the diverse population of circANRIL species and their high stability, the purpose 

and fate of circANRIL remains unknown. Endonuclease cleavage of mRNAs with premature 

nonsense codons, or strong translation stalls is known to be triggered by quality control systems 

(213). Similar endonuclease cleavage of circRNAs was not considered to be likely, because of 

the assumed inability of circRNAs to undergo translation. However, recent reports have 

emerged which raise the possibility of circRNAs being translated (214, 215). Possible 

translation of circANRIL remains unknown as linANRIL is essentially non-coding. 

 Similar turnover rates of p16 transcript in NZM7 and NZM37 cells 

We hypothesised that ANRIL might be involved in modulating p16 transcript abundance. We 

sought to investigate whether ANRIL isoform abundance might be related to that of p16 mRNA. 

In particular, to investigate whether the stability of any ANRIL isoform, for instance the higher 

stability of the short ANRIL isoform with exon 13b was possibly responsible for degradation of 

p16 mRNA and thereby responsible for p16 protein loss in NZM37 cells, the half-lives of p16 

transcript were compared in NZM7 and NZM37 cells. Turnover rates of p16 transcript were 

found to be similar and therefore the instability of p16 transcript was found not to be the cause 

of p16 protein loss in NZM37 cells. Other possible causes of p16 protein loss therefore need to 

be investigated.  

Several lncRNAs are known to decrease the stability of mRNAs through Staufen1 (STAU1)-

mediated mRNA decay (SMD) which requires STAU1 binding to the 3’ untranslated regions 
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(3’UTRs) of SMD target mRNAs (216). This mechanism was demonstrated in the case of 1/2-

sbsRNAs (1/2-Staufen 1-binding site lncRNAs). These RNAs contain Alu elements which 

promote mRNA decay by partially base-pairing with other Alu elements within the 3’UTRs of 

SMD target mRNAs (216). Following along the same line, it may be proposed that the presence 

of Alu elements in ANRIL (175) promotes degradation of p16 mRNA. This may consequently 

lead to loss of p16 protein in NZM37 cells due to longer half-life of the ANRIL variant with 

exon 13b. 

Another lncRNA TINCR was shown to interact with mRNA and control the abundance of 

differentiation-specific mRNAs post-transcriptionally (87). ANRIL variants with a more stable 

exon 13b, as in NZM37 cells, could possibly be sequestering p16 mRNA and thereby preventing 

it from either undergoing translation or translocation from the nucleus to cytoplasm. 

Localisation studies of ANRIL and p16 transcripts would enable examination of any possible 

association of ANRIL and p16 in NZM37 cells. 

 Limitations of using Actinomycin D and alternative methods for measuring half-life 

Several factors need to be taken into consideration for estimating the half-life of transcripts. The 

experiments were done as per published protocol (211) with a recommended concentration of 

10 µg/mL for Actinomycin D. Inconsistency in the calculated half-life for ANRIL could be due 

to toxic effects of Actinomycin D on the melanoma cells. Sensitivity of melanoma cells to 

titrated Actinomycin D could have helped to assess the optimum drug concentrations for NZM 

cell lines. Nevertheless, published reports have indicated that Actinomycin D has a profound 

impact on cellular physiology and in some cases may alter the stability of many mRNAs, which 

can complicate the interpretation of the data (217). Variation in the observed half-life could 

possibly be a reflection of altered RNA stability due to Actinomycin D. Additionally, 

consideration of analysis model is crucial (linear vs. one phase decay model) while estimating 

half-life including analysis software (Excel vs. Graphpad Prism vs. Sigmaplot) used. 

Discrepancy in the half-life calculated in this chapter could also be due to difference in algorithm 

for each analysis software used. 

Several alternative non-toxic methods are now available to measure the half-life of transcripts. 

One way is through the use of regulatable promoter subject to transient induction (217). This 

method provides tight and rapid genetic switch to control transcription as required in order to 

study transcript turnover with the use of transcription inhibitors. Another way is through the use 

of uridine analogue 5-Ethynyluridine (EU), which can be used to label endogenous RNA in 

mammalian cells (211). The cells are pulsed with EU for 24 h, following which the medium is 
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replaced with growth medium without EU. The total RNA is then isolated and nascent RNA 

captured using a commercially available kit (Invitrogen) followed by qPCR to determine RNA 

stability (211). 

 Summary 

The stability of linear and circular ANRIL isoforms along with p16 mRNA transcripts was 

determined in this chapter, following treatment of NZM7 and NZM37 cells with actinomycin 

D. Half-lives were found to vary between different isoforms and slightly between cell types, 

with circANRIL more stable as compared to its linear counterpart. However, these results were 

treated cautiously due to variability in calculated half-lives of ANRIL exons and possible toxicity 

of Actinomycin D in melanoma cell. p16 mRNA turnover rates were found to be similar for the 

two cell types analysed, one of which contained p16 protein (NZM7) with those which lacked 

detectable p16 protein despite the presence of p16 mRNA (NZM37). Possible 

relationship/interaction if any, between ANRIL and p16 transcripts in cells was then investigated 

via localisation studies in the following chapter. 
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Localisation of p16 transcripts and linear and 

circular isoforms of ANRIL 

A part of this chapter has been published in the following article, 

Sarkar, D., Oghabian, A., Bodiyabadu, P., Joseph, W., Leung, E., Finlay, G., Baguley, B. and 

Askarian-Amiri, M. (2017) “Multiple Isoforms of ANRIL in Melanoma Cells: Structural 

Complexity Suggests Variations in Processing”. International Journal of Molecular Sciences, 

18, 1378. 

 Introduction 

Sub-cellular localisation patterns of lncRNAs can provide fundamental insights into their 

biology and suggest hypotheses for potential molecular roles (81). LncRNAs are required to 

localise to their specific sites-of-action, making their location within the cell important. For 

instance, exclusive nuclear localisation of putative lncRNAs which encode short peptide 

sequences would argue against the possibility of these lncRNAs undergoing translation.  

Further, localisation to particular areas within the nucleus or cytoplasm may suggest different 

functionalities - for instance, finding a lncRNA primarily in the nucleus near its site of 

transcription may suggest that it regulates transcription of a proximal gene (that is, regulation in 

cis or regulation of proximal loci in three dimensions) (218, 219). Sequencing studies are unable 

to discriminate between these possibilities, and so there is yet no systematic categorization of 

lncRNA localisation patterns.  

The presence of multiple isoforms of ANRIL in melanoma cells therefore requires further 

elucidation in regard to their functions. However, to gain insight into the function of ANRIL 

isoforms we initially considered determining sub-cellular localisation of the different isoforms 

in order to gain some direction towards functional studies. The localisation pattern of different 

ANRIL isoforms was determined in a panel of melanoma cell lines. In addition to this, the 

localisation pattern of p16 transcripts was also considered, so as to find evidence of any possible 

association between p16 and ANRIL transcripts in the same panel of melanoma cell lines. 
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 Results 

Two approaches were considered for localisation studies regarding ANRIL and p16 transcripts. 

One approach involved physically rupturing and separating the cells into nuclear and 

cytoplasmic fractions by differential centrifugation, followed by RT-PCR and qRT-PCR. RNA 

fluorescence in situ hybridization (RNA-FISH) was also used, which involved the use of 

fluorophore-labeled probes designed against ANRIL and p16 transcripts. 

 Expression of NEAT1 and GAPDH demonstrate purity of cell fractions 

The technique of cell fractionation involved rupturing and separating melanoma cells into 

cytoplasmic and nuclear fractions. For this method six melanoma cell lines were selected based 

on the expression levels of both p16 mRNA and ANRIL. The purity of the fractions for the 

melanoma cell lines NZM6, NZM7, NZM37, NZM40, NZM48 and NZM55 was checked using 

RT-PCR for NEAT1 which served as a positive control for the nuclear fraction and housekeeping 

gene GAPDH was used as a technical control and to demonstrate recovery of RNA from both 

separated fractions (Figure 6.1). 

Figure 6.1: Expression of NEAT1 and GAPDH in cell fractions of NZM cell lines. 

Representative DNA gel image representing RT-PCR results of NEAT1 and GAPDH of two 

biological replicates for cell lines (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48 

and (F) NZM55 with NEAT1 as a nuclear marker and GAPDH as technical control. ‘+RT’ 

indicates that the RNA was reverse transcribed using reverse transcriptase, and ‘no RT control’ 

indicates negative control for cDNA synthesis. n = 2. Results for second biological replicate are 

provided in Supplementary Figure 10.6. W - Whole cells, C - Cytoplasmic fraction, N - Nuclear 

fraction 
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 Localisation of linANRIL isoforms 

RT-PCR was done initially to determine sub-cellular localisation of linANRIL isoforms in 

melanoma cells (Figure 6.2), followed by qPCR (Figure 6.3). Both RT-PCR along with qPCR 

were performed using several primer sets designed against several exons which included exon 

1 (common first exon of all linear isoforms of ANRIL), exon 5-exon 6 and exon 6-exon 7 

(common middle exons of all linear isoforms of ANRIL and also present abundantly in circular 

isoforms of ANRIL, from Chapters 3 and 4), exon 13b (last exon of the short isoform of 

linANRIL) and exon 19 (last exon of the long isoform of linANRIL) (Figure 6.2 and Figure 6.3). 
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These primer sets therefore enabled us to determine localisation patterns of all the major 

isoforms based on their size i.e. long, short and circular ANRIL. Location of ANRIL was found 

to be consistent between all the six melanoma cell lines (NZM6, NZM7, NZM37, NZM40, 

NZM48 and NZM55) tested. We found the linANRIL isoforms represented exclusively by exon 

13b and exon 19 to be enriched in the nucleus, which is consistent for both RT-PCR and qPCR 

(Figure 6.2 and Figure 6.3) results. Exon 1 was mostly found enriched in the nucleus when 

examined by both qPCR (Figure 6.3) and RT-PCR (Figure 6.2). However, a small proportion of 

exon 1 product was also present in the cytoplasm for most cell lines examined (Figure 6.2 A-C, 

E and F) except NZM40 (Figure 6.2D) in case of RT-PCR (Figure 6.2). This indicated that for 

most cells, both the long and the short linANRIL isoforms localised to the nucleus. The middle 

exons represented by the primer sets against exons 5-exon 6 and exon 6-exon 7 for both linear 

and circular ANRIL isoforms were found to be present in both the nucleus and the cytoplasm for 

the majority of the cell lines when examined by either qPCR or RT-PCR (Figure 6.2 and Figure 

6.3). 

  

Figure 6.2: Sub-cellular localisation of linANRIL isoforms in NZM cells lines using RT-

PCR. 

Representative DNA gel images for RT-PCR showing localisation of linANRIL isoforms using 

primer sets against exon 1, exon 5-6, exon 6-7 and last exons, exon 13b and exon 19 in 

melanoma cell lines, (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48, and (F) 

NZM55. ‘+RT’ indicates that the RNA was reverse transcribed using reverse transcriptase, and 

‘no RT control’ indicates negative control for the cDNA synthesis. n = 2. Results for second 

biological replicate are provided in Supplementary Figure 10.7. 

W - Whole cells, C - Cytoplasmic fraction, N - Nuclear fraction 
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Figure 6.3: Localisation and expression analysis of ANRIL in NZM melanoma cell lines 

using qPCR. 

qPCR showing localisation and expression of ANRIL exon 1, exon 5-exon 6, exon 6-exon 7, 

exon 13b and exon 19 in cell lines (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) 

NZM48 and (F) NZM55. Error bars represent standard error (n = 2). 
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 Localisation of circANRIL isoforms 

Subcellular localisation of circANRIL was also considered in the same set of melanoma lines. 

qPCR along with RT-PCR was performed using the primer set targeted against the back-spliced 

exon 14-5 junction (Figure 6.4 and Figure 6.5). Unlike linANRIL, most of the circANRIL 

localised to the cytoplasm as compared to the nucleus for most cell lines in case of both RT-

PCR and qPCR (Figure 6.4 and Figure 6.5). NZM40 was the only case where a ladder pattern 

for RT-PCR products was observed with unfractionated cells, cytoplasmic and nuclear fractions 

(Figure 6.4D). This is therefore, the only cell line where multiple circANRIL species were 

detected using the primer set targeting the exon 14-5 junction as opposed to consistent detection 

of only two circANRIL species using the same primer set. The qPCR result for NZM40 also 

revealed equal proportions of circANRIL in both cytoplasm and nucleus (Figure 6.5D). 

Figure 6.4: Sub-cellular localisation of circANRIL isoforms in NZM cell lines using RT-

PCR. 

Representative DNA gel images for RT-PCR showing localisation of circANRIL using primer 

set targeting exon 14-5 junction in different subcellular compartments of melanoma cell lines, 

(A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48 and (F) NZM55. ‘+RT’ 

indicates that the RNA was reverse transcribed using reverse transcriptase, and ‘no RT 

control’ indicates negative control for the cDNA synthesis. n = 2. Results for a second 

biological replicate are provided in Supplementary Figure 10.8. W - Whole cells, C - 

Cytoplasmic fraction, N - Nuclear fraction. 
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Varied enrichment patterns of linear as opposed to circular isoforms indicate the possibility of 

varied functions of ANRIL which may be specific to each isoform and the significance of this 

association needs to be investigated. 

  

Figure 6.5: Expression and localisation of circANRIL isoforms in NZM cell lines using 

qPCR. 

qPCR results showing expression and localisation of back-spliced exon 14-5 junction 

representing circANRIL in NZM melanoma lines (A) NZM6, (B) NZM7, (C) NZM37, (D) 

NZM40, (E) NZM48 and (F) NZM55. Error bars represent standard error and n = 2. 
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 Localisation of p16 mRNA transcripts 

Localisation studies were done to determine whether the lack of p16 protein in certain melanoma 

cell lines was due to a failure in translocation of the p16 mRNA transcript from the nucleus to 

the cytoplasm. To examine this hypothesis, we performed a series of RT-PCR and qPCR 

experiments to define the locations of the p16 mRNA and to examine whether it was being 

sequestered in the nucleus (Figure 6.6 and Figure 6.7). Cell lines were selected for localisation 

studies according to expression levels of ANRIL and p16 mRNA, along with expression of p16 

protein. This resulted in two categories; (1) positive for both ANRIL and p16 mRNA, and p16 

protein (NZM6, NZM7 and NZM55; Chapter 3), and (2) positive for both ANRIL and p16 

mRNA, but negative for p16 protein (NZM37, NZM40 and NZM48, Chapter 3). Therefore, 

category 1 served as a control for category 2 cell lines (Figure 6.6 and Figure 6.7).  

Figure 6.6: Sub-cellular localisation of p16 mRNA in NZM cell lines using RT-PCR. 

Representative DNA gel images of RT-PCR showing sub-cellular localisation of p16 mRNA in 

melanoma cell lines, (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48 and (F) 

NZM55. ‘+RT’ indicates that the RNA was reverse transcribed using reverse transcriptase, and 

‘no RT control’ indicates negative control for the cDNA synthesis. n = 2. Results for a second 

biological replicate are provided in Supplementary Figure 10.9. W - Whole cells, C - 

Cytoplasmic fraction, N - Nuclear fraction. 
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p16 mRNA was found to be present in both cytoplasm and nucleus in all the melanoma cell 

lines tested, regardless of whether they belonged to category 1 or category 2 in case of both RT-

PCR and qPCR (Figure 6.6 and Figure 6.7). These results therefore indicated no problems in 

regard to translocation of p16 mRNA to the cytoplasm for translation. 

  

Figure 6.7: Sub-cellular localisation of p16 mRNA in NZM cell lines using qPCR. 

qPCR results showing expression and localisation of p16 mRNA in NZM melanoma lines (A) 

NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48, and (F) NZM55. Error bars indicate 

standard error and n = 2.  
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 Localisation of ANRIL and p16 transcripts using RNA probes 

RNA probes used in these experiments consisted of multiple singly labelled oligonucleotides 

designed to hybridize along the length of the ANRIL and p16 transcripts. Each discrete transcript 

is observed as a diffraction-limited spot by conventional fluorescence microscopy. Optimization 

was done initially using the NZM7 cell line as it is positive for both p16 and ANRIL transcripts 

(Chapter 3). Positive control probe sets targeting well-expressed mRNAs such as GAPDH were 

designed and verified. FISH for GAPDH provided robust signals and revealed mRNAs localized 

to the cytoplasmic compartment of the cells (Figure 6.8A) as compared to the GAPDH negative 

control (Figure 6.8B). However, for p16 (Figure 6.8C) and ANRIL (Figure 6.8D) transcripts, it 

was difficult to detect a good signal, perhaps because of the low abundance of transcripts per 

cell. Even though some signal was detected for both p16 and ANRIL at a single cell level (seen 

as both diffuse background and infrequent punctate fluorescence), the possibility of the signal 

being an artefact and not a true signal could not be ruled out. The low abundance of both p16 

and ANRIL transcripts made it difficult to predict the chances of off-target binding of probes 

even with positive and negative cell line control. 
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Figure 6.8: Localisation of p16 and ANRIL transcripts using RNA FISH probes. 

Representative images of RNA-FISH done on the melanoma line NZM7. (A) Localisation of 

the GAPDH housekeeping gene transcript (red), used as a technical control, (B) negative control 
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for GAPDH (without the probe), (C) localisation of p16 transcript (red), indicated by a white 

arrowhead, (D) localisation of ANRIL (green), indicated by a white arrowhead. 

 Discussion 

The results described in this chapter show that the linear and circular isoforms of ANRIL have 

varied localisation patterns with the linear isoforms mostly enriched in the nucleus and the 

circular isoforms enriched in the cytoplasm for most of the NZM melanoma cell lines. p16 

mRNA on the other hand localised both to the nucleus and the cytoplasm for most of the NZM 

cell lines. 

 Presence of the NEAT1 and GAPDH transcripts to ensure purity of cellular 

fractions 

A gentle fractionation technique was employed by subjecting the cells to osmotic shock 

followed by centrifugation to separate the cellular components into cytoplasmic and nuclear 

fractions. The purity of the cellular fractions was checked by expression of the NEAT1 and 

GAPDH transcripts. NEAT1 is another lncRNA which localises exclusively to the nucleus (220), 

and therefore should indicate the effectiveness of the fractionation procedure. All the melanoma 

lines (NZM6, NZM7, NZM37, NZM40, NZM48 and NZM55) that were used for the 

localisation study were checked for the expression of NEAT1 and GAPDH before investigating 

the localisation of ANRIL and p16 mRNA. As indicated in the results (Figure 6.1), NEAT1 was 

found to be present exclusively in the nuclear fractions and whole cells, as opposed to GAPDH 

which was present in both the cytoplasmic and the nuclear fractions. This indicated the purity 

of the cellular fractions obtained, following which the sub-cellular localisation of ANRIL and 

p16 mRNA were investigated in these cell lines. 

 Varied localisation pattern for linear and circular isoforms of ANRIL 

The localisation pattern of ANRIL was investigated in the same panel of melanoma cell lines, 

selected on the basis of the expression levels of ANRIL. Due to the presence of multiple ANRIL 

isoforms in the melanoma cell lines, the sub-cellular localisation of both linear and circular 

isoforms of ANRIL was investigated. Several primer sets representing various isoforms of 

ANRIL were therefore used (Figure 6.2 and Figure 6.3). LinANRIL isoforms were exclusively 

represented by exon 1, exon 13b and exon 19 (last exons of short and long isoforms) and the 

circular isoform was exclusively represented by exon 14-5 (the back-spliced exon-exon 

junction). The presence of exon 5- exon 6 and exon 6-exon 7, being the middle exons, could be 

taken as reflecting the expression of both linear and circular ANRIL isoforms. 
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The linear isoforms were found to be present exclusively in the nucleus (Figure 6.2 and Figure 

6.3) in all the melanoma cell lines. This is consistent with the possiblity that the linANRIL 

isoform may have a regulatory role influencing the transcription of the CDKN2A/B locus, as 

suggested by published findings of the role of other lncRNAs in the nucleus (221). For instance, 

they may be involved in negatively regulating transcription by interacting with PRCs or other 

chromatin modifying proteins to induce transcription as we may have seen in this study. This 

may lead to heterochromatin formation and gene suppression, which has also been a suggested 

role of ANRIL and which is now widely accepted (82, 105, 167). However, in our study, positive 

correlation of the expression of ANRIL and the corresponding protein coding genes of the 

CDKN2A/B locus (Chapter 3) indicates that ANRIL may be involved in active transcription of 

the CDKN2A/B complex rather than suppression. LncRNAs in the nucleus are also known to 

interact with trithorax complexes and induce transcription, in which case chromatin is retained 

in its euchromatin or actively transcribed state, which may be the case for ANRIL in our panel 

of melanoma cell lines (1). It is also possible that ANRIL may create a permissive chromatin 

environment by acting as an enhancer lncRNA (elncRNA) (222). Expression levels of these 

elncRNAs tend to correlate positively with expression levels of neighbouring protein coding-

genes, and they are polyadenylated, more stable and often spliced (223). 

CircANRIL isoforms represented by back-spliced exon 14-5 junction primers were found to be 

enriched in the cytoplasm for most of the melanoma cell lines tested (NZM6, NZM7, NZM37, 

NZM48 and NZM55) (Figure 6.4 and Figure 6.5). Only for NZM40, was circANRIL equally 

abundant in cytoplasm and nucleus (Figure 6.4D and Figure 6.5D). Our finding is similar to that 

of (120) who state that exonic circular RNAs normally localize to the cytoplasm. Initially it was 

suggested that the role of circRNA in the cytoplasm was to act as a miRNA sponge and prevent 

the degradation of mRNA, thereby increasing the stability of mRNA and ensuring translation of 

mRNA (125). The existence of circANRIL mostly in the cytoplasm therefore does indicate the 

possibility that it acts as a miRNA sponge. Our results however are inconsistent with that of 

Holdt et al., who reported a circANRIL isoform consisting of exons 5, 6 and 7 with exon 5 back-

spliced to exon 7 to be present in the nucleus (127). They further demonstrated that this 

circANRIL isoform was involved in controlling ribosomal RNA (rRNA) maturation and 

modulating pathways of atherogenesis (127). 

Recently, the function of an abundantly expressed circRNA from the splicing factor muscleblind 

(mbl) gene has been found to auto-regulate levels of the MBL protein, in the fly brain. It was 

shown that each circmbl can bind and sequester multiple copies of MBL protein and that binding 

of the MBL protein to both of the introns flanking circmbl exon is required for circRNA 
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biogenesis. This indicates that circmbl plays a crucial role in a feedback circuit regulating the 

abundance of this essential RNA-binding protein in the fly brain (138). These findings suggest 

a more general and yet-to-be discovered function for circRNA (208) and thereby, leave room 

for investigating the role of circANRIL in the melanoma lines.  

Additionally, the variation in localisation pattern of circular and linear isoforms further suggests 

the possibility of ANRIL having a dual function in melanoma and this needs to be investigated 

further. Manipulation of circANRIL and linANRIL individually by RNAi strategy could provide 

possible clues regarding their function. Considering the abundance and stability of circANRIL, 

probe mediated pull-down of circANRIL may also provide some evidence for its function.  

 Nuclear and cytoplasmic localisation of p16 transcript 

Initially it was hypothesized that a loss of p16 protein expression despite considerable levels of 

p16 mRNA expression (as in NZM37, NZM40 etc.) reflected a failure to translocate p16 

transcript to the cytoplasm where it could be translated. Localisation of p16 mRNA was 

therefore considered in both categories of cell lines: (1) positive for both p16 mRNA and protein 

expression (NZM6, NZM7 and NZM55) and (2) positive for p16 RNA expression but negative 

for p16 protein (NZM37, NZM40 and NZM48). Cell lines belonging to category (1) showed 

p16 transcript to be localized in both nucleus and cytoplasm which was expected. Cell lines in 

category (2) showed p16 mRNA to be localized in both the cytoplasm as well as the nucleus 

indicating that that there is no problem with translocation of the p16 transcript in these cell lines. 

This further suggests that the loss of p16 protein expression is due to some other underlying 

reason, such as reduced stability of p16 transcript in the category (2) melanoma cell lines (204). 

Similar stability levels of p16 transcript found in NZM7 and NZM37 cells (Chapter 5) again 

rule out the possibility of unstable p16 transcripts in NZM37 cells. However, this possibility 

cannot be ruled out in the case of other melanoma cell lines such as NZM40 and NZM48 and 

therefore needs further investigation. Stability levels of p16 mRNA need to be investigated by 

Actinomycin D treatment of NZM40 and NZM48 cells as done for NZM37 and NZM7 cells in 

Chapter 5. 

 Problems using RNA probes against ANRIL and p16 transcripts 

Initially it was hypothesised that ANRIL may be interfering with the translation of p16 transcripts 

in those cell lines which express p16 mRNA but not p16 protein. This hypothesis was supported 

by a finding which suggested that another lncRNA TINCR interacted with a diversity of mRNAs 

and this was initially shown by a similar approach using probes against the lncRNA TINCR (87). 
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Following this hypothesis, the technique of visualizing the sub-cellular localisation of both p16 

and ANRIL transcripts at the same time in reference to each other in melanoma cells was 

considered using different coloured probes for ANRIL and p16. 

A number of cell lines were tested, including lines with a deleted CDKN2A locus which served 

as negative controls, and cell lines (1) expressing both p16 mRNA and p16 protein (2) 

expressing p16 mRNA but not p16 protein. Transcripts for GAPDH, a housekeeping gene, were 

used as a positive technical control (Figure 6.8A) and demonstrated the feasibility of the 

technique, probably because GAPDH transcripts are abundant. However, in the case of ANRIL 

and p16 transcripts the viability of the technique was strongly limited. This was mainly due to 

the low abundance of ANRIL transcripts which have been reported to exist as a single copy per 

cell (121). However, we believe that the transcript number is more than one in the melanoma 

cell lines included in this study. In addition to this, for both p16 and ANRIL transcripts, the 

frequency of the punctate signals observed was very low, averaging one signal per four cells, 

supporting the possibility of the signal being an artefact rather than a true signal. 

The likelihood of off-target binding of the probes could not be established, even by using a 

positive tissue control, due to low abundance of the transcripts. The lack of specificity was also 

reported as one of the major drawbacks of this technique when it was first introduced in other 

published reports (224). However, recent advances in this technique have addressed this 

drawback by changing the probe design. The tiling probes are now labelled with alternatively 

coloured fluorophores which if binding to the target of interest will emit a combined signal of 

both fluorophores. Off-target binding of the probes can be easily detected by just one signal 

from either fluorophore (224). 

We had to consider a different approach to investigate the sub-cellular localisation of ANRIL 

and p16 transcripts as the probes used in our study were designed according to the initial strategy 

which consisted of the tiled probes labelled with one fluorophore for each target of interest. 

 Summary 

Sub-cellular localisation of ANRIL isoforms (linear and circular), was determined in melanoma 

cells in order to gain some clues regarding their possible function. qPCR and RT-PCR were 

performed for six NZM cell lines, and showed consistent patterns of localisation for linANRIL 

and circANRIL, with the former enriched in the nucleus and the latter mostly in the cytoplasm. 

This indicates the possibility of ANRIL having dual functions in melanoma. Sub-cellular 

localisation of p16 transcripts were also examined to ascertain that the p16 transcripts 

translocated to the cytoplasm for translation specially in case of the NZM cell lines which 
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showed loss of p16 protein despite the presence of p16 mRNA. However, p16 transcripts were 

present in both compartments in both cell lines, one with both p16 mRNA and protein present 

and the other with p16 mRNA present but no p16 protein. These results seem to exclude failure 

of translocation of the p16 transcript as a mechanism for non-expression of protein. Possible 

functions of circANRIL in the cytoplasm of the melanoma cells were further explored in the 

subsequent chapters of this thesis.  
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Co-sedimentation of circANRIL with 

monosomes 

 Introduction 

Many lncRNAs are known to localise in the cytoplasm and they are involved in positive or 

negative aspects of gene regulation at the post-transcriptional level (225). A recent paper 

revealed that about 74% of lncRNAs are detected in the cytoplasm, the majority of which (62%) 

preferentially co-fractionate with polyribosomes (226). 

Most of the circRNAs have been reported to be present in the cytoplasm, and following 

biogenesis, must be efficiently transported to the cytosol (118, 124, 208). However, how 

circRNAs are flagged for export is not yet clear but may involve the formation of exon-junction 

complexes during splicing, which could then recruit mRNA export factors. Several functions 

have been reported for circRNAs that include their acting as miRNA sponges or binding to 

RNA-associated proteins to form RNA-protein complexes (227). CircRNAs in this way are 

known to modulate gene regulation at transcriptional and post-transcriptional levels. Given the 

cytoplasmic localisation of circANRIL in melanoma (Chapter 6), and the potential of a particular 

circANRIL to bind to nucleolar protein 14 (NOP14) and pescadillo zebrafish homologue 1 

(PES1) (127), possible association of circANRIL with other RNA binding proteins was 

examined in our NZM cell lines. Any indication of possible association with other protein 

complexes would be evident from the sedimentation rate of circANRIL. 

 Results  

A260 profiles for NZM7 and NZM37 cells were achieved by density gradient centrifugation, 

and the distribution of circANRIL was analysed in the polyribosome profile by RT-PCR 

followed by qPCR. CircANRIL was found to be enriched in the monosomal fractions in NZM7 

cell extracts.  

 



 Chapter 7 

156 

 

 Polyribosome profiles of melanoma lines NZM7 and NZM37  

Density gradient centrifugation is used to isolate different complexes based on their 

sedimentation rate. Cytoplasmic lysates of NZM7 (expressing both p16 mRNA and p16 protein) 

and NZM37 (expressing p16 mRNA but no p16 protein) cells were layered over sucrose 

gradients and centrifuged. Fractions recovered consisted of free or unbound mRNA, monosomes 

and polysomes in each of three biological replicates of NZM7 and NZM37 cell extracts (Figure 

7.1 A-F). Monosome and polysome fractions were used as references in our gradient. Peaks for 

40S subunits, 60S subunits and 80S monosomes, followed by a broad polysome peak were 

distinctly identified for the first two biological replicates of NZM7 cells (Figure 7.1 A-B). 

However, for the third independent experiment (Figure 7.1C), although monosome and 

polysome peaks could be identified overall in the polyribosome profile, the individual 40S, 60S 

and 80S peaks could not be distinguished from each other. Monosome and polysome peaks 

could not be identified in the polyribosome profile for any of three biological replicates for 

NZM37 cells (Figure 7.1 D-F). Further investigation was therefore done using only NZM7 cells. 
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Figure 7.1: Polysome profiles of NZM7 and NZM37 cell extracts.  

Polyribosome profiles obtained using 7-47% sucrose gradients and absorbance measured at 260 

nm for three biological replicates of NZM7 cells (A-C) and NZM37 cells (D-F). Passage number 

(p) is shown for cells at each experiment. Fractions from the top of the gradient to the bottom 

are shown from left to right. Peaks corresponding to ribosomal components are indicated by 

arrows.  

 Detection of circANRIL in polyribosome profile of NZM7 cells using RT-PCR 

Total RNA was isolated from every third fraction for all three biological replicates of NZM7 

cells and analysed for the presence of circANRIL by RT-PCR along with 18S and 28S rRNA, 

which were used as controls (Figure 7.1 A-C). 18S and 28S rRNA were used as indicators for 

locating different components of ribosomes and thereby, allowing us to track the sedimentation 

of monosomes (40S, 60S and 80S) and polysomes across the different fractions of the sucrose 

gradient (Figure 7.2 A-C). For detecting circANRIL in the sucrose gradient fractions, the same 

primer set J1 (Chapter 4) designed to target the back-spliced exon 14-5 junction was used. Two 

products were obtained using this primer set which on validation using Sanger sequencing as 

mentioned previously (Chapter 4) revealed the smaller product to be the exon 14-5 junction and 

the larger product to be the exon 14-4 junction. 

In the experiments depicted in Figure 7.2A and Figure 7.2B, RT-PCR confirmed the presence 

of 18S and 28S in fractions that corresponded with monosome and polysome peaks. RT-PCR 

also confirmed the presence of two circANRIL isoforms, one with an exon 14-4 junction (top 

band on the gel) and the other with an exon 14-5 junction (lower band in the gel) (Figure 7.2 A-

B) in all the fractions. However, circANRIL in Figure 7.2A and Figure 7.2B was found enriched 

in the monosome fractions and ribosomal subunits. These results suggest that circANRIL is 

associated with complexes with the same sedimentation rate as ribosomal subunits or 

monosomes. 

An exception to this was Figure 7.2C in which localisation of 18S and 28S rRNA was restricted 

to the monosome peak and missing in the polysome peak which indicated possible 

disaggregation of polysomes. Nevertheless, circANRIL was still found across all fractions 

(Figure 7.2C). Due to this inconsistency between experiments (Figure 7.2 A-C), the results of 

this chapter were treated with caution. 
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Figure 7.2: Distribution of circANRIL, 18S and 28S ribosomal RNA in polyribosome 

profiles obtained from NZM7 cells. 

Around 40-45 fractions were collected in equal volumes starting from the highest to the lowest 

sucrose density as the tube containing the sucrose gradients was pierced at the bottom. Every 

third fraction was collected and used for RNA extraction, followed by cDNA synthesis. 

Distribution of circANRIL in the fractions was investigated using RT-PCR along with 

localisation of 18S and 28S rRNA as markers of ribosome components. Extracts of NZM7 cells 

were made at passage (p) 25, 17 and 15. The numbers above the gel represent the fraction 

number. 
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 Abundance of circANRIL in polyribosome gradients of NZM7 cells 

Following RT-PCR to detect circANRIL in polyribosome profiles of NZM7 cell extracts, the 

abundance of circANRIL in the gradients was examined using qPCR (Figure 7.3 A-C). A primer 

set targeting the exon 14-5 junction was used to examine circANRIL in the polyribosome 

fractions, along with 18S and 28S rRNA as controls (Figure 7.3 A-C). Only CT values were 

considered for examining the abundance of circANRIL in the polyribosome profiles along with 

18S and 28S rRNA (Figure 7.3 A-C). As seen in the case of RT-PCR, circANRIL was found to 

be more abundant in fractions corresponding to the monosomal peaks for the first two biological 

replicates (Figure 7.3 A(i)-B(i)) for which the polysome profiles looked similar. However, the 

profiles of 18S and 28S rRNA, which were used to indicate the identity of the ribosomal subunits 

that were present in the first two biological replicates, were different (Figure 7.3 A(ii)-B(ii)). In 

the case of NZM7 cells at p25, the abundance of 18S and 28S rRNA was found to be high in 

fractions corresponding to the monosomal peak and decreased towards the bottom of the 

gradient i.e. in the fractions corresponding to the polysomal peaks (Figure 7.3A(ii)). Similar 

levels of 18S and 28S rRNA were found in fractions corresponding to both monosomal and 

polysomal peaks in NZM7 cells at p17, indicating the presence of ribosomes till the last fraction 

collected (Figure 7.3A(ii)). 

The profile for NZM7 p15 (Figure 7.1C) was inconsistent with those obtained for NZM7 p25 

and NZM7 p17 (Figure 7.1 A-B). A sharp peak indicating the abundance of circANRIL was 

found in the fraction corresponding to the monosomal peak (Figure 7.3C(i)) as found for NZM7 

p25 and NZM p17 (Figure 7.3 A(i)-B(i)). However, the abundance of 18S and 28S rRNA in the 

fractions corresponding to the polyribosome profile was restricted up to fraction 20 (Figure 

7.3C(ii)). This may indicate that the polysomes had disaggregated, thereby resulting in a sharp 

monosome peak. This is consistent with RT-PCR profile (Figure 7.2C) which indicates that 18S 

and 28S were enriched in fractions which correspond only with the monosome peak and is 

depleted from the later fractions. 
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Figure 7.3: Abundance of circANRIL, 18S and 28S ribosomal RNA in polyribosome 

profiles obtained for three biological replicates of NZM7 cell extracts. 

qPCR showing distribution of circANRIL (Ai-Ci) and the 18S and 28S rRNAs (Aii-Cii) in 

extracts of NZM7 cells at passage (p) 25, 17 and 15.  

 Discussion 

Polysome profiles of melanoma cells of the NZM7 and NZM37 lines were obtained to find 

whether cytoplasmic circANRIL was free or bound to other molecules, and thereby to obtain 

information in regards to circANRIL function. The presence of circANRIL in fractions of the 

polysome gradient was examined and circANRIL was found to co-sediment with monosomes in 

extracts of NZM7 cells.  

 Problems acquiring polyribosome profiles for melanoma cell lines 

In both cell types, NZM7 and NZM37, high molecular weight complexes were apparent but at 

a lower than expected concentrations (Figure 7.1 A-F), even though the same protocol (228) and 

culture conditions were used for both cell lines. An attempt was made to reduce inter-experiment 

variability by using the same sucrose gradients for all experiments. Unsatisfactory polyribosome 

profiles obtained from NZM37 cells could be attributed to ‘runoff’ or disaggregation of 

ribosomes during harvesting and extraction of the cells or from degradation by RNase activity 

in cell extracts or reagents. Rapid harvest to prevent ‘runoff’ of ribosomes was a challenge due 

to the difficulty of manually handling a large cell culture volume which consisted of twelve 175 

cm2 flasks. Thus, there was a delay in cooling cells down as quickly as possible to maintain 

polysome integrity and prevent dissociation of polyribosomes. Failure to obtain adequate 

polyribosome profiles for NZM37 cells could also be due to their having a less stable and more 

sensitive nature as compared to NZM7 cells. 

NZM37 cells were found to be more sensitive to cycloheximide than NZM7 cells, as they 

detached from the flasks in 5 mins as compared to NZM7 cells, which were incubated with the 

same concentration of cycloheximide for 15 mins. A minimum incubation time with 

cycloheximide ensured stalling of ribosomes, without release of mRNA and with maintenance 

of the polyribosome complex (229). Therefore, the incubation time with cycloheximide could 

not be reduced for NZM37 cells. Sensitivity of NZM37 cells to cycloheximide was controlled 

to a certain extent by leaving behind a little medium in the flasks followed by addition of 

cycloheximide. However, runoff of ribosomes could not be prevented. Testing sensitivity of 

NZM37 cells at different cycloheximide concentrations and optimisation of incubation time can 

possibly rectify the problems. 
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Discrepancies between polyribosome profiles obtained with NZM7 extracts could be due to 

inconsistencies in collection of the gradients after centrifugation or disturbance of the sucrose 

gradients. A polyribosome profile for MDA-MB-468 breast carcinoma cells was run alongside 

that for NZM7 cells as a technical control (Supplementary Figure 10.10), and demonstrated a 

profile consistent with published data using the same conditions (228). Failure to obtain robust 

A260 profiles could also be due to the fragile nature of the NZM cells. Well-resolved polysome 

profiles may perhaps be obtained successfully using established melanoma cell lines such as 

A375, RPMI-8322, A2058 etc. 

 Co-sedimentation of circANRIL with monosomal fractions 

Further elucidation regarding a possible function of circANRIL was attempted by investigating 

whether circANRIL is unbound or associated with other RNA binding molecules in the 

cytoplasm in melanoma cells. Despite inconsistent polysome profiles obtained from the three 

biological replicates of NZM7 cell extract centrifugation, co-sedimentation of circANRIL in 

fractions corresponding to the monosome peak in all three experiments, indicated that 

circANRIL is not freely dispersed in solution and further suggests the possibility that it forms a 

complex with other RNA binding molecules in the cytoplasm. 

Several reports have provided evidence that circRNAs act as scaffolds to regulate protein-

protein interactions (126). For instance, circFoxo3 was found to regulate cell proliferation by 

interacting with cell cycle associated proteins, CK2 and p21. CircFOXO3 formed a circFOXO3-

p21-CDK2 ternary complex, which blocked the interaction of CDK2 with cyclin E. CDK2-

cyclin E complexes initiate the G1-S transition in normal cell cycle progression and this G1-S 

transition was found to be inhibited by overexpression of circFOXO3 (126). 

Alternatively, circFOXO3 was found to sequester proteins involved in cellular stress pathways 

and to induce cardiac senescence. CircFOXO3 was found to inhibit nuclear translocation of 

transcription factors ID-1, E2F1, and HIF-1α by binding to these three proteins. Lack of nuclear 

translocation prevented transcription of stress response factors. Additionally, circFOXO3 was 

found to bind to the anti-stress protein focal adhesion kinase (FAK) following induction of 

oxidative stress. Interaction of circFOXO3 with FAK, arrested FAK in the cytoplasm and 

contributed to increased cellular senescence (230). 

Following along the same lines, a hypothesis regarding circANRIL function can be suggested in 

melanoma. CircANRIL may promote translocation of p16 mRNA to the cytoplasm and 

eventually to the ribosomes for translation into protein. More circANRIL species, as found in 

NZM7 as compared to NZM37 cells, would lead to increased translocation of p16 mRNA to the 
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cytoplasm and enable translation, and this could possibly explain the loss of p16 protein in 

NZM37 cells. After the translocation to the ribosomes circANRIL may be degraded at the 

ribosomes (226) or accumulate in the cytoplasm. This could also explain the positive correlation 

found between circANRIL and p16 mRNA. 

Alternative functions may also include circANRIL either acting as a scaffold for formation of 

protein complexes, or inhibiting protein activites, as a feedback mechanism. The function of 

circANRIL therefore, needs to be verified possibly using circANRIL pull-down strategies. 

 Summary 

Following localisation of circANRIL in the cytoplasm, possible associations of circANRIL with 

other proteins to form complexes was investigated by analysing polyribosome profiles for 

melanoma cell lines NZM7 and NZM37. Polyribosome profiles obtained with both NZM7 and 

NZM37 cells were inconsistent between independent experiments, more so in the case of 

NZM37 as compared to NZM7 cells. Different ribosome components along the A260 profile 

were analysed using RT-PCR and qPCR for 18S and 28S rRNA, and these approaches indicated 

the distribution of subunits (40S, 60S), monosomes (80S) and polysomes in the collected 

sucrose gradient fractions. CircANRIL was detected using RT-PCR and qPCR in the same 

sucrose gradient fractions collected for NZM7 cells after centrifugation, showing a broad 

distribution of circANRIL in all fractions, although circANRIL species were enriched more in 

the fractions corresponding to the monosome peaks. The results in this chapter were treated 

cautiously as the technique requires further optimisation. Function of circANRIL was therefore 

investigated using an RNAi strategy, as decribed in the following chapter. 
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Effects of circANRIL manipulation 

 Introduction 

Several functions have been suggested for circRNAs. In the cytoplasm, multiple circRNAs have 

been shown to act as miRNA sponges (79, 150) and certain circRNAs have been shown to 

possess binding sites for RBPs (126, 146) and may act as protein-sequestering molecules (126). 

In the nucleus, circRNAs can influence transcription of their parental genes by interacting with 

the U1 small nuclear ribonucleoprotein particle (U1snRNP) and RNA polymerase II (159) and 

can affect alternative splicing of transcripts, thus altering gene expression (152). Additionally, 

one circANRIL isoform was found to be associated with ribosome biogenesis and nucleolar stress 

(127). 

An increasing number of functions reported for circRNAs, along with an implicated 

atheroprotective role of circANRIL (127), prompted further investigation into possible functions 

of circANRIL in melanoma cells. However, taking into consideration the wide assortment of 

circANRIL isoforms found in melanoma cells, we attempted to initially assess the abundance of 

each isoform and subsequently target the most abundant isoform for knockdown. An RNA 

interference (RNAi) strategy was employed to manipulate the expression of the selected 

circANRIL isoform, and downstream phenotypic effects, if any, were investigated to obtain some 

pointers towards possible functions of circANRIL. 

 ShRNA mediated knockdown of circRNA 

RNA interference (RNAi) is a natural process through which expression of a targeted gene can 

be knocked down with high specificity and selectivity (231). Small hairpin RNA (shRNA) 

mediated knockdown of RNA expression as a RNAi strategy is efficient and routinely used for 

targeting linear RNAs (231). ShRNAs are expressed using a DNA plasmid vector which contains 

two selection markers, an antibiotic-resistance gene and a fluorescent reporter gene, that enable 

selection of transfected cells and their isolation from a pool of un-transfected cells respectively. 

The shRNAs are processed and bound by two complexes called DICER and RISC. The RISC 

with the bound shRNA recognises complementary linear RNA molecules and leads to the 

degradation of the target linear RNA. ShRNA constructs affect the targeted linear RNA with 

variable efficiencies (231). 
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Recently, RNAi strategies like shRNA and siRNA have been employed to manipulate expression 

of circRNA molecules (118, 125). Owing to the structural complexity of the circRNAs, related 

studies designed shRNAs to target the non-canonical back-spliced exon junctions which would 

ensure specific knockdown of circRNAs without affecting the expression of their linear 

counterparts (118, 125). A similar shRNA mediated strategy was applied to target circANRIL in 

melanoma cells. 

 Results 

The abundance of circANRIL isoforms was assessed in NZM7 cells using primers targeted 

against non-canonical back-spliced junctions, following which the expression of the most 

abundant isoform was targeted using the shRNA strategy to examine phenotypic effects if any. 

 Design and optimisation of primers targeting previously identified non-canonical 

back-spliced circANRIL junctions 

In order to determine the abundance of each circANRIL species found in our melanoma cells, 

several primer sets were designed to target the previously identified new non-canonical back-

spliced junction exons 6-2, 7-5, 10-4, 12-4, 7-4, 14-4, 6-4, 10-6, 10-5, 10-2 as shown in Chapter 

4 and Figure 8.1A. For detecting the exon 14-5 junction, the same primer set J1 as used in Chapter 

4 was also included (Figure 8.1B). Optimisation of back-spliced junction primer sets using the 

same conditions as described in Burd et al. (121), however showed a ladder pattern for the 

products obtained for all primer sets used (Figure 8.1B). 
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 Validation of products obtained using primers targeted against back-spliced 

junctions 

Multiple bands obtained for junction primers used in section 8.2.1 required confirmation 

regarding binding specificity of these primers. The specificity of the products obtained in Figure 

8.1B using junction primer sets was validated by purifying PCR products of these reactions, 

followed by cloning and sequencing (Figure 8.2 A-D). A few products obtained using back-

spliced exon junctions were selected at random and sequenced for validation purposes. Following 

this, products obtained using a primer set against the exon 7-5 junction (Figure 8.1B) were 

purified and cloned into pGEM-T vector. Colony screen PCR was then performed using the same 

primer set against the exon 7-5 junction. Around 28 colonies were screened in order to detect the 

correct inserts (Figure 8.2A). Based on the sizes of the inserts, plasmids of colonies 3, 4, 6, 11 

Figure 8.1: Optimisation of junction primers and abundance of circANRIL isoforms. 

(A) Schematic of primer strategy to detect novel back-spliced junctions. (B) RT-PCR showing 

products obtained using junction primers. 
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and 17 were purified and sent to the University of Otago for Sanger sequencing. Sequencing of 

selected plasmids confirmed that the primer set against the exon 7-5 junction was specific to 

ANRIL. However, the ladder pattern of the products (Figure 8.1B) was due to other back-spliced 

junctions with combinations of different exons (Figure 8.2B) nested within the region that was 

amplified by the primer set against the exon 7-5 junction. 

The same result was obtained for another primer set designed against the exon 6-4 junction. 

Products obtained using this primer set (Figure 8.1B) were purified and cloned into pGEM-T 

easy vector. Colony screen PCR was then performed to detect inserts in 28 colonies using the 

same primer set. Based on the insert sizes, plasmids from colonies 3, 4 and 7 were purified and 

analysed using Sanger sequencing (Figure 8.2C). CircANRIL isoforms with exon 14-4 and exon 

10-4 junctions were identified again with an assortment of different exon combinations (Figure 

8.2D). 
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 Abundance of circANRIL isoforms in NZM7 

Following validation of the exon junction primer sets, and presuming that qPCR would only 

detect products <200 bps, the abundance of each circANRIL species was determined based on 

the back-spliced exon junctions. The NZM7 cell line was used to investigate the abundance of 

each circANRIL isoform (Figure 8.3A). Products of qPCR were also visualised on 1% agarose 

gels to ensure that only one product and not multiple products were amplified by each primer set 

(Figure 8.3B). Except for primer sets targeted against exon 7-5, exon 6-4 and exon 10-5 junction, 

only one product was obtained for all the other primer sets used (Figure 8.3B).  

Figure 8.2: Validation of PCR products using primer sets targeting non-canonical back-

spliced junctions. 

(A) Colony screen PCR using primer set targeted against the exon 7-5 junction. (B) Alignment 

of results obtained using Sanger sequencing against ANRIL validating the products derived 

using the exon 7-5 junction primer set. (C) Colony screen PCR using primer set targeted 

against the exon 6-4 junction. (D) Alignment of results obtained using Sanger sequencing 

against ANRIL validating the products derived using exon 6-4 junction primer set. 

Figure 8.3: Abundance of circANRIL isoforms in melanoma cells. 

(A) qPCR showing expression levels of different back-spliced ANRIL exon junctions 

representing various circANRIL isoforms in NZM7 cells. (B) qPCR products obtained for each 

back-spliced ANRIL exon junction in (A) visualised on 1% agarose gel. Error bars represent 

SEM and n=2. 
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 Design strategy for targeting circANRIL isoforms and selection of transfected cells 

Previous experiments done in this thesis revolved around exon 14-5 junction. Published reports 

indicated exon 14-5 and 14-4 junctions as most abundant (121). These factors taken together 

along with qPCR results from 8.2.3, two back-spliced exon junctions 14-4 and 14-5 were selected 

to be targeted using the shRNA strategy. The sequence of the shRNAs was designed exclusively 

to target the exon 14-4 and 14-5 junctions in the 5’ to 3’ orientation which spanned across 3’ end 

of exon 14 and 5’ parts of exon 4 or exon 5 respectively (Figure 8.4 A and B) and as described 

previously, to specifically knock down circANRIL expression. Another shRNA construct 

targeted exon 5-6 junction as exons 5 and 6 were the most abundant exons present in almost all 

the circANRIL isoforms found in this study. The sequence of the shRNA targeted against exons 

5-6 was designed in a similar way, and spanned across the exon 5 and exon 6 junction (Figure 

8.4C). ShRNA against exons 5-6 in theory would therefore target both circular and linear ANRIL 

isoforms. Non-specific (scrambled) shRNA constructs were used as negative controls.  

Based on the diversity of circANRIL isoforms, NZM7 cells were selected to be transfected. 

NZM7 cells were transfected with individual shRNA constructs targeting exon 14-4, 14-5 and 5-

6 separately using lipofectamine and the transfected cells were renamed NZM7sh14-4, NZM7sh14-

5 and NZM7sh5-6 respectively. Additionally, NZM7 cells were transfected with a mixture of 

shRNA constructs which included two combinations: exon 14-4/exon 5-6 and exon 14-5/exon 5-

Figure 8.4: Design of shRNA for targeting circANRIL. 

ShRNA was designed to target the back-spliced exon junctions for exons 14-4 and 14-5, and 

for the exon 5-6 junction, which is in a linear orientation. Brackets represent the targeted 

sequence. 
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6 and these cells were renamed NZM7sh14-4/5-6 and NZM7sh14-5/5-6 respectively. NZM7 cells 

transfected with scrambled shRNA constructs served as negative controls and those were 

renamed NZM7GFP, NZM7Cherry and NZM7GFP/Cherry depending on the fluorescent reporter genes. 

Transfected cells were then sorted using FACS based on the fluorescent reporter genes GFP 

(Figure 8.5), mCherry (Figure 8.6) and the combination of GFP and mCherry (Figure 8.7) 

expressed by the DNA plasmid vector for each shRNA construct. Sorting for transfected cells 

was done by Mr. Stephen Edgar at University of Auckland. 
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Figure 8.5: Flow cytometry plots indicating gating strategy and selection of GFP positive 

cells. 

(A) Plot indicating the region of interest drawn to exclude debris. The resulting gated GFP 

positive live cells (B) were then analysed further and doublet cells were excluded based on (C) 

side scatter and then (D) forward scatter. The resulting single cell population (E) was analysed 

to exclude P3 population (F) and P2 population (G) using a combination of 600LP and 550LP 

dichroic mirrors and 488-610/20 and 488-575/26 bandpass filters respectively. (H) The resulting 

population containing GFP positive cells was selected using 600LP dichroic mirror and 552-

610/20 bandpasss filter. (I) A single-parameter histogram indicating selected GFP positive cells.  
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Figure 8.6: Flow cytometry plots showing gating strategy and selection of mCherry positive 

cells. 

(A) Plot indicating the region of interest drawn to exclude debris. The resulting gated mCherry 

positive cells (B) were then analysed further and doublet cells were excluded based on (C) side 

scatter and then (D) forward scatter. The resulting single cell population (E) was analysed to 

exclude P3 population (F) and P2 population (G) using a combination of 600LP and 550LP dichroic 

mirrors and 488-610/20 and 488-575/26 bandpass filters respectively. (H) The resulting population 

containing mCherry positive cells was selected using 600LP dichroic mirror and 552-610/20 

bandpass filter. (I) A single-parameter histogram indicating selected mCherry +ve cells. 
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Figure 8.7: Flow cytometry plots showing gating strategy and selection of double positive 

(GFP +ve and mCherry +ve) cells. 

(A) Plot indicating the region of interest drawn to exclude debris. (B) Double positive sorted cells 

are sorted based on (C) side scatter and then (D) forward scatter. (E) Double positive cells were 

analysed to exclude P3 (F) and P2 (G) populations using a combination of 600LP and 550LP 

dichroic mirrors and 488-610/20 and 488-575/26 bandpass filters respectively. The resulting 

double positive cells were gated (H) to exclude single populations of GFP+ve and mCherry +ve 

cells using 600LP dichroic mirror and 552-610/20 bandpasss filter. Histograms showing selected 

GFP+ve (I) and mCherry+ve (J) cells. 
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 Quantification of knockdown efficiency of shRNAs 

Following transfection and selection of the transfected cells, knockdown efficiency of each 

shRNA target was determined using qPCR (Figure 8.8). Fold change was calculated against 

negative controls, to facilitate direct comparisons of any differences in expression levels. No 

significant change in expression of transcripts with the exon 14-4 junction (NZM7sh14-4) (Figure 

8.8A), exon 14-4 and exon 5-6 junctions (NZM7sh14-4/5-6) (Figure 8.8C), or exon 14-5 and exon 

5-6 junctions (NZM7sh14-5/5-6) (Figure 8.8D) was observed. These results indicated that the 

shRNA constructs were unable to knock down expression levels of the target candidate 

transcripts. Expression of other linANRIL exons (exon 1, last exons of the short (exon 13b) and 

long (exon 19) isoforms were also quantified in these cells, and the analyses revealed no 

significant change in expression in NZM7 sh14-4 and NZM7sh14-4/5-6 cells (Figure 8.8 A and C). 

Analysis of expression levels of various exons of linANRIL in NZM7sh14-5/5-6 revealed similar 

results to NZM7sh14-4 and NZM7sh14-4/5-6 cells, except for the last exon of the short (exon 13b) 

isoform, which revealed an increase in expression which was associated with a high degree of 

variability of expression between biological replicates (Figure 8.8D). 

Expression of p16 was also analysed in the manipulated cells owing to the positive correlation 

observed between expression of circANRIL and p16 (Chapter 4). p16 expression in the 

manipulated NZM7sh14-4/5-6 cells remained unchanged (Figure 8.8C). NZM7sh14-4 cells on the 

other hand, showed an increase (Figure 8.8A) and NZM7sh14-5/5-6 cells showed a decrease (Figure 

8.8D) in p16 transcript, which was again associated with a high degree of variability of 

expression levels between biological replicates. However, due to unsuccessful knockdown of 

target circANRIL isoforms in NZM7sh14-4, NZM7sh14-4/5-6 and NZM7sh14-5/5-6 cells, further 

phenotypic effects were not examined in these cells. 

In the case of NZM7sh5-6 cells, an approximately 30% decrease in expression levels was observed 

for exon 5-6 (Figure 8.8B). However, no significant effect was observed in expression levels of 

the other linANRIL exons analysed as explained above, or of the p16 transcript (Figure 8.8B). 

Therefore, these cells were not assessed further for possible phenotypic differences.  

NZM7sh14-5 cells showed a decrease in expression of exon 14-5-containing circANRIL, indicating 

a knockdown efficiency of around 40% (Figure 8.8E). Along with a considerable reduction in 

the expression of the target, quantification of other exons in linANRIL such as exon 1, and the 

last exons of the short (exon 13b) and long (exon 19) isoforms revealed a significant decrease in 

expression levels as well (Figure 8.8E). 
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Interestingly in NZM7sh14-5 cells, the abundance of the p16 transcript was suppressed to the same 

extent as was the transcript containing the exon 14-5 junction (Figure 8.8E). To further validate 

that the circANRIL knockdown effect on linANRIL and p16 transcript were direct and specific, 

expression levels of p14 and p15 were also assessed in NZM7sh14-5 cells. This analysis revealed 

that the expression of p14 and p15 remained unchanged (Figure 8.8E). We consider that the 

evidence of circANRIL knockdown and of a decrease in p16 RNA levels in NZM7sh14-5 cells is 

reliable. We consequently engaged in further analysis of these cells in terms of proliferation and 

p16 protein expression. 
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Figure 8.8: Knockdown efficiency of different shRNA constructs. 

Three different shRNA constructs were designed to target circANRIL and were transfected 

into NZM7 cells individually and as combinations of shRNA constructs. The efficiency of 

each shRNA knockdown strategy was analysed by qPCR in relation to negative scrambled 

shRNA control and expression of linANRIL exons quantified along with expression of p16 

transcript in the case of cells transfected with (A) shRNA 14-4 (n=2), (B) shRNA 5-6 (n=2), 

(C) shRNA 14-4/5-6 (n=2), (D) shRNA 14-5/5-6 (n=2) and (E) shRNA 14-5, (n=4). Red 

boxes indicate expression of target exons for each shRNA construct. Error bars indicate 

SEM. 
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 Analysis of p16 protein expression and proliferation rate in NZM7sh14-5 cells 

Decrease in p16 RNA expression levels in NZM7sh14-5 cells prompted examination of p16 protein 

abundance in the same cells. p16 protein expression was examined using immunoblotting and 

chemiluminescence (Figure 8.9 A-B) in NZM7UT (un-transfected cells), NZM7Cherry and 

NZM7sh14-5 cells along with NZM3 which acted as a negative control due to deleted CDKN2A 

status. No change was detected in p16 protein expression levels in NZM7sh14-5, as compared to 

the p16 protein expression levels in NZM7UT or NZM7Cherry (Figure 8.9 A-B). 

Knockdown of linANRIL in some studies revealed a decrease in proliferation rate of the cells 

(232, 233), therefore the proliferation rates for NZM7UT, NZM7Cherry and NZM7sh14-5 cells were 

analysed and compared using Sulforhodamine B (SRB) and thymidine uptake assays (Figure 8.9 

C-D). However, no significant difference was detected in the proliferation rates of the three cell 

types examined here in either assay (Figure 8.9 C-D). 
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 Discussion 

The abundance of circANRIL isoforms was assessed by quantifying the expression of the 

transcripts with back-spliced exon junctions reported previously (Chapter 4). Based on the 

expression levels of back-spliced exon junctions in NZM7 cells, three circANRIL isoforms with 

exon 14-4 and exon 14-5 junctions, along with a standard exon 5-6 junction (circular and linear 

ANRIL) were targeted for shRNA mediated knockdown of RNA expression. An shRNA construct 

targeted to the back-spliced exon junction 14-5 (NZM7sh14-5) was found to successfully suppress 

target transcript concentrations with a knockdown efficiency of around 40%. No such 

suppression was observed with shRNAs targeted to exon 14-4 (NZM7sh14-4), exon 5-6 (NZM7sh5-

Figure 8.9: Effect of circANRIL knockdown on p16 protein and proliferation. 

(A) p16 protein expression was examined using western blotting in untransfected NZM7, 

NZM7sh14-5 and NZM7GFP cells along with NZM3 cells, which were used a negative control 

(B) Semi-quantification of p16 protein expression using protein densitometry in untransfected 

NZM7, NZM7sh14-5 and NZM7Cherry cells along with NZM3 cells. (C) Proliferation rate 

analysed using the SRB assay in untransfected NZM7, NZM7sh14-5 and NZM7Cherry cells. (D) 

Proliferation rate determined using thymidine uptake assay in NZM7, NZM7sh14-5 and 

NZM7Cherry cells. Error bars indicate SEM and n=3. 
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6) or combination of 14-5/5-6 (NZM7sh14-4/5-6) or 14-4/5-6 (NZM7sh14-5/5-6) junctions. Significant 

decreases in expression levels of other linANRIL exons were also observed in NZM7sh14-5 cells. 

Additionally, p16 RNA expression levels decreased to the same extent as exon 14-5 transcripts 

in NZM7sh14-5 cells. However, p16 protein expression remained unchanged in the same cells. The 

proliferation rate of the NZM7sh14-5 cells also remained the same as with the negative controls 

and the un-transfected NZM7 cells.  

 Downregulation of linANRIL and p16 expression on circANRIL manipulation 

Taking into consideration the significant positive correlation between the expression levels of 

linear and circular isoforms of ANRIL (Chapter 4), possible effects of circANRIL knockdown on 

the expression of linear transcript were examined in the NZM7sh14-5 cells. This interestingly 

revealed a decrease in expression levels of linANRIL exons (Figure 8.8E). A decrease in 

abundance of the p16 transcript was also observed in NZM7sh14-5 cells, which had also previously 

revealed a positive correlation.  

The potential of circRNAs to act as miRNA sponges has gained a lot of attention recently (79, 

124). miRNA as mentioned previously (Chapter 1), is a well-known class of regulatory molecules 

and is involved in gene regulation. Studies have indicated that circRNAs have the potential to 

compete with linear RNA transcripts for miRNA binding in the cytoplasm (124, 207). 

Downregulation of linANRIL and p16 transcripts with decrease in circANRIL expression is 

indicative of a similar function for circANRIL in the melanoma cells, and that it may help stabilise 

linANRIL and p16 transcripts. Determination of linANRIL and p16 mRNA half-life in NZM7sh14-

5 cells would also help to indicate whether circANRIL plays a role in stabilisation of the candidate 

RNAs.  

The same hypothesis can be extended to p16 expression and the hypothesis that circANRIL 

mediates stability of p16 mRNA by binding to miRNAs. Potential shared miRNA binding sites 

between p16 and ANRIL have been analysed and discussed in Chapter 9. The effect of circANRIL 

knockdown on p16 expression needs to be investigated further in NZM37 cells. 

Localisation studies in this thesis (Chapter 6) revealed different enrichment patterns with 

circANRIL in cytoplasm and linANRIL in nucleus, which was consistent for all the cell lines 

investigated. However, NZM7 cells contained a minor portion of circANRIL transcript in the 

nucleus, which was not the case for NZM37 cells. Considering the difference in localisation 

pattern of circANRIL, it remains to be seen whether manipulation of circANRIL in NZM37 cells 

would result in similar downregulation of linANRIL expression.  
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 No effect on proliferation rates or p16 protein expression on circANRIL 

manipulation  

Decreases in p16 RNA expression following knock down of circANRIL expression in NZM7 

cells prompted investigation of p16 protein expression in the same cells. However, no change in 

p16 protein expression was observed in NZM7sh14-5 cells as compared to un-transfected or 

negative control cells. This could possibly be due to insufficient knockdown of p16 RNA 

expression and this downstream effect needs to be assessed further using more potent knockdown 

strategies for circANRIL isoforms which may lead to a functionally significant reduction of p16 

transcripts and may consequently lead to noticeable decrease in p16 protein expression. High 

concentrations of p16 mRNA could also be saturating the ribosomes and therefore, a 40% 

decrease would not affect translation output.  

Proliferation rates in NZM7sh14-5 cells were also examined and compared to un-transfected and 

negative controls, since Holdt et al. (127), previously reported higher proliferation rates in cells 

overexpressing circANRIL. A few studies also reported decreased proliferation of cells following 

knockdown of linANRIL (169, 170), which in this case was an indirect knockdown consequent 

upon changes to circANRIL abundance. Such findings also required proliferation rates of 

NZM7sh14-5 cells to be examined. However, proliferation rates NZM7sh14-5 cells remained 

unchanged. No difference in proliferation rates could be due to normal culture conditions that 

could be saturating stimulation. Effects on proliferation perhaps need to be studied under less 

than saturating conditions (e.g. low serum). 

pRB was shown to be constitutively non-phosphorylated in NZM7 cells by Charters et al. (198). 

This indicates that control of cell cycle entry is not responsive to pRB status and deregulation 

therefore occurs downstream of pRB and p16. This could be a possible reason that could explain 

why proliferation rates were not affected in the NZM7sh14-5 cells. 

The effect of circANRIL manipulation on more melanoma cell lines therefore need to be assessed. 

Along with this a more efficient knockdown of the circANRIL isoform is also required. 

Phenotypic effects on NZM cells after targeting linANRIL also needs to be investigated and 

effects on circANRIL need to be examined. 

 Summary 

Knockdown of circANRIL containing exon 14-5 junction in NZM7 cells showed decreases in 

expression of the linANRIL exons and of p16 transcript, without affecting the expression of p14 

or p15 transcripts. p16 protein expression and proliferation rates however remained unchanged 
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in circANRIL knockdown NZM7 cells. No differential expression was detected for circular or 

linear ANRIL when other junctions were targeted.  
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Concluding Discussion 

We know very little, and yet it is astonishing that we know so much, and still more astonishing 

that so little knowledge can give us so much power.  

- Bertrand Russell 

A part of this chapter has been published in the following article, 

Sarkar, D., Oghabian, A., Bodiyabadu, P., Joseph, W., Leung, E., Finlay, G., Baguley, B. and 

Askarian-Amiri, M. (2017) “Multiple Isoforms of ANRIL in Melanoma Cells: Structural 

Complexity Suggests Variations in Processing”. International Journal of Molecular Sciences, 

18, 1378. 

 Summary of results 

In an effort to unravel the mystery of CDKN2A loss of protein expression in melanoma, and in 

view of the contradictory findings indicating that both divergent and convergent relationships 

exist between CDKN2A and ANRIL expression (82, 121, 167, 173), this thesis aimed at 

exploring their possible interactions in melanoma. However, during the course of this project 

the transcriptional landscape of ANRIL was found to be more complex than previously thought. 

Therefore, this chapter aims at addressing the transcriptional complexity of this locus before 

delving into discussion regarding the relationship between p16 and ANRIL which was initially 

proposed at the beginning of this thesis. 

Quantification of RNA expression by qPCR revealed a positive correlation between ANRIL and 

p16 mRNA in a panel of melanoma cell lines. Additionally, translational analysis of p16 

revealed that some cell lines did not synthesise p16 protein despite the presence of p16 

transcripts (Chapter 3). Existence of several ANRIL isoforms (Chapter 3), especially circular 

isoforms with varying lengths, exon-exon junctions (back-spliced exon junctions) and exon 

combinations, were uncovered in melanoma cells (Chapter 4). CircANRIL isoforms were found 

to be more stable than their linear counterparts (Chapter 5). Variability in localization patterns 

of these isoforms was also observed, with linANRIL and circANRIL variants enriched in the 

nucleus and cytoplasm respectively (Chapter 6). Polyribosome gradient profiles of melanoma 

cells revealed the co-localization of circANRIL with monosomal subunits (Chapter 7). 
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Knockdown of an abundant circANRIL isoform resulted in downregulation of p16 RNA. 

However, no differences were observed, either in the p16 protein expression level, or in 

proliferation rates (Chapter 8). These results taken together, reveal the dynamic nature of the 

locus and add complexity to investigating the function of ANRIL in melanoma. Additionally, 

enriched localisation of linear and circular ANRIL in nucleus and cytoplasm respectively 

suggests the hypothesis that function of ANRIL is isoform dependent in melanoma.  

This chapter aims to provide possible explanations and implications for these findings and how 

these results accord with existing literature. 

 Significance of multiple ANRIL isoforms in melanoma 

The first functional study of ANRIL, by Yap et al. (82), was published in 2010 and considered 

only one exon of ANRIL. However, around the same time several other studies reported the 

existence of multiple isoforms of ANRIL. Characterisation was done mostly for the linear 

isoforms of ANRIL in various tissues (121, 174, 175), with the exception of Burd et al. (121), 

who first reported the presence of circANRIL along with linANRIL isoforms. Interestingly, none 

of these studies found the complete ANRIL transcript with 19 exons which was reported by 

Pasmant et al. (103), further suggesting that the functionality of ANRIL may not depend on 

complete transcripts. These studies revealed splicing events in ANRIL to be extensive and further 

concluded that these events may affect conclusions made without knowledge of isoform 

architecture (173, 174). These results reflect a major issue that the reported alternative splicing 

isoforms may confound reported effects and provide an explanation for the conflicts in 

published findings regarding expression and possible functions of ANRIL. 

Therefore, before delving into considerations of functions of ANRIL in melanoma, this study 

considered first characterising ANRIL isoforms in melanoma, particularly circANRIL isoforms. 

Cloning and sequencing of RT-PCR products obtained using a unique primer strategy involving 

the use of outward-facing primers against ANRIL exons, revealed an assortment of circANRIL 

isoforms with varying lengths, exon-exon junctions (back-spliced exon junctions) and exon 

combinations (Chapter 4). The results also highlighted the dissimilarity in splicing mechanism 

and processing of the ANRIL isoforms in the two melanoma cell lines that were selected for this 

part of the study. 

 What determines formation of back-spliced exon junctions in circANRIL? 

Since the resurgent interest in circRNAs, as mentioned in Chapter 1 of this thesis, several modes 

of circRNA biogenesis have been proposed. One of these proposed models involves a ‘lariat 
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driven’ or exon skipping model, and another involves the presence of inverted repeat elements 

in long introns flanking the back-spliced exons that may facilitate formation of circRNAs. 

These models were investigated for circANRIL isoforms found in our melanoma cells by 

bioinformatics analysis. Analyses for both these models was performed by Mr. Ali Oghabian, 

one of our collaborators based at the University of Helsinki (below). 

 Do Alu repeats facilitate backsplicing? 

Bioinformatic analysis was performed on DNA repetitive Alu elements from the rmsk table for 

human genome build hg19 downloaded from the UCSC genome browser. Analysis revealed that 

Alu repetitive sequences were indeed present in introns 1, 5, 6, 7, 11, 12 and 14 of ANRIL 

(Figure 9.1A). Introns 5, 6 and 7 contained 1, 3 and 2 Alu elements respectively (Figure 9.1A). 

These introns were found to be present in pre-spliced RNA in 34, 31 and 31, respectively, of the 

37 circANRIL isoforms found in melanoma cell lines (Chapter 4, Table 4.1). Among these 

isoforms, we found 6, 2 and 1 junctions that involved introns 5, 6 and 7, respectively. Introns 1 

and 12 were the longest introns containing 7 and 10 Alu elements respectively (Figure 9.1 A - 

B). The only back-spliced events including these introns were observed 

in circANRIL containing junction 10-2 and 12-4, respectively, while intron 4, which is a short 

intron with no Alu elements, was present in most junctions (5-7, 5-8, 5-10, 5-14, and 5-16). 

Figure 9.1: Alu repeat elements in introns and abundance of exons in circANRIL species 

in melanoma. 

(A) Schematic showing Alu elements (indicated in red) in introns of ANRIL; (B) Graph showing 

length of introns and the probability of introns to be included in the pre-

processed circANRIL isoforms. The length and number of introns included in pre-

processed circANRILs are scaled by dividing them by their maximum values to unify them 

within the [0, 1] range. Analysis performed by Ali Oghabian. 
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These findings indicated that the presence of Alu repetitive elements and the length of the introns 

did not dictate the formation of non-canonical back-spliced exon junctions in the case of 

circANRIL. 

 

Exons included in circRNA according to published reports are not found to be enriched in Alu 

repeat elements (118). Analysis of Alu repetitive sequences for ANRIL exons revealed only 

exons 7 and 12 to contain one Alu element each (Figure 9.2). These exons were not highly 

represented, nor do they feature frequently in circANRIL junctions in these cells (Chapter 4, 

Table 4.1). 

Pairwise alignment function in Biostrings (234) package of R was used to predict possible back-

splicing events which may be attributed to the presence of inverted Alu elements present in 

introns of ANRIL (Figure 9.3). Several intron pairs with reverse complementary Alu repeat 

sequences were found for introns 14-1, 12-1, 11-1, 11-6, 11-7, 6-1, 7-6, 7-5 and 5-1, which could 

potentially lead to back-splicing events between exons 14-2, 12-2, 11-2, 11-7, 11-8, 6-2, 7-7, 7-

Figure 9.2: Analysis of Alu elements in exons of ANRIL and introns reverse complement 

network.  

(A) Schematic showing Alu elements (indicated in red) in exons of ANRIL. (B) Length of exons 

of ANRIL and the probability of exons to be included in the pre-processed circANRIL isoforms. 

The length and number of exons included in pre-processed circANRILs are scaled by dividing 

them by their maximum to unify them with the [0, 1] range. Analysis performed by Ali 

Oghabian. 
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6 and 5-2, respectively (Figure 9.3). The validated back-spliced junctions found 

in circANRIL species in the NZM cell lines (Table 4.1) confirmed only exon 6-2 back-spliced 

junction. This junction could have formed due to presence of inverted repeat sequences present 

in intron pairs 6-1 (Table 9.1). Alu elements therefore do not appear to feature in backsplicing 

events contributing to circANRIL biogenesis in melanoma. 

Table 9.1: Back-spliced junctions validated in melanoma cells due to possible pairing of 

inverted Alu repeats in introns flanking either sides of back-spliced exons. 

Backsplicing Intron_

1 

Intron_

2 

Alu in intron_1 Alu in intron_2 

2-6 1 6 Chr9:22007076-22007388 Chr9:22054786-22055051 

2-6 1 6 Chr9:22017143-22017337 Chr9:22054786-22055051 

2-6 1 6 Chr9:22017143-22017337 Chr9:22056234-22056365 

2-6 1 6 Chr9:22018051-22018262 Chr9:22054786-22055051 

2-6 1 6 Chr9:22018374-22018669 Chr9:22054786-22055051 

2-6 1 6 Chr9:22023450-22023742 Chr9:22054786-22055051 

Figure 9.3: Introns reverse complement network in ANRIL. 

The diagram shows introns of ANRIL that feature at least one pair of reverse complementary 

Alu elements. The nodes in the graph are the introns of ANRIL and two nodes are connected via 

an edge if at least one pair of Alu elements exist in the two introns that are reverse 

complementary to one another. Reverse complementary Alus were extracted using the pairwise 

alignment function (type = ‘global’) of the Biostrings package (V2.40.2), in R. The score 

criterion was set at > -100. The Table (right) shows back-spliced junction prediction for reverse 

complementary intron pairs. 
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  Does circANRIL formation in melanoma follow a lariat driven or ‘exon-skipping’ 

model? 

The possibility of a lariat driven model for circANRIL isoforms was also investigated by our 

collaborator by extracting all the known exon skipping arrangements from the RefSeq database 

using the generate events feature of SUPPA (235). All sets of exons of ANRIL that are positioned 

within these exon skipping events, i.e., the exons that could potentially form circANRIL 

isoforms, were extracted and the potential list compared to the discovered circANRIL isoforms 

(Table 9.2). However, none of the probable skipped exons matched circANRIL species found in 

this study. The involvement of ‘exon skipping’ as a possible mechanism in formation of 

circANRIL variants was therefore discarded. 

Table 9.2: Exon junctions representing exon skipping events and the circANRIL isoforms 

such events may have generated. 

Exon-intron junction Potential circANRIL 

CDKN2B-AS1;SE:chr9:22029593-

22032673:22032985-22046316:+ 

3 

CDKN2B-AS1;SE:chr9:22049227-

22056251:22056386-22077678:+ 

7,8,9,10,11,12 

CDKN2B-AS1;SE:chr9:22049227-

22056251:22056386-22112319:+,  

CDKN2B-AS1;SE:chr9:22049227-

22097257:22097363-22112319:+ 

7,8,9,10,11,12,13,14 

CDKN2B-AS1;SE:chr9:22049227-

22056251:22056386-22120199:+ 

7,8,9,10,11,12,13,14,15,16,17 

CDKN2B-AS1;SE:chr9:22049227-

22120199:22120409-22120503:+ 

7,8,9,10,11,12,13,14,15,16,17,18 

CDKN2B-AS1;SE:chr9:22056386-

22058358:22059053-22061952:+ 

8 

CDKN2B-AS1;SE:chr9:22056386-

22061952:22062025-22063943:+ 

8,9 
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CDKN2B-AS1;SE:chr9:22056386-

22063943:22064017-22077678:+ 

8,9,10,11,12 

CDKN2B-AS1;SE:chr9:22064017-

22065661:22065756-22066234:+ 

11 

CDKN2B-AS1;SE:chr9:22064017-

22066234:22066352-22077678:+ 

11,12 

CDKN2B-AS1;SE:chr9:22112394-

22113665:22113798-22118643:+ 

16 

  Other possible factors that may facilitate backsplicing and formation of 

circANRIL 

As mentioned in Chapter 1, circularisation is also facilitated by certain RNA binding proteins. 

For instance, QKI, a mesenchymal splicing factor, regulates circularisation (146). QKI was 

found to be essential for enhanced production of many circRNAs and acts by binding to 

recognition elements within introns, near the circRNA-forming splice sites (146). It was further 

proposed that QKI promoted circRNA biogenesis by bringing the circle-forming exons into 

close proximity (146). The ANRIL nucleotide sequence was therefore examined for the presence 

of canonical QKI binding motif (ACUAACN) (146). Only three motifs were found to exist in 

the entire sequence, two in intron 14 and one in intron 16. Considering the diversity of back-

spliced junctions in our melanoma cells, for QKI to encourage circularisation in this case would 

probably require more than 3 motifs. Therefore, ANRIL circularisation may not be regulated by 

QKI. 

 Possible reasons for multiple circANRIL variants in melanoma cell lines 

Heterogeneity of isoforms found in the two melanoma cell lines in our preliminary study can be 

attributable to various phenomena. One of the reasons for this heterogeneity could be due to the 

presence of mixed populations of cells within the NZM7 and NZM37 cell line. Moreover, 

circRNAs are known to exhibit cell type-specific expression (205). Therefore, multiple 

circANRIL variants found in NZM cells could have stemmed from various cell sub-populations 

depending on the level of heterogeneity within NZM7 and NZM37 cell lines. 

Several polymorphisms have been identified along the ANRIL locus and the presence of several 

of them is reported to be significantly correlated with tumour development (236). For instance, 
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the SNP rs1063192-C is highly correlated with glioma and the SNP rs1011970-T with 

melanoma susceptibility (173). Similarly, SNP rs564398 increased the risk of lymphoblastic 

leukaemia development (237). Consequently, these SNPs alter the expression pattern of ANRIL 

splice variants (236). Certain SNPs may introduce splicing defects and are linked to changes in 

the inclusion levels of exons (238). In this way SNPs are associated with alternative splicing 

events (239). The presence of these SNPs within the ANRIL locus in melanoma cells could give 

rise to multiple isoforms. 

Divergent RNA processing activities may account for this heterogeneity in isoforms. Mutations 

in the SF3B1 splicing factor have been reported to arise recurrently in uveal (240, 241) and blue 

nevus (242) melanomas. The regulator SRPK1 involved alternative splcing is overexpressed in 

carcinomas and gliomas (243). Though the effect of SF3B1 has not been reported, SRPK1 is 

overexpressed (244) in cutaneous melanoma. Differential expression of splicing factors may be 

a possible reason for isoform heterogeneity. For instance, the lncRNA MALAT-1 overexpressed 

in metastatic melanoma (96, 245), has been associated with splicing (246) and binds to SRSF1, 

at least in kidney tissue (247). The heterogeneity of processed lncRNAs, as found in this thesis, 

suggests the hypothesis that one class of lncRNA may regulate isoform selection of another 

class of lncRNA with splicing factors as intermediates. Characterisation of further lines would 

help clarify the processing mechanisms involved. 

C-Myc is a proto-oncogene known to promote cell proliferation, resulting in cellular 

transformation and modulation of programmed cell death, among a multitude of other functions 

(248-250). C-Myc amplification was identified in cases of advanced and metastatic melanoma 

(251). High c-Myc expression was significantly associated with distant metastasis and poor 

prognosis, while biologically, c-Myc overexpression reportedly increased cell motility, 

invasiveness and metastasis (251). Recently, it was demonstrated that c-Myc had the potential 

of trans-activating ANRIL by binding to the E-box elements in the ANRIL promoter region and 

inducing ANRIL expression (252). Consequent increases in ANRIL expression were identified 

as one of the malignant drivers of non-small cell lung cancer (252). Interestingly, another study 

found that alternative promoter (AP) positively correlated with the number of alternative splice 

(AS) variants in genes with APs generating AS variants (253) Therefore, it is possible that 

overexpression of c-Myc in melanoma cells and variable binding of c-Myc to alternative ANRIL 

promoter regions influence alternative splicing. 

A recent study found Myc-binding sites in the promoter regions of differentially expressed 

circRNAs (254). Gou et al. (254), suggested that Myc may regulate expression of these 

circRNAs by directly binding to the promoter’s conserved E-box sequences. GO and KEGG 
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analyses revealed that Myc-regulated circRNAs can play an important role in cell proliferation 

through affecting Ras signalling pathways in cancer (254). The function and mechanism of 

circRNAs regulated by Myc at this point however remains unknown. Thus, there is a possibility 

that the differential expression of circANRIL isoforms found in melanoma could be due to 

aberrant Myc expression. 

 Possible functions of circANRIL isoforms in melanoma 

 Potential of circANRIL to act as miRNA sponge 

In order to determine possible functions of ANRIL, circANRIL was targeted using a shRNA 

strategy, and phenotypic effects on melanoma cells were examined (Chapter 8). With one 

particular shRNA, possessing the exon 14-5 junction reduction in expression of linANRIL exons 

and p16 RNA was observed, along with reduction in circANRIL expression. The effects on 

unrelated transcripts (p16 mRNA and linANRIL) indicate the possibility that circANRIL in 

melanoma cells behaves as miRNA sponge. The function of circANRIL as a miRNA sponge has 

been well explored as mentioned in Chapter 1 and Chapter 8. 

Some circRNA molecules are known to contain miRNA response elements (MRE) which 

potentially serve as miRNA target sites (255). These MRE-containing circRNAs act as 

competing endogenous RNAs (ceRNAs) which regulate expression of miRNA targets indirectly 

by reducing miRNA binding to their target genes (255). CDR1as was one of the first circRNAs 

to support this model (150). CDR1as was reported to contain 63 conserved binding sites for 

miR-7, which suppressed miR-7’s activity, resulting in the upregulation of the expression of 

miR-7 targets such as SNCA, EGFR and IRS2 (256). Mature miRNAs and RISCs, which include 

the Ago family proteins, are assumed to reside and function in the cytoplasm (257) and 

concurrent localisation of exonic circRNAs in cytoplasm (118) would thereby enable the 

interaction between miRNAs and circRNAs. Considering the finding that linANRIL was 

enriched in the nuclei of the melanoma cells, the function of circANRIL as miRNA sponge 

remains debatable. Possible reasons for the inability of circANRIL to behave as a miRNA sponge 

are discussed below.  

However, recently several groups have shown that Ago-2 complexes are present in the nuclei of 

different cell types (258, 259). Holdt et al. (127), who first proposed a possible function of 

circANRIL, also analysed miRNA sponging potential of circANRIL containing exons 5, 6 and 

7. Nevertheless, they identified a maximum of only three binding sites for miR-4659a/b, miR-

3184-3p and miR-5571-5p in circANRIL. Moreover, the study found that the expression of these 
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miRNAs remained unchanged in circANRIL-overexpressing cells (127). These findings taken 

together argue against the hypothesis that circANRIL acts as a miRNA sponge. 

At the same time our study and the study undertaken by Holdt et al. (127), differed in the 

circANRIL isoform which was targeted and the model (cell type) which was used to conduct the 

experiments. Moreover, both expression and function of lncRNAs are tissue specific. 

Additionally, even though most circANRIL transcripts were found enriched in the cytoplasm, a 

small portion was also found to be present in the nucleus. All these factors taken together leave 

open the possibility that the targeted circANRIL isoform in our study potentially acts as a 

miRNA sponge (Figure 9.4). 

Preliminary investigations of the effect of probable MREs on ANRIL used an online database 

http://starbase.sysu.edu.cn/index.php (260). This database was developed for deciphering 

miRNA-lncRNA interactions from 108 CLIP-Seq datasets (260). Analysis of interactions 

between possible miRNAs and ANRIL revealed several miRNA candidates with variable 

frequencies of binding sites on ANRIL (Table 9.3). A maximum of only 2 binding sites was 

available in the case of miR-125-3p which was the highest, as compared to single binding sites 

for each of the other 20 candidate miRNAs. Considering that the binding site frequencies for 

those circRNAs acting as miRNA sponges are reportedly higher (124, 150), miRNA sponge 

function for circANRIL based on the same features appears improbable. Additionally, all the 

miRNA targeted regions were limited to exons 1 and 11 (Table 9.3) and these exons were not 

included in the circANRIL isoforms found in our melanoma cell lines. Therefore, the possibility 

of circANRIL in NZM cells acting as miRNA sponge can be excluded. Nonetheless, a more 

rigorous and comprehensive pipeline needs to be developed which will cater specifically to 

analysis of the circANRIL species found in our melanoma cells to explore this possibility. 

Table 9.3: Predicted miRNA candidates with varying binding sites targeting ANRIL. 

Name mirAccession # Binding 

Sites-

Exon (E)/ 

Intron (I) 

Target Location clipRead 

Num 

hsa-miR-181b-5p MIMAT0000257 1/E1 chr9:21994985-995010[+] 286 

hsa-miR-181a-5p MIMAT0000256 1/E1 chr9:21994985-995010[+] 286 

hsa-let-7a-5p MIMAT0000062 1/E11 chr9:22065706-065729[+] 16 

hsa-let-7i-5p MIMAT0000415 1/E11 chr9:22065704-065729[+] 16 

hsa-miR-4500 MIMAT0019036 1/E11 chr9:22065710-065729[+] 16 

hsa-miR-10a-5p MIMAT0000253 1/I11 chr9:22065742-066241[+] 16 

hsa-miR-122-5p MIMAT0000421 1/E11 chr9:22065734-065755[+] 16 

hsa-miR-181c-5p MIMAT0000258 1/E1 chr9:21994989-995010[+] 286 

http://starbase.sysu.edu.cn/index.php
http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994985-21995010&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-181b-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994985-21995010&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-181a-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065706-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7a-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065704-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7i-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065710-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-4500
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065742-22066241&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-10a-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065734-22065755&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-122-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994989-21995010&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-181c-5p
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hsa-miR-181d-5p MIMAT0002821 1/E1 chr9:21994985-995010[+] 286 

hsa-let-7e-5p MIMAT0000066 1/E11 chr9:22065709-065729[+] 16 

hsa-miR-125a-3p MIMAT0004602 2/E1 chr9:21994786-994808[+] 5 

hsa-miR-4262 MIMAT0016894 1/E1 chr9:21994994-995010[+] 286 

hsa-miR-10b-5p MIMAT0000254 1/I11 chr9:22065742-066241[+] 16 

hsa-let-7c-5p MIMAT0000064 1/E11 chr9:22065705-065729[+] 16 

hsa-let-7b-5p MIMAT0000063 1/E11 chr9:22065705-065729[+] 16 

hsa-let-7g-5p MIMAT0000414 1/E11 chr9:22065704-065729[+] 16 

hsa-miR-4458 MIMAT0018980 1/E11 chr9:22065711-065729[+] 16 

hsa-miR-339-5p MIMAT0000764 1/I11 chr9:22065741-066240[+] 16 

hsa-let-7f-5p MIMAT0000067 1/E11 chr9:22065706-065729[+] 16 

hsa-let-7d-5p MIMAT0000065 1/E11 chr9:22065709-065729[+] 16 

hsa-miR-98-5p MIMAT0000096 1/E11 chr9:22065707-065729[+] 16 

 CircANRIL formation regulates expression and splicing of linANRIL 

A recent paper suggested that circRNA biogenesis occurs co-transcriptionally and this process 

competes with canonical splicing of primary transcripts into linear RNA as they act on the same 

splice sites (138). As a result, less linear RNA is produced during circRNA generation, as is 

evident from negative correlations between the concentrations of linear and circRNAs (129, 

138, 148). Additionally, the resulting linear RNAs were found to lack the exons that were 

incorporated into circRNAs (148). This modified composition of the linear RNAs via ‘exon 

skipping’ can influence gene expression and consequently its function due to possible changes 

in secondary structure (261). 

In our case, though no significant correlation was found between expression of linear and 

circular ANRIL isoforms, expression trends appeared to lean towards a positive correlation 

(Chapter 4). A larger sample size could perhaps tip the scale towards a significant positive 

correlation. This trend if true, argues against negative regulation of linANRIL expression via 

circANRIL. Additionally, the phenomenon of ‘exon skipping’ in the generation of circANRIL 

species in our case has been ruled out (Table 9.2) and simultaneous decreases in expression of 

linANRIL exons were observed on knockdown of circANRIL expression. Interestingly, Burd et 

al. (121), also reported a significant positive correlation between linear and circANRIL isoforms 

in peripheral blood T-lymphocytes (PBTL). All these factors reinforce the possibility of positive 

regulation of linANRIL by circANRIL in melanoma. 

Certain circRNAs have been reported to cis-regulate their parent genes by localising to their 

transcriptional sites and binding to RNA Pol II complexes affecting the RNA Pol II-mediated 

transcription by an unknown mechanism (152). Circankrd52 is an example of one such circRNA 

derived from ankrd52 that accumulates at its site of transcription, associates with the RNA Pol 

http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994985-21995010&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-181d-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065709-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7e-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994786-21994808&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-125a-3p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:21994994-21995010&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-4262
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065742-22066241&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-10b-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065705-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7c-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065705-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7b-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065704-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7g-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065711-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-4458
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065741-22066240&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-339-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065706-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7f-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065709-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-let-7d-5p
http://starbase.sysu.edu.cn/deepView.php?position=chr9:22065707-22065729&tb=mirLncRNAall&db=hg19&name=CDKN2B-AS1:hsa-miR-98-5p
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II elongation machinery and acts as a regulator of transcription process(152). Similar 

mechanisms of transcriptional regulation have been reported for circEIF3J and circPAIP2 

which were found to co-localise with their parental loci and bind to U1 snRNP (small 

ribonucleoprotein particle) through specific RNA-RNA interactions. The circRNA-U1 snRNP 

complexes then interact with the Pol II transcription complex at the promoters of parental genes 

to enhance gene expression (159). A similar mechanism may be predicted for circANRIL in 

melanoma and possible interactions between circANRIL and components of the transcriptional 

machinery therefore need to be investigated further. 

 Other possible functions of circANRIL in melanoma 

Zhou et al., observed induction of ANRIL expression by pro-inflammatory factors when cells 

were exposed to pathological stimuli (183). Further investigation revealed that ANRIL interacted 

with an RNA binding protein YY1, a multifunctional transcriptional factor with both inhibitory 

and activating effects (183). The ANRIL-YY1 complex cooperatively binds to and regulates 

expression of inflammatory genes such as IL6 and IL8 in endothelial cells (183). This interaction 

however was reported only in case of linANRIL, and a similar interaction if present between 

circANRIL and YY1 remains to be seen. Considering that the half-life of circANRIL is 

considerably longer than its linear counterpart, and a proportion of circANRIL is found in the 

nucleus, it is possible that circANRIL-YYI complexes would be highly stable and could 

contribute to regulation of inflammatory genes in melanoma. 

CircRNAs characteristically possess high degrees of stability and are presumed to be resistant 

to exonucleolytic degradation, leading to their accumulation (129). Similarly, circANRIL 

isoforms possess longer half-lives than their linear counterparts, which may be evident from 

their higher expression levels. Expression levels of circANRIL on the other hand could also 

reflect both production and degradation rate. Therefore, there are bound to be mechanisms 

present in the cells that would degrade circRNAs or control their accumulation. One of the 

mechanisms that was proposed recently was that cells control circRNA accumulation by 

exporting them from the cells in extracellular vesicles (EVs) (262). An additional possibility is 

that functional circRNAs in some cases might be packaged into EVs for the purpose of cell to 

cell communication (227, 262). A similar mechanism can be proposed for cytoplasmic 

circANRIL which may be packaged into EVs for similar purposes either for clearance or as a 

cell signalling molecule (Figure 9.4). 

Melanoma cell derived exosomes have been shown to induce tumorigenesis or induce pro-

metastatic behaviours in other melanoma cells, as well as in normal cells (263). The unique 
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composition of exosomes released from melanoma cells supposedly may contribute to their 

ability to manipulate other cells (263). Following this, one model that can be proposed for 

circANRIL function in melanoma or melanomagenesis is that circANRIL is packaged in EVs 

and exported. EVs containing circANRIL may be taken up by inflammatory cells, where 

circANRIL may interact with YY1 and propagate inflammation, thereby promoting invasion and 

metastasis (264) (Figure 9.5). 

CircANRIL, if exported via EVs, could also act as a biomarker for detecting metastasis. Serum 

exosome-circRNAs may differ in patients with cancer from healthy controls. This finding 

illustrates the significant translational potential of circANRIL as a circulating biomarker for 

cancer diagnosis (265). 
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Figure 9.4: Proposed functions of circANRIL in melanoma cells. 

Depending on the isoforms ANRIL may be involved in different functions. In the nucleus, 

circANRIL may function by interacting with other regulatory molecules and may control 

linANRIL transcription. In the cytoplasm, circANRIL may either act as a miRNA sponge, or 

may be exported in extracellular vesicles (EVs) either for clearance or for cell-cell 

communication. Other possibilities for circANRIL include complex formation with other 

RBPs. 
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 ANRIL and p16 relationship in melanoma 

As mentioned previously (Chapter 3), an earlier study (197) revealed lack of p16 protein 

expression in 90% of the melanoma cell lines tested. Initial investigations into the loss of p16 

expression, done at the transcriptional level revealed 65% of these cell lines did express p16 

mRNA. This argued against gene silencing as a possible mechanism for suppression of p16 

Figure 9.5: Proposed contribution of ANRIL to promoting melanomagenesis. 
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mRNA and p16 protein expression, and encouraged investigation of other possible mechanisms 

of regulation of p16 expression. 

Considering the evidence that lncRNAs are frequently involved in gene regulation, along with 

the fact that divergent studies reported both concordant and discordant expression of ANRIL and 

CDKN2A/B, ANRIL became a target of interest in this study. Additionally, ANRIL was found to 

negatively regulate the CDKN2A/B gene cluster (Chapter 1). However, to our knowledge, no 

mechanism has yet been reported to account for concordant expression between ANRIL and p16. 

Moreover, ANRIL expression was identified in familial melanoma patients, and contains 

multiple disease-associated polymorphisms. All these factors taken together emphasise the 

necessity to investigate the nature of ANRIL and to examine its association with p16 if any, in 

melanoma. 

In order to examine the transcription status of the CDKN2A/B gene cluster, expression 

quantification was initially done for p16, p14, p15 and ANRIL in a panel of 16 melanoma cell 

lines (Chapter 3). Analysis and comparison of expression levels of p16 vs ANRIL, revealed a 

significant positive correlation. No relation was found between ANRIL, p14 and p15 expression 

pattern. This study was aimed at further scrutinising the relationship between p16 and ANRIL, 

because p16 is regarded as the most clinically relevant melanoma susceptibility gene, and the 

possibility that p14 and p15 are involved in melanomagenesis remains conflicted. 

 Possible association between linANRIL and p16 in melanoma 

As briefly mentioned in the discussion (Chapter 3), several factors can explain the discrepancy 

of results between the studies that indicate either a positive or negative relationship between the 

expression levels of ANRIL and p16. 

Reports that claimed a negative relationship between CDKN2A/B and ANRIL, suggested a model 

that involved the silencing of the CDKN2A/B locus by recruitment of the PRC2 complex (82). 

Yap et al. (82), targeted exons 1 and 2 of ANRIL and found enrichment of the CBX7 and SUZ12 

proteins on these exons using the ChIP assay, suggesting that ANRIL recruited CBX7 and 

SUZ12 to the CDKN2A locus and supported histone methylation which led to silencing of the 

locus. This model has now come under scrutiny as it was recently reported that mammalian 

PRC2 bound RNA promiscuously, with thousands of target transcripts in vivo (266). Further 

investigation revealed that purified human PRC2 recognised G > C, U >> A in single stranded 

RNA and has affinity for folded guanine quadruplex (G4) structures (266). RNA-mediated 

regulation was therefore aided by the abundance of PRC2-binding RNA motifs which provided 
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a rationale for the promiscuous RNA binding of PRC2, and their enrichment at polycomb target 

genes (266). 

Accordingly, the ANRIL nucleotide sequence with 19 exons was analysed using a prediction 

tool (http://bioinformatics.ramapo.edu/QGRS/index.php) for quadruplex forming G-rich 

sequences (QGRS) (267). Analysis revealed that exon 1 had the potential of forming G-

quadruplex structures (Table 9.4). This if true, could explain the results of ANRIL binding to the 

PRC2 complexes, thereby mediating negative regulation of the CDKN2A locus as reported by 

Yap et al. (82) and Kotake et al. (167). Other exons that have the potential of forming G-

quadruplex structures include exons 7, 8, 13 and 14. Considering that exon 8 is rarely included 

in ANRIL transcripts in the melanoma cells lines tested here, it is possible that exon may not be 

involved in binding to PRC2 components in this context. Exons 7, 13 and 14 on the other hand 

are quite frequently included in the isoforms present in our melanoma cells. Transcripts which 

include these exons therefore, may have some affinity for PRC2 components. The rest of the 

ANRIL exons may not have the same affinity for PRC2 and thereby, may be unable to silence 

the CDKN2A/B locus. Expression and functional ability of ANRIL may therefore further depend 

on the isoform variant expressed. 

Table 9.4: Predicted QGRS in ANRIL. 

Position Exon 

# 

Distance 

from 3’ 

Splice 

site 

Distance 

from 5’ 

Splice 

Site 

QGRS G-

Score 

315 1  38 GGACACGGCGCGGCGCTGG 20 

61470 7 9 101 GGGGTTTCACCATGTTGGCCAGACTGG 9 

63913 8 345 330 GGAACTTGGACTGATGGAACGG 18 

64059 8 491 190 GGTGGGAGGCGAAAGG 17 

101677 13 96 29 GGTATGGAAGGTGCTATGG 17 

102487 14 20 61 GGAAGTGGCAGGAATTTGGGAATGAGG 18 

 

However, if we presume a similar protein binding function that recruits PRC components to 

ANRIL in melanoma cells, a positive correlation observed between p16 and ANRIL expression 

can be justified to some extent. As mentioned previously SNPs have been reported to play a 

major role in ANRIL expression (173) and may affect the isoform produced by altering splicing 

http://bioinformatics.ramapo.edu/QGRS/index.php
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patterns. The heterogeneity of circANRIL isoforms found in melanoma cells may be an 

indication of possible deregulation in splicing processes. Modified splicing patterns or altered 

inclusion of exons in the case of linANRIL may therefore affect its secondary structure. Changes 

in secondary structure of linANRIL may have a negative impact on its binding potential, and on 

the recruitment of the PRC2 components to suppress the CDKN2A locus. This can justify the 

positive correlation between expression of p16 and ANRIL as seen in case of melanoma. 

Nevertheless, several reports that indicated positive correlations between ANRIL and p16 were 

the result of high-throughput sequencing which considered the whole length of ANRIL (121, 

173). The fact that these studies also differed in the type of tissue examined cannot be ignored. 

The expression of lncRNAs are notoriously tissue specific, thereby making it difficult to propose 

a generalised function for ANRIL. These factors collectively complicate the interpretation of 

these correlations. These factors also suggest that the CDKN2A/B locus might be regulated 

differently in various tissue and cell types. 

Based on findings from our localisation studies, there was no clear indication regarding a 

possible association between p16 and linANRIL. However, the findings did help rule out 

proposed sequestration of p16 by ANRIL as the former was found to be present in the cytoplasm 

along with the nucleus. 

As mentioned in Chapter 1, several lncRNAs have been shown to induce gene transcription (75), 

either by recruiting transcription factors or by simply changing the chromatin structure from 

heterochromatin to euchromatin (1). So, it is possible that ANRIL variants in melanoma (due to 

the change in secondary structure) may have a trans-regulatory role which may recruit 

transcription factors and enhance, rather than suppress, transcription of the CDKN2A locus 

(268). 

Other ways through which linANRIL could post-transcriptionally regulate p16 mRNA could be 

by inhibiting miRNAs from interacting with the p16 mRNA thereby increasing its stability. This 

function has been proposed for certain lncRNAs (1). The miRNA binding potential of ANRIL 

was revealed by Wang et al. (269), who found that miR-let-7a contained a base sequence that is 

complementary to sequences found in ANRIL. Further investigation implicated ANRIL in direct 

binding to miR-let-7a, and negative regulation of its expression (269). However, as mentioned 

in the previous section sponging potential of one circANRIL molecule was assessed by Holdt et 

al. (127), which revealed poor binding frequency for the candidate miRNAs. Additionally, 

probable miRNA binding sites were also analysed in previous section (Table 9.3) for the full 

length of ANRIL which revealed miRNA binding sites only on exons 1 and intron 11. Since 
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circANRIL isoforms discovered in our melanoma cells did not possess either exon 1 or intron 

11, it is highly unlikely that circANRIL may function as miRNA sponges and stabilise p16 

transcripts from degradation via miRNAs. 

Myc has also been shown to potentially affect the CDKN2A/B locus by directly associating with 

E-box elements within the genomic DNA and this event has been shown to occur when Myc is 

overexpressed (106). Myc-binding was observed to occur at the promoter and the first intron of 

p16, thereby upregulating the expression of p16 in human cells (106). ANRIL as mentioned in 

previous section was also reported to be regulated by Myc (252). These factors taken together 

indicate that Myc may be a common regulator of both ANRIL and p16 resulting in simultaneous 

transcription of both p16 and ANRIL. This if true, provides a further mechanism for the positive 

correlation found in the expression of p16 and ANRIL. 

 Possible association between circANRIL and p16 mRNA 

No significant correlation was found for the abundance of circANRIL and p16. However, the 

trend inclined towards a positive relationship between the two. This trend is also evident from 

the results presented in Chapter 8, which indicated a parallel reduction in expression of p16 

mRNA along with decrease in expression of circANRIL in cells containing the exon 14-5-

targetting shRNA. These results indicate possible modulation of p16 expression by circANRIL 

through several ways. 

CircANRIL may affect p16 expression indirectly via linANRIL. CircANRIL may regulate 

linANRIL in cis by binding to RNA Pol II and recruit the transcription machinery to the 

CDKN2B locus (159). Following this, linANRIL may then be act as transcription enhancer and 

induce transcription of p16 mRNA (1). 

 Other putative factors surrounding regulation of p16 expression in melanoma 

Seventeen CDKN2A 5’UTR variants were discovered during routine screening in melanoma 

patients. These variants were selected to investigate possible effects on the regulation of p16 

mRNA translation, and on pathogenicity (270). Some of the 5’UTR variants of the CDKN2A 

(p16) mRNA, such as c.-20A>G, c.-21C>T, c.-34G>T, c.-42T>A, and c.-93-91delAGG, were 

present in concentrations that were comparable to that of the c.-191 matched wild-type (G/G or 

A/G, none of the variants was A/A). However, the variants showed reduced abundances of p16 

protein, indicating that these 5’UTR variants exerted a negative impact at the post-

transcriptional level (270). This study emphasised that nearly half of the variants found in this 

region had a negative impact on CDKN2A mRNA translation, supporting the hypothesis that 
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5′UTR sequences can act as a cellular Internal Ribosome Entry Site (IRES) to modulate p16 

translation (270). Exome-seq analysis of our NZM cell lines would verify the presence of such 

CDKN2A 5’UTR variants and these if present could provide a rationale for the loss of p16 

protein expression in cell lines that expressed stable p16 mRNA. 

Loss of p16 protein despite the presence of p16 mRNA indicates that post-transcriptional 

regulation occurs in certain NZM cell lines such as in NZM37 and NZM40 cells. One possible 

mode of post-transcriptional regulation is through chemical modification of mRNA and this 

represents an ancient mechanism by which gene expression is regulated (271). N6-

methyladenosine (m6A) is the most prominent mRNA modification, and is mediated by a large 

methyltransferase complex (the m6A ‘writer’), specifically bound by RNA-binding proteins (the 

m6A ‘readers’), and removed by demethylases (the m6A ‘erasers’) (271). m6A mRNA 

modifications have been linked to regulation at multiple steps in mRNA processing (271). 

Following along these lines, one group reported that methylation of the 3’ UTR region of p16 

mRNA imparted stability, thereby regulating p16 turnover rate (272). NSun2, a transfer RNA 

methyltransferase was reported to mediate methylation of the p16 3′UTR (272) and this novel 

mechanism indirectly regulated translation. However, a recent study revealed that the precise 

effect of m6A on translation depended on the location of the modified nucleotide within the 

transcript (273). For instance, methylation within coding regions rather than the 3’ UTR region 

was found to reduce translation (273). Aberrant methylation within the coding region of the p16 

mRNA in NZM37 cells could explain the loss of p16 protein despite the presence of p16 mRNA. 

Other factors include possible ribosome malfunction which may alter the translational landscape 

and contribute to specific disease pathologies and cancer susceptibility (274). Mutations of 

ribosomal proteins may lead to defective maturation of ribosomal subunits which could delay 

translation of certain mRNAs. Malfunction of accumulated ribosomal precursors may cause 

aberrant translation (275). Mutations of ribosomal proteins in this way could play a role in 

cancers. Quantitative variations in actual ribosome numbers and qualitative alterations such as 

a lack of rRNA modifications can lead to deregulation of the translational machinery, and have 

been reported in cancer (275). Problems with the translational machinery in NZM37 and 

NZM40 cells could also explain the loss of p16 protein. Moreover, the difficulties of obtaining 

well-resolved ribosome profiles observed in the case of NZM37 cells could reflect aberrations 

of the translational machinery. However, considering that the A260 profiles obtained even in 

case of NZM7 cells were not as robust as compared to that obtained for MDA-MB-468 cells, it 

can be argued that the melanoma cells present various ribosome profile which may influence 

their function. 
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A recent study reported that heterogeneity in ribosomal protein (RP) composition endowed 

ribosomes with different selectivity for translating subpools of transcripts which include those 

that control metabolism, cell cycle and development (276). Mutations in RP may therefore, 

demarcate ribosomes with specialised functions leading to a possible failure in translation of 

p16 mRNA. 

 Factors which may have affected RNAi targeting of circANRIL 

For functional studies, the unique 3’-5’ exon junctions in circular RNA have been targeted using 

an RNAi strategy which has included both siRNA and shRNA (123, 277, 278). Considering the 

advantages that shRNA has over siRNA targeted systems, such as stable integration and long-

term knockdown of the targeted gene (279), the former was selected for manipulating circANRIL 

expression in melanoma cells. However, no significant phenotypic effect was observed in 

NZM7 cells, which showed a 40% reduction of circANRIL containing the exon 14-5 junction. 

The diversity of circANRIL isoforms in NZM7 cells could possibly explain the ineffectiveness 

of this knockdown strategy. Inefficiency of knockdown and no change in cell phenotype could 

arise because only a small population of circANRIL containing the exon 14-5 junction was 

targeted. Therefore, to observe a global effect, multiple circANRIL species must be targeted 

simultaneously.  

Another element that could have added to the inefficiency of the knockdown strategy could be 

the concentration of Ago2 in the NZM7 cells. Argonaute-2 (Ago2) is a key player in RNA 

interference (RNAi) silencing. Ago2 can cleave and thus effectively remove the passenger 

strand of a loaded perfect RNA duplex, and thereby activate thermodynamically stable shRNA 

(280). Ago2 concentration in the cells acts as a rate-limiting step in deciding the efficiency of 

shRNA in targeting the RNA of interest (280). This was further confirmed by overexpressing 

Ago2 protein using plasmids or viral vectors that co-encoded an shRNA and this led to a boost 

in the potency of the shRNAs (280). Inefficient knockdown of other targeted exons including 

14-4, 14-5 and 5-6 could be due to low expression of endogenous Ago2 in NZM7 cells. This 

could possibly be rectified by using similar plasmid constructs which encode Ago2 protein along 

with the shRNA targeted against circANRIL. However, examination of TCGA-SKCM samples 

for Ago2 expression suggests this is not the case for melanoma. 

Considering the decent time gap between selection of the shRNA transfected cells and passage 

of cell generations, the cells may adapt to any perturbations. Any changes to phenotype would 

therefore be lost under the adaptive capability of the shRNA transfected cells. Targeting 

circANRIL with siRNA strategy may help overcome this problem. 
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In recent years, antisense oligonucleotides (ASOs) have re-emerged as valuable tools to probe 

disease mechanisms, and as potential therapeutics for disease intervention (281). ASOs are also 

used routinely to regulate gene expression through RNA targeting in cell culture and animal 

models (282). Chemically modified locked nucleic acid (LNA) ASOs are highly stable and 

exhibit greater potency for targeting RNAs of interest (281). ASOs therefore could potentially 

serve as more effective tools to knock down circANRIL expression. Knockdown of another 

circRNA, circPAIP2 using ASOs has been performed, and a significant reduction in expression 

of circPAIP2 was observed (159). Several ASOs could therefore be used to target multiple 

circANRIL species simultaneously which could lead to global reduction in circANRIL 

abundance. This could enable manifestation of phenotypic effects if any, of circANRIL 

knockdown in melanoma cells. 

 Limitations and future directions 

A panel of patient derived melanoma cell lines were used in this study. One of the main 

advantage of using primary cell lines is that they closely resemble patient tumours. In order for 

the cells to remain as similar to the tumour tissue as possible, the passage numbers were limited 

to 30 and experiments done using lower passage numbers. However, there are several limitations 

of using primary cell lines. The melanoma cells in general were found to be very sensitive and 

fragile which were reflected in the inconsistencies between experimental repeats for some 

experiments undertaken in this study. For instance, sensitivity of NZM cells to cycloheximide, 

posed as a problem for examining probable associations of circANRIL with high molecular 

weight complexes in the cytoplasm through analysis of polysome profiles. Successful execution 

of this experiment would have provided helpful insights into deciphering the function of 

circANRIL. It is possible that use of established commercial melanoma cell lines such as A375, 

A2058, RPMI-8322 etc, would have served as a better option for this purpose. A reasonably 

good ribosome profile for MDA-MB468 cells (Supplementary Figure 10.10) for example, was 

obtained when used as a technical control alongside NZM7.  

Another limitation of this study was the low expression levels and copy numbers of ANRIL 

which made FISH studies difficult. RNA FISH studies were attempted initially to investigate 

any possible association of p16 mRNA with linANRIL. However, low copy numbers of 

linANRIL made it impossible to investigate any physical relationship that may exist between 

p16 and ANRIL in melanoma. However, considering the high stability and abundance of 

circANRIL, in situ RNA FISH could be attempted again by targeting the probe against the back-

spliced junction as was done for knockdown studies against the exon junction. Using dual 
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probing strategies against p16 transcript and circANRIL any physical association present 

between p16 transcript and ANRIL could be detected. 

The extent of circANRIL heterogeneity found in melanoma cells adds another layer of 

complexity to designing functional studies. Based on the observation that back-spliced exon 

junctions 14-5 and 14-4 were consistently present in our melanoma cells, these back-spliced 

exon junctions were targeted. Due to time constraints, only NZM7 cells were investigated for 

the effects of circANRIL knockdown. To increase confidence in the observed results with 

NZM7, investigation of additional NZM lines, such as NZM37 and NZM40 along with normal 

melanocytes, is essential. Parallel examination of more melanoma and normal cells would 

therefore present clear answers regarding functions of circANRIL. 

Other limitations include the contradictory literature relating to ANRIL and its relationship with 

p16 because of which findings of this study were treated cautiously. 

Reasons for ANRIL heterogeneity could be answered potentially through RNA-seq of NZM cell 

lines. RNA-seq analysis would also help answer questions in regard to non-canonical back-

splicing of exons leading to formation of circANRIL. Moreover, this would enable us to draw 

out differences between cells that showed a loss of p16 protein despite the presence of p16 

mRNA. 

Future directions include investigating the relationship of ANRIL and its role in inflammation. 

The hypothesis of circANRIL export out of melanoma cells via extracellular vesicles needs to 

be examined. This can indicate the possibility of using circANRIL as a diagnostic tool for early 

detection of metastasis. 

 Final conclusions 

This thesis involved characterisation of lncRNA ANRIL and examination of its relationship with 

p16 in melanoma. Expression analysis revealed a significant positive correlation between 

ANRIL and p16 mRNA. This finding argues against the proposed function of ANRIL as a 

negative regulator of p16. Protein analysis revealed loss of p16 protein in certain melanoma 

cells which indicates that post-transcriptional modification of p16 mRNA occurs. Differential 

expression of exons indicates the presence of multiple ANRIL isoforms in all the NZM cell lines 

investigated. Further investigation revealed the existence of multiple circANRIL isoforms along 

with linANRIL isoforms, and demonstrated that circANRIL species were present at an even 

higher level of heterogeneity. This could indicate that deregulation of ANRIL and the multiple 

splice variants produced could be due to the presence of SNPs which can affect canonical splice 
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sites. This study therefore demonstrated the level of transcriptional complexity at this locus and 

underlines the necessary caution required while carrying out functional studies. Diverse 

localisation patterns of linear and circular ANRIL isoforms in nucleus and cytoplasm 

respectively indicate the possibility of dual functions in melanoma. Knockdown of one 

circANRIL species led to a simultaneous decrease in the concentrations of linANRIL and p16 

mRNA, indicating that circANRIL may be involved in maintaining their stability. This study 

therefore emphasises the need for further and careful examination of this locus which could 

reveal more details regarding gene regulation. 
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Supplementary Figures 

 Supplementary Figure for Chapter 2. 

 

  

Supplementary Figure 10.1: Primer efficiencies for different primer sets used in this thesis.  

Primer efficiencies were analysed by Ms. Carolin Niklas in our group using HeLa cells.  
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 Supplementary data for Chapter 3. 

Table 10.1: Ct values for expression analysis of p14, p15, p16 and ANRIL for 16 NZM cell 

lines. 

Sample p14 p15 p16 ANRIL Sample p14 p15 p16 ANRIL 

NZM3 

(1) 

UD 39.592 32.646 UD NZM44 

(1) 

18.485 27.462 20.489 26.385 

UD 39.719 33.031 UD 18.434 27.170 20.617 27.587 

33.747 UD 32.733 UD 18.358 27.425 20.553 27.181 

NZM3 

(2) 

35.753 37.114 33.279 UD NZM44 

(2) 

20.126 26.962 21.563 28.152 

36.694 37.717 32.620 UD 19.770 27.046 21.503 28.051 

39.077 37.566 32.857 UD 20.181 26.997 21.682 29.288 

NZM6 

(1) 

22.450 34.415 25.941 32.606 NZM48 

(1) 

30.678 27.610 21.141 27.544 

21.868 33.460 25.767 32.324 30.303 28.327 22.766 29.769 

21.907 33.392 25.816 31.867 30.480 28.495 20.921 29.053 

NZM6 

(2) 

20.278 31.251 23.325 32.278 NZM48 

(2) 

30.792 31.059 21.843 29.983 

20.033 31.232 23.241 33.463 31.418 30.930 23.890 30.120 

19.910 30.812 23.223 33.884 30.460 31.884 21.767 29.761 

NZM7 

(1) 

18.932 30.931 21.458 31.716 NZM53 

(2) 

33.761 35.374 31.267 31.660 

18.317 30.796 21.872 30.675 34.737 35.174 30.903 31.865 

19.053 30.353 21.612 30.557 34.473 34.988 31.405 30.774 

NZM7 

(2) 

20.501 32.659 24.061 UD NZM53 

(2) 

32.499 29.129 26.127 29.752 

21.174 33.111 24.133 UD 32.529 28.717 26.131 29.638 

19.998 33.248 26.942 35.225 32.097 29.021 26.017 29.347 

NZM21 

(1) 

21.962 29.615 23.935 33.892 NZM55 

(1) 

21.658 32.002 25.111 33.001 

21.948 29.253 23.883 31.593 21.690 31.675 25.242 34.472 

21.963 29.749 24.540 31.121 21.481 31.993 25.157 33.386 

NZM21 

(2) 

27.031 29.360 24.469 32.662 NZM55 

(2) 

24.763 33.868 28.868 UD 

27.525 31.730 25.495 33.624 24.838 32.898 28.807 UD 

26.636 31.706 25.693 33.749 25.267 33.104 28.954 35.604 

NZM25 

(1) 

20.227 29.280 23.756 28.667 NZM70 

(1) 

30.568 30.026 24.378 29.146 

20.453 29.394 23.782 28.447 31.232 31.002 24.131 29.466 

20.682 29.417 23.939 28.843 32.024 30.856 24.372 29.117 

NZM25 

(2) 

20.735 29.783 24.753 30.228 NZM70 

(2) 

38.267 35.976 30.918 32.682 

21.425 29.836 24.332 29.910 37.943 35.707 30.534 33.801 

21.154 30.480 36.278 29.907 35.735 38.105 29.928 37.212 

NZM37 

(1) 

21.592 32.188 25.689 28.152 NZM71 

(1) 

24.037 27.750 27.716 UD 

22.259 32.120 25.747 27.970 23.977 27.840 27.725 UD 

22.265 31.949 25.806 29.191 23.986 27.871 27.992 34.881 

NZM37 

(2) 

21.074 28.359 24.256 34.547 NZM71 

(2) 

23.703 34.816 27.913 34.461 

21.211 28.127 24.307 36.436 23.935 34.201 27.921 33.293 

21.250 28.248 24.358 34.186 24.674 38.004 27.822 32.518 

NZM40 

(1) 

20.941 24.089 22.744 31.794 NZM76 

(1) 

19.264 29.332 22.833 30.286 

21.811 24.556 22.462 31.740 19.966 29.251 22.823 29.461 

21.471 24.406 22.343 31.750 19.203 29.359 23.079 29.606 

NZM40 

(2) 

20.646 24.948 21.526 30.587 NZM76 

(2) 

19.514 31.520 22.869 30.946 

20.719 24.922 21.955 30.825 19.897 31.407 22.887 30.544 

20.470 24.877 21.458 30.305 19.693 31.302 23.158 30.990 

NZM42 

(1) 

32.972 27.059 25.509 29.721 NZM87 

(1) 

28.491 30.514 20.540 25.718 

34.316 26.952 25.303 29.440 28.703 29.900 18.876 27.675 

34.664 27.128 25.741 29.841 27.181 30.648 20.496 36.498 

NZM42 

(2) 

33.090 26.746 26.627 35.520 NZM87 

(2) 

29.445 30.801 19.854 27.817 

33.896 26.789 26.906 34.818 28.510 30.860 19.783 27.519 

31.718 26.996 27.108 37.585 28.514 30.660 20.379 27.535 

UD - Undetermined 
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Table 10.2: Ct values obtained for different ANRIL exons in NZM cell lines. 

Target NZM7 NZM6 NZM37 NZM40 NZM48 NZM55 

p12 p21 p10 p18 p21 p26 p9 p20 p14 p21 p14 p21 

Exon 1 29.9352 26.4831 28.9985 25.2763 27.7411 27.9085 30.5083 28.0468 24.3127 28.9145 29.7042 28.5172 

27.2531 26.3654 27.8379 25.1496 26.9438 27.4655 29.0948 28.064 24.7207 27.6676 29.6614 29.2063 

27.4375 27.6945 Und 25.0034 27.062 27.5183 28.4943 27.5876 24.601 27.921 29.4412 29.0609 

Exon 5-Exon 6 26.7719 29.4913 26.6588 25.634 26.7456 26.6502 30.5377 30.0264 25.3391 25.1337 28.9546 28.9695 

26.5948 29.1315 26.398 25.4234 26.7367 26.5901 30.404 29.4172 24.4673 25.1672 29.1323 29.5659 

26.6882 27.053 26.5622 25.3676 26.6251 26.7617 30.3152 28.9593 25.1234 25.124 28.9797 29.6374 

Exon 6-Exon 7 32.1853 30.9665 32.611 29.3726 30.3406 30.7648 34.8485 35.7987 31.1823 30.66 33.354 34.2453 

32.7129 36.3613 32.3665 29.039 31.3464 31.1354 35.5582 35.0427 30.7291 31.0106 34.3311 34.3298 

31.2663 31.985 31.3814 29.6831 30.9396 30.7624 36.0592 32.2383 30.5569 31.549 34.7101 35.7456 

Exon 13 (Short) 29.8155 29.9459 31.3067 28.2771 29.1913 30.804 32.5482 32.5984 27.5371 28.0229 32.3094 31.983 

30.21 30.28 30.4089 28.2359 29.2286 29.8583 32.4364 32.3008 28.7244 28.369 32.5018 31.6105 

29.6101 31.638 31.1873 28.0663 28.7082 29.9214 30.953 31.1085 27.7848 28.2975 32.4502 31.5408 

Exon 19 (Long) 31.9947 35.1123 35.8868 31.3844 31.6277 32.4084 35.9589 34.0288 30.6854 30.6498 34.4936 32.8236 

32.0985 32.295 33.4602 30.3273 31.8968 33.8032 35.6646 32.9224 30.35 30.7888 34.1694 34.1113 

32.5559 31.4782 31.1737 30.7721 31.3638 32.0202 33.2155 33.2398 31.2405 30.5209 34.9985 32.5402 
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Supplementary Figure 10.2: Images of immunohistochemistry for p16 protein expression 

with negative isotype controls using CINtec anti-p16 antibody. 

Brown staining indicates positive signal for p16, blue staining using haematoxylin indicates 

nucleus Scale bars represent 100μm. Neg indicates isotype controls. 
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Supplementary Figure 10.3: Western blot for p16 expression for biological replicates using 

CINtec anti-p16 antibody. 

Western blot for p16 protein expression in a panel of melanoma NZM cell lines. 
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Supplementary Figure 10.4: Images of immunofluorescence using CINtec anti-p16 

antibody for biological replicates of melanoma cell lines. 

(A) NZM3, (B) NZM7, (C) NZM25, (D) NZM37, (E) NZM40, (F) NZM42, (G) NZM48, (H) 

NZM53. Scale bars represent 100μm. Passage numbers have been indicated. 
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 Supplementary Figure for Chapter 4 

Table 10.3: Raw qPCR data for circANRIL expression in NZM cell lines 

Sample cANRIL 

(14-5) 

18S 28S Sample cANRIL 

(14-5) 

18S 28S 

NZM3 

(1) 

UD 15.104 14.498 NZM44 

(1) 

UD 16.121 14.537 

UD 14.916 13.814 39.721 16.132 14.516 

UD 14.972 13.892 UD 16.414 14.575 

NZM3 

(2) 

UD 16.715 15.380 NZM44 

(2) 

UD 19.286 18.394 

UD 16.663 14.788 UD 19.097 18.306 

UD 16.394 15.251 UD 19.067 18.242 

NZM6 

(1) 

29.908 17.796 15.327 NZM48 

(1) 

32.565 23.196 24.057 

29.989 19.493 15.171 34.105 23.090 23.797 

UD 17.344 15.330 UD 22.832 23.764 

NZM6 

(2) 

30.564 18.151 16.084 NZM48 

(2) 

34.039 21.623 21.984 

30.322 18.249 15.941 34.617 21.911 21.450 

30.249 18.183 16.000 UD 21.639 21.481 

NZM7 

(1) 

29.245 15.031 14.023 NZM53 

(1) 

32.722 23.196 22.690 

27.873 15.156 13.943 35.513 23.090 22.774 

27.744 14.970 13.934 UD 22.832 23.027 

NZM7 

(2) 

27.855 15.758 14.227 NZM53 

(2) 

33.015 18.970 17.836 

28.403 15.816 14.509 35.829 18.823 17.700 

28.173 14.960 14.977 33.652 18.675 18.419 

NZM21 

(1) 

34.445 18.030 16.096 NZM55 

(1) 

UD 20.916 18.607 

36.499 18.465 16.196 UD 20.938 18.857 

13.454 17.981 16.428 UD 20.686 18.498 

NZM21 

(2) 

33.661 19.274 16.980 NZM55 

(2) 

UD 19.571 18.171 

33.466 19.303 16.892 UD 19.923 18.709 

UD 19.218 16.819 UD 19.272 18.170 

NZM25 

(1) 

28.957 16.634 15.872 NZM71 

(1) 

32.334 19.680 18.149 

30.657 16.761 15.143 33.447 19.848 17.988 

30.461 16.701 15.150 34.550 19.474 17.986 

NZM25 

(2) 

30.503 17.426 15.987 NZM71 

(2) 

37.009 24.089 24.194 

32.442 16.961 16.567 UD 23.785 24.350 

30.148 17.588 16.045 38.969 24.194 23.955 

NZM37 

(1) 

29.365 17.452 16.515 NZM76 

(1) 

31.661 19.745 18.642 

29.992 17.499 16.089 32.047 19.784 18.736 

30.414 17.256 16.263 32.013 19.729 18.634 

NZM37 

(2) 

32.470 23.313 21.855 NZM76 

(2) 

31.297 21.538 20.775 

36.291 23.782 21.365 29.652 21.786 20.247 

35.192 23.636 21.161 29.815 21.667 20.571 

NZM40 

(1) 

31.277 18.581 16.972 NZM87 

(1) 

31.464 21.914 19.399 

31.515 17.777 16.358 31.688 20.869 20.005 

31.440 18.138 16.452 31.821 20.742 19.541 

31.103 19.798 21.855 30.491 22.025 21.064 
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NZM40 

(2) 

31.589 20.507 21.365 NZM87 

(2) 

30.562 21.953 20.959 

31.675 19.901 21.161 30.444 21.615 21.432 

NZM42 

(1) 

37.665 19.322 16.630 NZM70 

(1) 

33.517 20.923 20.057 

38.595 18.982 16.939 34.251 20.808 20.051 

UD 19.564 16.878 34.918 21.032 20.155 

NZM42 

(2) 

30.707 18.510 18.800 NZM70 

(2) 

30.496 18.955 15.580 

31.276 19.188 18.098 31.532 18.158 15.530 

32.117 18.609 18.333 31.171 17.875 15.470 

UD - Undetermined 
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Supplementary Figure 10.5: Splice variant of exon 8. 

(A) Histogram showing sequence alignment of exon 8 splice variant against exon 8. (B) and (C) 

indicate alignment of exon 8 splice variant along linANRIL  
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 Supplementary Tables for Chapter 5 

Table 10.4: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM7 cells using Microsoft excel. 

NZM7 

(n=3) 

Excel 

Linear regression Half-life P-value R2 

Exon 1 y = 1.231 - (0.130*x) 5.6 N/A  0.826 

Exon 13 y = 1.078 - (0.160*x) 3.6 N/A 0.912 

Exon 19 y = 0.826 - (0.112*x) 2.9 N/A 0.491 

Exon 14-5 y = 1.124 - (0.051*x) 12.3 N/A  0.667 

 

Table 10.5: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM7 cells using GraphPad Prism 7.00. 

NZM7 

(n=3) 

GraphPad Prism 7.00 

Linear regression Half-life P-value R2 

Exon 1 y = 1.072 - (0.0556*x) 10.3 0.015 0.803 

Exon 13 y = 0.868 - (0.0659*x) 5.6 0.012 0.820 

Exon 19 y = 0.663 - (0.0432*x) 3.8 0.187 0.387 

Exon 14-5 y = 1.059 - (0.0211*x) 26.4 0.063 0.619 

 

Table 10.6: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM7 cells using SigmaPlot 13.0. 

NZM7 

(n=3) 

Sigmaplot 13.0 

Linear regression Half-life P-value R2 

Exon 1 y = 1.072 - (0.0556*x) 10.3 0.016 0.754 

Exon 13 y = 0.868 - (0.0659*x) 5.6 0.013 0.775 

Exon 19 y = 0.664 - (0.0432*x) 3.8 0.187 0.234 

Exon 14-5 y = 1.059 - (0.0211*x) 26.5 0.063 0.524 

 

Table 10.7: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM37 cells using Microsoft excel. 

NZM37 

(n=3) 

Excel 

Linear regression Half-life P-value R2 

Exon 1 y = 0.8691 - (0.0483*x) 7.6 N/A 0.266 

Exon 13 y = 1.4031 - (0.0947*x) 9.5 N/A 0.061 

Exon 14-5 y = 0.9639 - (0.0232*x) 20.0 N/A 0.038 
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Table 10.8: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM37 cells using GraphPad Prism 7.00. 

NZM37 

(n=3) 

GraphPad Prism 7.00 

Linear regression Half-life P-value R2 

Exon 1 y = 0.8122 - (0.0210*x)  14.8 0.292 0.269 

Exon 13 y = 1.308 - (0.0442*x)  18.2 0.610 0.071 

Exon 14-5 y = 0.9457 - (0.0118*x) 37.6 0.662 0.053 

 

Table 10.9: Summary of linear regression analysis and calculated half-lives for ANRIL in 

NZM37 cells using SigmaPlot 13.0. 

NZM37 

(n=3) 

Sigmaplot 13.0 

Linear regression Half-life P-value R2 

Exon 1 y = 0.942 - (0.0383*x) 11.5 0.008 0.469 

Exon 13 y = 1.088 - (0.0551*x) 10.6 0.228 0.056 

Exon 14-5 y = 0.805 - (0.0275*x) 11.1 0.296 0.019 

 

Table 10.10: Summary of linear regression analysis and calculated half-lives for p16 

mRNA in NZM7 cells using three analysis packages. 

NZM7 (n=3) Linear regression Half-life P-value R2 

Excel y = 2.132 - (0.282*x)  8.1  0.331 

GraphPad Prism 7.00 y = 1.777 - (0.119*x)  10.7 0.249 0.312 

SigmaPlot 13.0 y = 1.220 - (0.065*x)  11.0 0.05 0.171 

 

Table 10.11: Summary of linear regression analysis and calculated half-lives for p16 

mRNA in NZM37 cells using three analysis packages. 

NZM37 (n=3) Linear regression Half-life P-value R2 

Excel y = 0.926 - (0.096*x)  10.1 N/A 0.617 

GraphPad Prism 7.00 y = 0.809 - (0.041*x) 7.4 0.067 0.607 

SigmaPlot 13.0 y = 0.389 - (0.013*x) 8.6 0.414 0.042 

 

Table 10.12: Half-life analysis for ANRIL and p16 using one-phase decay model in NZM7 

and NZM37 melanoma cell lines. 

One Phase 

Decay 

NZM7 NZM37 

Half-

life 

R2 Half-life R2 

Exon 1 6.2 0.8033 6.81 0.99 

Exon 13 3.2 0.9686 1.03 0.443 

Exon 19 1.04 0.9327 ND ND 

Exon 14-5 15 0.6273 ND 0.314 

p16 5.77 0.9939 5.85 0.957 
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 Supplementary Figures for Chapter 6 

  

Supplementary Figure 10.6: Expression of NEAT1 and GAPDH in cell fractions of NZM 

cell lines. 

DNA gel image of second biological replicate for cell lines (A) NZM6, (B) NZM7, (C) NZM37, 

(D) NZM40, (E) NZM48 and (F) NZM55 with NEAT1 as a nuclear marker and GAPDH as 

technical control. ‘+RT’ indicates that the RNA was reverse transcribed using reverse 

transcriptase, and ‘no RT control’ indicates negative control for the cDNA synthesis.  

W - Whole cells, C - Cytoplasmic fraction, N - Nuclear fraction 
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Supplementary Figure 10.7: Sub-cellular localisation of lin ANRIL isoforms in NZM cells 

lines using RT-PCR. 

DNA gel images of second biological replicate for RT-PCR showing localisation of linANRIL 

isoforms using primer sets against exon 1, exon 5-6, exon 6-7 and last exons, exon 13b and exon 

19 in melanoma cell lines, (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48, and 

(F) NZM55. ‘+RT’ indicates that the RNA was reverse transcribed using reverse transcriptase, 

and ‘no RT control’ indicates negative control for the cDNA synthesis.  

W Whole cells, C - Cytoplasmic fraction, N - Nuclear fraction 



  Chapter 10 

223 

 

  

Supplementary Figure 10.8: Sub-cellular localisation of circANRIL isoforms in NZM cell 

lines using RT-PCR. 

DNA gel images of second biological replicate for RT-PCR showing localisation of circANRIL 

using primer set targeting exon 14-5 junction in different subcellular compartments in case of 

melanoma cell lines, (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) NZM48 and (F) 

NZM55. ‘+RT’ indicates that the RNA was reverse transcribed using reverse transcriptase, and 

‘no RT control’ indicates negative control for the cDNA synthesis.  

W - Whole cells, C - Cytoplasmic fraction, N - Nuclear fraction. 
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Supplementary Figure 10.9: Sub-cellular localisation of p16 mRNA in NZM cell lines using 

RT-PCR. 

DNA gel images of second biological replicate for RT-PCR showing sub-cellular localisation 

of p16 mRNA in melanoma cell lines, (A) NZM6, (B) NZM7, (C) NZM37, (D) NZM40, (E) 

NZM48 and (F) NZM55. ‘+RT’ indicates that the RNA was reverse transcribed using reverse 

transcriptase, and ‘no RT control’ indicates negative control for the cDNA synthesis. 

 W - Whole cells, C - Cytoplasmic fraction, N - Nuclear fraction 
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 Supplementary figure for Chapter 7 

 

Supplementary Figure 10.10: Polysome profiles obtained for MDA-MB-468 cells.  

Polyribosome profiles obtained using 7-47% sucrose gradients and absorbance measured at 260 

nm for MDA-MB-468 cells. Fractions from the top of the gradient to the bottom are shown from 

left to right. Peaks corresponding to ribosomal components are indicated by arrows. 
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