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1.1 Scope of Thesis 

In this project, I examine a variety of non-coding RNAs (ncRNAs) and their 

mechanisms involved in both regulating gene expression and modifying the genome content. 

Paradigm shifts over the last two decades have brought about a newfound excitement for 

ncRNA based research, as our understanding of an organisms complexity has broadened to 

include the fraction of the genome that is non-protein-coding. With increasingly advanced 

genome-wide technologies, we are now able to study and examine functional ncRNAs and 

the role in epigenetic regulation of the genome, as well as the potential to alter it. ncRNA 

recruitment of chromatin remodelling complexes are capable of altering the transcriptional 

activity at target loci. Transcriptional gene silencing is one process studied in depth 

throughout this thesis, demonstrating the ability to suppress transcriptional activity at genes 

of interest.  

My first study examined if short antisense RNA directed transcriptional gene silencing 

can affect the phenotype of a gene responsible for increased tumour metastatic and invasive 

potential. A second investigation aimed to determine the endogenous mechanism involved 

in the regulation of a tumour suppressor gene, vital for keeping cellular proliferation in check 

via a complex pseudogene trans acting lncRNA network. The final study observes the role 

ncRNAs play in the deamination DNA repair pathway. The data presents the notion that 

under certain conditions, such as increased lncRNA expression or impaired deamination 

repair, that ncRNAs have a role in editing the content of the genome, driving heritable SNP 

mutations at a particular locus. 

My research had two main aims: 

1. To investigate the role different ncRNAs play in regulating gene expression through 

epigenetic mechanisms. 

2. To determine if ncRNAs play a role in the emergence of SNPs at target loci.  
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1.2 Chapter Summary 

In Chapter 1, I examine the literature surrounding the paradigm shift from protein-

coding genes to ncRNAs being responsible for increasing an organisms’ complexity. I review 

how improved genome-wide technologies have led to the discovery of more complex non-

coding RNAs, and their roles in epigenetic regulation and transcriptional gene silencing.  

In Chapter 2, I screen a number of short antisense ncRNAs targeted to Periostin, a 

gene found overexpressed in a number of cancers and in particular metastatic tumours. One 

novel transcript, named as6, is particularly effective at knocking down Periostin, and is found 

to induce transcriptional gene silencing via transcriptional and epigenetic regulation, 

resulting in a loss of cellular motility and invasive potential and providing a new potential 

method for preventing metastasis.  

In Chapter 3, I disentangle the mechanism behind a long ncRNA (lncRNA) 

pseudogene regulatory network. This involves an RNA:RNA interaction between an 

antisense lncRNA pseudogene transcript (acting in trans on a different chromosome), and a 

5’-UTR ncRNA transcript that spans part of the PTEN promoter. My results indicated this 

alters the transcriptional and epigenetic regulation of PTEN, a tumour suppressor gene, in a 

manner dependent upon both the structure and sequence of the lncRNA, suggesting a more 

intricate and complex role for RNA regulation of gene expression than previously thought.  

In Chapter 4, I tested a variety of different ncRNAs for their ability to direct single 

nucleotide polymorphisms. shRNAs, antisense lncRNAs, and small antisense RNAs are 

added to systems where enzymes involved in the deamination repair pathway, MBD4 and 

SMUG, have been repressed, and are found to induce cytosine to thymine mutations at 
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particular loci in human cells. This suggests the emergence of SNP mutations in the genome 

may be occurring in an RNA dependent manner, a novel function not yet ascribed to ncRNAs. 

In Chapter 5, I summarise the analyses from the previous chapters, and discusses how 

various ncRNAs play numerous different roles in the cell through their various functions to 

regulate gene expression in the cell. I provide an overarching model for how ncRNAs are 

involved in epigenetic regulation and modification of the genome.   
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1.3 Unravelling the transcriptome 

1.3.1 Human genome project 

Following the completion of sequencing the human genome in 2001, previous 

thoughts on the number of protein-coding genes in humans were found to be grossly 

overestimated (Venter et al. 2001; Lander et al. 2001). Estimates for the number of protein-

coding genes typically ranged from 50,000 to 90,000 genes, with wilder estimates even 

ranging up to 140,000 genes (Roest Crollius et al. 2000). The introduction of new genome-

scale technologies that predicted orthologous and paralogous relationships for genes and 

transcripts, and also between closely related genomes, indicated that the human genome 

actually encodes for approximately 20,000 protein-coding genes (Goodstadt and Ponting 

2006). This number was much lower than previous estimates.  

The complexity of an organism was thought to be correlated with the number of 

protein-coding genes. Non-protein-coding regions were considered “junk DNA”, as they 

were presumed to not be transcriptionally active, but rather functionally inert (Ohno 1972; 

Ohno and Yomo 1991). However, this thought process changed, as the genomes of less 

complex organisms such as mouse (Mouse Genome Sequencing et al. 2002), nematode worm 

(Goodstadt and Ponting 2006) and chicken (International Chicken Genome Sequencing 

2004) were found to have a similar number of protein-coding genes as the human genome. 

New theories suggested that, instead, the complexity of an organism was controlled by the 

fraction of the genome non-protein-coding (Taft, Pheasant, and Mattick 2007). A number of 

these non-coding regions were thought to be transcribed into non-coding RNAs that had 

function, with transcriptome analyses showing that at least 60-70% of the mammalian 

genome is transcribed in intricate and complex overlapping patterns (Carninci et al. 2005; 

Cheng et al. 2005), of which a large portion were not poly-adenylated (Mattick and Makunin 

2006; Frith, Pheasant, and Mattick 2005). 
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1.3.2 The transcriptional landscape 

Long thought of as only an informational intermediary between protein and DNA, the 

multitude of functions that RNA performs within the cell is now being reconsidered as more 

previously unknown capabilities for RNA are uncovered (Mattick and Makunin 2006). New 

techniques to identify and understand the role of RNA have resulted in the emergence of new 

hypotheses of gene regulation. Subsequently, new models in RNA biology have been 

developed to better understand the increasing complexities of RNA function. New 

technologies with genome-wide assessment capabilities such as chromatin 

immunoprecipitation sequencing (ChIP-seq) (Guttman et al. 2009) and RNA sequencing 

(RNA-seq) (Lister et al. 2008; Mortazavi et al. 2008; Nagalakshmi et al. 2008) have 

significantly expanded what is known about how gene expression is regulated.  

Known cases of infrastructural ncRNA’s performing relatively generic functions, such 

as ribosomal RNAs (rRNAs) (Palade 1955) and transfer RNAs (tRNAs) (Hoagland et al. 

1958) involved in protein translation, were documented as early as the 1950’s. Then in the 

1980’s, some RNA were found to be capable of performing enzymatic catalysis (Guerrier-

Takada et al. 1983; Kruger et al. 1982), in particular during RNA splicing (Fica et al. 2013). 

The discovery of more biologically complex and important lncRNAs in the early 1990’s, 

such as H19 (Brannan et al. 1990; Zhang and Tycko 1992) and XIST (Brockdorff et al. 1992; 

Brown et al. 1992), were considered rare exceptions.  

Since the paradigm shift regarding the association between ncRNAs and an organisms 

complexity in the early to mid-2000’s, layers of evidence have highlighted the importance of 

ncRNA in the regulation of the genome as well as disease states. NcRNAs play important 

roles in a number of critical functions in the cell, including X-chromosome inactivation 

(Brown et al. 1992; Brockdorff et al. 1992), epigenetic regulation (Yu et al. 2008), cancer 

progression (Gupta et al. 2010) and regulation of the cell cycle (Lerner et al. 2009).  



INTRODUCTION 

  8 

1.4 Non-coding RNAs 

1.4.1 ncRNAs: roles in the cell 

Further advancement in genome-scale technologies over the last two decades have 

revealed a much richer and more vibrant role for the RNA world in regulating gene 

expression than previously thought (Carninci et al. 2005; Katayama et al. 2005; Morris and 

Mattick 2014a). Protein-coding regions represent approximately 1.2% of the euchromatic 

genome, while at least 60-70% of the genome is transcribed from one or both strands into 

ncRNAs (Mattick and Makunin 2006). Therefore, transcription is widespread across the 

genome, with the identification of tens of thousands of ncRNAs (Carninci et al. 2005; 

Katayama et al. 2005; Guttman et al. 2009; Derrien et al. 2012).  

This posits the idea that more non-protein-coding genes exist than protein-coding genes 

(Yu et al. 2008; Yap et al. 2010). However, most ncRNAs already identified are still yet to 

be properly studied in an effort to characterise their functional importance and relevance in 

the cell. NcRNAs are designated into two classes purely based on their length, with short 

ncRNAs being less than 200bp and lncRNAs being greater than 200bp.  

1.4.2 Short non-coding RNAs 

Like lncRNAs, there are an abundance of different types of short ncRNAs. The most 

well studied are microRNAs, which are about 22 nucleotides in length and typically degrade 

or prevent translation of mRNAs (Fang et al. 2013; Zeng, Yi, and Cullen 2003; Guo et al. 

2010). They do this via incomplete target homology, with only 6-8 nucleotides matching the 

target (Lewis, Burge, and Bartel 2005). Estimates suggest a third of protein-coding genes are 

regulated by miRNAs (Du and Zamore 2005). Other types of sncRNAs include short 

interfering RNAs (siRNAs), short antisense RNAs (sasRNAs), transcription initiation RNAs 

(tiRNAs), piwi-interacting RNAs (piRNAs) and small nucleolar RNAs (snoRNAs).  
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Table 1-1 SncRNA subclasses 

SncRNA subclass Size 

(nucleotides) 

Main functions 

siRNA (short 

interfering RNA) 

~22  RNAi (Waterhouse, Graham, and Wang 

1998) 

Transcription initiating 

RNA (tiRNA) 

18 Nucleosome positioning; epigenetic 

regulation of transcription (Taft et al. 2011) 

piRNA (Piwi-

interacting RNA) 

26-30 Epigenetic and post-transcriptional silencing 

of transposons (Girard et al. 2006) 

snoRNA (small 

nucleolar RNA) 

60-300  2’-O-ribose-methylation; Pseudouridylation 

of target RNAs (Kiss 2001) 

miRNA (microRNA) ~22 Translational Suppression (Lee, Feinbaum, 

and Ambros 1993) 

sasRNA (short 

antisense RNA) 

~22 Transcriptional gene silencing (Ackley et al. 

2013) 
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SiRNAs (and shRNAs – short hairpin RNAs) can perform the process of RNAi (RNA 

interference) in cells. This causes gene silencing following the introduction (transfection or 

transduction) of sense-antisense pairs (Waterhouse, Graham, and Wang 1998). The enzymes 

Drosha and Exportin 5 cleave and export double-stranded RNA (dsRNA) precursors out of 

the nucleus (Lee et al. 2003). There, Dicer processes them into smaller dsRNA moieties (21–

24 nt). One strand gets loaded into the Ago component of the RNA-induced silencing 

complex (RISC) (Bernstein et al. 2001). This complex is directed to target loci due to 

complete sequence complementarity with the loaded RNA, which then undergoes RNA 

destabilization via Ago-2 (Argonaute-2) mediated cleavage (Ramachandran and Ignacimuthu 

2013; Turner and Morris 2010). This post-transcriptional process is thought to occur in the 

cytoplasm.  

1.4.3 Long non-coding RNAs 

Since the 1990’s, the idea of functional lncRNAs with many different roles has 

existed. Novel research into this previously unknown field resulted in the discovery of what 

were at the time considered rare cases of functional lncRNAs. The first of these was H19 in 

1990, which is monoallelically expressed from the maternally inherited allele as a result of 

genomic imprinting (Brannan et al. 1990; Zhang and Tycko 1992). This was followed by the 

discovery of XIST in 1991, which mediates X-chromosome inactivation (Brown et al. 1991; 

Brockdorff et al. 1992).  

These first lncRNA discoveries were mostly found by large scale sequencing and 

screening of full-length cDNA libraries (Tsai et al. 2010; Gibb, Brown, and Lam 2011). 

LncRNA discovery was made easier after the introduction of microarray technologies, such 

as the HOX tiling array. On this platform the HOTAIR (HOX antisense intergenic RNA) 

lncRNA was identified, a regulator of HoxD via PRC2 (polycomb repressive complex 2) 

(Gupta et al. 2010). As technologies have improved, in particular high-throughput RNA 
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sequencing, so has the number of lncRNAs discovered increased (Carninci et al. 2005; 

Katayama et al. 2005).  

Numerous classes of lncRNAs exist, including pseudogenes, antisense RNAs 

(asRNAs), long intergenic RNAs (lincRNAs – which fall between protein coding genes), 

long intronic RNAs (which are within the introns of another transcript) and transcribed 

ultraconserved regions (T-UCRs - which are observed throughout the genome and are 

entirely conserved between human, rat and mouse genomes).  

circRNA (circular RNA) biology is a relatively recent field that has seen an explosion 

of publications in the last 5 years (Kristensen et al. 2018). These are non-linear ncRNAs 

transcribed from thousands of genes. First discovered in the late 1970’s, they were thought 

to be the result of splicing errors (Hsu and Coca-Prados 1979; Cocquerelle et al. 1993). 

circRNAs are highly conserved and form stable covalently closed RNA circles, with the 

potential to regulate gene expression (Kristensen et al. 2018). 

 

Table 1-2 LncRNA subclasses 

LncRNA subclass Example 

Pseudogene PTEN (Poliseno et al. 2010) 

asRNA (antisense RNA) TSIX (Lee, Davidow, and Warshawsky 1999) 

lincRNA (long intergenic RNA) HOTAIR (Gupta et al. 2010) 

Long intronic RNA SAP18 (Louro et al. 2008) 

T-UCR (transcribed 

ultraconserved region) 

uc.33 (Rahman et al. 2004) 

CircRNA (circular RNA) ciRS-7 (Memczak et al. 2013) 
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Most lncRNA’s are polyadenylated, though a growing number of non-polyadenylated 

lncRNA transcripts have been identified (Gibb, Brown, and Lam 2011; Gutschner and 

Diederichs 2012). LncRNAs have been found to have a number of roles in several biological 

processes. It was found that antisense lncRNA’s are responsible for the epigenetic regulation 

of viral transcription in HIV (Saayman et al. 2014b). The main functions discussed here are 

epigenetic regulation of transcription, but other functions include stem cell pluripotency, cell 

cycle, mRNA splicing and metabolism (Gibb, Brown, and Lam 2011; Prensner and 

Chinnaiyan 2011; Rinn and Chang 2012). LncRNAs can be either cis or trans acting, and 

alter gene expression at transcription or post-transcriptional levels (Prensner and Chinnaiyan 

2011; Guil and Esteller 2012). The mechanisms employed include interacting with 

transcription factors and chromatin remodelling proteins, as well as regulating mRNA decay 

(Rinn and Chang 2012; Tsai et al. 2010; Khalil et al. 2009).  

1.4.3.1 Antisense RNAs 

asRNAs express from the reverse strand to sense transcripts, so have complementary 

sequences to the sense transcript (except in the case of bidirectional promoters). They can 

overlap with 5’ and 3’ UTRs, introns and exons, and gene promoters. Some of the most well 

studied asRNAs include TSIX (Lee, Davidow, and Warshawsky 1999), which is antisense to 

XIST at the X-inactivation centre, and HOTAIR (Gupta et al. 2010). Advances in genome-

wide technologies have demonstrated that antisense transcription occurs throughout the 

genome (Katayama et al. 2005). Estimates for protein-coding gene with an associated 

antisense transcript range from 20-40% (Chen et al. 2004; Engstrom et al. 2006).  

Most examples of asRNAs are known to act in cis (Yu et al. 2008; Morris et al. 2008; 

Faghihi et al. 2010), though an increasing number of trans acting asRNAs are being 

discovered (Rinn et al. 2007; Hawkins and Morris 2010a). Mechanisms for asRNA gene 

regulation include altered mRNA splicing (Beltran et al. 2008), imprinting (Lee, Davidow, 
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and Warshawsky 1999) and epigenetic modulation (Yu et al. 2008). They also play a role in 

disease, as the tumour suppressor gene p53 is known to undergo asRNA regulation 

(Mahmoudi et al. 2009). Characterising asRNA mediated regulation currently requires 

investigation of specific candidates to determine possible function.  

1.4.3.2 Pseudogenes  

Pseudogenes are duplicated relics of genes that no longer have protein coding 

potential. Loss of protein-coding potential occurs via mutations that cause either premature 

stop codons or a frame shift. The first pseudogene discovered was in the 1970’s, with a 

truncated 5S DNA gene (coding for 5S rRNA) found with homology to the parent gene (Jacq, 

Miller, and Brownlee 1977). Previously, pseudogenes were thought to be non-functional, 

though this hypothesis changed at the start of the 2010’s (Poliseno et al. 2010; Hawkins and 

Morris 2010a). They are known to have a role in regulating parent gene expression, such as 

the PTEN pseudogene (Johnsson, Ackley, et al. 2013b; Poliseno et al. 2010; Hawkins and 

Morris 2010a). Pseudogenes are classified based on how they originated from their parent 

gene. 

 

Table 1-3 Pseudogene subclasses 

Pseudogene Subclass How it is derived 

Processed mRNA that has been spliced, reverse transcribed and 

inserted into genome at new loci 

Unprocessed Gene duplication event 

Unitary Previously active gene now inactive through mutation 
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The number of pseudogenes in the genome is similar to the number of human protein-

coding genes (14,694 based on human GENCODE version 27, GRCh38). Over millions of 

years of primate evolution, expressed pseudogenes are conserved (Khachane and Harrison 

2009). Among GENCODE annotated pseudogenes, processed pseudogenes outnumber 

unprocessed pseudogenes by almost three times (10,704 vs 3,469 respectively) (human 

GENCODE version 27GRCh38), thought to be due to an eruption of retrotranspositional 

activity in primates around forty million years ago. This corresponds with Alu expansion in 

primates (Ohshima et al. 2003).  

Unitary pseudogenes are least numerous, around seventeen times less than 

unprocessed pseudogenes (206) (human GENCODE version 27, GRCh38). Pseudogenes can 

make molecular analyses particularly complicated, as there is high sequence similarities 

between the parent gene and the pseudogene. As such, sequence similarities must be taken 

into consideration when performing analyses where pseudogenes are present.   

1.5 Transcriptional gene silencing 

Transcriptional gene silencing (TGS) is a mechanism first observed in tobacco plants 

which had been transformed with two vectors, each containing genes conferring either 

kanamycin or hygromycin resistance, but did not exhibit the transgene phenotype of the first 

vector once the second vector was transformed into the cells (Matzke et al. 1989; 

Wassenegger et al. 1994). Small double-stranded RNA’s targeted to the transgene were 

observed to induce epigenetic changes, such as DNA methylation, which led to transgene 

suppression (Matzke et al. 1989; Napoli, Lemieux, and Jorgensen 1990). This became known 

as transcriptional gene silencing, and can produce stable, long-term epigenetic modifications 

that are inherited by daughter cells, termed transgenerational epigenetic inheritance (Morris 

2009b, 2015).  
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For TGS of a specific gene to occur, an ncRNA must have a target locus it shares 

sequence complementarity with. LncRNA endogenous regulation of a loci can be usurped 

and effectively bypassed via the transfection/transduction of an exogenous sncRNA to 

perform TGS, such as a sasRNAs (short antisense RNAs), siRNAs or shRNAs (Turner and 

Morris 2010). sasRNAs and shRNAs can be synthesised in vitro and ligated into the 

pCDNA3-U6M2 plasmid, which can be expressed from the RNA polymerase III promoter 

(U6) when transfected/transduced. Once expressed, these small RNAs direct epigenetic 

complexes to the selected site of interest (Morris 2009c; Han, Kim, and Morris 2007). Further 

studies showed that the sasRNA’s could target the promoter (or upstream of), or even 

overlapping the 5’ UTR region of the transcript (Yu et al. 2008; Morris 2009b).  

Plants use processed siRNAs transcribed from RNA Polymerase V to direct both DNA 

methylation and TGS (Matzke and Mosher 2014). RNA-dependent RNA polymerase (RdRP) 

activity is required to boost this RNA directed TGS, whereas humans do not have this 

polymerase, allowing for cis and trans acting RNA directed TGS (Matzke and Mosher 2014). 

This is similar to S. cerevisiae, which also lack RdRP activity (Camblong et al. 2007) and 

uses antisense transcripts to direct TGS (Morris et al. 2008). 

The asRNA is thought to be attracted to target by sequence complementarity to the 

target locus promoter. The resultant DNA:RNA hybrid structure recruits the Ago-1 

(Argonaute-1) protein at targeted promoter sites in the first 24 hours in siRNA and sasRNA 

mediated TGS (Turner and Morris 2010). In S. Pombe, the sole Ago protein is known to 

guide TGS by recruiting methyltransferases to its target (Matzke and Birchler 2005; Lippman 

and Martienssen 2004). In mammalian cells, its role is less clear (Peters and Meister 2007). 

The importance of Ago-1 is highlighted by it knockdown via RNA interference (RNAi), 

which results in the target gene functioning normally, as opposed to TGS occurring (Turner 

and Morris 2010; Younger and Corey 2011). DNA methylation by TGS is not as well 
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understood in humans as it is in plants, as methylation does not always occur in human TGS. 

This may be due to the length of RNA targeting at the promoter, effectiveness of RNA 

delivery, or the presence of other RNAs or proteins at the promoter (Weinberg and Morris 

2016). 

The chromatin around the TGS target site can be characterized using ChIP. At 48-72 

hours post-transfection there is significant increases in histone 3 lysine 27 trimethylation 

(H3K27me3) and histone 3 lysine 9 dimethylation (H3K9me2) levels, both indicative of 

epigenetically silenced loci (Weinberg et al. 2006; Morris 2009c; Turner and Morris 2010). 

Accordingly, the protein EZH2 (enhancer of zeste homologue 2) is enriched at target loci. 

EZH2 is a histone methyltransferase that adds a methyl group to lysine residues in histone 

tails, such as at H3K27. DNA methylation transpires after three to four consecutive days of 

asRNA targeting (Morris 2009c).  

The outcome of these epigenetic modifications is a folded heterochromatin structure 

that is inaccessible to RNA polymerase II (RNAPII) (Yu et al. 2008) and transcriptionally 

silent. Another protein found at TGS target sites includes histone deacetylase 1 (HDAC1), 

which removes acetyl groups from histones that inhibit methylation at lysine residues. Also 

observed at target sites is DNA methyltransferase 3a (DNMT3a), which adds methyl groups 

to DNA at cytosine-phosphate-guanine (CpG) residues (Turner and Morris 2010; Han, Kim, 

and Morris 2007).  

DNMT3a is considered a de novo DNA methyltransferase (DNMT), whereas another 

member of the family, DNMT1, is involved in maintenance and can recognise 

hemimethylated segments of newly formed DNA (Di Ruscio et al. 2013). RNAs are known 

to bind and interact with these DNMTs, such as ecCEBPA, a lncRNA which binds to DNMT1 

and prevents methylation of the CEBPA gene locus (Di Ruscio et al. 2013). DNMT3a, 

HDAC1 and EZH2 are known to form an epigenetic regulatory complex in humans (Fuks et 
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al. 2001; Turner and Morris 2010). Many of the same chromatin modifying proteins are seen 

between sasRNA/siRNA TGS and lncRNA regulation, as seen in Figure 1-1 below.  

 

 

 

Figure 1-1 Transcriptional Gene Silencing 

Schematic depicting endogenous cis and trans acting antisense ncRNA transcriptional 

modulation on the right (A), and sasRNA directed TGS on the left (B). These ncRNA’s 

interact with a number of proteins in complex including Ago1, DNMT3a, HDAC1 and 

EZH2 to epigenetically remodel target loci via DNA methylation and chromatin 

modification, resulting in a heterochromatic structure (C) and transcriptional silencing. 

Figure adapted from (Lister, Clemson, and Morris 2015).  

(A) 

(B) 

(C) 
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1.6 Therapeutic benefits of TGS 

RNA directed regulation of gene expression has great therapeutic potential. To be 

able to target a specific transcript involved in a disease state of interest and stably silence the 

expression of that gene long-term presents an opportunity to modify the function of the cell 

towards a disease-free state. This methodology of transcriptional regulation could also be 

applied to a gene that has been inactivated through deregulation caused by a disease state 

(e.g. tumour suppressor genes). These genes could be reactivated by silencing their 

endogenous regulatory ncRNAs (Morris 2009c).  

Therapeutic advantages of TGS are that it requires targeting for only a few days and 

has the potential to result in stable epigenetic change (and thus modified gene expression) 

that can then be inherited by daughter cells. One particular advantage of small single-stranded 

RNA targeting is specificity, since only the site of interest will be targeted. Non-specific 

drugs can produce unwanted side effects (Morris 2009c; Wei, Yang, et al. 2009; Wei, Wei, 

et al. 2009; Turner and Morris 2010). These single-stranded RNAs can be modified, as 

alterations to their phosphate sugar backbone can result in greater stability that is less likely 

to degrade, permitting long term stable targeting (Morris 2009c).     

The delivery mechanism and stability of the cell remain as hindrances currently 

preventing the widespread use of RNA based TGS. Alterations to the backbone of the single-

stranded RNA can improve resistance to degradation, though they are still highly unstable in 

serum, as they undergo hydrolysis and attack by nucleases. Also, modified RNAs also don’t 

seem capable of inducing TGS.  The modifications can block transcription, but cannot induce 

the epigenetic changes associated with TGS, suggested unmodified RNAs are required 

(Knowling et al. 2012).  

Lipid and polymer-based nanoparticles delivery mechanisms struggle to deliver the 

RNA to the target cells without toxic side effects. Viral delivery mechanisms also result in 
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permanent viral DNA integration into the host genome (Turner and Morris 2010). Further 

research into increasing the stability of single-stranded RNAs and alternate mechanisms for 

delivery is necessary before RNA induced TGS can become a viable therapeutic prospect. 

However, resolving these issues could lead to the extensive use of TGS in treatment of 

various disease states. Progress has already begun, as siRNA induced TGS has been shown 

to work in vivo via lentiviral transduction, capable of inhibiting HIV-1 replication in mice 

(Suzuki et al. 2013).   

1.7 Periostin 

1.7.1 Characterisation of Periostin Protein 

Periostin is a protein secreted into the extracellular matrix. It is also known as a 

matricellular protein (an extracellular matrix molecule which can moderate and alter 

interactions between the extracellular matrix and the surrounding cells). Matricellular 

proteins demonstrate high expression levels during tissue development, either prenatally or 

during tissue repair and regeneration, or in the presence of a disease state (Hamilton 2008).  

The most well-known isoform, variant 1, is 835 amino acids long and approximately 90 kDa. 

Five other variants are known, which have alternative splicing in the C-terminus of the 

protein. Only three of these variants have been fully sequenced (Morra and Moch 2011; 

Morra et al. 2011). Periostin is located on human chromosome 13q (chr13:38,132,190-

38,159,363 on UCSC Genome Browser v290).  

Periostin contains a fourfold repeating domain with sequence homology to fasciclin 

1 (a protein found in insects). It also has a highly-conserved N-terminus signal peptide, a 

cysteine rich domain, and a hydrophilic C-terminus that is variable depending on isoform 

(Takeshita et al. 1993; Morra and Moch 2011). It is part of the fasciclin family of proteins. 

When the whole C-terminus is removed, motility and cell migration are prevented (Ruan, 
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Bao, and Ouyang 2009). The C-terminus interacts with other extracellular matrix proteins, 

including collagen I/V, fibronectin and heparin (Sun, Zhao, et al. 2011). The fasciclin-like 

domains act at the cell membrane, where they interact with integrins. This interaction is 

attributed to functions including cell motility and cell adhesion (Morra and Moch 2011; 

Kanno et al. 2008).  

The binding of Periostin to various integrins activates the AKT/PKB and FAK-

mediated signalling pathway. This promotes cell survival and angiogenesis, and is also 

attributed to tumorigenesis (Tischler et al. 2010; Morra and Moch 2011; Gritsenko, Ilina, and 

Friedl 2012). Periostin is normally expressed during tooth and bone maintenance, heart 

development, and in embryonic tissues such as the periosteum and periodontal ligaments. It 

is also overexpressed during tissue repair (Sun, Zhao, et al. 2011; Tischler et al. 2010; 

Hamilton 2008).  

1.7.2 Periostin Expression in Cancer  

Periostin has been observed to be overexpressed in many types of cancer, due to 

tumorigenic events (Kudo et al. 2007; Tischler et al. 2010). It is reported to be secreted by 

stromal fibroblasts in tumours (Malanchi et al. 2012; Kikuchi et al. 2008). Periostin is easily 

detected in breast and ovarian cancer when compared to normal breast and ovarian tissue, 

where it cannot be detected (Choi et al. 2011; He et al. 2011; Kharaishvili et al. 2011; Tian 

et al. 2012; Zhang et al. 2010). Periostin levels are also increased in cases of primary breast 

cancer metastasising to bone (Contie et al. 2011; Kharaishvili et al. 2011; Kyutoku et al. 

2011; Sasaki et al. 2003; He et al. 2011). 

In pancreatic cancer, the stromal cells in the pancreas are responsible for secretion of 

Periostin, as opposed to the tumour cells themselves. This may be a contributing factor in 

providing a microenvironment suited to cancer progression (Ruan, Bao, and Ouyang 2009; 

Baril et al. 2007; Ben et al. 2011; Duner et al. 2010; Streit et al. 2009). In 80% of colon cancer 
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patients, Periostin is overexpressed. Two-thirds of these patients have a five-fold increase in 

Periostin levels, and the other third a 10-fold increase (Bao et al. 2004; Ben et al. 2009; Li et 

al. 2007). All reported cases of liver metastases demonstrated Periostin overexpression in the 

metastatic tumour (Li, Wang, and Chi 2013; Wu, Wang, and Zhang 2013).  

Periostin has also been reported in some lung cancers, with expression levels 

correlating with tumour size and stage, as well as invasion levels (Ruan, Bao, and Ouyang 

2009). In the absence of metastasis, no Periostin expression is observed in the lung; however, 

when a tumour has metastasised to the lung from elsewhere in the body, Periostin is observed 

in the lung stroma. Periostin expression correlates with metastatic efficiency (Malanchi et al. 

2012; Takanami, Abiko, and Koizumi 2008). Non-small cell lung cancer (NSCLC) patients 

have a poorer prognosis if Periostin presents in their tumours. This suggests a role for 

Periostin in tumour progression and angiogenesis (Soltermann 2012; Morra et al. 2012; 

Soltermann et al. 2008).  

In prostate cancer, Periostin epithelial expression correlated with the tumour grade 

and stage, whereas stromal Periostin expression was only correlated to the tumour grade 

(Tischler et al. 2010; Nuzzo et al. 2012; Sun, Song, et al. 2011; Sun, Zhao, et al. 2011; 

Tsunoda et al. 2009; Tian, Bova, and Zhang 2011). Periostin overexpression has also been 

reported in thyroid cancer, neuroblastoma and squamous cell carcinoma (Ruan, Bao, and 

Ouyang 2009; Kudo et al. 2007; Tischler et al. 2010; Gunia et al. 2013; Kudo et al. 2012).  

1.7.3 Mechanisms for Enhanced Tumour Survival 

Tumorigenesis is an intricate process, involving numerous genetic and epigenetic alterations. 

Periostin expression is integral for tumours to obtain many characteristics that permit cancer 

cell invasion and survival. These include 1) the ability to avoid apoptosis. This is done by 

promoting survival under the stress conditions that present themselves in a tumour 

microenvironment (e.g. insufficient nutrients and hypoxia); 2) inducing angiogenesis (via 
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integrins and the FAK-mediated signalling pathway), providing nutrients to the tumour; 3) 

proliferation independent of growth factor signalling. This is done by promoting re-entry into 

the cell cycle (via integrins and the AKT/PKB pathway); and 4) becoming resistant to anti-

proliferative signals (Ruan, Bao, and Ouyang 2009; Kudo et al. 2007; Forsti et al. 2007; 

Gritsenko, Ilina, and Friedl 2012). The interaction between Periostin and integrins regulates 

genes that enable survival in tumour cells (Ruan, Bao, and Ouyang 2009; Kudo et al. 2007). 

Periostin is also overexpressed under hypoxic conditions, resulting in cell survival via the 

AKT/PKB pathway (Liu and Liu 2011; Ouyang et al. 2009; Erkan et al. 2009). 

Compared to normal tissue, during tumorigenesis the extracellular matrix is altered 

in the microenvironment surrounding the tumour. Therefore, Periostin may play a role in the 

modulation and reorganisation of the extracellular matrix structure to augment tumour 

invasion and metastatic potential (Morra and Moch 2011; Hamilton 2008; Tumbarello, 

Temple, and Brenton 2012). Epithelial-mesenchymal transition (EMT) is a process that 

happens during tumour metastasis as well as embryonic development. If Periostin is 

overexpressed during EMT, epithelial cancer cells gain the ability to invade, differentiate and 

metastasise (Kudo et al. 2007; Sun, Song, et al. 2011; Puglisi et al. 2008; Soltermann 2012; 

Siriwardena et al. 2006).  

A cell line derived from a colon cancer known to rarely metastasise, was modified to 

overexpress Periostin and implanted in immunocompromised mice. The tumours that 

developed presented increased metastasis to other organs in vivo. This demonstrates the 

heightened metastatic potential of tumours during Periostin overexpression (Bao et al. 2004). 

Periostin protein has been observed via chromatin immunoprecipitation (ChIP) analysis and 

mass spectrometry to interact with other extracellular matrix molecules, including collagen 

I/V and fibronectin (via integrins), suggesting that Periostin has a role in fibrillogenesis (the 
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formation and regulation of collagen) (Hamilton 2008). Fibrillogenesis provides the ability 

for a cell to control connective tissue structure and function in both healthy and disease states.  

In summary, Periostin appears critical for improved tumour cell survival, as well as 

metastatic and proliferative ability. There is an important correlation between high Periostin 

expression and poor cancer patient prognosis, demonstrating its potential as a therapeutic 

gene silencing target so as to prevent tumour metastasis.  

1.7.4 Relationship Between Periostin and Cancer Stem Cells 

Cancer stem cells (CSCs) are a group of cells derived from cancer that are responsible 

for long term tumour survival, and possibly remission (Malanchi et al. 2012). It is still not 

clear whether CSCs derive from a committed progenitor cell or from normal stem cells that 

have undergone mutation (Malanchi and Huelsken 2009). Transplanted CSCs can cause 

complete tumour regeneration. Both CSCs and overexpression of Periostin result in 

increased metastatic potential and tumour cell invasion (Malanchi and Huelsken 2009; 

Malanchi et al. 2012; Wang and Ouyang 2012; Xu et al. 2012).  

Mortality from cancer most commonly occurs due to tumour metastasis (Michaylira 

et al. 2010). New microenvironments previously unexposed to tumours will not provide 

favourable conditions for secondary tumour invasion. This is because a new 

microenvironment will have an intact extracellular matrix and will only present a small 

quantity of CSCs (Malanchi et al. 2012; Malanchi and Huelsken 2009; Wang and Ouyang 

2012). Metastasis is not an efficient process and will result in the death of most of the cancer 

cells during invasion (Wang and Ouyang 2012).  
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1.8 PTEN 

1.8.1 Characterisation of PTEN 

The phosphatase and tensin homologue (PTEN) is a tumour suppressor gene located 

on chromosome 10q23 (Steck et al. 1997). It is often mutated (Ali, Schriml, and Dean 1999; 

Saal et al. 2008), deleted (Ali, Schriml, and Dean 1999) or transcriptionally silenced by 

epigenetic mechanisms (Garcia et al. 2004; Mirmohammadsadegh et al. 2006) in cancer. As 

such, it is one of the most frequently down-regulated tumour suppressor genes in cancer. 

Downregulation of PTEN gene dose has been reported to increase the severity and incidence 

of epithelial cancers (Alimonti et al. 2010; Trotman et al. 2003). The PTEN gene has been 

reported to be mutated in glioblastoma (Walker et al. 2004). Susceptibility to cancer was 

shown to increase even when minor changes in PTEN expression are observed (Alimonti et 

al. 2010). In cases of metastasis and more advanced tumours, PTEN expression is generally 

completely absent (Ali, Schriml, and Dean 1999).    

PTEN is a known negative regulator of the oncogenic PI3K/Akt pathway (Xing 

2010). PTEN is an antagonist of PI3K (class I phosphatidylinositol 3-kinase) (Carracedo and 

Pandolfi 2008). PI3K acts as a catalyst for PIP2 (phosphatidylinositol-4,5-biphosphate) 

phosphorylation into PIP3 (phosphatidylinositol-3,4,5-triphosphate). PTEN  

dephosphorylates PIP3 into the inactive PIP2 (Carracedo and Pandolfi 2008). When PTEN 

is silent during the development of cancer, PIP3 accumulates and hyper-activates the 

PI3K/Akt pathway (Poliseno and Pandolfi 2015). This triggers pAkt (phosphorylation of 

Akt), which initiates the downstream cascade signals that upregulate proliferative and cell 

survival capabilities (Carracedo and Pandolfi 2008).    

Stable expression of PTEN is important in preventing tumour development. As such, 

PTEN expression is highly regulated in the cell at the transcriptional, post-transcriptional and 

translational levels. PTEN was found to work with p53, also a tumour suppressor gene. p53 
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binds to the PTEN promoter to initiate transcription (Stambolic et al. 2001). If PTEN is 

completely absent during early tumour development, p53 is known to cause tumour cell 

senescence (Chen et al. 2005). pAKT phosphorylation of the MDM2 protein leads to 

degradation of p53 in the cell nucleus (Mayo and Donner 2001), negating its tumour 

suppressor role. PTEN can also be translationally suppressed by miRNAs (Alimonti et al. 

2010), such as miR21, which is induced in a number of tumour types, causing destabilization 

of PTEN mRNA (Meng et al. 2007).  

1.8.2 PTENpg1 regulation of PTEN 

MiRNA sponging was first reported endogenously in PTEN (Poliseno et al. 2010). 

CeRNA (competing endogenous RNA) networks between miRNAs, PTEN and its 

pseudogene (PTENpg1), work to post-transcriptionally regulate PTEN expression (Poliseno 

and Pandolfi 2015). PTENpg1 lncRNA, located on chromosome 9 (Teng et al. 1997), acts as 

a miRNA sponge by sequestering PTEN targeting miRNAs away from PTEN mRNA. 

Overexpression of the 3’ UTR of PTENpg1 lncRNA was shown to increase PTEN mRNA 

stability and, subsequently, levels of PTEN protein. In contrast, suppression of the 3’ UTR 

of PTENpg1 led to PTEN mRNA destabilization (Poliseno et al. 2010).   

Functional asRNAs were reported to originate from the PTENpg1 promoter locus, 

which regulate PTEN expression both transcriptionally and post-transcriptionally (Johnsson, 

Ackley, et al. 2013b, 2013a). It was found that the PTENpg1 promoter is bidirectional, giving 

rise to two different isoforms of this antisense transcript, called α and β. An RNA:RNA 

interaction between the PTENpg1 sense and PTENpg1 asRNA β antisense transcripts were 

able to alter the physical location of the PTENpg1 sense transcripts in the cell, which in turn 

effects miRNA sequestration and subsequently levels of PTEN protein (Johnsson, Ackley, et 

al. 2013b, 2013a). The PTENpg1 asRNA α acts in trans, localising to the PTEN promoter 
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and attracting the epigenetic remodelling proteins DNMT3a and EZH2, resulting in 

chromatin compaction and TGS of PTEN (Johnsson, Ackley, et al. 2013b, 2013a).  

1.9 Deamination Repair Pathway 

NcRNAs are capable of directing somatically heritable epigenetic changes that can be 

passed on to daughter cells (Hawkins et al. 2009a). As such, ncRNAs may be in part 

responsible for mediating transgenerational epigenetic inheritance if this were to occur in the 

germ line, upon which selection processes could then act (Morris 2015). NcRNAs recruit 

epigenetic remodelling proteins EZH2 and DNMT3a to target loci, causing DNA methylation 

of cytosine residues (Hawkins et al. 2009a; Johnsson, Ackley, et al. 2013b; Weinberg et al. 

2006).  

Methylated cytosines usually undergo deamination in the cell, a process whereby 

APOBEC3A (apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3A) protein 

deaminates methylated cytosine to a uracil residue (Wijesinghe and Bhagwat 2012; Carpenter 

et al. 2012; Suspene et al. 2013), which then undergoes mismatch repair by TDG (thymine 

DNA glycosylase) (Hashimoto, Hong, et al. 2012). If this process is disrupted, some 

methylated cytosine residues will be hydrolysed, producing ammonia and resulting in a uracil 

residue replacing the original cytosine residue in the DNA (Morris 2015; Neddermann et al. 

1996). After DNA replication, this uracil will be recognised as a thymine residue, and will 

become fixed in one of the two daughter strands, resulting in a heritable SNP (Lutsenko and 

Bhagwat 1999; Shen, Rideout, and Jones 1994). 

There are several other glycosylase proteins that also play a role in the deamination 

repair pathway. These include MBD4 (methyl-CpG binding domain protein 4) (Hashimoto, 

Liu, et al. 2012; Kondo et al. 2005), SMUG (single-strand selective monofunctional uracil 

DNA glycosylase) (Kemmerich et al. 2012) and UNG (uracil DNA glycosylase) (Hashimoto, 
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Hong, et al. 2012), each of which repair cytosine residues that have been deaminated to uracil 

by APOBEC3A (Budworth and McMurray 2013). HDAC-1, involved in ncRNA epigenetic 

regulation, was reported to interact directly with TDG, suggesting a link between ncRNA 

directed epigenetic silencing and the deamination repair pathway (Turner and Morris 2010; 

Morris 2009c). 

Previously considered a random event, cytosine to thymine residue deamination occurs 

twice as fast at methylated cytosine residues than non-methylated cytosine residues (Shen, 

Rideout, and Jones 1994). This suggests that the deamination process has an inherent bias 

toward cytosine methylation at CpG regions, with cytosine to thymine residue changes being 

the most common single nucleotide mutation reported (Neddermann et al. 1996; Alexandrov 

et al. 2013).   

1.10 Summary 

Over the past two decades, our understanding of the RNA regulatory world has completely 

changed. Paradigm shifts have led us away from thinking of much of the genome as “junk 

information”, and towards the realisation that the RNA holds the key to increased complexity 

within an organism. Advancing technologies have allowed us an inside look at the diverse 

and intricate regulatory methods devised by the cell to regulate epigenetic processes, 

chromosomal organisation, transcription and translation via ncRNAs. However, there is still 

much to uncover, with tens of thousands of ncRNAs with unassigned functions all taking 

part in the fascinating transcriptional landscape of the cell. Disentangling this vast RNA 

network is an enormous task. This thesis aims to contribute to this immense undertaking, in 

an effort to improve our understanding of ncRNA epigenetic regulation and modification of 

the genome. 
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describes a novel RNA molecule targeted to the promoter of a gene, Periostin. When 

overexpressed, Periostin is involved in increased cell motility and metastasis in numerous 

cancer types, including breast, ovarian, lung, colon, head and neck, pancreatic, prostate, 

neuroblastoma and thyroid cancers. The novel RNA molecule found here is observed to 

induce transcriptional gene silencing via epigenetic regulators such as deacetylases and 

methyltransferases, resulting in a loss of cellular motility in human cancer cells.  
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2.2.1 Abstract 

The over-expression of Periostin, a member of the fasciclin family of proteins, has 

been reported in a number of cancers and in particular in metastatic tumours. These include 

breast, ovarian, lung, colon, head and neck, pancreatic, prostate, neuroblastoma and thyroid 

cancers. It is thought that Periostin plays a major role in the development of metastases due 

to its apparent involvement in restructuring of the extracellular matrix to create a 

microenvironment favouring invasion and metastases, angiogenesis, independent 

proliferation, avoidance of apoptosis and the ability for cells to re-enter the cell cycle. As 

such we reasoned that targeted suppression of Periostin at the promoter and epigenetic level 

could result in the stable inhibition of metastases. We found here that promoter directed small 

antisense non-coding RNAs (sasRNAs) can induce transcriptional gene silencing (TGS) of 

Periostin that results ultimately in a loss of cellular metastasis. The observations presented 

here suggest that metastasis can be controlled by transcriptional and epigenetic regulation of 

Periostin offering a potentially new and novel manner to control the spread of cancerous 

cells.  
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2.2.2 Introduction 

Periostin is an approximately 90kDa matricellular protein capable of altering 

interactions between the extracellular matrix and surrounding cells (Morra and Moch 2011; 

Morra et al. 2011). Its structure contains a fourfold repeating domain that shows sequence 

homology with fasciclin 1, a protein found in insects, which interact with integrins at the 

plasma membrane to accommodate motility and cell adhesion isoform (Takeshita et al. 1993; 

Morra and Moch 2011; Kanno et al. 2008). Binding of Periostin to various integrins activates 

the AKT/PKB and FAK-mediated signalling pathway, which promotes angiogenesis and cell 

survival, and is also involved in tumorigenesis by enabling enhanced tumour cell survival 

and proliferative and metastatic ability (Tischler et al. 2010; Morra and Moch 2011; 

Gritsenko, Ilina, and Friedl 2012; Kudo et al. 2007). There is a significant correlation 

between high Periostin expression and poor prognosis in cancer patients (Ben et al. 2009; 

Choi et al. 2011; Forsti et al. 2007; Nuzzo et al. 2012; Tsunoda et al. 2009), indicating its 

therapeutic potential as a gene-silencing target in an effort to reduce metastatic tumour 

formation. 

One pathway for inducing stable long-term transcriptional gene silencing (TGS) 

involves targeting a genes promoter with small antisense non-coding RNAs (sasRNAs) 

(Morris 2009c) (Figure 2-1a). This process involves the sasRNAs recruitment of epigenetic 

modifying complexes to the RNA targeted locus, ultimately rendering the targeted promoter 

loci inaccessible to RNA Polymerase II (RNAPII) (Turner and Morris 2010; Yu et al. 2008; 

Han, Kim, and Morris 2007). One advantage to sasRNA directed TGS is that it can produce 

lasting, stable epigenetic modifications that are inherited by daughter cells (Morris 2009b). 

As such we hypothesised that sasRNAs targeted to direct TGS of Periostin could inhibit 

invasive and metastatic potential of cancer cells. We report here a sasRNA that can direct 

TGS of Periostin resulting in the inhibition of cell metastasis. The sasRNA reported here 
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may prove therapeutically relevant as a means for stably silencing Periostin activity and 

metastasis of tumour cells.   
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2.2.3 Results 

2.2.3.1 Periostin promoter targeting with sasRNAs  

Altered expression of Periostin is reported in a number of different forms of cancer 

(Ruan, Bao, and Ouyang 2009; Tischler et al. 2010; Kudo et al. 2007). Endogenous 

expression of Periostin was tested in four different cell lines. Results from qRT-PCR 

indicated that PC3 cells from a prostate cancer cell line had the highest expression of 

Periostin mRNA when compared to the other cell lines assessed (Figure 2-1b). Expression 

was approximately ten times greater in PC3 cells than that observed in HEK293 cells, which 

demonstrated the next highest expression. By comparison, CFPAC and HeLa cells showed 

negligible expression of Periostin. Next, we sought to determine the susceptibility of 

Periostin to promoter targeted sasRNAs. To determine the ability to direct TGS of Periostin, 

five sasRNA sequences directed to the Periostin promoter were designed (Figure 2-1c), 

synthesised (Ackley et al. 2013) and screened in PC3 cells. All five sasRNAs were capable 

of suppressing Periostin, with one candidate, as6, demonstrating a robust and significant 

repression of Periostin expression (Figure 2-1d). Collectively, these data suggest that 

Periostin is susceptible to sasRNA-directed TGS, similar to previous observations with other 

genes (Ackley et al. 2013; Hawkins et al. 2009a; Janowski et al. 2005; Janowski et al. 2006; 

Kim et al. 2008; Kim et al. 2007; Lim et al. 2008; Morris et al. 2004; Roberts et al. 2012; 

Singh et al. 2014; Suzuki et al. 2011; Suzuki et al. 2008; Turner et al. 2012). 
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Figure 2-1 Characterisation of Periostin Expression and Knockdown  

(a) Schematic depicting sasRNA directed TGS. The sasRNAs interact with Argonaute 1 

(AGO1), DNMT3a, Histone Deacetylase 1 (HDAC1) and Enhancer of Zeste 2 (EZH2) to 

epigenetically remodel target loci resulting in chromatin compaction and transcriptional 

silencing. (b) qRT-PCR assay of endogenous expression of Periostin transcripts in various 

cell lines, normalised to RPL10 (n=3). Inset is a polymacrylamide gel of qRT-PCR products 

from the various cells. (c) Schematic is shown depicting the sasRNA target loci in the 

Periostin promoter. (d) Periostin expression in sasRNA transfected PC3 cells 72 hours post-

transfection. (e) The sequences for the target locus and as6 transcript. The average of 

triplicate treated cultures are shown with the standard errors of the mean and p values from 

a paired T-test. Calculations are relative to parent U6M2 plasmid. n.s. indicates data is not 

significant, * p < 0.05 by two-tailed t-test. Error bars indicate s.e.m.  
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Periostin knockdown is a result of sasRNA directed TGS 

The target sequence for as6 in the Periostin promoter overlaps the 5’ UTR of 

Periostin (Figure 2-1e) and the observed suppression of Periostin by as6 may be post-

transcriptional in nature. In order to confirm the observed reduction of Periostin mRNA is a 

result of TGS directed by the sasRNA as6 guide, as has been observed previously with other 

sasRNA targeted loci (Weinberg et al. 2006; Ackley et al. 2013; Morris 2009c), an in-depth 

investigation into the nuclear expression of Periostin was conducted. Nuclear run-on analysis 

of as6 treated cultures indicated that the observed suppression was transcriptional in nature 

(Figure 2-2a), suggesting that as6 targeting of the Periostin 5’ UTR is sufficient for 

modulating the transcriptional activity of Periostin in PC3 cells. SasRNA-directed TGS has 

been observed to result in transcriptional and epigenetic changes at the sasRNA target locus, 

that ultimately result in a loss of active forms of RNA polymerase II (RNAPII) and a gain of 

DNA methyltransferase 3a (DNMT3a) at the targeted promoter (reviewed in (Turner and 

Morris 2010; Morris 2009c)). To determine if as6 treatment affects the localisation of 

RNAPII or DNMT3a to the Periostin promoter a chromatin-immunoprecipitation (ChIP) was 

performed in as6 treated PC3 cells. ChIP pull-down for active forms of RNAPII revealed a 

significant reduction in RNAPII and approximately four-fold increased enrichment for 

DNMT3a at the Periostin promoter (Figure 2-2b).  

Previous studies have observed that TGS can be inhibited by trichostatin A (TSA) 

and 5’-azacytadine (5’ Aza-C), which inhibit the TGS-associated proteins histone 

deacetylase (HDAC) and DNMT3a respectively (Morris et al. 2004). Treatment of as6 

transfected PC3 cells with TSA and 5’ Aza-C partially restored Periostin gene expression 

(Figure 2-2c). SasRNA directed TGS has been observed to also require transcription at the 

targeted promoter and a promoter-associated RNA (Han, Kim, and Morris 2007; Napoli et 

al. 2009b, 2009a). When cells were treated with the drug α amanitin (Kato et al. 2005; 
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Weinberg et al. 2006), an inhibitor of RNAPII, a complete reversion of mRNA expression is 

observed (Figure 2-2d). These data suggest that TGS of Periostin requires RNAPII mediated 

transcription of the sasRNA guide. Collectively, the observations reported here indicate that 

as6 is functioning to direct TGS to the Periostin promoter in a manner similar to what has 

been observed previously with other sasRNA targeted genes (Hawkins et al. 2009a; Turner 

et al. 2012; Turner, De La Cruz, and Morris 2009; Weinberg et al. 2006) (reviewed in (Turner 

and Morris 2010; Morris 2009c)). 
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Figure 2-2 Periostin TGS in the Nucleus 

(a) Nuclear run-on analysis of Periostin transcripts 72h after transfection with as6, 

normalised to RPL10 (n=3). (b) ChIP of RNAPII and DNMT3a at the Periostin promoter, 

normalised to standard curve of genomic PC3 DNA. Samples are Periostin transcripts 72h 

after transfection with as6 (n=3). (c) Drug treatment using both TSA and Aza C. Drugs added 

every 24 hours to cultures treated as described above (n=3), normalised to RPL10. (d) Drug 

treatment using α amanitin. Drug added once as described above (n=3). All experiments 

performed in PC3 cells. Throughout figure, * p<0.05, ** p < 0.01 by two-tailed t-test. 

Calculations relative to parent U6M2 plasmid. Error bars indicate s.e.m. 
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2.2.3.2 as6 mediated phenotypes 

In an effort to determine if the sasRNA as6 functionally modulates the metastatic 

ability of tumour cells, we set out to investigate the observable phenotypic effects of as6 

when introduced to tumour cells in vitro. During the generation of stable HEK293 and PC3 

cell lines expressing the as6 sasRNA using Geneticin (G418) selection, it was discovered 

over a 6-week period that those cells which survived the selection process in both cell lines 

were unable to proliferate. As such, the generation of stable cell lines was not feasible, 

possibly due to the suppression of Periostin by as6. To explore this notion further cell counts 

in as6 treated vs untreated PC3 cells were followed over a 72-hour period. Cultures treated 

with as6 demonstrated a significant reduction in exponential growth (Figure 2-3a). Rather 

than a continued rate of exponential expansion, cell growth was observed to level off and 

undergo a more linear growth rate after only 3 days of as6 targeting. Notably, by the third 

day, there were 30% more cells in control samples than in those treated with as6, suggesting 

as6 directed suppression of Periostin impairs cell growth.  

Periostin is known to be involved in cell metastasis (Wang and Ouyang 2012; Ben et 

al. 2011). To explore the ability of as6 to functionally modulate cell motility and metastasis 

a scratch assay was performed on as6 vs. control treated PC3 cells (Figures 2-3b - d). Scratch 

assay was performed as it was less complex and the resources were less expensive and more 

readily available than for an invasion assay. Examination of PC3 cell growth into a scratch 

over a 72-hour period demonstrated severely inhibited growth of cells into the scratch in as6 

treated cells relative to control cells (Figures 2-3b, d). After 3 days, control cells were seen 

to move and proliferate into the scratch, covering over the gap left by the plastic insert 

(Figure 2-3b). In contrast, the as6 treated cells showed very little movement into the 

provided space (Figure 2-3d). The addition of mitomycin C to as6 treated cells caused the 

scratch to remain completely intact, with no edge distortion occurring, suggesting that the 
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slight regrowth seen without mitomycin C in as6 treated cells was due to cell migration rather 

than proliferation (Figure 2-3c). These data suggest that as6 sasRNA directed TGS of 

Periostin appears to be a potent suppressor of cell migration and is equivalent to the 

suppression of cell division by mitomycin C.    
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Figure 2-3 Phenotypic Effect of Periostin TGS 

(a) PC3 Cell numbers following as6 treatment. Cells were counted every 24h post-

transfection with as6 or parent U6M2 plasmid. * p<0.05 by two-tailed t-test. Error bars 

indicate s.e.m. (b-d) Scratch assay 72h after transfection with (b) parent U6M2 plasmid 

alone, (c) as6 expressing U6M2 treated with Mitomycin C and (d) as6 expressing U6M2 

plasmid alone. Cells were photographed at times 0, 24, 48 and 72 hours post-transfection. 

The white lines indicate initial scratch.  
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2.2.4 Discussion 

Recent studies have presented the concept of endogenous regulatory mechanisms 

directed by long non-coding RNA’s (lncRNA’s) in human cells which are responsible for 

altering the epigenetic state of a target locus, thus affecting the transcriptional expression of 

a protein coding gene (Morris 2009b; Morris and Mattick 2014a; Turner and Morris 2010). 

This mechanism can be usurped when a sasRNA guide is introduced into the cell, bypassing 

endogenous lncRNA regulation of the target locus and inducing TGS (Figure 2-1a) 

(Weinberg et al. 2006; Ackley et al. 2013; Morris 2009c). RNA directed TGS has been 

observed in human cells before and functions by the sasRNA binding to target low-copy 

promoter associated transcripts upstream or overlapping the sasRNA targeted promoter (Han, 

Kim, and Morris 2007; Napoli et al. 2009b, 2009a) resulting ultimately in the recruitment of 

epigenetic remodelling complexes to the selected site of interest (Morris 2009c; Han, Kim, 

and Morris 2007) and gene silencing. The advantage of sasRNA directed TGS over other 

RNA based silencing mechanisms such as RNAi, is that TGS can be long-lasting and 

heritable. Only a short duration of sasRNA targeting to a gene promoter is required and once 

DNA methylation is recruited the targeted gene can stay repressed indefinitely (Hawkins et 

al. 2009a). The data presented here suggests that as6 sasRNA is capable of inducing TGS at 

the 5’UTR/promoter of Periostin and that this targeting has distinct phenotypic effects on 

cell motility. The increase of DNMT3a occupancy at the Periostin promoter is a direct result 

of as6 activating TGS, leading to methylation and ultimately silencing of Periostin (Figure 

2-2a). Collectively, the observations presented here suggest that as6 has the potential to 

function as an anti-metastatic molecule that could be highly useful in cancer treatments, 

although the effect of as6 on cell metastasis remains to be determined and will require further 

in vivo studies.  
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Previous observations demonstrated a correlation between high expression of 

Periostin and poor cancer patient prognosis (Ben et al. 2009; Choi et al. 2011; Forsti et al. 

2007; Nuzzo et al. 2012; Tsunoda et al. 2009). This is presumably due to Periostin’s ability 

to regulate tumour cell invasion and metastasis, as tumour metastasis is associated with the 

highest rate of mortality for cancer patients (Wang and Ouyang 2012; Ben et al. 2011). 

Suppression of Periostin gene expression in vitro via indirect methods (Deraz et al. 2011; 

Kudo et al. 2006; Malanchi and Huelsken 2009), and others directly through RNAi (Sun, 

Zhao, et al. 2011; Liu and Liu 2011; Xu et al. 2012), demonstrated a direct correlation 

between Periostin expression and the ability of cells to undergo migration and cell division. 

While previous studies using RNAi to suppress Periostin clearly demonstrated a loss of cell 

metastasis, the observed effects are only transient as the targeting of Periostin was at the 

post-transcriptional level (Sun, Zhao, et al. 2011; Liu and Liu 2011; Xu et al. 2012). The data 

presented here suggests that Periostin is susceptible to sasRNA directed TGS and that it may 

be possible to stably suppress Periostin (Morris 2009c, 2009b). 

Secondary tumours, those that metastasis to new locations, are incapable of surviving 

without the presence of Periostin (Malanchi et al. 2012). This matches with phenotypic data 

from the scratch assay and cell count, as well as the inability to generate stable cell lines, as 

as6 expressing cells would not proliferate and showed very limited ability to migrate, yet 

they did not undergo apoptosis. Periostin is also required to initiate alteration of the 

extracellular matrix, creating a niche environment that allows tumour invasion and 

proliferation (Kim et al. 2005; Malanchi et al. 2012). The observed inability of the as6 treated 

cells to divide and migrate suggests the involvement of Periostin in rearranging the 

extracellular matrix and providing an environment conducive to metastasis. When 

suppression of Periostin is induced by TGS, there is no alteration of the surrounding 

environment to favour cell invasion. 
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While the TGS induced by as6 was shown to be an effective inhibitor of metastatic and 

invasive potential of tumour cells, an effective method for introduction of the sasRNA into 

human patients and specifically to the tumours is required before it can be used to treat cancer 

patients. New delivery mechanisms that are targeted specifically to diseased cells are required 

if future treatment employing sasRNA directed TGS becomes a viable option. However, once 

the sasRNAs reach their targets they have the distinct potential to provide stable epigenetic 

modifications to the gene promoter of interest and long-term heritable epigenetic silencing.  
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2.3 Supplemental material that accompanied the manuscript 

2.3.1 Materials and methods 

2.3.1.1 Cell Culture 

PC3 cells were cultured at 37°C in 5% CO2 using DMEM supplemented with 1% 

penicillin/streptomycin and 10% FBS.  

2.3.1.2 sasRNA’s Expressing Constructs 

Small antisense RNA (sasRNA) sequences were generated and subsequently cloned 

in our laboratory into the U6M2 plasmid via BGlII and KpnI restriction sites and validated 

using qRT-PCR as previously described (Ackley et al. 2013). Plasmid digestion was 

validated by PCR. The sasRNA expressing constructs were transfected into PC3 cells using 

Lipofectamine 2000, using a ratio of 1µg/10^6 cells (Life Technologies, Carlsbad, CA, 

USA).  

2.3.1.3 RNA Extraction & cDNA Synthesis 

RNA extraction was performed using an RNeasy Mini Kit (Qiagen, Redwood City, 

CA, USA) and subsequently DNase treated (TURBO DNase, Life Technologies Carlsbad, 

CA, USA). Complimentary DNA (cDNA) was synthesised using 1µg cellular RNA in 

conjunction with M-MLV Reverse Transcriptase (Sigma/Aldrich, St Louis, MO, USA), 

dNTP’s (New England Biolabs, Ipswitch, USA) and random hexamer (Sigma/Aldrich, St 

Louis, MO, USA). 

2.3.1.4 qRT-PCR 

Quantitative RT-PCR (qRT-PCR) analysis was performed using KAPA SYBR FAST 

qPCR Master Mix (KAPA Biosystems, Woburn, MA, USA) and the desired primer set and 

cDNA. Plate was placed in ViiA 7 Real-Time PCR system (Life Technologies, Carlsbad, 
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CA, USA). Cycling conditions were set up as follows: 95°C for 2 mins, then 40 cycles of 

95°C for 3s and 60°C for 30s.  

2.3.1.5 Stable Cell Lines 

Stable cell lines were generated using the antibiotic Geneticin (800µg/ml)(Life 

Technologies, Carlsbad, CA, USA). PC3 and HEK293 cells were transfected with the desired 

plasmid, which had undergone linearisation via ScaI enzyme digestion. Linearisation was 

performed to improve the probability of stable plasmid integration into the genome, as linear 

DNA integrates more efficiently than circular DNA. The selection process was maintained 

for six weeks, and successful uptake of the plasmid resulted in the continued survival of the 

cell.  

2.3.1.6 Nuclear Run-On 

PC3 cells were transfected with either as6 expressing or parent U6M2 plasmid. Cell 

pellets were collected 72 hours later, followed by cell lysis (10 mM Tris- HCl, pH 7.4, 10 

mM NaCl, 3 mM MgCl2, 0.5% NP-4) and subsequent resuspension (50 mM Tris-HCl, pH 

8.3, 0.1 mM EDTA, 40% glycerol, 5 mM MgCl2). Samples were then flash frozen in liquid 

nitrogen. Upon thawing, in vitro transcription was performed using 50 μl glycerol suspension 

and 60 μl 2x transcription buffer (20 mM Tris-HCl, pH 8, 5 mM MgCl2, 300 mM KCl, 4 

mM DTT, 2 mM ATP, 2 mM CTP, 2 mM GTP, 1 mM biotin-16-AA-5′-UTP, 100 U 

RNaseOUT (Invitrogen)). Samples were incubated for 45 mins at 30°C before being DNase 

treated. Nuclei were lysed (50 mM Tris-HCl, pH 7.4, 5% SDS, 0.125 M EDTA) and 

Proteinase K treated. RNA extraction was performed, and biotinylated RNA pulled down 

using Dynabeads M-280 Streptavidin (Life Technologies, Carlsbad, CA, USA). Beads were 

resuspsended in H2O, allowing cDNA synthesis directly off the beads and subsequent qRT-

PCR analysis.  
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2.3.1.7 Chromatin Immunoprecipitation 

As in nuclear run-on, cell pellets were collected 72 hours following transfection, 

resuspended in PBS, cross-linked with 1% formaldehyde and quenched with 0.125M glycine. 

Cell lysis (5 mM PIPES, pH 8, 85 mM KCl, 0.5 % NP40) was followed by nuclei lysis (50 

mM TRIS-HCl, pH 8, 10 mM EDTA, 1% SDS) and sonication with a Q700 Sonicator 

(Qsonica). Samples were incubated at 4°C overnight with the desired antibody. Dynabeads 

Protein G (Life Technologies, Carlsbad, CA, USA) were used to pull down desired antibody, 

following wash steps in high salt twice (20 mM Tris-HCl, pH 8.1, 500 mM NaCl, 2 mM 

EDTA, 1% Triton X-100, 0.1% SDS), lithium chloride (10 mM Tris-HCl, pH 8.1, 0.25 M 

LiCl, 1 mM EDTA, 1% sodium deoxycholate, 1% NP40) and TE buffer twice (10 mM Tris-

HCl, 1 mM EDTA). DNA/protein is eluted off the beads with 200μl ChIP elution buffer 

(100mM NaHCO3, pH 8, 1% SDS) and heated to 65°C for 10 minutes. Beads were removed 

from samples, which were then reverse cross-linked, RNase A and Proteinase K treated. 

Samples were cleaned up using PCR purification kit (Qiagen, Redwood City, CA, USA) and 

analysed by qRT-PCR. Antibodies used for ChIP (1 µg/sample) were for RNA Polymerase 

II (Abcam, Cambridge, MA, USA)(Abcam, cat. no. ab5095) and DNMT3a (Abcam, cat. no. 

13888). Determination of relative enrichment is determined by contrasting amplification of 

a standard curve of genomic PC3 DNA. The bead alone no antibody control samples are 

subtracted from both the input and CHIPs and the relative enrichment determined as a 

fraction of input for the respective samples.  
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2.3.1.8 DNMT3a and HDAC Inhibition 

Cells were transfected with desired plasmid, and 12 hours post-transfection both 

Trichostatin A (TSA) a verified HDAC inhibitor and 5-Azacytadine (5’ Aza-C) a verified 

DNA methyltransferase inhibitor were added to final concentrations 0.05μM and 4μM 

respectively (Morris et al. 2004). These compounds were then readministered every 24 hours. 

Seventy-two hours after the initial addition of TSA and 5’ Aza-C, RNA extraction was 

performed, followed by DNase treatment, reverse transcription and qRT-PCR. 

2.3.1.9 RNA Pol II Inhibition 

Twelve hours following transfection with desired plasmid, α amanitin drug was added 

to cells to final concentration 0.1 μg/ml (Weinberg et al. 2006). Seventy-two hours after drug 

addition, RNA extraction was performed, followed by DNase treatment, reverse transcription 

and qRT-PCR.   

2.3.1.10 Polyacrylamide Gel 

A 6% polyacrylamide gel was made up with 8 ml 1x Tris/Borate/EDTA (TBE) 

Buffer, 1.5 ml 40% acrylamide, 100 μl ammonium persulfate (APS) and 10 μl 

Tetramethylethylenediamine (TEMED). The gel was allowed to set for 20 minutes. qRT-

PCR samples from control and as6 treated cells were loaded with gel loading dye onto gel, 

which was post-stained with ethidium bromide after completion of run and imaged using 

Geldoc Imaging System (BioRad).  

2.3.1.11 Cell Count 

Cell pellets were collected 72 hours following transfection and resuspended in 1ml 

PBS. A 10 μl aliquot was added to 10 μl 0.4% trypan blue. Viable cells were counted using 

a haemocytometer. 
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2.3.1.12 Scratch Assay 

To a treated 24-well glass bottom plate, sterile micro-inserts were stuck to the bottom 

of each well. Plate was seeded with PC3 cells starved of FBS. After 24 hours, media was 

aspirated and 1ml of new DMEM media plus 10% FBS plus 1% penicillin-streptomycin was 

added. Cells were then transfected with desired plasmid. 12 hours following transfection, 

Mitomycin C was added to half of the wells from both control and treatment conditions to a 

final concentration of 20μg/ml. Sterile micro-inserts were then aseptically removed from 

wells. Photographs were taken of the cells every 15 minutes for 72 hours by a Nikon Eclipse 

TiE inverted microscope utilising phase contrast microscopy at the Biomedical Imaging 

Facility (BMIF), UNSW. This microscope contains a stage with a 37°C 5% CO2 chamber, 

allowing for maintenance of the cells during cell imaging. 
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2.3.2 Supplemental data 

Table S2-1 Sequences for sasRNA’s targeted to Periostin promoter 

sasRNA Sequence (5’ -- > 3’) 

as1 GATCTGATGCAGTGTTCCCTCCCACAATTTTTGGTAC 

as3 GATCTGAATTTGAAGTTGCCGATGCTTCCTGGCTTTTTGGTAC 

as4 GATCTGTTCAGACTCTCAGGTTGATGCTTTTTGGTAC 

as5 GATCTGCAACTCTGACATGTATATAAATTCTTTTTGGTAC 

as6 GATCTGTTCCCTCCCACAACTCTGACATGTTTTTGGTAC 

 

 

AGCAGCAATAGTAGAGAAAACATGGGTAAAAAGGGAATCATCTTGAGTCTCTC

CGTTGCAGTTAGTCCCCGAAGAGAACTGGCAGTGGGCTTTGGAGAGCTCAGAA

TTTATATACATGTCAGAGTTGTGGGAGGGAACACTGCATCAACCTGAGAGTCTG

AACTCTTTCCAGGAAGCATCGGCAACTTCAAATTGCCAGCTAAGATTTGTTTTG

GTTAGTTATATTTAAGGAACACATTGAGCTACTTTTCCTTTTCATTATAAAGAA

GGTACTTATTTTTAATCATATGAACAATTGACTCACTGCATGTTTAAGTCTCAGT

TTTATTCCTTTGTATCTTAGAGGGTTTTTAAG 

Figure S2-4 Promoter Sequence for Periostin Used to Generate sasRNA’s 

Genomic coordinates chr13:37,598,686-37,599,040 
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Table S2-2 Oligonucleotides used in study 

Oligonucleotide Name Sequence 

POSTN F GAGCTTTACAACGGGCAAATAC 

POSTN R CTCCCTTGCTTACTCCCTTTC 

RPL10 F CCTCTTTCCCTTCGGTGTG 

RPL10 R AATCTTGGCATCAGGGACAC 

POSTNpro F AGTGGGCTTTGGAGAGCTCAGAAT 

POSTNpro R TTTGAAGTTGCCGATGCTTCCTGG 
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3.1 The molecular dynamics of long non-coding RNA control of transcription in 

PTEN and its pseudogene 

Authors: 

Nicholas Lister, Galina Shevchenko, James L. Walshe, Jessica Groen, Per Johnsson, Linda 

Vidarsdóttir, Dan Grander, Sandro F. Ataide and Kevin V. Morris 
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these experiments. 
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The following manuscript has been appropriated from a published paper. This manuscript 

uses the PTEN pseudogene regulatory network as a model for examining chromatin 

interactions with regards to a lncRNA. In the context of this system, the antisense lncRNA 
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first interacts with another transcript which spans the PTEN promoter and contains the 5’-

UTR, before recruiting DNMT3a and inducing transcriptional gene silencing. This double-

stranded RNA interaction is dependent upon both the structure and sequence of the lncRNA, 

and that RNA structure may be under a greater evolutionary pressure than sequence 

conservation.   
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3.2.1 Abstract 

RNA has been found to interact with chromatin and modulate gene transcription. In 

human cells, little is known as to how long non-coding RNAs (lncRNAs) interact with target 

loci in the context of chromatin. We find here, using the PTEN pseudogene as a model 

system, that antisense lncRNAs interact first with a 5’ UTR containing promoter-spanning 

transcript which is then followed by the recruitment of DNA methyltransferase 3a 

(DNMT3a); ultimately resulting in the transcriptional and epigenetic control of gene 

expression. Moreover, we find that the lncRNA and promoter-spanning transcript interaction 

are based on a combination of structural and sequence components of the antisense lncRNA. 

These observations suggest, based on this one example, that evolutionary pressures may be 

placed on RNA structure more so than sequence conservation. Collectively, the observations 

presented here suggest that a much more complex and vibrant RNA regulatory world may be 

operative in the regulation of gene expression.  

3.2.2 Significance Statement 

In recent years non-coding RNA transcripts have been found to interact with genes 

and modulate their ability to be transcribed and made into protein. Here we uncover many of 

the mechanistic underpinnings involved in how non-coding RNAs control gene transcription. 

Notably, we find that non-coding RNA control of gene transcription is based on a 

combination of structural and sequence components of the non-coding RNA and targeted 

gene. Collectively, the observations presented here suggest that a much more complex and 

vibrant RNA regulatory world is operative on gene expression and evolution of the genome.  
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3.2.3 Introduction 

The phosphatase and tensin homologue (PTEN) is a protein encoded on chromosome 

10 by the PTEN gene and is a negative regulator of the oncogenic PI3K-protein kinase B 

(Akt) pathway. The PTEN gene is mutated and epigenetically inactivated in a diverse range 

of cancers (Steck et al. 1997). This gene is of particular interest as emerging studies have 

shown that a pseudogene, PTENpg1, is actively involved in the regulation of PTEN. These 

observations suggest an underappreciation in the complexity involved in gene regulation. To 

date, thousands of pseudogenes have been identified in humans, including many disease-

associated genes such as TP53 (Pei et al. 2012), BRCA1 (Puget et al. 2002), OCT4 (Hawkins 

and Morris 2010a; Scarola, Comisso, Pascolo, Chiaradia, Marion, et al. 2015; Suo et al. 2005; 

Hawkins and Morris 2010b; Scarola, Comisso, Pascolo, Chiaradia, Maria Marion, et al. 

2015) and PTEN (Dahia et al. 1998). PTEN has a single pseudogene in the human genome, 

PTENpg1 (also called PTENp1, PTEN) that is encoded by chromosome 9 (Teng et al. 

1997). PTENpg1 post-transcriptionally regulates PTEN expression by acting as a miRNA 

sponge to PTEN-targeting miRNAs (Poliseno et al. 2010). Recent studies have indicated the 

presence of antisense RNAs (asRNAs) derived from the PTENpg1 promoter locus (Johnsson, 

Ackley, et al. 2013b, 2013a). Several different isoforms of this antisense, named α and β, 

have been identified with transcription arising from the bidirectional PTENpg1 promoter, and 

one variant, PTENpg1 asRNA α, is found to modulate PTEN transcription via the recruitment 

of chromatin modifying complexes EZH2 and DNMT3a (Johnsson, Ackley, et al. 2013b, 

2013a). These proteins are actively recruited to the promoter by PTENpg1 asRNA α and 

cause chromatin condensation and subsequently a reduction in PTEN expression (Johnsson, 

Ackley, et al. 2013b, 2013a).  

It is noteworthy that PTEN and PTENpg1 are localised on different chromosomes, 

and the putative “in trans” acting mechanism by which the PTENpg1 asRNA α interacts with 
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the PTEN promoter has not been determined. We find here that PTENpg1 asRNA α targeting 

DNMT3a to the PTEN promoter requires transcription of PTEN, specifically at the 5’UTR 

region containing homology to the PTENpg1 asRNA α transcript, and that this RNA can 

target the PTEN promoter in the absence of DNMT3a. 
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3.2.4 Results 

3.2.4.1 Detection and function of 5’ UTR PTEN promoter transcripts 

Previous studies with small non-coding RNA’s (ncRNA’s) demonstrated that an 

expressed low copy transcript spanning the 5’ UTR of protein coding genes, designated as a 

promoter-associated RNA (paRNA), was required for small ncRNA directed epigenetic 

regulation in human cells (Han, Kim, and Morris 2007; Napoli et al. 2009b; Roberts et al. 

2012; Napoli et al. 2009a). Transcriptomic data suggests that there are several expressed 

sequence tags (ESTs) spanning the PTEN promoter (including BG772190 (Figure 3-1A, 

Table S3-1) and DA005202; DA676942; and CN413383). To detect the presence of these 

transcripts at the PTEN promoter, and to examine to what extent that they may play a role in 

PTENpg1 asRNA α regulation of PTEN transcription, strand specific directional RT and PCR 

was performed on HeLa total RNA using the PTENproR1 reverse primer only (Figure S3-

5A). This assay allows for any RNA transcripts spanning the PTEN promoter in a sense 

orientation to be discerned. Notably, a product was observed spanning this region of PTEN 

(Figure 3-1B). Unfortunately, it is virtually impossible to disentangle to what extent this 

PTEN promoter-spanning transcript (Figure 3-1B) is either a unique low-copy transcript or 

the 5’ UTR of PTEN mRNAs (Figure 3-1A).  

Next, to interrogate to what extent the PTEN 5’ UTR containing transcripts 

(paRNA/5’UTR) are involved in PTENpg1 asRNA α regulation of PTEN, suppression of this 

transcript was carried out using single stranded antisense phosphorothioate 

oligodeoxynucleotides (ODN) (Figure S3-5B) (Eckstein 2000). ODNs allow strand specific 

interactions to be targeted and blocked, thereby disrupting only the sense-stranded 

paRNA/5’UTR for PTEN (Han, Kim, and Morris 2007; Napoli et al. 2009b; Johnsson, 

Ackley, et al. 2013b; Napoli, Lemieux, and Jorgensen 1990; Napoli et al. 2009a; Johnsson, 

Ackley, et al. 2013a). We observed here that targeting the paRNA/5’UTR with ODN2 
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resulted in suppression of the PTEN promoter-associated 5’ UTR transcripts (Figure 3-1C), 

but had little to no effect on downstream PTEN mRNA expression (Figure 3-1D), suggesting 

that there may be unique 5’ UTR associated transcripts overlapping the PTEN promoter, 

similar to previous observations with small RNA targeted transcriptional regulatory 

mechanisms (Han, Kim, and Morris 2007; Napoli et al. 2009b).  

To distinguish whether ODN2 was targeting the PTEN gene or a unique 5’ UTR 

associated transcript, we utilized biotin labelled ODN2 to immunoprecipitate (IP) ODN2 

bound nucleic acids. By using RNAse A and RNAse H treatment, we determined that ODN2 

binds a PTEN 5’ UTR associated transcript, which interestingly extends the full-length of the 

PTEN mRNA (Figure 3-1E), similar to previous observations involved in the mechanism of 

small non-coding RNA transcriptional gene silencing (Napoli et al. 2009b; Han, Kim, and 

Morris 2007; Napoli et al. 2009a). Notably, although ODN2 also appeared to bind to the 

PTENpg1 transcript (Figure 3-1E), this interaction did not appear to affect PTENpg1 sense 

and antisense expression (Figure S3-6), suggesting that ODN2 interacts with a full-length 5’ 

UTR containing PTEN transcript, which we refer to as paRNA/5’UTR. 

The pathway of PTENpg1 regulation of PTEN involves the recruitment of DNMT3a 

by exon 1 of the PTENpg1 asRNA α transcript to the PTEN promoter (Johnsson, Ackley, et 

al. 2013b, 2013a). We find here that ODN2 targeting of the PTEN paRNA/5’UTR results in 

a loss of DNMT3a at the PTEN promoter (Figure 3-1F) and a reduction in CpG methylation 

at one locus in the PTEN promoter (Figure 3-1G). This effect of ODN2 on PTEN appeared 

to be the result of ODN2 blocking the activity of the PTENpg1 asRNA α exon one. Blocking 

this transcript results in preventing the transcriptional regulation of the PTEN promoter by 

PTENpg1 asRNA α, as ODN2 treatment in stable PTENpg1 asRNA α exon 1 over-expressing 

cells demonstrated increased expression of unspliced forms of PTEN (Figure 3-1H). 

Collectively, these observations along with others (Johnsson, Ackley, et al. 2013b), suggest 
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that PTEN promoter-associated 5’ UTR containing transcripts are required for PTENpg1 

asRNA α and DNMT3a based epigenetic regulation of PTEN. 

 

  

Figure 1 
(A)                                                                                                                                                       (B) 

          MW dirRT noPrimer noRT 
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Figure 3-1 The PTEN promoter transcriptional landscape  

(A) A screen shot from the UCSC genome browser depicting several expressed sequence 

tags (ESTs) at the PTEN promoter/5’ UTR. EST BG772190 is also shown, which directly 

overlaps the PTENpg1 asRNA exon 1 target site (Johnsson, Ackley, et al. 2013b, 2013a). (B) 

Detection of a paRNA (e.g. EST BG772190) by directional RT and PCR were run on a 2% 

agarose gel. A 100 bp ladder is shown on the left. PCR products are HeLa directional RT 

(dirRT); HeLa no primer (noPrimer); and no template RT (noRT). (C-D) The effects of 

antisense phosphorothioate oligodeoxynucleotide targeting of the PTEN pRNA (EST 

BG772190). (C) Expression of the PTEN 5‘UTR (e.g. paRNA/EST BG772190) and (D) 

PTEN mRNA 48 hours post-transfection with ODNs. (E) Biotin ODN2 binds predominantly 

PTEN 5’UTR containing transcripts and not the PTEN gene. Biotin ODN2 IP was performed 

on HEK293 cells and RNAse A vs. RNAse H sensitivity determined. (F) Effects of ODN 

treatment on DNMT3a localisation to the PTEN promoter as determined by CHIP 48 hours 

post-transfection with ODNs. (G) PTEN promoter CpG methylation as determined by 

methyl-cytosine specific restriction enzyme McrBc treatment and qPCR in ODN2 and ODN2 

Scrambled Control treated HEK293 cells 24 and 48 hours post-transfection. The averages of 

triplicate treated cultures are shown and the p value from a paired T-test, a single 

representative experiment is shown. (H) The effects of ODN treatment on expression of 

unspliced variants of PTEN in stable HEK293 cells that over-express PTENpg1 asRNA 

exon1 (PG1 cells). PTEN RNA expression was determined by qRT-PCR with PTEN F3/R3 

primers; which specifically detect unspliced forms of PTEN. For C-D and F and H triplicate 

treated samples are shown as a fraction of the control ODN ± standard error of mean (SEM) 

after normalization to RPL10 and for E duplicates with the ranges shown from a single 

representative experiment. P values from a paired two-tailed t-test are also shown. 
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3.2.4.2 The PTEN paRNA/5’UTR interacts directly with PTENpg1 asRNA α exon 1 

Previous studies with small antisense RNAs (sasRNAs) targeted to gene promoters 

have demonstrated that the sasRNAs interact directly with a transcript at the promoter (Han, 

Kim, and Morris 2007; Napoli et al. 2009b, 2009a). The observations presented here (Figure 

3-1), along with previous studies (Johnsson, Ackley, et al. 2013b), suggest that the long non-

coding RNA (lncRNA) PTENpg1 asRNA α regulates PTEN transcription by interactions 

with a sense-stranded transcript or elongated 5’UTR (paRNA/5’UTR) that essentially spans 

the PTEN promoter. To interrogate whether the PTEN promoter-associated transcript 

interacts directly with PTENpg1 asRNA α and DNMT3a, an immunoprecipitation of 

DNMT3a was carried out followed by qRT-PCR with primers specific to each transcript 

(Figure 3-2A). We find using this technique that DNMT3a interacts with both PTENpg1 

asRNA alpha exon 1 and a PTEN paRNA/5’ UTR promoter-associated transcript (Figures 

3-2A - B).  

To interrogate whether the PTEN promoter-associated transcript interacts directly 

with PTENpg1 asRNA α, biotin labeled PTENpg1 asRNA α Exon1 was generated and co-

transfected with ODN2 into HEK293 cells, and the effects on biotin labeled PTENpg1 

asRNA α exon1 binding to the PTEN promoter determined by RNA immunoprecipitation 

(RIP) (Figures 3-2D - I) (Hawkins and Morris 2010a). ODN2 treatment, relative to controls, 

abrogated the binding of PTENpg1 asRNA α exon 1 to the PTEN promoter (Figures 3-2D - 

F). To more clearly map the interacting domain of the PTEN 5’ UTR promoter-associated 

transcript (paRNA/5’UTR) and PTENpg1 asRNA α, RNAse A treatment was carried out on 

the ODN2 and biotin PTENpg1 asRNA α exon 1 co-transfected HEK293 cells. Of those 

regions bound to the PTEN promoter in the presence of ODN2, one particular region 

spanning the PTENpg1 asRNA α exon 1 homologous target region and ~ 150 nucleotides 

upstream in the PTEN promoter (Figure 3-2G) appeared to exhibit the most abundant 
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RNA:RNA interactions, based on RNAse A sensitivity, relative to the other loci assessed 

(Figures 3-2H - I), suggesting that this region (Figure 3-2C, PTENproF1/R1) may be where 

the strongest localisation of those RNA:RNA interactions required for PTENpg1 asRNA α 

regulation of PTEN transcription occur.  
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Figure 3-2 The effects of ODN2 treatment on PTENpg1 asRNA exon1 binding to and 

regulation of PTEN 

(A) A schematic is shown depicting the predicted PTEN paRNA and  PTENpg1 asRNA exon 

1 interacting region relative to PTEN along with the RNA:RNA interacting domain and 

presumed DNMT3a interaction (Johnsson, Ackley, et al. 2013b, 2013a).  (B) CHIP was 

carried out for DNMT3a in HEK293 cells and those transcripts associated with DNMT3a 

were determined by semi-qRT-PCR. DNMT3a was observed to interact with both PTENpg1 

asRNA (asF3R0) and paRNA/EST BG772190 (PTENpro F2R2) loci but not the 3’ UTR of 

PTEN. The PTENpro F2/R2 primer set is specific for PTEN-5’UTR paRNAs (e.g. EST 

BG772190), while PTENpg1 asF3R0 is specific for PTEN pg1-encoded transcripts. A primer 

set targeting the PTEN 3’UTR is provided as a control. (C) A UCSC genome browser 

screenshot of the PTENpg1 antisense RNA exon 1 target site in the PTEN promoter is shown 

along with various primers used to interrogate PTENpg1 asRNA exon 1 interactions with the 

PTEN promoter. (D-I) RIP analysis of biotin PTENpg1 asRNA α interactions with the PTEN 

promoter in the presence of ODN2. (D-F) ODN2 treatment blocks biotin dUTP containing 

PTENpg1 asRNA exon1 binding to the PTEN promoter. Biotin labeled PTENpg1 asRNA 

exon 1 was co-transfected with ODN2 into HEK293 cells and localisation to the PTEN 

promoter determined by CHIP. (D) Primer set PTENproF1/R1, (E) PTENpro F2/R2 and (F) 

PTENproF2/R1 were used to detect the loss of PTENpg1 asRNA α exon 1 binding, following 

ODN2 treatment, to various loci in the PTEN promoter. (G-I) Mapping of RNA:RNA 

interacting loci at the PTEN promoter. ODN2 treatment results in reduced PTENpg1 asRNA 

exon1 interactions with PTEN paRNA/EST BG772190 at the (G) PTENproF1/R1 and (H) 

PTENproF2/R2 loci but not the (I) PTENproF2/R1 locus. For (D-I) the averages of triplicate 

treated cultures are shown with the standard error of mean (SEM) and p values from a paired 

two-tailed t-test. 
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3.2.4.3 Determining the mechanistic parameters of PTENpg1 asRNA α exon 1 

interactions with the PTEN 5’UTR  

Previous observations have indicated PTENpg1 asRNA α exon 1 binds and directs 

DNMT3a to the PTEN promoter (Johnsson, Ackley, et al. 2013b, 2013a). To determine the 

parameters and particular region in PTENpg1 asRNA α exon 1 involved in binding to the 

PTEN promoter, various truncations of PTENpg1 asRNA α exon 1 were generated as biotin 

labeled transcripts (Figure S3-7 and Table S3-2). These truncated PTENpg1 asRNA α exon 

1 variants (Figure S3-7A and Table S3-2) were transfected into HEK293 cells and 

localisation to the PTEN promoter determined by chromatin immunoprecipitation (CHIP). 

Two truncated fragments appeared to localise to the PTEN promoter, F4R1 and F5R2, as 

well as the control full-length PTENpg1 asRNA α exon 1 (Figures 3-3A and S3-7). 

However, when these deletion constructs were assessed for their ability to direct DNMT3a 

to the PTEN promoter, only the full-length PTENpg1 asRNA α exon 1 and F4R1 variant was 

functionally capable of directing DNMT3a to the PTEN promoter (Figure 3-3B).  

Interestingly, the F4R1 truncated variant was able to repress PTEN mRNA expression 

(Figure 3-3C), similar to previous observations with PTENpg1 asRNA exon 1 (Johnsson, 

Ackley, et al. 2013b, 2013a), while the F5R2 variant resulted in a dose dependent increase in 

PTEN expression (Figure 3-3D). Indeed, both PTENpg1 asRNA α exon 1 and F4R1 were 

found to interact directly with DNMT3a/DNMTL-CD in vitro (Figures 3-3E - F and S3-8 - 

9), relative to the control GFP RNA (Figure 3-3H) as observed in electrophoretic mobility 

shift assays (EMSA). Interestingly, the F5R2 variant was also found to bind 

DNMT3a/DNMTL-CD in vitro (Figure 3-3G), but unlike the full-length PTENpg1 asRNA 

α exon 1 or F4R1 variants, was unable to direct DNMT3a to the PTEN promoter (Figure 3-

3B). This is an interesting observation as the F5R2 variant appears to bind the PTEN 

promoter (Figure 3-3A) or DNMT3a (Figure 3-3G) but not both (Figure 3-3B) suggesting, 
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based on this single observation, that some antisense lncRNAs may target genes in the 

absence of DNMT3a or bind DNMT3a and block endogenous recruitment to their intended 

target. In the case presented here with the PTEN locus, the dose dependent over-expression 

of the F5R2 variant appeared to result in active increases in PTEN expression (Figure 3-3D).  
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Figure 3-3 Characterisation of PTENpg1 asRNA α exon 1 and truncated variants 

involvement in the recruitment of DNMT3a to the PTEN promoter  

(A) Enrichment of biotin labelled PTENpg1 asRNA α full-length and truncated variants by 

RIP at the PTEN promoter (F2/R2 locus) following subtraction of beads alone and 

standardised to inputs. (B) Ability of PTENpg1 asRNA exon 1 and truncated variants to direct 

DNMT3a to the PTEN promoter as determined by CHIP. (C) The PTEN F4R1 variant 

suppresses PTEN mRNA expression. Either the control pcDNA3.1-GFP or pcDNA-F4R1 

were transfected in triplicate into HEK293 cells and PTEN mRNA expression determined 72 

hours later by qRT-PCR. (D) The PTEN F5R2 variant activates PTEN expression based on 

qRT-PCR analysis of transcript expression. Dose dependent transfection of F5R2 activation 

of PTEN mRNA expression was observed in HEK293 cells transfected in triplicate with 

increasing concentrations of either pcDNA3.1-F5R2 or control pcDNA3.1-GFP. (E-H) 

EMSA analysis of (E) PTENpg1 asRNA exon 1, (F) Truncated F4R1, (G) Truncated F5R2, 

and (H) Control GFP binding to DNMT3a in the presence of DNMTL-CD. The reconstituted 

system Dnmt3a/DnmtL-CD in vitro requires the presence of DNMTL-CD, which alone is 

unable to bind RNA (even at 50x molecular excess) indicating that the observed RNA 

binding in the DNMT3a/DNMTL-CD complex comes from DNMT3a. For A-B the averages 

of triplicate transfected HEK293 cells from a single representative experiment are shown 

with the standard error of the mean and p values from a two-sided T-test (*p<0.05 or ** for 

p<0.01). For D (**) a one-way ANOVA was carried out with the f-ratio value of 10.38725 

and the p-value is 0.00913.  
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To interrogate this notion further and determine the requirement of an observed major 

loop (5’-ACAUUCAAACUUCCAUCACGGC-3’) that was found in both the PTENpg1 

asRNA exon 1 (Figure S3-7B) and F4R1 variant (Figures 3-4A and S3-7C) but not in the 

F5R2 variant (Figure S3-7D) in binding to the PTEN promoter, we generated several 

truncations of F4R1 (Figure 3-4A, Table S3-3) and determined their respective ability, along 

with the full-length F4R1 control, to bind the PTEN promoter in the absence of DNMT3a. 

Interestingly, only the controls full-length F4R1 and PTENpg1 asRNA exon 1 were able to 

bind the PTEN promoter in the absence of DNMT3a (Figure 3-4B), suggesting that the major 

loop observed in both the PTENpg1 asRNA exon 1 and the F4R1 variant is required for 

PTENpg1 asRNA targeting of the PTEN promoter in the absence of DNMT3a (Figures 3-

4C - D).  
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Figure 3-4 Characterisation of the PTENpg1 asRNA F4R1 variant functional domain  

(A) Various truncations of F4R1 were developed and cloned into the pcDNA3.1 expression 

vector, and screened for binding to the PTEN promoter. M-Fold analysis of the predicted 

RNAs is shown. (B) Biotin labelled PTENpg1 asRNA Exon1, F4R1, and F4R1 variants C1-

F4R1 PTENpg1 asRNA α major loop; C2-F4R1 PTENpg1 asRNA α lower stem; and C3-

F4R1 PTENpg1 as RNA α upper stem and major loop binding to the PTEN promoter in the 

DNMT3a deleted HCT116 cultures. The average of triplicate treated cultures are shown with 

p values from a One-Way ANOVA (nonparametric) analysis (***=p<0.0001 

**=p<0.003269). (C) PTENpg1 asRNA exon 1 and F4R1 major Loop interacting locus in 

the PTEN paRNA (EST BG772190)/5’ UTR of PTEN). (D) A screen shot from the UCSC 

genome browser showing the PTENproF1/R1 region where PTENpg1 asRNA exon 1 and 

F4R1 interact with EST BG772190. The major loop interacting region is also shown. 
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3.2.5 Discussion 

The observations presented here suggest that PTEN 5’ UTR promoter-associated 

transcripts are involved in PTENpg1 asRNA exon 1 directed epigenetic regulation of PTEN. 

Previous studies have detected promoter-associated transcripts (Di Ruscio et al. 2013; Napoli 

et al. 2009b), which are required for small antisense RNAs to guide DNMT3a and direct 

transcriptional gene silencing in human cells (Han, Kim, and Morris 2007; Napoli et al. 

2009b; Roberts et al. 2012; Napoli et al. 2009a). These promoter-associated transcripts are 

thought to be low abundant mRNAs which contain elongated 5’ UTRs that can be detected 

through directional RT and PCR (Han, Kim, and Morris 2007; Napoli et al. 2009b, 2009a) 

and public deep sequencing (Figure 3-1A and Table S3-1).  

The data presented here juxtaposed with previous observations suggest that a 

mechanism of action is active in human cells whereby RNA:RNA interactions occur at 

chromatin to facilitate the recruitment of epigenetic regulatory protein complexes (Morris 

2009a). Building on observations that PTENpg1 antisense RNA α exon 1 is an active 

transcriptional and epigenetic modulator of PTEN (Johnsson, Ackley, et al. 2013b, 2013a), 

we find here that the localisation of PTENpg1 asRNA α exon 1 and a truncated variant F4R1 

to the PTEN promoter requires a PTEN promoter-associated RNA (paRNA/5’UTR) and 

involves a conserved major loop domain (5’-ACAUUCAAACUUCCAUCACGGC-3’) to 

successfully direct DNMT3a to the PTEN promoter (Figure 3-4). Interesting, through 

deletion studies one sequence appears to be the main modulator involved in the ability of 

PTENpg1 asRNA exon1 or F4R1 to target DNMT3a to the PTEN promoter, which was not 

retained in the defective F5R2 variant. This sequence (Figure 3-4C) appears in both the 

PTENpg1 asRNA exon 1 and F4R1 variants and maps directly to a region that was observed 

previously to exhibit high levels of DNMT3a and PTENpg1 asRNA exon 1 binding (Figure 

3-4D) (Johnsson, Ackley, et al. 2013b, 2013a). 
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The observations presented here suggest that an RNA:RNA interaction is involved in 

PTENpg1 asRNA exon1 targeting of the PTEN promoter and that the conserved domain 

required for this interaction consists of the major loop domain (5’-

ACAUUCAAACUUCCAUCACGGC-3’) interacting with the PTEN paRNA/5’UTR 

(Figures 3-4C - D). This loop appears to be required for localisation of the PTENpg1 asRNA 

exon 1 and F4R1 variant transcripts to the PTEN promoter along with the entire stem present 

in the F4R1. When this loop is altered, as is the case with the F5R2 variant, there appears to 

be a loss of localisation of the transcript to the PTEN promoter, while an ability to interact 

with DNMT3a remained intact.  

Collectively, the dichotomous observations presented here between PTENpg1 asRNA 

exon1, F4R1, and the F5R2 variants suggest that the major loop domain (Figure 3-4A, 3-

4C, and S3-7B-C), in combination with a longer stem found in both PTENpg1 alpha asRNA 

exon 1 and the F4R1 variant, interacts directly with DNMT3a to direct transcriptional and 

epigenetic silencing of PTEN. Such observations may support the notion that lncRNAs and 

their putative evolutionary conservation may be more contingent on a combination of both 

structure and sequence (Johnsson et al. 2014). Collectively, the observations presented here 

expand our understanding of endogenous lncRNA networks in human cells and suggest that 

RNA:RNA interactions, particularly at gene promoters, may be mechanistically relevant in 

lncRNA regulation of protein-coding gene expression. An understanding of this emerging 

mode of gene and epigenetic regulation could prove useful in the development of targeted 

therapeutics to disrupt or augment transcriptional regulatory networks in humans. 
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3.3 Supplemental material that accompanied the manuscript 

3.3.1 Supplemental data 

 

 

Figure S3-5 Location of directional RT and PCR primers and antisense ODNs relative to 

the PTEN promoter  

(A) A schematic of the PTEN promoter is shown depicting the PTENpg1 asRNA exon1 

binding site and location of antisense oligodeoxinucleotide target sites (ODNs) as well as 

RT and PCR primers used in directional RT analysis of the PTEN associated paRNA. (B) 

The sequence of the ODNs and control ODN (miRN367, (Omoto et al. 2004)) used in the 

presented study.   
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Figure S3-6 PTENpg1 and PTENpg1 asRNA expression following ODN2 treatment  

HEK293 cells were transfected in triplicate with ODN2, Control ODN miRN37 target site 

(Omoto and Fujii 2005; Omoto et al. 2004). The averages of triplicate treated cultures are 

shown with the standard deviations. 
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Figure S3-7 Analysis of the PTENpg1 asRNA alpha exon 1 and various truncations of 

PTENpg1 asRNA exon1 target sites in the PTEN promoter  

(A) A screen shot from UCSC genome browser is shown depicting the PTEN promoter 

and homologous target sites for PTENpg1 asRNA exon1 and the various truncations of 

PTENpg1 asRNAs assessed. (B-D) The predicted DNMT3a binding bulge in both full-

length and F4R1 variant of PTENpg1 asRNA Exon 1 as determined from M-Fold. The 

conserved sequence that appears required for DNMT3a interactions with PTENpg1 

asRNA exon 1 (B) at the PTEN promoter (ACAUUCAAAC UUCCAUCACGGC) is 

shown in PTENpg1 asRNA exon 1 and F4R1 (C) but lost in F5R2 (D).  
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Figure S3-8 EMSA analysis of PTENpg1 asRNA truncated F4R1 binding to DNMT3a 

in the presence of DNMTL-CD 

Protein concentration is indicated above and the free RNA and bound RNA-DNMT3a are 

indicated.  
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Figure S3-9 Analysis of the bound fraction of EMSA for PTENpg1 asRNA exon 1, F4R1 

and F5R2 binding to Dnmt3a in the presence of DnmtL-CD  

Bands were quantified using ImageJ and plotted in a log scale with a curve fit using Prism 

7.  
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Table S3-1 Reported EST BG772190 found on chr10:89623172-89623881 

EST 
Sequence 

EST 

BG7721

90 

5’TACCGCCCCCTGCCCTGCCCTGCCCTCCCCTCGCCCGGCGCGGTCCCG

TCCGCCTCTCGCTCGCCTCCCGCCTCCCCTCGGTCTTCCGAGGCGCCCG

GGCTCCCGGCGCGGCGGCGGAGGGGGCGGGCAGGCCGGCGGGCGGTG

ATGTGGCGGGACTCTTTATGCGCTGCGGCAGGATACGCGCTCGGCGCT

GGGACGCGACTGCGCTCAGTTCTCTCCTCTCGGAAGCTGCAGCCATGAT

GGAAGTTTGAGAGTTGAGCCGCTGTGAGGCGAGGCCGGGCTCAGGCGA

GGGAGATGAGAGACGGCGGCGGCCGCGGCCCGGAGCCCCTCTCAGCG

CCTGTGAGCAGCCGCGGGGGCAGCGCCCTCGGGGAGCCGGCCGGCCTG

CGGCGGCGGCAGCGGCGGCGTTTCTCGCCTCCTCTTCGTCTTTTCTAAC

CGTGCAGCCTCTTCCTCGGCTTCTCCTGAAAGGGAAGGTGGAAGCCGT

GGGCTCGGGCGGGAGCCGGCTGAGGCGCGGCGGCGGCGGCGGCACCT

CCCGCTCCTGGAGCGGaGGGGAGAAGCGGCGGCGGCGGCGGCCGCGGC

tGGCTGCAGCTCCAGGGAGGGGGTCTGAGTCGCCTGTCACCATTTCCAG

GGCTGGGAACGCCGGAGAGTcGGTCTCTCCCCTTCTACTGnCTCCAACA

CGGCCGGCGGCTGGCggcggcaACATCCAGGGACCCGGG3’ 
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Table S3-2 Truncated PTEN alpha exon 1 variants  

The experimentally determined 3a binding bulge is underlined in the F4R1 and full-length 

PTENpg1 alpha exon 1 and the AT insertion in bold that disrupts the 3a binding bulge for 

the F5R2 variant. 

Variant Sequence 

PTENpg1 

antisense alpha 

exon 1 (described 

in (Johnsson, 

Ackley, et al. 

2013b)) 

 

5’GGAAGAGGCTGCACAGTTAGAAAAGACGAAGAAGAAGCGAGA

AACGCCGCCGCTGCCGGCGCCGCCCCCGCGGATGCTCACGGGTT

GCTGAGAGGGGCTTCAGGCCGGGCCGGGCCGGGCCGCCGCCGCC

GCCGCCGTCTCTGTCTCTCATCTCCCTCGCCTGAGCCCGGCCTCGC

CTCACAGCGGCTCAACATTCAAACTTCCATCACGGCTGCAGCTTC

TGAGAGGAGAGCATCTTCTAG3’ 

 

F2R1 PCR set 2 

(variant 1 

PTENpg1 

asRNA alpha, 

220bp fragment) 

 

5’CCGGCGCCGCCCCCGCGGATGCTCACGGGTTGCTGAGAGGGGC

TTCAGGCCGGGCCGGGCCGGGCCGCCGCCGCCGCCGCCGTCTCT

GTCTCTCATCTCCCTCGCCTGAGCCCGGCCTCGCCTCACAGCGGC

TCAACATTCAAACTTCCATCACGGCTGCAGCTTCTGAGAGGAGAG

CATCTTCTAGTTTTT3’ 

 

F3R1 PCR set 3 

(variant 2 

PTENpg1 

asRNA alpha, 

164 bp fragment) 

 

5’GGGCCGGGCCGCCGCCGCCGCCGCCGTCTCTGTCTCTCATCTCC

CTCGCCTGAGCCCGGCCTCGCCTCACAGCGGCTCAACATTCAAAC

TTCCATCACGGCTGCAGCTTCTGAGAGGAGAGCATCTTCTAGTTT

TT3’ 
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F4R1 PCR set 4 

(variant 2 

PTENpg1 

asRNA alpha, 

107bp fragment) 

5’GGGTAGTGAAGGCTAGCGGGCCTCGCCTCACAGCGGCTCAACA

TTCAAACTTCCATCACGGCTGCAGCTTCTGAGAGGAGAGCATCTT

CTAGTTTTTGGTACCTATCTGA3’ 

 

F5R2 PCR set 4 

(variant 2 

PTENpg1 

asRNA alpha, 

217bp fragment) 

 

5’TAGTGAAGGCTAGCGCGCCGCCGCTGCCGGCGCCGCCCCCGCG

GATGCTCACGGGTTGCTGAGAGGGGCTTCAGGCCGGGCCGGGCC

GGGCCGCCGCCGCCGCCGCCGTCTCTGTCTCTCATCTCCCTCGCC

TGAGCCCGGCCTCGCCTCACAGCGGCTCAACTCTCAAACTTCCAT

CATGGCTGCAGCTTCCGAGAGGTTTTTGGTACCTATCTGA3’ 
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Table S3-3 The F4R1 functional domains  

Several variations of the F4R1 transcript were derived. Deletion construct C1 contains a 

change to the major loop of F4R1, resulting in the replacement of the major loop with another 

loop sequence. Construct C2 contains a deletion of “lower” stem and construct C3 contains 

a deletion of the “upper” stem. 

Variant Sequence 

F4R1  5’GGGTAGTGAAGGCTAGCGGGCCTCGCCTCACAGCGGCTCAACATTCA

AACTTCCATCACGGCTGCAGCTTCTGAGAGGAGAGCATCTTCTAGTTTTT

GGTACCTATCTGA3’ 

C1 

Construct 

 

5’TAGTGAAGGCTAGCGGGCCTCGCCTCACAGCGGCTCACGAATGCAGC

TTCTGAGAGGAGAGCATCTTCTAGTTTTTGGTACCTATCTGA3’ 

 

C2 

Construct 

5’CTCGCCTCACAGCGGCTCAACATTCAAACTTCCATCACGGCTGCAGCT

TCTGAGAGGAGAGC3’ 

 

C3 

Construct 

5’GGGTAGTGAAGGCTAGCGGGCGAATCTTCTAGTTTTTGGTACCTATCT

GA3’ 
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Table S3-4 Primers and ODN sequences used in analysis (5’-3’ shown) 

Primer Sequence 

PTENproF1 GCTGCAGCCATGATGGAAGTTTGA 

PTENproR1 AAAGACGAAGAGGAGGCGAGAAAC 

PTENproF2 TGATGTGGCGGGACTCTTTATGC 

PTENproR2 TCACAGCGGCTCAACTCTCAAACT 

PTENF3 AGAAAGCTTACAGTTGGGCCCTGT 

PTENR3 GCCACAGCAAAGAATGGTGATGCT 

PTENP1ex1_F    GGAAGAGGCTGCACAGTTA 

PTENP1ex1_R    CTAGAAGATGCTCTCCTCTCA 

paRNA_F    ATGTGGCGGGACTCTTTATG 

paRNA_R  GCGGCTCAACTCTCAAACT                    

                                                 

PTENex1_F    TGCCATCTCTCTCCTCCTT 

PTENex1_R    CGAATCCATCCTCTTGATATCTCC        

                                     

PTENex9_F    TGTAATCAAGGCCAGTGCTAAA 

PTENex9_R    AGCATCCACAGCAGGTATTATG 

PTEN unspliced F AAAGCTGGAAAGGGACGAACTGGT 

PTEN unspliced R TCTCAGATCCAGGAAGAGGAAAGG 

mirN367 (control) ODN GTGTGGGGTTTTAGCTTCGTGAA 

ODN1 GTCTCTCATCTCCCTCGCCT 

ODN2 GCTTCCACCTTCCCTTTCAG 

Scrambled ODN2  CTAACTCTCCGTGTCCTCCT 
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pcDNA3.1 F CCCACTGCTTACTGGCTTATC 

pcDNA3.1 R  CAGATGGCTGGCAACTAGAA 

Killin F ACACAAGCACCCACATCCAAA 

Killin R AGTCCTTTGGCTTGCTCTTAG 
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3.3.2 Materials and methods 

3.3.2.1 Biotin ODN2 Immunoprecipitation  

5’ biotin-labelled ODN2 or scrambled control (Table S3-4) was transfected into HEK293 

cells (as described in (Hawkins et al. 2009a; Han, Kim, and Morris 2007)). Cells were 

harvested 48 hours post-transfection and permeabilised in 0.25% Triton-X/PBS and then 

washed in PBS. Cells were treated with either RNase A, RNase H or no RNase control at 

37°C for 15 minutes. RNase inhibitors were added and cells were cross-linked with 

formaldehyde. Cells were resuspended in lysis buffer (1% SDS, 50mM Tris-HCl (pH 8), 

10mM EDTA, RNase inhibitors) and sonicated. Immunoprecipitation was performed using 

DynabeadsTM MyOneTM Streptavidin Beads (Thermo Fisher). Beads were incubated with the 

samples for 30 minutes and then washed five times in lysis buffer. Samples were eluted at 

95°C for 15 minutes in elution buffer (1% SDS, 10mM EDTA, 0.1mM NAHCO3, pH 8). 

Samples were then divided and treated with either RNase or DNase. Enrichment of DNA in 

RNase-treated samples was determined by qPCR using the following primer sets: 

PTENP1_F/R, paRNA_F/R, PTENex1_F/R, PTENex9_F/R (Table S3-4). The RNA in 

DNase treated samples was quantified by RT-qPCR using the same primer sets as above. 

Scramble control was subtracted from the IP and data was normalised to the sample input. 

3.3.2.2  PTENpg1 asRNA Exon1 and truncated variant transcription  

PTENpg1 asRNA exon one and truncated variants (Table S3-2) were in vitro transcribed 

from linearised pcDNA 3.1 plasmids (containing the various inserts) using T7 RNA 

polymerase (Batey, Sagar, and Doudna 2001a; Batey, Sagar, and Doudna 2001b). RNA 

constructs were purified from transcription components by denaturing gel electrophoresis.   
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3.3.2.3 Electrophoretic Mobility Shift Assays 

Protein lncRNA binding reactions were performed in a final volume of 35μL and contained 

637, 500, 700, or 600 ng PTENpg1 asRNA exon1, F4R1, F5R2, or GFP RNA, respectively. 

All lncRNA variants were refolded by heating at 90 °C for 80 s before snap cooling on ice. 

Refolding was performed in a buffer containing 50 mM Hepes at pH 7.5, 150 mM KCl, 1.5 

mM MgCl2, 1 mM TCEP, and 20% glycerol for all lncRNAs. After refolding, protein was 

incubated with lncRNA for 30 min on ice. Dnmt3a/DnmtL-CD binding reactions contained 

between 1× and 10× molecular excess of the protein to RNA. DnmtL-CD binding reactions 

between 5× and 50× the molecular excess of the protein to RNA. Samples were loaded onto 

a 4.5% TBE acrylamide gel (containing 2.5 mM MgCl2) and run at 250 V for 4 h at 4 °C. 

Gels were stained with SYBR gold (Invitrogen) and visualized using a Typhoon FLA 900 

biomolecular imager. 

3.3.2.4 DNMT3a/DNMTL-CD Purification 

Dnmt3a (residues 284–910) and DnmtL-CD (residues 178–379) were cloned into a modified 

petDuet vector, which is designed for the coexpression of two target genes. Dnmt3a/DnmtL-

CD proteins were coexpressed in Escherichia coli strain Rosetta 2 (DE3). The transformants 

were grown at 37 °C in LB medium and induced at an OD600 of 0.6 with IPTG and further 

incubated for 20–24 h at 18 °C. Dnmt3a/DnmtL-CD was purified from the supernatant of the 

cell lysate by three-step liquid chromatography. Nickel affinity, heparin affinity, and gel 

filtration chromatography were used and the purified protein complex stored in 50 mM Hepes 

at pH 7.5, 150 mM NaCl, 10% glycerol, and 1 mM TCEP. The purified proteins were 

estimated to be >90% pure by Coomassie bluestained SDS/PAGE and were concentrated to 

2–3 mg/mL for electrophoretic mobility shift assays. DnmtL-CD (residues 178– 379) was 

cloned into pLIC-HK vector, which is for single gene expression, and overexpressed using 
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the same methods as Dnmt3a/DnmtL-CD. DnmtL-CD was purified from cell lysate using 

Ni2+ affinity and gel filtration chromatography and stored in 50 mM Hepes at pH 7.5, 150 

mM NaCl, 10% glycerol, and 1 mM TCEP. Purified DnmtL-CD was estimated to be >95% 

pure and was concentrated to 9–10 mg/mL. 

3.3.2.5 ODN Transfections 

Control (mirN367), ODN1 and ODN2 were transfected into cells to a final concentration of 

100 nM using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA). ODNs were 

transfected into both HEK293 and the PTENpg1 asRNA exon1 over-expressing 293-HEK 

PG1 cells. 

3.3.2.6 qRT-PCR 

Quantitative Real Time PCR (qRT-PCR) analysis was performed using KAPA SYBR FAST 

qPCR Master Mix (KAPA Biosystems, Woburn, MA, USA). Plate was placed in ViiA 7 

Real-Time PCR system (Life Technologies, Carlsbad, CA, USA). Cycling conditions: 95°C 

for 2 mins, then 40 cycles of 95°C for 3s and 60°C for 30s.  

3.3.2.7 Directional RT analysis of gene expression 

Directional reverse transcription (directional RT) was performed on HeLa total RNA using 

the PTENproR1 primer (Table S3-4) to strand specifically convert any RNA transcripts 

originating from the PTEN 5’ UTR into ssDNA. The resulting product was PCR amplified 

using primer set PTENproF2/R2 and run on a 2% agarose gel (Figures 3-1B). 

3.3.2.8 Chromatin Immunoprecipitation 

ChIP analysis was carried out in HEK293 cells using anti-DNMT3a (Abcam, Cambridge, 

MA, USA) (Abcam, cat. no. ab2850). The CHIP was performed 48 hours post-transfection 

with ODN’s (Figures 3-2D - I) or various biotin labelled truncations of the full-length 
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PTENpg1 alpha exon 1 transcript (Figure 3-3A) following previously described techniques 

(Weinberg et al. 2006; Saayman et al. 2014b; Lister, Clemson, and Morris 2015). The relative 

enrichment of DNMT3a was determined at the PTEN promoter using primer sets 

PTENproF2/R2 (Figure 3-1F, Table S3-4) or PTENproF1/R1 (Figure 3-3B and Table S3-

4). Any IgG or no antibody values are first subtracted from the resultant IP and input values 

and then each sample is standardized relative to the sample input. 

3.3.2.9 T7-transcribed synthetic RNA pulldown in presence of ODNs 

Synthetic biotinylated ncRNAs were generated by T7 transcription using the Ampliscribe™ 

T7-Flash™ Biotin –RNA Transcription Kit (Epicentre® Biotechnologies, WI, USA) 

according to the manufacturer’s instruction. Templates for T7 transcription were prepared by 

PCR of pcDNA3.1 plasmids expressing the relevant ncRNAs. Primers pcDNA3.1 F/R were 

used for PCR amplification (Table S4). PTENpg1 alpha exon 1 was in vitro transcribed using 

Durascribe with biotin linked dCTPs (described in detail in (Saayman et al. 2014b; Saayman 

et al. 2014a)). The resultant biotin PTENpg1 α exon one transcript was transfected into 

HEK293 cells at a concentration of 100nM 18 hours after transfection of either control ODN 

mirN367 or ODN2 transfection (see ODN Transfections above).  30 hours post-transfection 

of biotin conjugated transcripts, cells were cross-linked with formaldehyde at 1% final 

concentration for 10 minutes at room temperature followed by addition of glycine to a final 

concentration of 0.125M and a further incubation for 10 minutes at room temperature. Cells 

were then lysed with ChIP lysis buffer (5mM PIPES, 85mM KCl and 0.5% NP40) 

supplemented with PMSF on ice for 20 minutes.  Chromatin was sheared by sonication.  Cell 

lysates containing sheared chromatin were incubated with Dynabeads® M280™ Streptavidin 

(Life Technologies, CA, USA) prepared according to the manufacturer’s instructions for 1 

hour on a rotating platform. Beads were pulled down with a magnet for 3 minutes and washed 

with Low salt immune complex wash buffer (0.1% SDS; 1% Triton X-100; 2 mM EDTA; 
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20 mM Tris-HCl, pH 8.1; 150 mM NaCl); high salt immune complex wash buffer (0.1% 

SDS; 1% Triton X-100; 2 mM EDTA; 20 mM Tris-HCl, pH 8.1; 500 mM NaCl); LiCl 

Immune complex wash buffer (0.25 M LiCl; 1% NP40; 1% sodium deoxycholate; 1 mM 

EDTA; 10 mM Tris-HCl, pH 8.1); and TE buffer (10 mM Tris-HCl; 1 mM EDTA, pH 8.0). 

Each wash step was carried out for 3 minutes on a rotating platform.  Streptavidin bead-

biotinylated RNA-DNA complexes were re-suspended in Elution buffer (1% SDS, 0.1M 

NaHCO3) and heated at 95°C for 5 minutes to dissociate biotin RNA from beads. Eluted 

biotinylated RNA complexes were removed from beads via magnet pull down and 

supernatants were analysed by qPCR for enrichment at the PTEN promoter. Samples were 

then DNase, RNase A and Proteinase K treated so as to remove everything from elutes except 

dsRNA’s. These were reverse transcribed and analyzed by qPCR for PTEN promoter 

enrichment. Primer sets used for analysing the PTEN promoter were PTENproF1/R1, 

PTENproF2/R2 and PTENproF2/R1 (Table S3-4 and Figure 3-2C). 

3.3.2.10 Truncated PTEN alpha exon 1 and F4R1 deletions CHIP 

Various truncated versions of PTEN alpha exon 1 (Table S3-2) and mutants of F4R1 (Table 

S3-3) were generated to be expressed from the CMV promoter in the context of pcDNA3.1 

(Genewiz, Carlsbad CA USA). The constructs (Tables S3-2 and S3-3) were in vitro 

transcribed using Durascribe with biotin linked dCTPs (described in detail in (Saayman et al. 

2014b; Saayman et al. 2014a)). The resultant biotin-labelled transcripts and a GFP-biotin 

control were transfected into HEK293 cells (50nM) and assessed by RIP 48 hours later using 

PTENproF2/R2 (Table S3-4) primers for detection at the PTEN promoter.  

3.3.2.11 PTEN promoter CpG methylation post-ODN2 treatment 

Genomic DNA was isolated from Hek293 cells after 48h treatment with ODN scrambled 

control and ODN2 (Table S3-4). Briefly, 200 ng of DNA was digested with the methyl-
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cytosine specific restriction enzyme McrBc (New England Biolabs) overnight at 37°C. 

Twenty-four hours later the enzyme was heat inactivated at 65°C for 1h and qRT-PCR 

performed (Kapa Biosystems using Killin F/R primers (Table S3-4) and standardized to 

uncut input. The delta CT values were converted to fold-change values and the ratio between 

ODN2/ODN scrambled control treated cells was calculated.  
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Extent to which research is your own: 

I performed ChIP experiments for DUT, APOBEC3A, TDG, MBD4, methyl-CpG, SMUG, 

UNG and DNA Polymerase, as well as experiments using shRNAs for TDG, MBD4 and 

SMUG. I carried out expression profiling (qPCR) and western blots for cells with and without 

MBD4 and SMUG knockdown. I performed experiments looking for the generation of SNPs 

following the transfection/transduction of an shRNA or lncRNA into MBD4 or SMUG KD 

cells. Bioinformatics analysis were conducted by other people. I performed all statistical tests 

and data analysis for these experiments. 

Your contribution to writing the paper: 

I was involved in the collaborative writing of this draft of the manuscript. I also prepared a 

number of figures in the draft manuscript, see figures 2a-c and all of figure 3. 

If paper has not yet been accepted, has the paper been rejected by any journals: 

No 

Comments: 

This manuscript presents data demonstrating that ncRNAs are capable of directing mutations 

from cytosine to thymine around target sites (PTEN and UBC gene promoters) in human cells 

when proteins involved in the deamination repair pathway, such as MBD4 and SMUG, are 

repressed. This disturbs other processes, such as preventing transcription factor binding, in 
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the cell. Heritable mutations such as these could be passed down through generations and 

may be responsible for driving sequence evolution, suggesting a larger role for RNA in SNP 

genesis than previously known. This manuscript is still in the drafting stage, as there are more 

SNP deep sequencing experiments being performed for validation (see Section 5.6). 
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4.2 Manuscript draft 
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4.2.1 Abstract 

Experimental observations over the last decade have ascribed distinct functions to 

non-coding RNAs. While there are various thematic roles for these transcripts, the emerging 

notion is that they play a unique role in modulating epigenetic state and regulating 

transcription. In human cells, non-coding RNAs have been found to direct epigenetic 

complexes (including some capable of inducing DNA methylation) to target loci. 

Interestingly, methylated cytosine’s undergo the process of deamination to remove this 

methylation, which if not properly repaired by various proteins becomes recognized to the 

cell as a thymine. We find here that non-coding RNAs can direct cytosine to thymine 

mutations at particular loci in human cells when MBD4 or SMUG, enzymes involved in the 

deamination repair pathway, are repressed.  Collectively, the observations presented here 

suggest that RNA plays an underappreciated role in the emergence of single nucleotide 

polymorphism genesis in human cells, and by extension the cytosine to thymine content of 

the genome. 
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4.2.2 Introduction 

 The collective viewpoint as to the complexities and nuances involved in the functional 

aspects of regulating the cell has been radically altered as a result of the exciting findings 

generated from the Fantom (Carninci et al. 2005) and Encode consortiums (Pennisi 2012; 

Rosenbloom et al. 2012). These consortiums demonstrated that at least 60-70% of the human 

genome is transcribed into non-coding transcripts. Many of these non-coding transcripts 

appear functional in the cell (Morris and Mattick 2014a, 2014b). Studies carried out in human 

cells have determined that both small (<200 bp)and long (>200 bp) classes of non-coding 

RNAs can interact with proteins involved in epigenetic processes that regulate chromatin 

states, gene accessibility, and transcription (Figures 4-1A-B) (Johnsson et al. 2014; Morris 

and Mattick 2014a; Johnsson, Lipovich, et al. 2013).  

 Experimental observations suggest that both long (Johnsson, Ackley, et al. 2013b; 

Johnsson et al. 2014; Johnsson, Ackley, et al. 2013a) and small non-coding RNAs (Weinberg 

et al. 2006) can functionally recruit DNMT3a (DNA methyltransferase 3a) to target loci. 

Small non-coding RNAs were shown to guide DNA methylation and stable epigenetic 

silencing of homologous-targeted loci in vitro (Hawkins et al. 2009a). DNA methylation 

occurred at the shRNA targeted promoter for Ubiquitin ligase (UBC) after ~5 days of 

sustained shRNA targeting (Hawkins et al. 2009a, 2009b) (Figures 4-1A-C).  

 Under normal circumstances, the shRNA directed cytosine methylation would be 

subjected to a removal of the methyl group on the cytosine and deamination base repair 

(Figures 4-1C-H). However, if this process is blocked or disrupted, some of the methylated 

cytosine’s may undergo a hydrolysis reaction resulting in the production of ammonia, and 

the conversion of the methylated cytosine to a uracil in the DNA sequence (Figure 4-1I). 

Following DNA replication, the cell will recognize this uracil in the DNA as a thymine (T), 

which will become fixed in one of the two daughter strands (Lutsenko and Bhagwat 1999; 
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Shen, Rideout, and Jones 1994) (Figures 4-1I-K).  

 While a cytosine to thymine single nucleotide polymorphism (SNP), is considered a 

random event, the spontaneous deamination of methylated cytosine’s in the human genome 

has been found to be ~ 2 fold faster than non-methylated cytosine’s (Shen, Rideout, and Jones 

1994), suggesting that there is a bias toward cytosine methylation at CpG’s in the 

deamination process. Moreover, the most frequent mutation in human cancers appears to be 

the emergence of a C to T conversion (Neddermann et al. 1996; Alexandrov et al. 2013). 

These conversions may be related to APOBEC3A (Apolipoprotein B mRNA editing enzyme 

catalytic polypeptide-like 3A) function (Alexandrov et al. 2013), a protein known to be 

involved in deamination of DNA (Wijesinghe and Bhagwat 2012).  

 We hypothesise here that the emergence of C to T conversion in the human genome 

may be the result of RNA directed DNA methylation being incorrectly repaired due to a 

reduction or loss of those proteins involved in the deamination pathway (Morris 2015). We 

find here transfecting/transducing small hairpin (shRNA) and long-non-coding RNAs 

(lncRNA) into human cell lines with loss of MBD4 and SMUG (two proteins involved in 

base excision repair of methylated cytosine via deamination) (Figure 4-1 I-K) results in the 

emergence of a SNP, that is ~200 bp distal of the non-coding RNA target loci.  
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Figure 4-1 Mechanism of RNA directed gene mutation 

The genesis of SNPs in the human genome is hypothesized to function through RNA guided 

CpG methylation and faulty deamination repair as shown schematically. (A) A de novo 

derived small or long non-coding antisense RNA with homologous targeting to a particular 

transcribed locus can recruit and/or interact with various proteins involved in epigenetic 

silencing, e.g. DNMT3a, EZH2 and HDAC-1. (B) This targeting results in epigenetic 

silencing of the targeted locus including histone methylation H3K9me2 and H3K27me3 as 

well as (C) CpG DNA methylation. (D) The methylated cytosines at or around the targeted 

RNA undergo deamination by the actions of APOBEC3A, whereby (E) the methylated 

cytosine is converted to a uracil. (F-H) The resulting uracil/guanine pairing mistake is 

repaired by TDG, MBD4 and SMUG, but if (I) this process is disrupted and/or replication 

occurs before repair of the locus is completed then a thymine residue can become fixed in 

the DNA such that (J) a permanent cytosine to thymine change has occurred in the genome 

which could alter downstream RNA/RNA interactions (shown) or DNA/protein or 

RNA/protein interactions. 
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4.2.3 Results 

To test if reduced expression of proteins involved in the repair of deaminated 5mC 

(methylated cytosine) results in the of C to T mutation at non-coding RNA over-expressed 

loci, we capitalized on an inducible shRNA system for the ubiquitin ligase gene (Hawkins et 

al. 2009a, 2009b). In this system, the addition of Tetracycline (Tet) induces shRNA UBC 

167 (sh167) expression, which leads to CpG methylation of the UBC promoter and 

transcriptional gene silencing (Hawkins et al. 2009a, 2009b). To determine the extent that 

sh167 directed CpG methylation results in the recruitment of proteins involved in base 

excision repair, shRNA 167 was induced and an enrichment of various proteins determined 

by chromatin immunoprecipitation (ChIP) qPCR.  

We observed an increase in DUTP pyrophosphatase (DUT), APOBEC3A, MBD4, SMUG 

and uracil DNA glycosylase (UNG) (Figures 4-2A-C) at the UBC promoter. However, 

consistent with previous observation in these cells (Hawkins et al. 2009a, 2009b), increased 

sh167 expression lead to increased CpG methylation at the sh167 target site (Figure 4-2B). 

These data suggest that sh167 targeting of the UBC promoter results in the enrichment of 

CpG methylation as well as key proteins involved in the 5mC deamination repair pathway. 

Experimental variation was higher than expected here for MBD4, SMUG1 and UNG, and 

could be resolved with further experimental replicates to improve accuracy of the 

measurements.   

To determine the extent the loss of these key deamination repair proteins causes C to 

T conversion, RNAi was used to repress the expression of MBD4, SMUG and TDG (Figure 

4-2D). There was higher than expected variation observed here for MBD4, SMUG and TDG, 

which would also improve in accuracy with further experimental replicates. A new C to T 

conversion emerged when these cultures (with sh167 expression induced) were treated with 

RNAi to MBD4 and SMUG1 for 1 week. This new SNP (called UBC22), emerged in the 
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sh167 treated cells, but not the control cells or in those cells with repressed TDG expression. 

UBC22 was ~200bp downstream of the sh167 target site (Figure S4-4) and was 

coincidentally within an SP1 transcription factor binding site (Figure 4-2E). To determine 

the affect UBC22 had on SP1 binding, the control vs sh167 were assessed by ChIP with an 

SP1 antibody following RNAi to MBD4. The UBC22 SNP resulted in an 87% loss of SP1 

binding at the UBC22 site (Figure 4-2F). Collectively, these data suggest that small non-

coding RNAs have the ability, when targeted to genomic loci in the absence of MBD4 and 

SMUG1, to modulate the emergence of a C to T SNP, which has functional significance.  
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Figure 4-2 Induction of SNPs by sh167 targeted silencing of UBC 

(A-C) ChIP analysis of the UBC promoter 72 hours post-sh167 induction. Enrichment of (A) 

DUT, APOBEC3A, (B) TDG, MBD4, methyl CpG, and (C) MBD4, SMUG1, UNG and 

DNA polymerase at the UBC 167 shRNA target locus in the UBC promoter are shown as 

determined by ChIP. (D)  Small hairpin RNA silencing of TDG, MBD4 and SMUG1. (E) 

Deep sequencing analysis of the UBC sh167 target site at day 7 post-Tet induction of sh167 

and shRNA knockdown of MBD4, TDG, and SMUG1. (F) SP1 enrichment at the UBC SNP 

22 site as determined by ChIP following MBD4 small hairpin silencing. For A-D and F the 

averages of triplicate treated cultures are shown with the standard deviations and p values 

from a paired T-test. 
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 The ability of small RNAs to induce 5mC raised the question of if endogenous long 

non-coding RNAs can also modulate 5mC deposition, and subsequently the emergence of C 

to T conversion. We examined the PTEN pseudogene 1 α antisense (PTENpg1) transcript 

(242 bp), a known modulator of PTEN (Johnsson, Ackley, et al. 2013b, 2013a). Direct 

RNA:RNA interactions between a PTEN promoter associated 5’ UTR transcript and 

PTENpg1 α lead to epigenetic regulation of PTEN (Lister et al. 2017). We studied the ability 

of this transcript to induce SNP genesis at the PTEN promoter, in comparison with sh167 

targeting of the UBC promoter.  

 To examine the extent that endogenous ncRNAs cause C to T conversion in human 

cells undergoing faulty DNA methylation repair pathways, MBD4 or SMUG1 knockout 

HAP1 cells were utilized. These cells have undergone a homozygous CRISPR mutation (2 

bp deletion in coding exon) in the MBD4 or SMUG1 genes, and were verified by western 

blot to exhibit MBD4 or SMUG1 inhibition (Figure 4-3A). We also generated HEK293 

MBD4 knockout cell lines to contrast the HAP1 cells. These cells exhibited a 10 to 100-fold 

loss of MBD4 (measured by qRT-PCR - Figure 4-3B), and protein inhibition also observed 

on a western blot (Figure 4-3A). The repression of MBD4 did not affect the ability of three 

non-coding RNAs (sh167, PTENpg1 α and as6, a short antisense RNA (Lister, Clemson, and 

Morris 2015) to induce transcriptional gene silencing of their targeted loci (Figure 4-3C).  

 To determine if either a lncRNA (PTENpg1 α) or shRNA (shUBC167) could induce 

a SNP at their target promoter (PTEN or UBC), HAP1 cells were treated with control, 

lncRNA or shRNA expressing plasmids (Treatment 1, see Section 4.3.1.8). After 1 week of 

treatment the cells were assessed for SNPs. Notably, a SNP was observed at the PTENpg1 

asRNA exon 1 target promoter in treated cultures relative to controls (across barcoded oligos 

PTEN5/6, see Table 4-1 and 4-2) that was interestingly ~200bp downstream of the lncRNA 

target locus in the PTEN promoter (Figure S4-5). A SNP was also observed (found on the 
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reverse strand, hence G -> A mutation) in the shUBC167 treated cultures relative to controls 

(across barcoded oligos UBC3/4, see Table 4-1). Interestingly, this was also ~200bp away 

from the shRNA target locus in the UBC promoter (Figure S4-6). An average ~2.11-fold 

increase in C to T conversion was observed for the PTENpg1 α lncRNA in both MBD4 and 

SMUG1 knockout cells, whereas for the sh167 shRNA an average ~330-fold increase was 

observed between control and pHIV7-IMPDH-U6-sh167 in SMUG1 knockout cells. The 

sh167 SNP observed here was not the same SNP in Figure 4-2E.  

In Table 4-1, PTENpg1 asRNA exon 1 directed SNPs at the PTEN promoter, and 

shUBC167 directed SNPs at the UBC promoter, in ∆MBD4 and ∆SMUG1 HAP1 cells. 

Reference gene refers to the barcoded oligos PCR product, while position indicates the 

nucleotide in the PCR product where the SNP occurred. Frequency refers to how often the 

altered base is found in the PCR product. Control is pHIV7-IMPDH-U6-mock. These data 

suggest that both lncRNAs and shRNAs are capable of directing C to T conversion in the 

absence of MBD4 or SMUG, though shRNAs appear to be more potent.      
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Figure 4-3 ShRNA, antisense lncRNA, and small antisense RNA targeting in MBD4 

knockout cell lines  

(A) MBD4 protein expression is stably repressed in HAP1 ∆MBD4, ∆SMUG1 and HEK293 

∆MBD4 cells as determined by western blot analysis. (B) MBD4 expression is lost in 

HEK293 ∆MBD4 cells. The A1-1, A1-7 and A2-7 clonal HEK293 ∆MBD4 cells were 

assessed relative to control, no gRNA control cells. (C) PTENpg1 (Johnsson, Ackley, et al. 

2013b), Periostin as6 (Lister, Clemson, and Morris 2015) and UBC-167 (Hawkins et al. 

2009a) repress their target genes in ∆MBD4 HAP1 cells. Triplicate transfected ∆HAP1 cells 

were assessed for PTEN, Periostin, and UBC mRNA expression by qRT-PCR. For B-C the 

averages of triplicated treated HAP1 cells are shown with the standard deviations and p 

values from a paired T-test. The (*) indicates significance p<0.05. 

 

         ΔMBD4            parent               ΔSMUG              parent           - sgRNA              A1-1            A1-7                 A2-7    

   

HAP1         293 
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Table 4-1 Induction of SNPs by lncRNA and shRNAs in MBD4 and SMUG knockout cell 

lines 

 

Table 4-2 Identified SNP and flanking sequence (around the C to T conversion) in the 

barcoded oligonucleotides from Table 1. SNP is shown in red. 

 

 

 

 

 

 

 

 

 

  

  

Cell line Ref 

Gene 

Transient 

vs Stable 

Pos-

ition  

Ref-

erence 

Base 

Alt-

ered 

Base 

Control 

(Frequency) 

Treatment 

(Frequency) 

Fold 

increase 

in SNP 

mutation 

P Value 

(Fisher’s 

exact test, 

one-tailed) 

ΔMBD4 PTEN5  Transient 79 C T 58.16% 99.95% 1.71 0.0 

ΔMBD4 PTEN6 Transient 40 C T 6.31% 23.84% 3.77 4.35E-185 

ΔSMUG PTEN5 Transient 79 C T 55.27% 99.67% 1.80 0.0 

ΔSMUG PTEN6 Stable 40 C T 16.96% 20.12% 1.18 0.0066 

ΔSMUG UBC3 Stable 105 G A 0.08% 5.92% 74 2.98E-35 

ΔSMUG UBC4 Stable 97 G A 0.01% 5.85% 585 1.20E-142 

Ref Gene C to T conversion and flanking sequence 

PTEN5/6 GCCGTGGGCTTGGGCGGGAGC 

UBC3/4 CGATCACAGCAATCCACAAAC 
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To determine if any endogenous C to T conversions occur in MBD4 or SMUG1 knockout 

cells (HAP1 and HEK293) and if they are present at known ncRNA target sites throughout 

the genome, cells were synchronised and genomic DNA sent for whole exome sequencing 

(Treatment 2, see Section 4.3.1.9). Bioinformatic analysis using both Varscan and MuTect 

2 were used to overlay data sets, showing any common SNPs found between different 

knockout cell lines (Figure S4-7). Multiple intersects were run on Mutect 2 data using 

IGV (Integrative Genomics Viewer) and the UCSC (University of California, Santa Cruz) 

genome browser to determine shared SNPs between data sets (∆MBD4 HAP1 vs 

∆SMUG1 HAP1; ∆MBD4 HAP1 vs ∆MBD4 HEK293). Forty-three SNP sites were 

manually annotated, with almost all found in the 3’ UTR of genes. These 3’ UTR located 

SNPs were always 5’ of a microsatellite sequence, which contained conserved repetitive 

nucleotides (Figure S4-8). 33% of these microsatellite expansion sequences consisted of 

all A and C nucleotides, 21% were either all A and T or all A and G nucleotides, and 18% 

were all T and G nucleotides. Every SNP site also contained ESTs derived from both the 

sense and antisense strands of the 3’ UTR (Figure S4-9). These data suggest that C to T 

conversions play a role in generating microsatellite indels via expansions and deletions.          
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4.2.4 Discussion 

The findings here suggest that ncRNAs can mediate the generation of SNPs if the 

5mC deamination repair pathway is disrupted. Previous studies have shown ncRNAs direct 

epigenetic regulation of the genome by recruiting chromatin/DNA modifying proteins to a 

target locus, altering chromatin states (i.e. deposition of 5mC) and transcriptional expression 

of a protein-coding gene (Hawkins et al. 2009a; Johnsson, Ackley, et al. 2013b). This 

represents the first step in the proposed process that leads to SNP generation within the 

genome. Subsequent 5mC deamination occurs so as to restore the original epigenetic state of 

the genome (Wijesinghe and Bhagwat 2012; Carpenter et al. 2012; Hashimoto, Hong, et al. 

2012; Jacobs and Schar 2012). Both DNMT3a and HDAC-1 play a role in these two 

processes (Morris 2015), and MBD4 expression is tightly linked to the family of DNMTs 

(DNA methyltransferases, including DNMT3a) expression in human germ cells, suggesting 

MBD4 may control or maintain DNMT3a methylation (Galetzka et al. 2007).  

The data presented here shows higher C to T mutations in the absence of MBD4 and 

SMUG1 proteins, particularly in the presence of an shRNA. MBD4 defects have been 

observed previously to affect the mutational landscape, and perturbing its function may 

contribute to tumorigenesis (Tricarico et al. 2015). Expanding upon their known function to 

epigenetically regulate gene expression (Hawkins et al. 2009a; Johnsson, Ackley, et al. 

2013b; Morris and Mattick 2014a), ncRNAs were observed to be capable of directing the 

generation of these C to T SNPs. Sh167 (observed via ChIP) directed the known deamination 

proteins DUT, APOBEC3A, MBD4 and SMUG1 to the UBC promoter, as well as increased 

CpG methylation at the same locus (Figures 4-2A-C).  

When cells underwent RNAi for MBD4 or SMUG1 in the presence of sh167, a C to 

T mutation was observed roughly 200bp downstream of the sh167 target site (Figure 4-2E, 

S4-4). Interestingly, this SNP was within a transcription factor binding site (SP1), which 
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subsequently lost the ability to bind the transcription factor (Figure 4-2F). This suggests 

ncRNAs can play a role in regulating transcription factors and, therefore, long term 

transcriptional regulation via SNP generation at specific target loci. While DNA methylation 

was observed to occur at the sh167 target site via ChIP (Figure 4-2B), it is not known whether 

there is any methylation at or surrounding the site where the SNP arose. This could be further 

investigated using sequencing-based methods to detect DNA methylation, which would 

allow for the identification of specific sites of methylation in the genome. It is also possible 

that the observed SNP detected at UBC22 may have already existed in a sub-population of 

cells, which could have been selected for during MDB4 and SMUG1 knockdown. This 

warrants further investigation.  

MBD4 and SMUG1 knockout HAP1 cell lines were tested with both sh167 and 

PTENpg1 α ncRNAs, and also demonstrated an ability to generate C to T SNPs. The sh167 

shRNA was considerably more potent than the PTENpg1 α lncRNA at inducing SNPs (~2.11-

fold increase vs ~330-fold increase respectively). Notably, sh167 induced a different SNP to 

that observed when RNAi was used on MBD4 and SMUG1. All of the induced SNPs were 

located ~200bp downstream from the ncRNA target sites (Table 4-1), which corresponds to 

the length of a nucleosome. This suggests nucleosome positioning may play a role in where 

these SNPs occur in relation to the target locus.  

Annotation of SNP sites discovered from bioinformatic analyses of ΔMBD4 and 

ΔSMUG1 HAP1 cells revealed that the majority of endogenously generated C to T SNPs 

were in the 3’ UTRs of genes, and directly 5’ of repetitive microsatellite sequences. The 

frequency of these repetitive microsatellite sites suggests ncRNAs may play a role in 

generating microsatellite indels via expansions and deletions. MBD4 mutation was 

previously associated with microsatellite instability in colorectal cancer (Evertson et al. 

2003).        
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The observations presented here suggest that both lncRNAs and shRNAs are capable 

of directing the generation of C to T mutations at target loci when repair enzymes MBD4 and 

SMUG1 are repressed. This provides evidence that ncRNAs can function as mediators of 

genomic mutation that selection can act upon. Therefore, these mechanisms may drive 

evolution of the genome (Morris 2015). This may prove pivotal to understanding how content 

of the genome has changed over time. It might also provide the understanding required to 

possibly use ncRNAs as a therapeutic to revert mutations, present in various disease states, 

to their non-diseased nucleotide composition. 
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4.3 Supplemental material that accompanies the manuscript draft 

4.3.1 Materials and methods 

4.3.1.1 Cell cultures  

Human HEK293 and 293-167 (Tet inducible shRNA UBC167 expressing (Hawkins 

et al. 2009a)) cell lines, commercially available wildtype HAP1 and HAP1 cells with 

CRISPR directed mutations in SMUG (Catalog HGT5501432, ∆SMUG) and MBD4 

(Catalog HGT5500578, ∆MBD4)(ThermoFisher Scientific), or 293∆MBD4 HEK cells, 

generated to contain a deletion in MBD4 (City of Hope, CRISPR engineering core facility) 

were utilized in the studies presented here. The various cell lines were either transduced with 

lentiviral vectors and FACS sorted, or transfected with plasmid expressing shRNAs and 

control parental pU6M2 expressing plasmids (Amarzguioui, Rossi, and Kim 2005) at a ratio 

of ~1µg/10^6 cells as described in (Ackley et al. 2013). Transfection of 293 based cells was 

carried out using Lipofectamine 3000 while transfection of HAP1 cells relied on Neon 

Electroporation (3µg/10^6 cells, 31575V, 10ms, 3 pulses). Transfected cultures were 

assessed between 24-72 hours post-transfection and gene expression determined by qRT-

PCR.  

4.3.1.2 RNAi of deamination pathway associated genes 

 Several genes involved in deamination and repair processes in human cells were 

subjected to targeting with RNAi. Small-hairpin RNAs (shRNAs) were generated and 

expressed from the U6M2 vector system (Amarzguioui, Rossi, and Kim 2005; Ackley et al. 

2013). These shRNAs and their targets (shMBD4-3: targeted to Methyl-CpG (mCpG) 

binding domain protein 4 (MBD4) (Kondo et al. 2005), shTDG3: targeted to Thymine DNA 

Glycosylase (TDG) (Kunz et al. 2009), and shSMUG1: targeted to SMUG1) were screened 

in 293-167 cells (stable sh167 expressing HEK293 cells, treated with and without 
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Tetracycline drug selection for the shRNA) for suppression of their targeted gene relative to 

cultures treated with the parental plasmid pU6M2 (Control) as the control.  

4.3.1.3 Chromatin Immunoprecipitation analysis 

ChIP was carried out on 293-167 cells treated +/- Tet (1µg/ml every 2-3 days) for 3 

to 7 days and PG1 and Mock cell lines for MBD4 (Abcam, ab12187), SMUG (Santa Cruz, 

sc-271580), APOBEC3A (Santa Cruz, sc-130688), DUT (Abcam, ab137097), UNG (Abcam, 

ab23926) and 5-Methylcytosine (Abcam, ab10805), SP1 (Abcam, ab13370) and TDG 

(Proteintech Group, 13370-1-AP) following previously established protocols (Johnsson, 

Ackley, et al. 2013b, 2013a). Enrichment of each particular protein was determined at either 

the UBC or PTEN promoter with designated primers (Table S4-3). 

4.3.1.4 Western Blot 

A total of 2x106 HAP1, ∆MBD4, HEK293, or stable ∆MBD4-HEK293 cells were 

pelleted and stored at -80°C. Frozen cell pellets were re-suspended in 50µL M-PER 

Mammalian Protein Extraction Reagent (Thermo Scientific, 78501) plus Halt Protease 

Inhibitor Cocktail (100x) (Thermo Scientific, 78429) on ice and vortexed. Protein amount 

was quantitated using Pierce BCA Protein Assay Kit (Thermo Scientific, 23225). A total of 

25µg of protein was mixed with 4x Laemmli (BioRad, 1610747) plus β-Mercaptoethanol, 

heated to 100°C and placed on ice. Samples were loaded onto 7.5% SDS gel (BioRad, 

4561024) in Tris/Glycine/SDS Buffer in Mini Protean gel tanks (BioRad, 1658004) with 

Kaleidoscope ladder (BioRad, 1610375). Run at 100V for 10 mins followed by 200V for 20 

mins. Transfer bands to nitrocellulose membrane Trans-Blot Turbo Transfer Pack (BioRad, 

1704158) using Trans-Blot Turbo Transfer System (BioRad, 17001918). Run for 10 mins at 

25V and 1.3A. Put membrane on shaker covered in TBST plus 5% skim milk for 1hr. 1µg/mL 

primary antibody was added to TBST plus 5% skim milk and shaken overnight at 4°C. Wash 
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3 times in TBST, add appropriate secondary antibody in 1:10,000 dilution for 1hr shaking at 

room temp., wash a further 3 times in TBST and image on Chemidoc Touch Imaging System 

(Thermo Fisher) after Pierce ECL Plus Substrate (Thermo Fisher, 32132). 

4.3.1.5 qRT-PCR 

qRT-PCR analysis was performed following established protocols (Lister, Clemson, 

and Morris 2015). 

4.3.1.6 Design of Barcoded Oligos for Deep Sequencing 

 Promoter sequence surrounding target RNA’s of interest in genes PTEN and UBC 

were obtained from UCSC genome browser. PCR amplicons were designed up to 1,000bp 

upstream and downstream of all target RNA’s in that genes promoter. Amplicons were made 

with overlapping ends and of sizes 200-420bp, while also ensuring that target RNA’s did not 

fall at amplicon ends but rather in the middle of an amplicon.   

4.3.1.7 Detection of Single Nucleotide Polymorphisms using deep sequencing 

 To determine the emergence of C->T and G->A mutations arising at CpG sites in 

particular non-coding RNA targeted loci in the UBC and PTEN promoter loci, both RNA and 

genomic DNA from the various differential treated cultures were collected and MiSeq 

analysis performed (see Treatments 1 and 2 below).  

4.3.1.8 Treatment 1: LncRNA and shRNA directed SNP induction experiment  

 Lentiviral vectors pHIV7-IMPDH-U6-pg1, pHIV7-IMPDH-U6-sh167 and pHIV7-

IMPDH-U6-Mock were generated and calcium phosphate transfected into HEK293 cells 

using 15µg vector, 10µg Gag/Pol, 5µg VSVG and 4µg Rev per 4x106 cells. Media 

supernatant was collected and sterile filtered through 0.45µm filter. Lentiviral containing 

media was mixed with fresh media in 1:1 ratio and added onto ∆MBD4 HAP1 cells. 12 hours 
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later lentiviral supernatant was removed and fresh media was added to cells. These 

transduced cells were then GFP FACS sorted, expanded and cultures synchronised. Transient 

transfections with the same vectors were also performed, transfecting on days 0, 3 and 5. On 

day 7 for both transient transfected cells and synchronised lentiviral transduced cells, DNA 

and RNA isolated to confirm repression of MBD4 and SMUG and determine any SNPs at 

the PTEN promoter locus by barcoded primer PCR (Table S4-4 and S4-5) and MiSeq 

analysis (COH Integrative Genomics Core). 

4.3.1.9 Treatment 2: Whole exome sequencing in ∆MBD4 and ∆SMUG cells 

HAP1 parental, ∆MBD4 HAP1, ∆SMUG HAP1 and ∆MBD4 HEK293 cell lines 

were synchronized, cultured for 72 hours and whole genome SNP analysis carried out on 

genomic DNA extracted using QIAamp DNA Mini Kit (Qiagen, 51306) (whole exome 

sequencing, COH Integrative Genomics Core). 
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4.3.2 Supplemental data 

Table S4-3 Primers and shRNAs used in analysis 

Primer Sequence 

MBD4_F1un CAGTAACTTACCGGAGGTCATTC 

MBD4_R1un GACTCAGACTCTCCAGCCCA 

TDG_F1un GTTGAGAGCGTGGAGTTAAGAG 

TDG_R1un AAGAACAGGAAGAAGAAAGCCA 

SMUG1_F1un AGCCAAGCATCCACCTAGAA 

SMUG1_R1un CAGTAGCGAGTCACGTAGTTG 

shMBD4-3 CCACGAACACAGATAGAAAGAA 

shTDG-3 AACAGTTGTCCTTGCAAATAGC 

shSMUG1-1 GCAGTAGCGAGTCACGTAGTTG 

UBCproF1 AGAATCGCCGAGAAGGGACTACTT 

UBCproR1 TCATAAGACTCGGCCTTAGAACCC  

POSTN F GAGCTTTACAACGGGCAAATAC 

POSTN R CTCCCTTGCTTACTCCCTTTC 

PTENF3 AGAAAGCTTACAGTTGGGCCCTGT 

PTENR3 GCCACAGCAAAGAATGGTGATGCT 

UBC_Exon1_F CCACAAACAAGAACTGCGACCCAA 

UBC_Exon1_R AAGTAGTCCCTTCTCGGCGATTCT 

RPL10 F CCTCTTTCCCTTCGGTGTG 

RPL10 R AATCTTGGCATCAGGGACAC 
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Table S4-4 Barcoded Oligonucleotides used in SNP analysis 

Bold indicates barcode sequence in forward (F) primer. Stable vs transient samples were 

submitted separately from one another.  

Primer Sequence 

UBCF2_trmt_ΔMBD4_F ATCACGATCGCCGAGAAGGGACTACTTTTCCTCGC

CTGTTCCGC 

UBCF3_trmt_ΔMBD4_F  ATCACGCTTGGCGGTCTCTCCACACGCCTCCG 

UBCF4_trmt_ΔMBD4_F ATCACGGTCTCTCCACACGCCTCCGTCCCACCG 

UBCF5_trmt_ΔMBD4_F ATCACG ACCCAAGTCCCGTCCTAAAA 

UBCF2_ctrl_ΔMBD4_F CGATGTTCGCCGAGAAGGGACTACTTTTCCTCGCC

TGTTCCGC 

UBCF3_ctrl_ΔMBD4_F CGATGTCCTTGGCGGTCTCTCCACACGCCTCCG 

UBCF4_ctrl_ΔMBD4_F CGATGTTCTCTCCACACGCCTCCGTCCCACCG 

UBCF5_ctrl_ΔMBD4_F CGATGTACCCAAGTCCCGTCCTAAAA 

UBCF2_trmt_ΔSMUG1_F TTAGGCATCGCCGAGAAGGGACTACTTTTCCTCGC

CTGTTCCGC 

UBCF3_trmt_ΔSMUG1_F  TTAGGCCCTTGGCGGTCTCTCCACACGCCTCCG 

UBCF4_trmt_ΔSMUG1_F TTAGGCGTCTCTCCACACGCCTCCGTCCCACCG 

UBCF5_trmt_ΔSMUG1_F TTAGGCACCCAAGTCCCGTCCTAAAA 

UBCF2_ctrl_ΔSMUG1_F TGACCAATCGCCGAGAAGGGACTACTTTTCCTCGC

CTGTTCCGC 

UBCF3_ctrl_ΔSMUG1_F TGACCACCTTGGCGGTCTCTCCACACGCCTCCG 

UBCF4_ctrl_ΔSMUG1_F TGACCAGTCTCTCCACACGCCTCCGTCCCACCG 

UBCF5_ctrl_ΔSMUG1_F TGACCAACCCAAGTCCCGTCCTAAAA 
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UBCF2_R CATAAGACTCGGCCTTAGAACCCCAGTATC 

UBCF3_R CTGCGGAGGGATCTCCGTGGGGCGGT 

UBCF4_R CTGCCACGTCAGACGAAGGGCGCAGCGAGCGTCC 

UBCF5_R AAATAAAGACCCGTCCATCTCG 

PTEN1_trmt_ΔMBD4_F ATCACGTCGCACCCAGAGCTACCGCT 

PTEN2_trmt_ΔMBD4_F ATCACGATGTGGCGGGACTCTTTATGCGCTGCGGC

AGGATACGCGC 

PTEN5_trmt_ΔMBD4_F ATCACGTCGCCTCCTCTTCGTCTTTTCTAACCGTGC 

PTEN6_trmt_ΔMBD4_F ATCACGCTCGGCTTCTCCTGAAAGGGAAG 

PTEN1_ctrl_ΔMBD4_F CGATGTTCGCACCCAGAGCTACCGCT 

PTEN2_ctrl_ΔMBD4_F CGATGTATGTGGCGGGACTCTTTATGCGCTGCGGC

AGGATACGCGC 

PTEN5_ctrl_ΔMBD4_F CGATGTTCGCCTCCTCTTCGTCTTTTCTAACCGTGC 

PTEN6_ctrl_ΔMBD4_F CGATGTCTCGGCTTCTCCTGAAAGGGAAG 

PTEN1_trmt_ΔSMUG1_F TTAGGCTCGCACCCAGAGCTACCGCT 

PTEN2_trmt_ΔSMUG1_F  TTAGGCATGTGGCGGGACTCTTTATGCGCTGCGGC

AGGATACGCGC 

PTEN5_trmt_ΔSMUG1_F TTAGGCTCGCCTCCTCTTCGTCTTTTCTAACCGTGC 

PTEN6_trmt_ΔSMUG1_F TTAGGCCTCGGCTTCTCCTGAAAGGGAAG 

PTEN1_ctrl_ΔSMUG1_F TGACCATCGCACCCAGAGCTACCGCT 

PTEN2_ctrl_ΔSMUG1_F TGACCAATGTGGCGGGACTCTTTATGCGCTGCGGC

AGGATACGCGC 

PTEN5_ctrl_ΔSMUG1_F TGACCATCGCCTCCTCTTCGTCTTTTCTAACCGTGC 

PTEN6_ctrl_ΔSMUG1_F TGACCACTCGGCTTCTCCTGAAAGGGAAG 
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PTEN1_R CGGCTCAACTCTCAAACTTCC 

PTEN2_R GAGGCTGCACGGTTAGAAAAGACGAAGAGGAGGC

G 

PTEN5_R GCCCTGGAAATGGTGACAGGCGACTCAG 

PTEN6_R GGCGCACGGGAGGTTTAAAAC 
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Table S4-5 Amplicons from oligonucleotides used in SNP analysis 

Forward and Reverse Oligonucleotides shown in capitals. 

Name Length (bp) Amplicon Sequence 

UBC2 131 ATCGCCGAGAAGGGACTACTTTTCCTCGCCTGTTCCG

Ctctctggaaagaaaaccagtgccctagagtcacccaagtcccgtcctaaaatgtccttc

tgctGATACTGGGGTTCTAAGGCCGAGTCTTATG 

UBC3 221 CCTTGGCGGTCTCTCCACACGCCTCCGtcccaccgagcggccc

ggcggccacgaaagccccggccagcccagcagcccgctactcaccaagtgacgatc

acagcgatccacaaacaagaactgcgacccaaatcccggctgcgacggaactagctg

tgccacacccggcgcgtccttatataatcatcggcgttcACCGCCCCACGGA

GATCCCTCCGCAG 

UBC4 420 GTCTCTCCACACGCCTCCGTCCCACCGagcggcccggcggcc

acgaaagccccggccagcccagcagcccgctactcaccaagtgacgatcacagcgat

ccacaaacaagaactgcgacccaaatcccggctgcgacggaactagctgtgccacac

ccggcgcgtccttatataatcatcggcgttcaccgccccacggagatccctccgcagaa

tcgccgagaagggactacttttcctcgcctgttccgctctctggaaagaaaaccagtgcc

ctagagtcacccaagtcccgtcctaaaatgtccttctgctgatactggggttctaaggccg

agtcttatgagcagcgggccgctgtcctgagcgtccgggcggaaggatcaGGAC

GCTCGCTGCGCCCTTCGTCTGACGTGGCAG 

UBC5 401 ACCCAAGTCCCGTCCTAAAAtgtccttctgctgatactggggttctaag

gccgagtcttatgagcagcgggccgctgtcctgagcgtccgggcggaaggatcagga

cgctcgctgcgcccttcgtctgacgtggcagcgctcgccgtgaggaggggggcgccc

gcgggaggcgccaaaacccggcgcggaggccgctgcaccgggagcgggtgggcg

gcccgcgttccttagccgcggctccgcggcccctcccctcagcccccgcggtcccctc

gggtcgcgaaccccgcgttcggcggacgtggggcacgcagcgagcgccttctgcag
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agtcggggtctccctcccctccctcctgacccgccctggcccaccctgCGAGATG

GACGGGTCTTTATTT 

PTEN1 293 TCGCACCCAGAGCTACCGCTctgccccctcctaccgccccctgccct

gccctgccctcccctcgcccggcgcggtcccgtccgcctctcgctcgcctcccgcctcc

cctcggtcttccgaggcgcccgggctcccggcgcggcggcggagggggcgggcag

gccggcgggcggtgatgtggcgggactctttatgcgctgcggcaggatacgcgctcg

gcgctgggacgcgactgcgctcagttctctcctctcggaagctgcagccatgatGGA

AGTTTGAGAGTTGAGCCG 

PTEN2 300 ATGTGGCGGGACTCTTTATGCGCTGCGGCAGGATACG

CGCtcggcgctgggacgcgactgcgctcagttctctcctctcggaagctgcagccat

gatggaagtttgagagttgagccgctgtgaggcgaggccgggctcaggcgagggag

atgagagacggcggcggccgcggcccggagcccctctcagcgcctgtgagcagccg

cgggggcagcgccctcggggagccggccggcctgcggcggcggcagcggcggcg

tttctCGCCTCCTCTTCGTCTTTTCTAACCGTGCAGCCTC 

PTEN5 219 TCGCCTCCTCTTCGTCTTTTCTAACCGTGCagcctcttcctcg

gcttctcctgaaagggaaggtggaagccgtgggctcgggcgggagccggctgaggc

gcggcggcggcggcggcacctcccgctcctggagcgggggggagaagcggcggc

ggcggcggccgcggcggctgcagctccagggagggggtCTGAGTCGCCT

GTCACCATTTCCAGGGC 

PTEN6 287 CTCGGCTTCTCCTGAAAGGGAAGgtggaagccgtgggctcgggc

gggagccggctgaggcgcggcggcggcggcggcacctcccgctcctggagcggg

ggggagaagcggcggcggcggcggccgcggcggctgcagctccagggagggggt

ctgagtcgcctgtcaccatttccagggctgggaacgccggagagttggtctctccccttc

tactgcctccaacacggcggcggcggcggctggcacatccagggacccgggccgG

TTTTAAACCTCCCGTGCGCC 
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Figure S4-4 SNP found in UBC promoter following shMBD4-3 and shSMUG1-1 

treatment in 293-167 cells 

Snapshot from UCSC genome browser. SNP is found to occur ~200bp downstream of the 

sh167 target site in the UBC promoter following tetracycline treatment. Common SNPs track 

on UCSC genome browser showed a positional match for the SNP generated.  

 

 

 Figure S4-5 SNP found in PTEN promoter following PTENpg1 α treatment in either 

ΔMBD4 or ΔSMUG HAP1 cells 

Snapshot from UCSC genome browser. SNP is found to occur ~200bp downstream of the 

PTENpg1 α binding loop site in the PTEN promoter. Red lines indicate nucleotide differences 

between PTENpg1 asExon 1 and PTEN promoter sequences. 
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Figure S4-6 SNP found in UBC promoter following sh167 treatment in either 

ΔMBD4 or ΔSMUG HAP1 cells 

Snapshot from UCSC genome browser. SNP is found to occur ~200bp downstream of 

sh167 target site in the UBC promoter. Common SNPs track on UCSC genome browser 

showed a positional match for the SNP generated. 
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Figure S4-7 Varscan and MuTect 2 data analysis on SNPs found in ΔMBD4 and 

ΔSMUG cell lines 

Bioinformatics data overlay of SNPs detected by either Varscan or MuTect 2 analysis from 

Treatment 2. Number of common SNPs between cell lines found in intersect of two circles, 

with number of unique SNPs to individual cell lines found in individual circles.  
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Figure S4-8 Candidate SNP sites and 3’ microsatellite sequences 

Sequences surrounding manually annotated SNP sites found using IGV and UCSC genome 

browser. SNP sequences are shown in red, with microsatellite repetitive sequences in bold 

found 3’ of the SNP. 
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Figure S4-9 Sense and antisense transcripts found at candidate SNP site 

Snapshot from UCSC genome browser. Sense and antisense transcripts exist around SNP 

found at SOCS5 gene promoter. SOCS5 is a member of the Suppressor of Cytokine 

Signalling (SOCS) family, though its specific protein function is not known. 
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5.1 Thesis overview 

In the two decades since the completion of the human genome project, our 

understanding of the essential and complex roles ncRNAs play in regulating the genome has 

exploded. However, we have still only scratched the surface of the ncRNA world. With over 

ten thousand identified ncRNAs to date, only a handful have been mechanistically studied. 

Non-coding RNAs are integral to regulation of the genome and disease states. They are 

involved in a variety of functions in the cell, such as cancer progression, epigenetic 

regulation, chromosomal organisation, X-chromosome inactivation and regulation of the cell 

cycle. Here, I discuss my findings and their contribution to improve our understanding of the 

field of ncRNA biology, in particular the ability of ncRNAs to epigenetically modify the 

genome and regulate gene expression. 

I examined three different types of ncRNAs over the course of this thesis. These are 

as6 (which is a sasRNA) targeted to the Periostin promoter (Chapter 2), PTENpg1 α (a 

lncRNA) targeted to the PTEN promoter (Chapters 3-4), and sh167 (a shRNA) targeted to 

the UBC promoter (Chapter 4). I performed functional assays to determine the mechanisms 

employed by these ncRNAs to modulate or alter the genome at their target loci. In this 

chapter, I will develop a unifying model for the epigenetic modification of the genome and 

regulation of gene expression by ncRNAs that encompasses the three models described in 

Chapters 2-4. This all-encompassing model will provide insight into the complex roles 

ncRNAs perform in the cell. Finally, I will discuss future directions for the work (presented 

in this thesis) necessary to fill critical gaps in current scientific knowledge on ncRNA 

biology.  
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5.2 SasRNA directed epigenetic regulation of the genome 

5.2.1 Designing sasRNAs for TGS 

Antisense sncRNAs can be designed (with computational algorithms) to 

epigenetically modulate transcriptional genes silencing (TGS). These RNAs can direct 

epigenetic machinery to target loci to reduce mRNA expression, and represent a new method 

for therapeutically correcting improperly expressed genes (Ackley et al. 2013). This method 

permits stable, long-term suppression of gene expression that is somatically heritable in 

daughter cells (Morris 2009c; Yu et al. 2008). In this thesis, I tested the ability of a specific 

sasRNAs (as6) to direct TGS to the gene promoter of Periostin, which is involved in 

increased tumour metastatic and invasive potential (Chapter 2).  

5.2.2 Periostin expression in different cancer types 

Periostin overexpression was reported in a number of cancer types, including breast, 

ovarian, lung, prostate cancers and neuroblastoma (Kudo et al. 2007; Tischler et al. 2010; 

Ruan, Bao, and Ouyang 2009). When examining the in vitro expression (via qRT-PCR) of 

Periostin, only PC3 (prostate) and HEK293 (human embryonic kidney) cells demonstrated 

any expression of the gene. In contrast, HeLa (cervical) and CFPAC cells (pancreatic 

adenocarcinoma cells from cystic fibrosis patient) did not express Periostin (Figure 2-1b). 

As Periostin plays a role in increasing proliferative ability, as well as metastatic potential, 

this raises questions as to why HeLa and CFPAC cell lines had no observable expression of 

Periostin. Future experiments looking at the effectiveness of as6 in other cell lines that do 

express Periostin are necessary to determine if this novel TGS inducing ncRNA has more 

widespread therapeutic appeal.   
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5.2.3 CSCs and PTGS 

High numbers of cancer stem cells (CSCs), which derive from cancer and have been 

reported in many human tumour types, correlate with  increased metastatic and invasive 

potential (Malanchi and Huelsken 2009). Both CSCs and overexpression of Periostin cause 

long term tumour survival (Malanchi et al. 2012). It remains unknown if Periostin plays a 

role in the formation of these cells, or if reduced Periostin expression affects CSCs. 

Phenotypic data provided evidence that knockdown of Periostin was able to repress the cells 

ability for migration and proliferation (Figure 2-3). However, in vitro studies of CSCs remain 

challenging, as culturing CSCs causes them to lose their stem cell properties over time 

(Huang and Rofstad 2017), so the effect of Periostin expression (or suppression) remains 

obscure.  

The data in this thesis suggests that TGS is occurring at the Periostin promoter, but it 

appears that PTGS (post transcriptional gene silencing) is also occurring, as observed in the 

nuclear run-on and inhibition of DNMT3a, HDAC and RNAPII experiments (Figure 2-2). 

However, this needs further investigation to uncover the precise mechanism of PTGS. The 

combination of these gene silencing methods (TGS and PTGS) would produce a more 

effective repression of Periostin, with sasRNA directed TGS ensuring that protein repression 

remains stable and heritable in daughter cells.  

5.2.4 as6 directs TGS in human cells 

In summary, as6 is a novel target RNA molecular capable of inducing TGS and 

possibly PTGS at the Periostin promoter. TGS of Periostin results in an observable 

phenotype, causing reduced cellular proliferative and metastatic ability. Effectiveness of as6 

for future tumour treatments would depend on whether Periostin expression presents in an 

individuals cancer, as well as the development of improved delivery systems. With lentiviral 



Discussion 

  135 

siRNA induced TGS already reported to work in vivo (Suzuki et al. 2013), steps towards 

improving delivery systems for small RNAs will lead to possible therapeutic outcomes.   
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5.3 LncRNA directed epigenetic regulation of the genome 

5.3.1 PTEN and PTENpg1 deletion 

The findings presented in Chapter 3 provide mechanistic insight into the lncRNA 

regulatory network occurring at the PTEN promoter, but several questions are also raised. 

PTENpg1 α clearly plays an important role in regulating PTEN expression by forming an 

RNA:RNA complex with a 5’ UTR promoter-associated transcript. This complex induces 

epigenetic changes that lead to transcriptional suppression of PTEN, and increased cellular 

proliferation.  

The PTEN pseudogene has been deleted and is therefore non-existent in some forms 

of cancer, making it unable to regulate PTEN expression (Poliseno et al. 2010; Poliseno et 

al. 2011). PTENpg1 deletion should (in theory) lead to increased PTEN expression based on 

the model presented in Chapter 3, resulting in apoptosis and disruption of the cell cycle 

(Salmena, Carracedo, and Pandolfi 2008). Loss of both PTENpg1 and PTEN has been 

observed in melanoma, leading to unregulated tumour progression (Poliseno et al. 2011). 

Further investigation is required to elucidate how, after loss of PTENpg1, PTEN is still 

epigenetically suppressed to cause tumour progression. 

LncRNAs are known to be able to bind to hundreds of loci, bringing with them 

chromatin remodelling proteins (Chu et al. 2011). This suggests PTENpg1 asRNAs may have 

many other targets, and do not exclusively regulate PTEN expression. The ability of 

PTENpg1 asRNAs to regulate gene expression or act as a miRNA sponge (Poliseno et al. 

2010; Poliseno and Pandolfi 2015) may also depend on miRNA or chromatin remodelling 

protein expression levels. Low levels of either miRNA or chromatin modifying proteins 

could lead to a loss of function as either a miRNA sponge or gene suppressor of PTEN.  
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5.3.2 lncRNA secondary structure 

M-FOLD analysis was used to predict the secondary structure of PTENpg1 α and 

found the presence of several loops throughout (Figure S3-7). The F4R1 variant (smallest 

functional truncation of PTENpg1 α) only contains one of these loops, yet is observed to have 

the same silencing effect as full length PTENpg1 α i.e. capable of directing epigenetic 

regulatory proteins to the PTEN promoter. The F5R2 variant also contains a loop structure, 

however, unlike the F4R1 variant, F5R2 cannot bind both DNMT3a and the PTEN promoter 

at the same time. Loop structure and sequence appear to be integral to this process, as only a 

2bp difference exist between the F4R1 and F5R2 variants. It is not apparent why one loop 

structure (F4R1) can bind to both protein (DNMT3a) and promoter simultaneously, yet the 

other (F5R2) can only bind one of these (DNMT3a or promoter) at any given time.  

5.3.3 PTENpg1 epigenetic regulation of PTEN through RNA:RNA interactions 

In Chapter 3 I demonstrated that an RNA:RNA interaction is involved in PTENpg1 

asRNA exon 1 targeting of the PTEN promoter. The conserved PTENpg1 domain required 

for this interaction consisted of a major loop domain that interacts with the nascent 5’-UTR 

of PTEN. The PTENpg1 major loop domain appears to be required for both interacting with 

the PTEN promoter, and binding DNMT3a protein. Finally, RNA:RNA interactions, 

particularly at gene promoters, may have broader relevance in lncRNA epigenetic regulation 

of expression for other protein-coding genes, and could prove exciting in the development of 

targeted therapeutics. 
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5.4 ncRNA directed modification of the genome 

5.4.1 Key deamination repair proteins 

The recruitment of proteins involved in the deamination repair pathway has been 

reported following CpG methylation. Deamination of 5mC results in it being converted to 

uracil by APOBEC3A, followed by subsequent base excision removal (BER) to restore the 

genome to its original nucleotide content (Wijesinghe and Bhagwat 2012; Carpenter et al. 

2012; Hashimoto, Hong, et al. 2012; Jacobs and Schar 2012). Sh167 targeting of the UBC 

promoter results in an increase of CpG methylation (Hawkins et al. 2009a). As described in 

Chapter 4, there was an enrichment of key proteins involved in the 5mC deamination repair 

pathway at the UBC promoter. These include DUT, APOBEC3A, MBD4, SMUG1 and UNG 

(Figures 4-2A-C).  

The protein TDG, however, was observed to have a two-fold decrease in enrichment 

at the UBC promoter (Figure 4-2B). Also, treatment of cultured cells with sh167, coupled 

with shRNA knockdown of TDG (shTDG-3, see Table S4-3), did not result in an observed 

C to T mutation like it did for shRNAs targeted to MBD4 (shMBD4-3) and SMUG1 

(shSMUG1-1) (Figure 4-2E). It may be possible that sh167 itself interferes with the ability 

of TDG to perform its role in repairing the genome content. If its role in DNA repair is already 

hindered, in theory both control and treatment samples should develop the same SNP, and no 

difference would be observed between the two. Also, the discrepancy seen between the 9.3% 

of cells in which sh167 induced a SNP (Figure 4-2E) and the 87% loss of SP1 target site 

binding may also be due to SP1 binding interference by sh167. Further investigation is 

required to understand why TDG, involved in BER, is not enriched at the UBC promoter 

following sh167 treatment, as well as the large loss of SP1 binding at the SNP site. TDG is 

expected to have a functionally significant role following CpG methylation. 
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5.4.2 Nucleosome positioning, microsatellite sites and shRNAs vs lncRNAs  

MBD4 was previously been reported to have a role in the generations of genomic 

mutations, and is thought to contribute to tumour progression when silenced (Tricarico et al. 

2015). Upon examining the ability of sh167 (an shRNA) and PTENpg1 α (a lncRNA) to 

generate SNPs at their target promoters (UBC and PTEN respectively) in the absence of 

MBD4 or SMUG1, C to T mutation was observed. Sh167 was much more potent than 

PTENpg1 α (Table 4-1) at generating these mutations, indicating that shRNAs are more 

efficient at generating genomic change. The reason for this observed difference in potency 

between ncRNAs is unknown, and requires further investigation, as both short and long 

ncRNAs are capable of directing CpG methylation. The possibility also remains that shRNAs 

are only more potent in the cell lines that were tested in this study. 

The generation of the mutations 200bp downstream of the respective ncRNA target 

sites indicates nucleosome position may also play an important mechanistic role at 5mC sites 

(Figures S4-4-6). Alterations to the nucleosome in future experiments may shed light on a 

mechanism utilised by the cell to produce C to T conversions. Many of the SNP were located 

in 3’ UTRs throughout the genome, and always directly 5’ of repetitive microsatellite sites. 

MBD4 was previously found to have a role in microsatellite instability (Evertson et al. 2003), 

suggesting that these ncRNA directed SNPs correlate with the generation of microsatellite 

indels. However, this requires further detailed experimentation on the generation of 

microsatellite indels in relation to ncRNAs before any solid conclusions could be drawn. 

5.4.3 ncRNA directed genetic variation 

It appears that ncRNAs are capable of editing the content of the genome by directing 

SNP generation at target loci. This could provide selective advantages in the event of 

changing evolutionary pressures. Mutations alter transcription factor binding sites following 

CpG deamination (Zemojtel et al. 2011) that could result in heritable changes in gene 
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expression. The sh167 shRNA produced a SNP at an SP1 transcription factor binding site 

(Figure 4-2F), perturbing its function. This suggests that ncRNAs (which frequently targeted 

promoter) direct C to T conversions that are involved in transcription factor binding site 

evolution (Johnsson, Ackley, et al. 2013b; Johnsson et al. 2014). However, a consequence of 

this might also be the loss of specific ncRNA mediated control. Change to target genomic 

sequence composition will result in a loss of sequence complementarity, and subsequent 

ncRNA targeting capabilities.       

5.4.4 shRNA and lncRNA generation of SNPs 

In Chapter 4, I demonstrated that SNPs can indeed be generated by either an shRNA 

(sh167) or a lncRNA (PTENpg1 α) at their target promoters (UBC or PTEN) in the absence 

of MBD4 or SMUG1 proteins. This suggests ncRNAs are capable of altering the content of 

the genome following epigenetic rearrangement and subsequent CpG methylation of a target 

locus when repair pathways are hindered. Ultimately, this may provide important insight into 

how the cell can adapt to selective pressures on transcription factor binding sites, and may 

prove therapeutically relevant in the treatment of diseases in the future.   
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5.5 Unifying model 

Here I present a model (Figure 5-1 below) that represents all the types of epigenetic 

regulation and modification of the genome performed by ncRNAs described throughout this 

thesis. Expression of a sasRNA in the cell leads to TGS (as seen in Chapter 2), and 

expression of a cis or trans acting lncRNA within a cell leads to epigenetic modulation of a 

target locus (as seen in Chapter 3). The ncRNAs recruit epigenetic remodelling proteins, 

including DNMT3a, HDAC-1 and EZH2, to the target locus, leading to DNA methylation 

and chromatin change (Weinberg et al. 2006; Hawkins et al. 2009a; Johnsson, Ackley, et al. 

2013b). This results in a transcriptionally inactive site inaccessible to RNAPII, resulting in 

silencing of gene expression (Morris et al. 2004; Morris and Mattick 2014a).  

NcRNA modification of the genome can occur when the DNA deamination repair 

pathway is perturbed (as seen in Chapter 4). Methylated cytosines at CpG residues undergo 

C to U conversion by APOBEC3A (Wijesinghe and Bhagwat 2012; Carpenter et al. 2012; 

Suspene et al. 2013). TDG recognises and actively processes/excises lesions from 

deamination of C, which initiates the BER (base excision repair) pathway (Sjolund, Senejani, 

and Sweasy 2013; Hashimoto, Hong, et al. 2012). Other DNA glycosylases involved include 

MBD4 and SMUG1 (Hashimoto, Liu, et al. 2012; Kondo et al. 2005; Kemmerich et al. 2012). 

AP endonucleases, DNA polymerase and DNA ligase act to complete the BER process 

(Jacobs and Schar 2012).  However, in the event that base excision repair is disrupted or 

blocked, the C to T conversion (uracil is recognised as a thymine residue following DNA 

replication) remains in the genome (Morris 2015). The generation of this SNP results from 

ncRNA directed modification of the genome, and can be heritably passed on to daughter 

cells.  
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Neofunctionalisation (new function for a gene following mutation) is one possible 

outcome in the event of germ line ncRNA directed SNP generation (in viable offspring). 

However, in somatic tissues, mutagenesis is more likely to result in either cellular apoptosis 

or tumorigenesis, depending on the location of the SNP in the genome and cellular responses.  

Suppression of BER by RNAs (e.g. by RNAi) is a potential method for disruption of 

DNA repair, which would mean there are several layers of RNA regulation occurring 

simultaneously that result in the generation of a SNP. This can, in turn, disrupt the binding 

of the initial ncRNA that directed the SNP in the first place, which could disrupt the initial 

regulatory network and prevent further regulation of the target loci. 

This model for epigenetic regulation of gene expression and modification of the 

genome is consistent with the action of other subclasses of ncRNAs. MiRNAs degrade or 

prevent translation of mRNAs (Fang et al. 2013; Guo et al. 2010), and siRNAs are involved 

in the RNAi pathway that causes PTGS (Waterhouse, Graham, and Wang 1998; Lee et al. 

2003; Bernstein et al. 2001). However, antisense transcript of varying lengths (as6 is 25 bp, 

PTENpg1 α is 242 bp) are able to perform transcriptional suppression through epigenetic 

regulatory mechanisms as presented in this model (Yu et al. 2008; Morris et al. 2008; 

Hawkins and Morris 2010a). Some of the sncRNA subclasses, and all of the lncRNA 

subclasses, can be transcribed as asRNAs (dependent upon the transcriptional activity of a 

given loci), and as such fit into this model. Antisense transcription is pervasive throughout 

the genome (Katayama et al. 2005), suggesting thousands of ncRNAs take part in this 

complex transcriptional system of epigenetically regulating gene expression and modifying 

content of the genome.   
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Figure 5-1 Short and long ncRNA epigenetic regulation and modification of the 

genome  

Unifying model that depicts sncRNAs and lncRNAs directing epigenetic modification to 

modulate gene expression. Non-coding RNAs can also mediate the generation of SNP 

mutations that ultimately change nucleotide content of the genome. This becomes 

transgenerational if mutations occur in the germ line. (A) Endogenous cis and trans acting 

antisense lncRNA transcriptional modulation via recruitment of epigenetic silencing proteins 

such as DNMT3a, EZH2 and HDAC-1. (B) Exogenous sasRNA directed TGS that is capable 

of bypassing the endogenous lncRNA regulatory process. (C) Both endogenous and 

exogenous ncRNAs result in epigenetic silencing of the target locus. Epigenetic changes 

include histone methylation of H3K9me2 and H3K27me3, as well as CpG DNA methylation. 

(D) The methylated cytosines at (or adjacent to) the targeted RNA undergo deamination by 

the action of APOBEC3A, whereby (E) the methylated cytosine is converted to uracil (UG 

mismatches shown in green). (F-H) The resulting uracil/guanine pairing mistake is repaired 

by TDG, MBD4 and SMUG1. However, if this process is disrupted (I) (indicated by the line 

underneath TDG, MBD4 and SMUG1, which represents knockout or disruption of protein 

function) and/or replication occurs before repair of the locus is completed, then the thymine 

can become fixed in one daughter strand. In this event (J), a permanent cytosine to thymine 

change has occurred in the genome (TG mismatches shown in green). This could alter 

downstream RNA/RNA interactions (K) or DNA/protein or RNA/protein interactions. 

Adapted from (Lister, Clemson, and Morris 2015). 
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5.6 Future directions 

The aims of this thesis were to investigate the roles ncRNAs play in the epigenetic 

regulation of gene expression and in the emergence of SNPs in the genome, in an effort to 

improve our biological understanding of RNA and its many functions inside the cell. In 

Chapter 2, TGS induced by as6 was shown to be an effective inhibitor of metastatic and 

invasive potential of tumour cells. However, an effective method for introduction of the 

sasRNA into target cells of human patients is required before it can be used to treat cancers. 

New delivery mechanisms that specifically target tumour cells, and do not produce unwanted 

side effects, are required before it is viable to treat tumours via sasRNA directed TGS. The 

resistance of sasRNAs to nucleases is also required, otherwise they will be degraded before 

inducing TGS. However, if these issues are resolved in the near future, a novel therapeutic 

for Periostin repression (and therefore metastatic inhibition) could be suggested by using as6.  

The sasRNA as6 has the ability to epigenetically modify its target gene promoter to 

endure stable silencing (due to the heritable nature of TGS). Future experiments (via mass 

spectrometry) that identify the proteins associated with as6 directed TGS would prove 

extremely useful in determining exact TGS mechanism and discovering novel protein 

functions. ELISA could be used to examine Periostin protein expression outside the cell. 

Studying the effect of as6 in in vitro mice models would be valuable for gaining insight into 

the potential for as6 as an anti-cancer treatment (in conjunction with chemotherapeutic 

agents).  

PTENpg1 plays an important role in the regulation of PTEN expression, as seen in 

Chapter 3. However, its role in the potential regulation of other loci has not been 

investigated. A more thorough understanding of PTENpg1 asRNAs (α and β, emanating from 

the PTENpg1 bidirectional promoter) and their binding sites throughout the genome will 

provide insight into the roles it plays outside of PTEN regulation. As PTENpg1 β is involved 
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in miRNA sponging, an investigation into known miRNA binding partners may help to 

elucidate some of these potential binding sites.  

PTEN plays an important role in tumour suppression and is frequently down regulated 

in cancer, so instances of PTENpg1 and/or PTEN deletion in tumours should be further 

examined. The mechanisms for tumour formation are of interest in PTEN and or PTENpg1 

deletion, as PTENpg1 deletion should lead to PTEN expression and subsequent apoptosis of 

tumour cells, whereas deletion of both genes should negate the need for epigenetic regulation 

of PTEN altogether. 

In Chapter 4, an sasRNA and lncRNA were shown to be capable of directing C to T 

conversions (SNPs) in the human genome in the absence of DNA repair proteins (MBD4 and 

SMUG1). The locations of 43 SNPs generated in ΔMBD4 and ΔSMUG1 HAP1 cells were 

annotated, with most SNPs found in 3’ UTRs that exhibited both sense and antisense 

transcription. Other members of the laboratory I carried out my PhD in are currently working 

to generate vectors containing some of these sense and antisense ncRNA transcripts found at 

the annotated SNP sites. These vectors will be transfected into either ΔMBD4 and ΔSMUG1 

HAP1 cells, or HEK293 cells with MBB4 and SMUG1 suppressed by RNAi, and the target 

sites re-examined to determine if the same SNPs are observed.  

So far, only one shRNA and one lncRNA have been tested for their ability to generate 

SNPs in the absence of MBD4 and SMUG1. There are a number of other subclasses of short 

and long ncRNAs that may be able to perform this function, which are yet to be tested. I have 

also generated shRNA vectors targeted to genes for Akt, Myc and Periostin (as the shRNA 

sh167 was observed to be more effective than the PTENpg1 α lncRNA), and designed 

barcoded oligonucleotides across each respective promoter. These will also be transfected 

into ΔMBD4 and ΔSMUG1 HAP1 cells to look for SNP generation. Future experiments 

could also examine knockout of various other proteins involved in the deamination repair 
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pathway. This would determine if the absence of other DNA repair proteins results in ncRNA 

directed generation of SNPs. These experiments will improve our understanding of how 

ncRNAs play a role in editing the content of the genome, and whether this can be 

therapeutically utilised in the future in the treatment of diseases.  

5.7 Concluding remarks 

NcRNA biology has progressed at a rapid rate over the past two decades, as their vital 

functional roles in the cell have become more widely recognised. More recent sequencing 

technologies have revealed that at least 60-70% of the genome is transcribed. As a result, 

tens of thousands of ncRNAs have been identified, with the vast majority yet to be 

functionally characterized. There are likely decades of work remaining to uncover the finer 

detail of each of their roles in epigenetically modifying the genome and regulating gene 

expression. Indeed, there are perhaps roles for ncRNAs that are currently unknown. 

Uncovering this complex RNA world was the motivation behind this thesis, so as to improve 

our biological understanding of the cell and all of its processes.   
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